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Fluorescence enhanced lab-on-a-chip patterned
using a hybrid technique of femtosecond laser
direct writing and anodized aluminum oxide
porous nanostructuringf

Zhi Yu,®® Yuhao Lei,® Weili Yu,?¢ Jinluo Cheng,:C Jun Xing,® Xin Zheng,*"
Zhibing Zhan,? Bin Wang® and Chunlei Guo (& *2b¢

In this paper, we demonstrate a simple yet effective hybrid method to fabricate lab-on-a-chip devices on
aluminum (Al) foil. Instead of using conventional photoresists and lithography methods, an array of square
units is first produced by femtosecond laser direct writing, followed by generating highly ordered anodized
aluminum oxide (AAO) nanoporous structures within each unit. The AAO treated area becomes hydrophilic.
Next, we functionalize the surrounding area outside the square units to superhydrophobic by
electrochemical deposition and further chemical modification. This hydrophilic and hydrophobic pattern
allows us to confine the liquid samples to be detected within the hydrophilic AAO detection area. We
use rhodamine 6G (R6G) as a probe, and obtain a fluorescence intensity enhancement from R6G by 70
times over a flat surface. This leads to the detection sensitivity of R6G molecules to a concentration as
low as 107 mol L™X. By mixing R6G with RhB molecules, the fluorescence emission bands shift
significantly due to the addition of RhB molecules, showing a significantly improved spectral resolution
compared to traditional fluorescence spectrometers for liquid samples. This phenomenon can be
attributed to the energy transfer between R6G and RhB under laser excitation, which was enhanced by
the AAO nanostructures. The array-based LOC device demonstrated in this paper is simple and
convenient to fabricate, has low sample consumption and dramatically enhances the fluorescence yield
with improved spectral resolution.

Introduction

The lab-on-a-chip (LOC) system has attracted tremendous
attention in various research fields, such as biology, chemistry,
medical science etc.”® A LOC system, composed of array-based,
continuous microfluidics, encoded bead and digital micro-
fluidics platforms, can detect, integrate, separate, and process
biological and chemical samples in order to achieve more
complex analyses.*” Each LOC device can be assembled with
other types of platforms for more efficient sample handling and
analysis. A LOC usually includes many repetitive structure units
for high-throughput analysis with a small volume of samples,
and the advantages of these miniaturized analytical systems
include accuracy improvement, multiplexing, lower sample and
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reagent consumption, disposability and decreased analysis
times.*® Array-based LOC detection systems are mostly func-
tionalized by further integration procedures, and exhibit special
physical and chemical properties. Such integrated devices can
realize the detection and analysis in some specific fields with
much better sensitivity and resolutions. In the past, larger scale
structures were typically prepared with lithography methods,
which require masks and multi-step processes.”*™® It can be
rather complicated when frequent patch size adjustments are
needed, thus leading to several disadvantages, such as non-
reusability and adsorption of organic compounds. On the
other hand, femtosecond laser direct writing is a clean method
to produce a high-quality cut with arbitrary shape and
dimension.”

During the past few decades, we have witnessed tremendous
developments of ultrafast lasers, which have become more user-
friendly and cost effective.'® Ultrafast femtosecond lasers have
occupied a very important position in materials machining.
Although nanosecond lasers commonly used in
machining, the thermal effects from machining with relatively
long ns-lasers can lead to a larger heat-affected zone, lower
machining quality, and greater collateral damage such as
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stresses, cracks, and molten layer recast and slag.'” By contrast,
femtosecond lasers provide an ideal machining quality with
high spatial resolution and minimal thermal damage. Due to
the ultrafast pulse length, femtosecond lasers can deliver energy
in a controllable manner."”® The heat diffusion around the
machined area is minimal and the heat-affected zone is very
small with a small amount of molten material and a low level of
thermal defects left behind.” They show much better advan-
tages than traditional laser processing techniques, specifically,
energy deposition in a time scale shorter than that for electron-
phonon coupling processes in any material due to the ultra-
short pulse width which can suppress the formation of the heat-
affected zone allowing laser processing with high precision and
resolution.” The unique advantage of femtosecond laser pro-
cessing over conventional methods resides in the capability of
sculpting complex three dimensional shapes at micro- and
nanoscales in transparent materials, both for inorganic and
organic materials.*»** One can precisely set the interaction
region in a localized area of either surfaces or in volume by
employing focused ultrashort pulses with extremely high peak
intensities for spot machining.>**** As a consequence, femto-
second laser technologies have been increasingly developed and
extensively applied to the fabrication of LOC devices and inte-
gration of multifunctional components or specific functional
materials into localized positions of LOC devices with a high
degree of precision and reproducibility.®® The femtosecond
laser processing technology has been widely used in the fabri-
cation or integration of many kinds of LOC devices, such as
SERS, optofluidic, electrochemical and biological function
detection chips.”***

Fluorescence-based LOC detection chips have many prac-
tical applications by using fluorescence-based detection tech-
niques including fluorescence resonance energy transfer,
fluorescence quenching, fluorescence polarization, time-
resolved fluorescence and fluorescence fluctuation spectros-
copy.®*>* As for a single component sample, quantitative anal-
ysis or the change of the molecular structure could be easily
realized just by the intensity or band shift of the fluorescence
spectra. Therefore, under these conditions, researchers mostly
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focus on the study of increasing the detection sensitivity of
fluorescence analyses through the integration of materials
possessing fluorescence enhancing properties on the chip.
However, for the analysis of mixed components, not only the
detection sensitivity but also the distinguishability is of great
importance, especially when the emission band position of the
mixed samples is located too close to be distinguished. Porous
anodized aluminum oxide (AAO), fabricated by anodizing an Al
substrate in an appropriate acid solution with the formation of
a self-ordered nano-channel structure, has been reported to
exhibit fluorescence enhancement properties when fluo-
rophores are in proximity to its surface.***” Different from
metal-enhanced fluorescence, which requires a spacer between
the metal surface and fluorophores to avoid the quenching
effect, the AAO surface offers the maximum fluorescence
enhancement when the fluorophores are directly in contact
with it. Based on previous studies, the enhancement mecha-
nism is probably attributed to the following main reasons: (1)
the optical scattering effect of the AAO surface, which causes the
redistribution of electromagnetic fields with high surface
intensities, may play a very important role in the fluorescence
enhancement;*®*° (2) the fluorescence enhancement might
result from the evanescent electric field from the surface of the
AAO nanoporous structures, observed in metal oxide nanoscale
materials.**~** Upon integrating AAO nanoporous thin films into
LOC devices, the detection efficiency and functionality will be
greatly increased due to the fluorescence enhancement.
However, such an integration is difficult.

Here, we combine femtosecond laser direct writing and AAO
fabrication techniques to develop a rapid and high-precision
multi-scale fabrication technique, allowing us to obtain a LOC
device with significant signal enhancement and spectral reso-
lution. In this work, we use the femtosecond laser direct writing
technique to fabricate an AAO array-based LOC device, which
includes a 16 2 mm x 2 mm AAO detection platform arranged
into a 4 x 4 array. By choosing R6G as a fluorescence probe
molecule, the fluorescence intensity of the molecule based on
the as-synthesized structure is 70 times stronger than that of
a flat surface. Furthermore, this platform also exhibits much
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Fig.1 Schematic for the fabrication of the AAO array-based LOC device.
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better resolution in distinguishing mixed components (R6G
and RhB) than traditional spectrometric analyses in liquid
samples. Thus, besides a simple and efficient method proposed
for fabrication, the as-synthesized AAO array-based LOC detec-
tion device exhibits strong fluorescence enhancement and
provides a new method for analyzing mixed components.

Experimental section
Materials

Al foil (0.2 mm) was purchased from Zhonguo New Material
(Beijing) Technology Co. Ltd. Perchloric acid (HClO,), phos-
phoric acid, chromium hemitrioxide (Cr,03), oxalic acid, silver
nitrate (AgNOj3), rhodamine B (RhB), rhodamine 6G (R6G),
1H,1H'2H' 2H'-perfluorodecanethiol (97%) and ethyl alcohol
(98%) were purchased from Sigma-Aldrich Co. Ltd.

Preparation of the AAO array detection chip

The fabrication of the AAO array detection chip is shown in
Fig. 1. We first cut Al foil into an 18 x 18 mm square, and
attached Scotch tape on the surface. Then we use a femtosecond
laser processing system, as shown in Scheme S1,f to directly
write the borders of square units which are arranged into a 4 x
4 grid array on the Scotch tape surface. Afterwards, we peel off
the Scotch tape inside the squares to expose the Al foil. Before
anodization, the substrate was electropolished in a 1 : 7 volume
mixture of HClIO, and C,HsOH. After that, porous alumina
membranes were prepared in a two-step anodizing process: the
substrate after polishing was immersed in a 0.3 mol L ™" oxalic
acid electrolyte with Pb as a cathode. The anodizing voltage was
maintained at 40 V DC at ambient temperature; after 6 h of
anodization, we immerse the substrate in a mixture of 6%
phosphoric acid and 1.8% chromic acid at 60 °C for 10 min to
remove the aluminum oxide layer, and repeat the first step.
Finally, we peel off the remaining Scotch tape to obtain the AAO
array detection chip.

Surface wettability treatment

The as-prepared AAO detection chip was then immersed in
a silver nitrate electrolyte with Al as the cathode under at 1 VDC
voltage at ambient temperature (Fig. 2). Electrochemical depo-
sition took place only at the Al foil area outside the AAO regions.
After 10 min of electrochemical reaction, the chip was washed
with deionized water and dried under a N, flow. Finally, the
chip was immersed in 1'H,1'H,2'H,2'H-perfluorodecanethiol
solution (1073 M in ethanol) for 6 h followed by washing and
drying steps.

Characterization of the fluorescence enhancement properties
of the AAO chip

The fluorescence enhancement properties are characterized by
using probe molecules R6G at a concentration of 10~° mol L™".
Each measurement uses 2 pL solution, dropped on both the
square area of the AAO chip and Al substrate with the same
square area as a reference. Fluorescence spectra of the samples
were collected after air drying.
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Fig. 2 Schematic of the surface wettability treatment process.

Concentration dependent fluorescence spectra of R6G
molecules based on the AAO chip

The fluorescence spectra were measured for diluted R6G solu-
tions with concentrations of 10~**, 1072, 1073, 107, 1077,
107%, 107'7 and 0 mol L™%; for the characterization, the data
were taken for air dried samples with 2 pL solution. The UV-vis
and fluorescence spectra of the R6G liquid sample with
different concentrations were collected at the same time.

Characterization and measurements

A commercial Ti:sapphire laser system with chirped-pulse-
amplification (Spitfire Ace, Spectra Physics, Santa Clara, CA,
USA) is employed as a light source for direct laser writing, which
delivers horizontally polarized femtosecond laser pulses with
a repetition rate of 1 kHz, a central wavelength at 800 nm, and
a time duration of 40 fs. The maximum energy of each laser
pulse is 7 m]. Neutral density filters and a half-wave plate were
used to control the pulse energy and the direction of the laser
polarization, respectively. The laser beam was focused using an
objective lens (plan fluorite objective, 4x, N.A = 0.1, f = 17.2
mm, Nikon, Tokyo, Japan) at normal incidence.

Confocal fluorescence spectroscopy and mapping analyses
were performed with a LabRAM HR Evolution Raman spec-
trometer (HORIBA Jobin/Yvon) in fluorescence mode with
a radiation of 532 nm. The signals were detected with 180°
geometry using a multichannel air-cooled (—70 °C) charge-
coupled device (CCD) camera. UV-vis spectra of the liquid
sample were collected using a Cary 5000 UV-vis-NIR spectrom-
eter (Agilent, USA). Fluorescence spectra of the liquid sample
were collected using a Cary Eclipse Bundle (Agilent, USA) with
a long life Xe flash lamp and an extended wavelength range PMT
(high sensitivity R928) provided as standard. Scanning electron
microscope (SEM) characterization was carried out by using an
S48000 (Hitachi, Japan), and atomic force microscopy (AFM)
characterization was carried out on a MULTIMOD E8 (Bruker,

This journal is © The Royal Society of Chemistry 2019
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USA). The contact angle (CA) was measured using a POWER-
EACH JC2000D3 contact angle measurement device. The fluo-
rescence quantum yield was measured using an FL920
fluorescence spectrometer from 528 nm to 700 nm. A Xe lamp
was utilized as the excitation light source with a fixed wave-
length at 532 nm.

Finite difference time domain method simulations

For the simulations, we have employed the finite-difference-
time-domain (FDTD) method based on Yee's algorithms. In the
FDTD method, Maxwell's equations are discretized in both time
and space. A commercial FDTD package known as Lumerical
Solutions (Lumerical Inc.) was used to calculate the electric field
distribution of AAO. Perfectly matched layers were used to
absorb the scattered radiation in the Z-direction, and periodic
boundary conditions were used to perform periodic AAO arrays
in X and Y directions. The models are illuminated with a p-
polarized plane wave propagating along the Z axis and polar-
izing along the X axis from the top of AAO. A detector box was
placed on the surface to measure the distribution (|Ex|) of the
electric field. The source of dipoles was placed on the AAO
surface which has different intensities of electric field to analyse
the interaction between the molecules and AAO substrate. Ultra-
fine mesh sizes (Ax = 1 nm, Ay = 1 nm, Az = 10 nm) were used
in the simulations. A refractive index of n = 1.0 is chosen for air
to generate an asymmetric environment. The optical constants
of Al and Al,O; were taken from Palik (Handbook of Optical
Constants of Solids).

View Article Online
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Results and discussion

Surface morphology characterization of the AAO detection
chip

The prepared samples are characterized by optical imaging,
SEM, and AFM surface morphology analysis, as shown in Fig. 3.
As the preparation procedure shown in Fig. 1, after step 2 and
step 3, the Scotch tape of the square area was peeled off leaving
the Al foil exposed. As a result, during the following polishing
and anodization process, remnants of the Scotch tape can
prevent the Al foil under the Scotch tape from touching the
reagent and all the reactions take place only in the square area.
Thus, after polishing and anodization procedures (step 4,
Fig. 1), a 2 mm x 2 mm square area AAO array chip was
successfully prepared on Al foil spaced 2 mm apart (Fig. 3A).

Fig. 3B shows the AFM morphology of the AAO nano-
structure, which indicates a very uniform nanoporous structure.
Fig. 3C and D show the SEM image of the surface and cross
section of the AAO nanotemplate. It can be seen from this image
that the AAO substrate exhibits a perfectly porous array struc-
ture with an average diameter of about 50 nm for each pore.
Fig. 3D indicates that the depth of the AAO nanostructure is
44.8 um. The inset in Fig. 3D shows the amplified figure of the
cross section, which is to better observe the structure. It should
be mentioned that the depth of the AAO nanopores varied with
the oxidation time; the oxidation time used here is 4 h. In
addition, the AAO nanoporous template is grown on the base of
Al foil, so the nanopores on the upper surface are open, while
those on the bottom surface are closed.

Height 703.1 nm

Fig. 3 Characterization of the AAO detection array chip: (A) optical image, (B) AFM image, (C) SEM image and (D) the section SEM image of the

AAQO nanostructures.

This journal is © The Royal Society of Chemistry 2019
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Surface wettability treatment and characterization

To increase the detection accuracy and repeatability of this array
chip, the Al surface surrounding the AAO units is further
hydrophobically treated. This process can ensure that all liquid
samples are limited among the AAO units during detection
analyses. As shown in Fig. 2, hydrophobic treatment is performed
by electrochemically depositing rough Ag nanostructures on the
Al foil surface. Due to the high resistance, this procedure does
not affect the AAO regions. Electrochemical deposition took place
only on the Al foil part and the Ag nanostructure grew in this area.
As a result, the surface of Al was covered with a Ag layer. The
surface of Al foil is further characterized by SEM and EDS anal-
yses, as shown in Fig. S1;7 the surface is covered with rough Ag
nanostructures. Then after immersing the substrate in the
1'H,1'H,2'H,2' H-perfluorodecanethiol solution, the sulfhydryl
group of this molecule can combine with Ag due to the strong
covalent bond between -SH and Ag. This reaction can lead to the
modification of 1'H,1'H,2'H,2'H-perfluorodecanethiol on the
surface of the Al foil, and decrease the surface energy. Further-
more, the increase of surface roughness can also affect the
surface wettability. With such a treatment, the Al foil surface
becomes superhydrophobic.

The wettability of such a surface is then characterized by
a contact angle measurement. Before the measurement, a 2 pL
water droplet hanging over the tip of the injector is used to test
the wettability by moving towards the Al foil surface and
touching and then moving away (Fig. 4A-E). The red arrows
show the movement direction. During this process, the droplet
is repelled by the Al surface. Thus, the test shows that the
hydrophobic treatment gives the surface of the Al foil possesses
superhydrophobic properties with extremely low adhesiveness.

As for the AAO square part, the contact angle measurement
result shows a CA = 83° (Fig. 4F), which indicates that AAO has
hydrophilic properties with much better adhesiveness than the
hydrophobically treated Al foil part. Fig. 4G shows the optical
image for the 10™° mol L™" RhB solution dissolved in water
standing on the AAO units even when the chip is tilted.

A) (B) ©
l é é
(&)

CA=83°
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Therefore, the surface wettability treatment can limit the
detection liquid sample to the AAO square area, due to the
repellency of its surrounding superhydrophobic Al foil.

Enhanced fluorescence phenomenon on the AAO nanoarray
structure

The effect of the AAO nanoarray structure on the fluorescence
properties is studied for the R6G molecule (10~° mol L™, in
water) as a probe molecule. Fig. 5 shows the molecular struc-
ture, absorption and fluorescence spectra of R6G molecules.

2 pL solution was dropped on the surface of the AAO square
area which is the same amount of molecules dropped on the Al
foil with the same area. Confocal fluorescence spectra were then
collected. Fig. 6 shows the fluorescence spectra of R6G mole-
cules adsorbed on the AAO substrate and Al foil, under the same
conditions. A huge enhancement (70 times by the intensity) is
observed and this indicates that AAO with porous nano-
structures can enhance the fluorescence intensity of the
adsorbed molecules. Fluorescence mapping analyses are also
carried out for the R6G molecule adsorbed on the AAO and Al
surface in a 30 x 30 um area, and the results are shown in
Fig. 6B and C, separately. The chroma of the mapping result in
Fig. 6B is much stronger than that in Fig. 6C, and shows a very
uniform color distribution. It indicates that the AAO surface
shows very homogeneously enhanced fluorescence properties,
which ensure a much better detection accuracy of the AAO
substrate.

Effect of the anodization time on the fluorescence
enhancement

By controlling the anodization time, the parameters of the
porous nanostructures in the AAO substrate can be effectively
changed. We try to understand how these parameters affect the
fluorescence and to find the best fluorescence enhancement
conditions. In the fabrication of the AAO detection chip, we
used various second anodization times of 1, 2, 3 and 4 h. From

] d
—

Fig. 4 Surface wettability characterization of the Al foil surface after hydrophobic treatment; the arrows label the injector movement direction
(A—E), the square AAO substrate (F) and the optical image of the AAO array detection chip with a droplet of 10~ mol L ™! RhB solution dissolved in

water supported on each detection AAO unit (G).

3478 | Nanoscale Adv., 2019, 1, 3474-3484

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00352e

Open Access Article. Published on 15 July 2019. Downloaded on 3/9/2026 2:44:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Rhodamine 6G

(B)

View Article Online

Nanoscale Advances

1.24 —— Absorption spectrum

—— Fluorescence spectrum
0 548 nm

0.8+
0.6

0.4+

Intensity / a. u.

0.2+

0.0 T . ; . . :
300 400 500 600 700

Wavelength / nm

Fig. 5 Molecule structure (A) and absorption and fluorescence spectra (B) of R6G molecules.
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the SEM image of the surface and intersecting surface of the
AAO substrate (Fig. S2t), the four substrate samples exhibit
nearly the same porous structure with 50 nm diameter, but the
thickness of the AAO substrate increases with increasing
anodization time.

The fluorescence spectra of these four samples are recorded
and the results are shown in Fig. 7A. The fluorescence changes
with the anodization time, and the substrate prepared with 3 h
of anodization shows the strongest enhancement. However, it is
also shown from the mapping analyses (in Fig. 7B) that the AAO
substrate after 4 h of anodization exhibits the best uniformity.
Because the uniformity is much important for achieving a better
detection accuracy, we choose 4 h of anodization time as the
best substrate preparation conditions for our following studies,
though the fluorescence intensity is not the strongest one.

The enhancement mechanism of the AAO nanoporous
structures

As previously reported, the enhancement mechanism of the
AAO nanostructures was not clearly described. Some attributed

This journal is © The Royal Society of Chemistry 2019
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(A) Fluorescence spectra of the molecule adsorbed on the AAO and Al surface. (B) Fluorescence mapping for AAO and (C) Al foil. The scale

the mechanism to the following two reasons: (1) the optical
scattering effect of the AAO surface, which causes the redistri-
bution of the electromagnetic fields with high surface intensi-
ties, may play a very important role in the fluorescence
enhancement;***° (2) the fluorescence enhancement might
result from the evanescent electrical field or local electromag-
netic field enhancement from the surface of the AAO nano-
porous structures, observed in metal oxide nanoscale
materials.*** We believe that both these mechanisms play
important roles in the fluorescence enhancement. Thus, to
understand the enhancement mechanism, the electromagnetic
field distribution of the AAO nanoporous structures was stim-
ulated by the FDTD method, as shown in Fig. 8.

Here, the diameter of the nanopores is 50 nm while the
thickness of the template is 44.8 um (measured from SEM
images). The local electromagnetic field enhancement is
defined as |E|*/|Eo|* and it can be calculated from the results
that the maximum enhancement of the AAO nanopores is about
68 fold that of the Al flat surface. This result is close to the
experimental results we obtained. Thus, the enhancement

Nanoscale Adv., 2019, 1, 3474-3484 | 3479
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Fig. 7 The fluorescence intensity of R6G molecule adsorption on the AAO chip with different anodization times (1, 2, 3 and 4 h) (A) and the

mapping analyses of each sample (B). The scale bar indicates 30 pm.
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Fig.8 Simulated electromagnetic field distribution of the flat Al surface (A) and AAO nanoporous structures (B) (50 nm, 4 h) by the FDTD method.

The incident light wavelength is 532 nm.

mechanism can be attributed to the local electromagnetic field
of the AAO nanoporous structures. The electromagnetic field
distribution of R6G molecules, at its maximum emission of 548
nm, adsorbed on the AAO surface at different positions
compared to that on the Al surface was further investigated. As
Fig. S31 shows, the intensity of R6G molecules on the AAO
surface is stronger than that on the flat Al surface. And the
intensity distribution is coincident with the electromagnetic
field distribution of the AAO nanostructures under the excita-
tion of a 532 nm laser. As calculated from Fig. S3,7 the intensity
of R6G molecules is 1.1 times stronger than that on the Al
surface. This indicates that the AAO nanostructures show no
obvious enhancement in the emission of the R6G molecules
without the 532 nm excitation laser. Thus, it can be concluded
that the fluorescence enhancement mainly arises from the
electromagnetic field excited by a 532 nm laser. The simulation
of the electromagnetic field distribution of the AAO nanoplate
with different thicknesses was further proposed. The results are
shown in Fig. 9. As the figure shows, the intensity change of the
electromagnetic field with different thicknesses coincides with
the experiments shown in Fig. 7.

To further evaluate the fluorescence enhancement properties,
the fluorescence quantum yield (QY) of the Al,O; + R6G system

3480 | Nanoscale Adv., 2019, 1, 3474-3484

was obtained. As Fig. S41 shows, the QY of R6G molecules
adsorbed on the Al,O; nanostructures is 18.17% while those on
the Al surface hardly show obvious quantum yield results. This is
because the light source used in the measurement is a Xe lamp
and the photon density is not as strong as the 532 nm laser used
in our experiment. Thus, the fluorescence quantum yield of R6G
molecules on Al cannot be detected. However, 18.17% QY of R6G
molecules adsorbed on Al,O; indicates that the fluorescence
properties of Al,O; nanostructures can further enhance the QY of
the adsorbed molecules.

Concentration dependent enhanced fluorescence analyses

Here we study the detection sensitivity for the fluorescence of the
AAO substrate, by varying the R6G molecule concentrations to
107,102,107 3,107,107 "°,107 "%, 107" and 0 mol L. The
results are shown in Fig. 10. As the figure shows, the fluorescence
intensity of the R6G molecules adsorbed on the AAO surface
increased with increasing concentration of the molecules. The
intensity changes logarithmically depending on the concentra-
tion, as shown in Fig. 10B, where the fluorescence intensity at 547
nm is plotted as a function of concentration, with a fitting rela-
tion Y = —103 log(X) + 1776. Obviously, the fluorescence intensity

This journal is © The Royal Society of Chemistry 2019
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44.8 um, by the FDTD method. The incident light wavelength is 532 nm.

is detectable even when the R6G molecule concentration is 107
mol L. The sensitivity of the as-synthesized AAO structure can
be clearly seen by comparing it with the detection using UV-vis
spectra and fluorescence spectra of R6G molecules of the liquid
sample collected using a common spectrometer. The UV-vis
analysis results of the latter method are shown in Fig. S5, and
the signal is almost not observable when the concentration of
R6G molecules decreased to 10~ *° mol L™".

Meanwhile, the concentration dependent fluorescence
spectra of R6G shown in Fig. S6+ measured by the fluorescence
spectrometer for liquid sample exhibits a 10~° M detection limit
for R6G molecules. It can be thus concluded that the AAO
porous nanostructure substrate exhibits obviously enhanced
fluorescence properties. Fig. 10C shows the mapping analysis
results for the fluorescence detection of R6G molecules adsor-
bed on each unit. As the figure shows, with the concentration of
R6G molecules decreasing, the image color faded, which
revealed that the fluorescence intensity of the R6G molecules in
the AAO units decreased. Meanwhile, the color of the mapping
analysis image is quite uniform for each concentration. This
result can further prove that this method is suitable for fluo-
rescence imaging analysis.

Fluorescence detection of the mixture of R6G and RhB

We check the resolvability of the as-synthesized AAO structure
for a mixture of molecular components. Fig. 11A shows the

This journal is © The Royal Society of Chemistry 2019

fluorescence spectra of R6G and RhB liquid samples with
a concentration of 10~® mol L™, which were collected using
a traditional fluorescence spectrometer. Fig. S7f shows the
absorption and fluorescence spectra of RhB molecules. The
result shows that under the excitation of 532 nm light, the
fluorescence intensity of R6G is much stronger than that of
RhB. Meanwhile, 2 pL liquid sample was dropped on the surface
of the AAO based detection chip and confocal fluorescence
spectral analyses were proposed, as shown in Fig. 11B. It can be
clearly found that, based on the AAO detection chip, the fluo-
rescence intensity of RhB is much stronger than that of R6G
molecules.

Thus, we can conclude that the AAO nano pore structure
shows much better light amplification of the emission light of
RhB molecules at 580 nm than R6G molecules at 547 nm under
532 nm light excitation. It can also been found that, under
liquid conditions, the fluorescence signal of R6G molecules
covered up the signal of RhB molecules. So, it is too difficult to
distinguish the fluorescence signal of RhB molecules from the
solution mixture of these two molecules. However, the AAO
based confocal fluorescence detection chip possesses much
better resolution due to its stronger light amplification of the
emission light of RhB at 580 nm. Depending on the above
discussion, the detection of RhB molecules from the mixture
sample of R6G and RhB with different volume ratios was
proposed.

Nanoscale Adv., 2019, 1, 3474-3484 | 3481
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Fig. 11 Fluorescence spectra of R6G and RhB solution (A) and confocal fluorescence spectra of R6G and RhB on the AAO chip (B) with the same

concentrations.

As Fig. 12A shows, the fluorescence spectra of the solution
mixture shows an obvious red shift with increasing contents of
RhB molecules. This result can be more clearly revealed by the
mapping analyses with changing contents of RhB molecules
(Fig. 12B). Different colors represent different fluorescence
intensities of the spectra. The brightest position (white color)

3482 | Nanoscale Adv., 2019, 1, 3474-3484

shifts regularly with the change in contents of the RhB mole-
cules, which matches well with the spectral result (Fig. 12A). For
comparison, the fluorescence spectra and volume-dependent
mapping analysis result of the solution mixture with the same
volume ratio were obtained using a traditional fluorescence
spectrometer. The results are shown in Fig. S8.1 We found from

This journal is © The Royal Society of Chemistry 2019
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Fig. 12 Confocal fluorescence spectra of 100 uL R6G mixed with different volumes of RhB from 1 to 10 uL on the AAO chip (A) and fluorescence

mapping analyses of the mixture components (B).

the figure that there is almost no obvious band shift with the
change in contents of the RhB molecules. As is well known, the
mixture of dye molecules might undergo an energy transfer
process, resulting in the enhancement of the fluorescence at
very low concentrations. The efficiency of the energy transfer
process is strongly distance dependent. Effective FRET was
observed in the case of nanocomposites using micelles, films,
zeolites and nanofibers as hosts due to the restricted dimen-
sions and spectral overlap between the donor and the
acceptor.**™** In our case, the mixed sample of R6G and RhB was
deposited on the surface of the AAO template. The well-ordered
nanostructures offer new opportunities for controlling the local
environments of the occluded dye molecules. The nanosize pore
channel of AAO can restrict the mobility of dye molecules and
reduce the distance between the donor and acceptor molecules,
which enhanced the energy transfer between R6G and RhB and
further increased the recognition of RhB molecules among R6G
molecules. Therefore, we can conclude that the AAO based
detection chip shows a much better fluorescence resolution for
the mixture samples under some specific detection systems,
such as R6G and RhB.

Conclusion

In this paper, we combined the femtosecond laser processing
technique and electrochemical anodized oxidation to fabricate
array-based fluorescence LOC detection devices with each unit
integrated with AAO nanoporous structures. With the assis-
tance of femtosecond laser processing, the integration of AAO
nanoporous structural units on a fixed point can be realized.
This fabrication method, instead of using conventional photo-
resists and lithography methods, is much more simple and
convenient. The as-prepared LOC devices were used for fluo-
rescence detection analyses and the AAO nanoporous structure
shows significant fluorescence enhancement properties with
the fluorescence intensity of R6G molecules being enhanced 70
times over a flat surface. Furthermore, the LOC device was
found to exhibit a much better spectral resolution than tradi-
tional fluorescence spectrometers in liquid samples, based on

This journal is © The Royal Society of Chemistry 2019

which the mixture of R6G with different contents of RhB
molecules can be obviously distinguished using the fluores-
cence emission band shifts with changing contents of RhB
molecules. Thus, the as-prepared array based LOC device is not
only suitable for fluorescence enhancement analyses but also
beneficial for the detection of mixture components.
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