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In this paper, we proposed a novel approach for rapid and flexible fabrication of self-driven microfluidic
surface enhanced Raman scattering (SERS) chips for quantitative analysis of Hg?" by femtosecond laser
direct writing. In contrast to traditional microfluidic chips, the microchannels of the device can drive a
liquid sample flow without external driving force. The sample flow speed is tunable since the wettability
and capillarity properties of the channels, which depend on the roughness and the inner diameter of the
microchannels, can be controlled by optimizing the laser processing parameters. The SERS active detection
sites, which exhibit high enhancement effects and fine reproducibility, were integrated through the
femtosecond laser-induced periodic surface structures (LIPSS), followed by 30 nm Ag deposition. The SERS
performance of the as-prepared microfluidic SERS detection chip was studied with R6G as probe
molecules. The quantitative analysis of Hg?" was realized by simply injecting the Hg?" sample and the
probe molecules R6G from the two inlets, separately, and collecting the SERS signal at the detection site.
The lowest detection limit for Hg?* is 10™° M. It should be mentioned that this study is not only limited to
Hg?* quantitative analysis, but is also mainly aimed to develop a new technique for the design and
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Introduction

Over the past two decades, microfluidic chips, also known as
lab-on-a-chip (LOC) systems, have drawn significant research
interest due to their numerous advantages compared to
macroscopic apparatuses including low cost, high sensitivity,
short reaction times, portability and multi-function
integration."™ As a result, microfluidic platforms have been
increasingly applied to chemical analytics,® chemical
synthesis,” biological cellular assays,>® biotransformation,’
optical detection’ and so on. Microfluidic chips are capable
of disposing and manipulating fluids at the micron level, but
the small area also prohibited the use of such chips with
some conventional detection apparatuses (such as PL, UV
fluorescence) which are only applicable for targets with a
much bigger size.
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fabrication of novel self-driven microfluidic devices depending on practical application requirements.

This problem can be solved by introducing surface enhanced
Raman scattering (SERS) techniques into microfluidic analysis.
SERS is an excellent detection technique that is appropriate for
microfluidic chips and SERS based detection can be realized in
a limited space with trace amounts of the samples, due to its
low reagent consumption and ultrahigh spectroscopic
sensitivity.">** In addition, SERS detection exhibits some other
outstanding advantages, such as extremely narrow peak widths,
multivariate analysis, good stability and high selectivity."*"*
Moreover, SERS signals can reveal the fingerprint of molecules
by showing the rotational, vibrational and other internal motion
information of molecules on substrates."®"”

The combination of microfluidics and SERS not only
enriches the variety of microfluidic chips but also extends the
application of SERS. Microfluidic SERS devices have broadened
the prospects of application in environmental analysis,
biomolecule detection, etc.'®'® Among these applications of
microfluidic SERS devices, the detection of metal ions is a very
important part, such as Hg**, Pb*", etc.>° The analysis of Hg*"
is quite important due to its high toxicity. Thus, the detection
of Hg>" based on SERS microfluidic chips or SERS substrates
fabricated with microfluidic devices has also been extensively
developed.”*>* Chung et al. has reported using aptamer-
modified Au/Ag core-shell nanoparticles to detect Hg>" on a
SERS-based microfluidic device.”®
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A shortcoming of using colloid nanoparticles as the SERS
detection substrate is the unwanted mixing between the
nanoparticles and samples in the channel. The random
aggregation of the nanoparticles will affect the sensitivity and
reproducibility.”> To avoid this defect, attempts have been
made to avoid this effect by directly integrating SERS active
substrates into the channel. For instance, Yan et al. proposed a
two-step  photo-reduction method to integrate silver
nanoparticles as an in situ SERS active substrate. The Ag
nanoparticles substrate in their study realized on-chip single
molecule spectroscopy with high repeatability.”® Bai et al
embedded a Ag-Cu alloy in a 3D microfluidic channel by a
femtosecond laser. Their research exhibited real-time detection
of toxic substances with good reproducibility.”” However, the
integration of SERS substrates is relatively complex.

Furthermore, fluids flowing in microchannels usually rely
on an external driving force from a syringe pump. To simplify
microfluidic devices, self-driven microfluidic fabrication
techniques have progressed continuously and an increasing
number of scientific researchers have developed new
microfluidic technologies driven by the capillary effect (Table
S1t). The materials used in traditional microfluidic devices,
such as glass, polydimethylsiloxane and other polymers,**~*°
are not suitable for fabricating self-driven chips. For example,
there are some reports about PDMS self-driven microfluidic
sensors. But, the fabrication of these devices is relatively
complicated and the self-driven properties must be realized
by further hydrophilic modification. Cheng et al
demonstrated a self-driven PDMS microfluidic chip to
perform automated qualification of live bacillus Calmette-
Guerin (BGG) by fluorescence detection and the self-driven
properties were realized by design special capillary structures
with additional baking.*" As for paper or paper-like material
based self-driven microfluidic devices, colorimetry is always
utilized as an analysis tool for detection, which exhibit
relatively low sensitivity and are always not recyclable.*
Based on the current situation, we put forward a one-step
method to fabricate self-driven microchannels by
femtosecond laser direct writing (FLDW).

Femtosecond lasers have been used for the fabrication
of microfluidic chips.****> The polymer-based microfluidic
devices can be fabricated by femtosecond lasers due to
nonlinear adsorption.*®*” It possesses many advantages for
materials processing such as low heat diffusion, high-
precision processing capacity and high reproducibility.*®?*°
All these advantages make femtosecond lasers a powerful
tool for high  precision machining
techniques.”® Thus, femtosecond lasers have already been
widely used for the fabrication of functional materials with
micro-nano structures, such as superhydrophobic and
superhydrophilic surfaces, black metal materials, colored
metals, etc.*”™ 1In previous reports, our group has
fabricated superhydrophilic silicon or platinum surfaces by
femtosecond laser, which provide Si or Pt superwicking
properties. As a result, fluids can overcome gravity and flow
upward on a vertically positioned processed surface.”>™’

micro-nano
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The study on the surface wettability by femtosecond laser
provides a new way to control the flow of liquid samples
and the materials used for the fabrication are not limited
to transparent materials or polymer materials, which shows
many more advantages for the fabrication of new type
microfluidic devices.** Another attractive phenomenon is
laser-induced periodic surface structures (LIPSS), which are
able to fabricate micro-nano structures on materials’
surfaces by FLDW.*> LIPSS can form 1D or 2D micro-nano
structures on insulators, polymers, semiconductors and
metals depending on different material properties,
processing parameters and experimental environments.>*>"
The micro-nano structures show many attractive
characteristics such as special optical properties,” SERS*
and surface wettability.>*

In this paper, a simple and convenient method is proposed
to integrate a new type of self-driven microfluidic SERS
detection chip onto Si by FLDW. The construction of the
predesigned structure of the microfluidic devices was
performed on a Si slide. The key points for the fabrication are
as follows: 1. selecting suitable laser fabrication parameters
and ensuring spontaneous liquid sample flow through the
microchannel with tunable flowing velocities; 2. optimizing the
surface micro-nano structure to provide excellent SERS
performance with high reproducibility and stability. Based on
the above criteria, we first prepared the self-driven
microchannels by controlling the laser parameters and
built up the relationship between the liquid flow properties
and the processing conditions. Then, periodic nano ripple
structures were generated at the predesigned SERS detection
position, and the influence of laser parameters on the SERS
properties was studied to achieve an optimal detection effect.
Finally, the quantitative analysis of Hg>" was performed using
the self-driven microfluidic SERS detection platform.

Experimental section

Materials

Rhodamine 6G (R6G, C,gH3;N,03Cl), mercuric nitrate
(Hg(NO3),) copper(n) acetate (Cu(CH3COO),), sodium acetate
(CH3COONa), zinc acetate dihydrate (Zn(CH3;COO),-2H,0),
magnesium acetate tetrahydrate (Mg(CH3;COO),-4H,0), lead(n)
acetate trihydrate (Pb(CH3COO),-3H,0), potassium acetate
(CH3COOK) and n-hexane (CHj3(CH,),CHjz) were purchased
from Sigma-Aldrich. Anhydrous ethanol (CH3;CH,OH) was
purchased from Beijing Chemical Works. Crystalline silicon (Si)
slices (100) were purchased from Sibranch Electronic Science
and Technology Company and n-octadecyltrichlorosilane
(C1sH3,Ci3Si) was purchased from Aladdin. Deionized water
(18.0 MQ cm ™) was used during the experiment.

Fabrication of microchannels on Si by femtosecond laser
direct writing

Firstly, a Si wafer was put in a UV Ozone Cleaning System for
15 min (Fig. 1A). The Si wafer was then immersed in
n-octadecyltrichlorosilane (40 pL) dissolved in n-hexane (20
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Fig. 1 Schematic for the fabrication of the Si microfluidic SERS chips.

mL) (Fig. 1B). After half an hour, it was washed with
anhydrous ethanol and dried with a N, flow. The contact
angle of the Si wafer changed from 34° (Fig. S1A}) to 104°
(Fig. S1Bt) after the hydrophobic treatment.

A laser beam was irradiated onto the Si surface vertically
with an appropriate power, defocused position and scanning
speed, as shown in Fig. S2.f Microfluidic channels and two
square (2 x 2 mm?®) inlets were obtained as shown in Fig. 1C.

Integration of a SERS active detection site onto the Si
microfluidic chip

Firstly, a 1 x 1 mm?® square area with micro-nano structures
was fabricated by femtosecond laser at the joint of the
microchannels (Fig. 1C). After immersing in an ultrasonic
bath with deionized water for 15 min, a 30 nm Ag film was
deposited on the as-prepared square area to form Ag micro-
nano structures, which would be used as the SERS active
detection site (Fig. 1D). The SERS activity of the substrate was
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Lab on a Chip

controlled by altering the surface morphology of the micro-
nano structures with different laser processing parameters.

SERS measurements based on the Si microfluidic chip

The SERS activity was tested by adding R6G solutions with
concentrations ranging from 107 to 10~ M. The quantitative
analysis of Hg>" was further proposed by adding a 107 M
R6G solution as a probe from one inlet and Hg*" solutions
with different concentrations from another inlet. SERS
spectra of R6G molecules were collected at the SERS active
site.

Sample characterization

The light source for laser fabrication was a femtosecond Ti:
sapphire chirped-pulse amplifier system (Spitfire Ace, Spectra
Physics) as a photosource was employed for laser fabrication.
It delivers a pulse duration of 35 fs with a central wavelength
of 800 nm and a repetition rate of 1 kHz. The maximum
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Fig. 2 (A) Photograph of the whole microfluidic platform. (B) Optical image of the 2 x 2 mm? square inlet. (C) 3D and SEM images of the

microchannel. (D) Optical, 3D and SEM images of the SERS active site.
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average power is 5 W and the laser beam was focused by a 4x
objective lens with a numerical aperture (NA) of 0.1. The
diameter of the laser beam is around 6.62 um after being
focused by the 4x objective lens.

3D microchannels and square graphs were measured
using a KEYENCE VK-X200 3D laser scanning microscope.
Scanning electron microscopy (SEM) analysis was carried out
using a Phenom ProX purchased from PHENOM WORLD.
Raman spectra were gathered using a LabRAM HR Evolution
Raman spectrometer (Horiba Jobin Yvon), with an excitation
wavelength of 532 nm and integration time of 1 s. The
contact angle was measured using a POWEREACH JC2000D3.

Results and discussion

Surface morphology characterization of the self-driven
microfluidic devices

The self-driven microfluidic SERS devices were successfully
processed by femtosecond laser direct writing. Fig. 2A shows
the full image of a self-driven microfluidic chip
manufactured with a femtosecond laser in air. The device
consists of three parts: 1. microfluidic channels; 2. inlet; 3.
SERS active detection site.

Fig. 2B shows the optical photograph of a 2 x 2 mm?®
square which served as an inlet for the chip. During the
processing, 2 mm transverse scanning was repeated after a
longitudinal motion of the sample of 2 mm with a step
length of 100 um. Fig. 2C shows the 3D optical graph and
SEM image of a part of the microfluidic channel fabricated
by FLDW with a total length of 21 mm. Fig. 2D shows the
surface morphology of the SERS active detection site of the
microfluidic chip. It can be seen that the SERS active site was
integrated at the joint of the micro-channel, which ensures
the mixture of the liquid samples from the two inlets at the
detection site. The SEM image indicates that the nano ripples
were formed at the surface to ensure strong SERS
enhancement and high reproducibility.
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Self-driven property study of the microfluidic channels

The fluid driven capability of the microfluidic channels was
studied by measuring the flow velocities of water along the
microchannels. As the video shows, water can flow
spontaneously along the microchannel. The self-driven
movement of water in the Si microfluidic channel is
attributed to the capillary action. The driving force of the
attraction between the fluid and solid capillary surface
mainly comes from surface tension and the wettability
properties between the liquid and the capillary surface. The
wicking dynamics on capillary tubes are briefly described. In
general, surface tension plays a key role in the spontaneous
movement of liquid samples. If the capillary tube is inserted
into infiltrative fluid, the liquid level of the tube will rise. In
contrast, if it is inserted into non-infiltrative fluid, the liquid
level of the tube will decline. Thus, for Si, water is an
infiltrative liquid and so the surface tension enables it to flow
along the microchannel. It is also known that the surface
roughness plays a significant role in the surface wettability.
According to Wenzel's model, increasing the surface
roughness  will  increase  the  hydrophilicity  or
hydrophobicity.”> The microfluidic channel on Si exhibits
capillary properties, which were affected by the depth-to-
width ratio of the channel. Meanwhile, the micro-nano
structures on the microchannel surface enhanced the
roughness of the microchannel and the hydrophilicity of the
microchannel was improved (Fig. S1Cf). As a result, the
microchannel can drive the liquid sample flow
spontaneously. Therefore, the self-driven motion in the
microfluidic channel can be attributed to the following
factors: (1) the microfluidic channel fabricated by a
femtosecond laser exhibits a capillary effect. (2) The
enhanced roughness of the Si (which is infiltrated with water)
surface by laser processing strengthened the driving force for
self-driven flow. (3) Due to the hydrophobic treatment on the
Si surface, the microfluidic channel is hydrophilic and so,
the water is confined in the channel.
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Fig. 3 The images of the R6G aqueous solution flowing in the microchannel with different times under UV light (A) and the plot of the flowing

distance (I) versus t'/2 (B).
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Fig. 4 The schematic of a V-groove.

To better study the wicking dynamics in our experiment,
the liquid samples’ flowing states along the microchannel
were recorded. As shown in Fig. 3A, an aqueous solution of
R6G was injected into the microchannel and the images with
the flowing distances at different times were recorded under
UV light for a better view. The distance [ was plotted versus
t'* and the result is shown in Fig. 3B. We can conclude from
the figure that the spreading distance linearly depends on
t'* for our microchannel.

In our work, the shape of the microchannel fabricated
with a femtosecond laser is a V-groove (Fig. S47). As reported,
Rye et al. proposed a wicking dynamics model in a V-groove
channel (Fig. 4), which shows a similar form with the
Washburn equation.®® The model was created based on the
theory of an interfacial energy balance. Meanwhile, it takes
the balance of the surface tension driving force and the
Poiseuille flow viscous dissipation force and makes a series
of assumptions in a V-groove channel. As a result, Rye arrived
at a model of the V-groove as:

P = K(a,0) @t _ cos(6) .—cos(a) @t (1)
Y 2nsin(a)  p
where o is the modeling variable angle related to the groove
apex angle f (f = m/2 - o) and h, is the depth of the
V-channel. According to the equation, the liquid flowing
distance (/) in the channel is in direct proportion to t*2. In
our case, the experiment shown in Fig. 3B well matched with
the Rye model (eqn (1)).

These results lead to a belief that in our system, the liquid
flowing in the microchannels processed by femtosecond
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laser is indeed from the capillarity. In addition, the model
reveals a significant dependence of liquid spreading rate on
the geometry and the wettability of the V-groove channel. When
the laser processing parameters are altered, the roughness of
the surface and the geometry of the microchannel will be
changed. With the height (%), width and roughness altering, «
and 0 will be changed. Thus, according to eqn (1), the liquid
wicking velocity in the microchannel will be affected. As a
result, the liquid flowing velocity in the microchannel
fabricated with a femtosecond laser can be controlled via
tuning the parameters of the femtosecond laser.

We further studied the shape and the micro-nano
structure of the microchannel wusing different laser
processing parameters. Table S11 shows the statistical results
for the flow velocities and depth-to-width ratios of the
channels fabricated by laser direct writing under different
processing conditions, which were calculated from the
measured results using a laser scanning microscope. The
morphology of the microchannels was characterized using a
3D laser scanning microscope and a SEM. It was observed
that the microfluidic channel has a symmetrical shape with
the deepest depth in the middle position due to Gaussian
light pulses. The results are exhibited in Fig. S5 where A-C
were fabricated with different laser fluences, 4.76 ] cm™2, 7.14
J em™, and 9.52 J em™?, and a-e were obtained with various
scanning velocities, ranging from 0.1 to 0.9 mm s '. From
Fig. S5, we conclude that, under the same scanning velocity,
the depth of the microchannel increases with the laser pulse
energy. This is expected since the ablation capacity increases
with laser fluence. At the same pulse energy, the depth of the
microfluidic channel increases when the scanning velocity
decreases. This is because the target material will be ablated
more severely with a longer contact time.

The relationship between the water flowing speed and the
laser processing parameters (laser fluence and scanning
velocity) are plotted in Fig. 5A. The results indicate that the
flow speed increases as the laser fluence increases and the
flow speed decreases as the laser scanning velocity increases.
In other words, these observations are consistent with those
mentioned in the previous paragraph.
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Fig. 5 The relationship between liquid flow velocity and laser fluence (A) and liquid flow velocity and depth-to-width ratio (B) on the microfluidic

channels obtained using different processing parameters.
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Fig. 6 Raman spectra of R6G (concentration 10~ M) on the LIPSS
structure and planar Si.

The relationship between the depth-to-width ratio and
fluid velocity is plotted in Fig. 5B. It is found that the fluid
velocity increases with increasing depth-to-width ratio within
a certain range. According to the results, a laser fluence of
9.52 J em™* and scanning speed of 0.1 mm s were utilized
to fabricate the microchannels on the final chip used for the
following applications.

Furthermore, the repeatability and stability of the
microchannel were studied. Fig. S6Af shows the result of the
flow velocity with 34 times of repeated measurements for the
same channel. The flowing velocity only decreases by 14%
after 34 times of measurements which indicates the good
repeatability of the microfluidic channel. Fig. S6Bf shows a
21-day continuous measurement for three different channels.
After 21 days, the flow rates decreased to 98.75%, 90.99%
and 96.00%, respectively. The result indicated that
microfluidic channels fabricated with a femtosecond laser
exhibits pretty good stability.

SERS study of the femtosecond laser-induced periodic surface
structures

As mentioned above, a femtosecond laser was used to
integrate a SERS active detection site at the joint of the
microchannel. It possesses mainly two advantages for SERS
active detection site integration. First, the femtosecond laser
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shows high processing accuracy, which ensures the
integration of the SERS active detection site at the expected
position of the microfluidic devices more accurately and
flexibly. Second, the femtosecond laser can induce the
formation of micro-nano structures at the surface of the
materials, which can provide a strong electromagnetic field
for SERS detection. In particular, LIPSS can significantly
improve the reproducibility and stability of the SERS
measurements. In this study, nano ripple structures were
fabricated at the SERS active site after optimizing the laser
processing parameters. The orientation of the nano ripples is
perpendicular to the polarization of the incident beam and
the periodicity is around 600 nm, which is more than 50% of
the laser wavelength of 800 nm (75%). Hence, the periodic
nanograting fabricated on the Si surface is classified as low-
spatial-frequency LIPSS.””

The SERS activity of the prepared substrate was studied
with the SERS spectra of R6G attached to a Si slice without
laser processing as a comparison. As shown in Fig. 6, the
SERS intensity of R6G molecules adsorbed on the LIPSS SERS
substrate is much stronger than that on a flat surface due to
the strong electromagnetic field of the nano ripples. The
assignment of the Raman bands is shown in Table S3.4°®

The laser parameters used in the fabrication will affect the
formation of the micro-nano structures and further affect the
SERS activity. Thus, the SERS properties of the substrate with
different laser fabrication parameters were studied. Fig. S7t
shows the SEM characterization results of the nanostructure
with different laser processing parameters and the
corresponding SERS spectra of R6G molecules. The statistical
results of the SERS spectra are shown in Fig. 7. The error bars
indicate the standard deviation of the SERS intensity with 5
repeated measurements. The results indicate that the laser
scanning velocity strongly affects the micro-nano structure and
thus the SERS effect. During fabrication with a low laser
scanning velocity (0.1 mm s, Fig. S7A a-et), the substrate was
ablated severely due to the long contact time between the laser
beam and the Si slice. Thus, the surface exhibits irregular
structures, which results in much worse reproducibility and
stability for the SERS signal. When increasing the scanning
velocity, the LIPSS appears and lead to a great field
enhancement factor for SERS. Unsurprisingly, this also
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Fig. 7 SERS intensities of the band at 1360 cm™ of R6G molecules adsorbed on the substrates fabricated with laser fluence ranging from 0.25 to
0.88 J cm™2 and different laser scanning velocities: (A) 0.1 mm s, (B) 0.5 mm s and (C) 1 mms™.
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Fig. 8 SERS spectra of R6G molecules with concentrations ranging
from 107° t0 107° M.

improves the reproducibility and stability for the SERS signal
due to the uniformity and reproducibility of the pattern itself.

The better reproducibility is attributed to the more
uniform distribution of the 2D periodic structures. Taking
enhanced capacity and reproducibility into account, we
choose the substrate (fabricated using a scanning velocity of
0.5 mm s * and laser fluence of 0.38 J cm™?) for further study
due to its highly enhanced capability and great
reproducibility. After deposition of a 30 nm Ag film, the SERS
active site was prepared. EDS analysis was conducted to
analyze the elemental composition of pristine LIPSS and the
substrate after Ag deposition (Fig. S87).

In order to further study the reproducibility of the SERS
substrate, seven substrates were fabricated using the same

——10°M R6G + 0M Hg™

5000
I ——10°M R6G + 10°M Hg™*
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L} T T T T L} T T
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Fig. 9 SERS spectra of R6G on the substrate with and without the
addition of Hg?* with a concentration of 107> M.
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processing parameters and the SERS signal of 10~ M R6G on
them was collected. The intensity of the Raman band at 1360
em™ is plotted as shown in Fig. S9.f The calculated relative
standard deviation (RSD) reaches 5.7%.

Fig. 8 shows the SERS spectra of R6G with concentrations
ranging from 10 M to 107'® M. The spectral intensity from
107 M to 10'° M is amplified by an order of magnitude. The
signal intensity decreases with the R6G solution
concentration decreasing and disappears at 107'° M, while
the characteristic bands assigned to R6G molecules can still
be observed at a 10~° M concentration.

Application of the microfluidic SERS detection platform in
the detection of Hg>*

Mercury is one of the most toxic heavy metals and has
extensive applications in industrial production.”® Due to
various types of industrial activities, the chance of the human
body being exposed to mercury has been increasing rapidly.
For example, Hg>" contamination in drinking water and
irrigation water is a serious threat to human health.
Therefore, a sensitive method for Hg>* detection is needed
and we demonstrate that our microfluidic SERS chip can be
utilized for this purpose. A 1 uL 10~ M R6G solution was
added from an inlet as a probe and 1 uL Hg>* solution
dissolved in water was added from another inlet. After mixing
these two solutions at the SERS active point, SERS spectra
were collected.

Fig. 9 shows the SERS spectra of R6G molecules with the
addition of 0 M and 10 M Hg>". The SERS intensity of the
R6G molecules decreases significantly after adding Hg”*. This
is mainly due to the content change of R6G molecules
adsorbed on the SERS active point. As shown in Fig. 10A,
when the fluid with R6G molecules flow into the SERS active
point, the Raman signal of R6G was dramatically enhanced
by the Ag nano ripples. However, with the addition of Hg*",
the R6G molecules were desorbed from the SERS active point
due to the stronger binding force of Hg>* with R6G than that
with Ag (Fig. 10B). As a result, small amounts of R6G
molecules were left on the Ag surface and the SERS intensity
decreased. This result indicates that the prepared
microfluidic chip is suitable for Hg>" detection.

The quantitative analysis of Hg>" was further performed
with different concentrations of Hg>" solutions added into
the microfluidic chip. As Fig. 11 shows, with decreasing Hg**
concentration, the SERS intensity of R6G molecules

@ : R6G molecule
Fig. 10 The schematic of the detection of Hg?".
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Fig. 11 SERS spectra of R6G molecules after adding Hg®* with
concentrations ranging from 10~ to 10™° M.

increased. As discussed above, with a higher concentration of
Hg>" solution, Hg”" can combine with more R6G molecules
leaving fewer R6G molecules adsorbed on the substrate
resulting in lower SERS intensity. In contrast, Hg>" with a low
concentration can combine with fewer R6G molecules, and
the intensity of the R6G spectra will increase.

The SERS intensity of the band at 1306 cm™* was chosen
to plot the calibration curves for the quantitative analysis of
Hg”". The intensity of the band at 1306 cm™ as a function
of Hg>" concentration on a semi-log scale is plotted over
the concentration ranging from 102 M to 10° M in
Fig. 12A. The error bars indicate the relative standard
deviation of 5 repeated measurements. The relationship
between the logarithm of Hg?* concentration and the
Raman intensity of the band at 1360 cm™ is linear (Y =
4379.63X - 10307.30; R*> = 0.9901), where X represents the
logarithm of Hg®" concentration and Y stands for the
Raman intensity of R6G at 1360 cm '. Fig. 12B shows the
intensity of the Raman band at 1360 cm™* for 0 M and 10°
M Hg?" in order to affirm the limit of detection (LOD). The
red line is the limit of detection in Fig. 12B, which
indicates that the lowest LOD is 10° M, and the
comparisons of the detection level of Hg?* with those of
reported articles are shown in Table S4.f

A) 35000

Y =4379.63 X - 10307.30
30000

R’ =0.9901
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In order to evaluate the selectivity of the microfluidic chip
to Hg>', an anti-interference experiment was performed with
several metal ions (Cu®*, Na', zZn**, Mg®", Pb*", K') as
reference. As demonstrated in Fig. S10,f the SERS intensity of
R6G molecules shows no obvious change with the addition of
107> M metal ions compared to that with the addition of 107*
M Hg>". This indicates that the presence of other metal ions
rarely influenced the detection of Hg*>' even when the ion
concentration is two orders of magnitude higher than that of
Hg”". 1t proves that the microfluidic chip can be used for the
selective detection of Hg>'. A practical application for the
detection of Hg** is demonstrated as follows. Hg>" samples
at three different concentrations (5 x 10°* M, 5 x 107> M and
107> M) were added to lake water and tap water. The SERS
spectra of these samples were then measured. As shown in
Table S5, the average recoveries of these three
concentrations determined by this method were 99.3%,
92.7%, and 96.4% for tap water and 89.8%, 100.7%, and
105.4% for lake water, respectively. The results indicate that
the microfluidic SERS chip is also suitable for the real sample
detection of Hg>".

Conclusions

In conclusion, we proposed a simple and convenient way for
fabricating a self-driven microfluidic SERS detection chip by
femtosecond laser direct writing. The prepared microfluidic
chip exhibits the following advantages: 1. the high processing
accuracy and high pulse energy of a femtosecond laser makes
the microfluidic chip integration more precise and flexible; 2.
the shape and wettability of the microchannel can be tuned by
optimizing the processing parameters of the femtosecond laser
and the liquid sample flowing spontaneously along the
microchannel without an external force due to the capillarity
and hydrophilic properties of the channel; 3. femtosecond laser
induced periodic nano ripples can provide strong Raman
enhancement with better reproducibility and stability. The
prepared self-driven microfluidic chip was further used for the
quantitative analysis of Hg”" with R6G molecules as the probe.

(B)3s000-

30000 ] threshold line

25000
20000+
15000
10000

5000+

Raman Intensity /a.u.

0

9

0 10°
Hg2+ concentration mol/L

Fig. 12 (A) Quantitative analysis line plot of the SERS intensity of the band at 1306 cm™* with the concentration of Hg®* ranging from 10> to 10°°
M. (B) SERS intensity of the band at 1306 cm™ with the addition of 0 and 10™° M Hg?*. The error bars indicate the RSD of 5 repeated

measurements.
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The detection limit can reach 10~ M. It should be mentioned
that the microfluidic chip can be used for more than Hg”'
analysis. The design and fabrication of new types of microfluidic
devices for more practical applications can be realized
depending on the requirements of practical applications.
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