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Abstract

Imaging of chemical composition in microfluidic chips is addressed using Sur-
face Enhanced Raman Spectroscopy (SERS). The Y-shaped SERS microfluidic
chip used is fabricated by xurography and an electrodeposition method is employed
to form a thin nanostructured silver layer over the bottom glass wall of the main mi-
crochannel. Used as an immobilized SERS substrate, this layer of silver nanocrys-
tals exhibits an analytical enhancement factor of 5.104 uniformly distributed over
its surface (RSD < 7%). These good performances allow the quantitative imaging
of transverse diffusion profiles of Crystal Violet (CV) at low concentrations (10−8-
10−6 mol/L). The SERS measurement turns out to be reversible at high laser power
and this is explained by the thermal desorption of adsorbed CV (photothermal ef-
fect). However, too high heating leads to a low amount of adsorbed species and
a low SERS signal. This effect is limited by using a fast enough flow inducing a
cooling effect. A compromise must be found between laser power and liquid flow
rate to enable a reversible and sensitive SERS measurement in the chip. These find-
ings should contribute to the development of imaging, in microfluidic conditions,
of the spatiotemporal dynamics of weakly concentrated key molecules involved in
chemical, biochemical or biological processes.
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1 Introduction

1.1 Chemical Imaging in microfluidic chips
Microfluidic devices allow precise control of contact, mixing and reaction between
given species. In this way, a given chemical or biological system can be studied in situ
and subject to stimulant gradients which induce a specific response such as the produc-
tion and release of given compounds, also in a controlled manner. The spatiotemporal
distribution of species can be fully controlled in a microfluidic device.

Consequently, the imaging of the chemical composition inside a microfluidic chip
is a highly desired feature. This requires a chemical imaging method based on the mea-
surement of light spectra at several positions. The light spectra can be obtained from
various spectral measurement methods (luminescence, UV-vis, fluorescence, Raman,
IR, ATR-FTIR, etc.) in order to reveal the spatiotemporal variations in chemical com-
position or simply to allow the imaging of a transparent compound to the naked eye in
the microchannel.

The resulting composition map first allows observing in situ the interaction of the
system studied with the imposed conditions (fluid injections, microchannel geometry,
etc.). The composition map can also be used quantitatively to fit a reaction-transport
model, and obtain transport and kinetic parameters from a single experiment. More in-
formation is obtained in one shot, from the chemical imaging of the “chemical scene”
(gradients), than with conventional techniques based on sampling (and subsequent
chemical analyses) of the transient states of the studied system (e.g. as in batch re-
actor). This further enhances the measurement rate and the high-throughput analysis
capability of microfluidic chips.

Chemical imaging in microchannels has been attempted in several works with dif-
ferent methods and purposes. In a first class of studies, single-phase Y-shaped (co-flow)
microfluidic chips are used to generate the gradients. The transverse diffusion of solute
(without reaction) was measured by fluorescence [1,2] or Raman [3]. Reaction-diffusion
dynamics of enzymatic reactions was examined, and kinetic rate constants were ex-
tracted, by measuring light emission of a bioluminescent compound [4]. Salmon et
al. [5] and Baroud et al. [6] used fluorescence microscopy to extract kinetic parameters
of model chemical reactions. Other imaging methods have been employed in Y-shaped
microfluidic chips: ATR-FTIR technique to visualize the mixing between the solvents
H2O and D2O [7], array of optical fibers applied to the detection of pH variations [8],
IR imaging to monitor and quantify organometallic chemistry [9] as well as array of
electrodes and the associated electrochemical detection applied to the imaging of a fo-
cused stream of ferricyanide solution [10]. In other works, droplets generators are used,
and the mixing and reaction inside the droplets are observed by Raman [11] or fluores-
cence [12] measurements. See Zhou et al. [13] for a recent review on optical imaging
technologies for microfluidics.
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1.2 Surface Enhanced Raman Spectroscopy (SERS) as a chemical
imaging method in microfluidic chips

Among the imaging methods previously used (luminescence, fluorescence, IR, Raman
and ATR-FTIR spectroscopies, electrochemistry and optical fibers), none combine the
three target qualities simultaneously: sensitivity, spatial resolution and “chemical” res-
olution (wide range of addressable species). Raman spectroscopy appears better than
the others for several reasons:

• the Raman signal is intrinsic to each molecule (Raman fingerprint), with narrow
bandwidth, enabling specific measurements and multiplexing (simultaneous de-
tection of several species); labelling using Raman probes or tags is also possible

• high spatial resolution, up to 1 µm with confocal microscopes

• well adapted to measurements in aqueous solutions (contrary to IR) and thus to
the study of biological and biochemical systems.

However, Raman spectroscopy suffers from a very low sensitivity (limit of detection ∼
10−3 mol/L even for molecules with a high cross-section), that prevents its direct use in
applications where the molecules of interest are at low concentration (this is generally
the case in biological applications).

The sensitivity can be greatly improved using metallic nanostructures (Ag, Au).
The principle is to exploit the phenomenon of plasmon resonance, which induces a
significant enhancement of the Raman scattering in the vicinity of the surface of metal
nanostructures (over a very short length < 1 nm in the fluid phase) up to a factor of
1010 [14]; this results in the so-called Surface Enhanced Raman Spectroscopy (SERS).
Raman enhancement requires the presence of hot spots: assembly of nanoparticles (nP)
with small distance gap between them, typically when they form aggregates, and/or
edge effects with anisotropic or dendritic nanostructures [14].

Raman enhancement requires a close contact between the probed molecules and
the metallic surface, thus SERS detection is accompanied with the adsorption of the
molecules on the surface of the SERS substrate. By analogy with the relationship
between the normal Raman signal intensity IRaman and the concentration of probed
molecules c, IRaman = ARaman(w).c.P.IT [15] where ARaman(w) is a function of the Ra-
man shift w describing the shape of the Raman spectrum, P the laser power and IT the
integration time, the intensity of the SERS signal intensity ISERS is given by [16]:

ISERS = ASERS(w).cads.P.IT, (1)

where ASERS(w) is a function describing the shape of the SERS spectrum and cads the
surface concentration of adsorbed probed molecules. As a consequence, the variation
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of ISERS is directly related to the variation of cads, as experimentally shown by Barbi-
llon et al. [16]. The surface concentration cads depends on the concentration c of the
solution in direct contact with the surface of the SERS substrate. For dilute solutions,
the adsorption isotherm is linear and thus cads is proportional to c. Consequently, spa-
tiotemporal variations of c, at the surface of the SERS substrate, should be obtained by
the measurement of ISERS.

The use of SERS in microfluidic chips appears as a win-win combination and this
has already led to applications mainly for detection and identification purposes with
microfluidic chips [17] in which the composition is spatially uniform. However, the
imaging by SERS of spatiotemporal variations in composition, in a microfluidic chip,
has not yet been achieved. This is due to some specificities of SERS, related to signal
stability, spatial uniformity, reversibility and re-use, which are explained in the sections
below.

1.3 Fabrication and integration of immobilized SERS substrates
Immobilized SERS substrate are generally formed by deposition methods before the
chip assembly/bonding. The widely used method consists in the synthesis of the metal
nP in solution (such as the colloidal synthesis) by controlling both size and shape. Next,
the obtained dispersion must be purified (removing by-products and remaining reac-
tants) by separation techniques (dialysis, centrifugal processes, etc.). Then the nP can
be deposited on the surface (evaporation, dip coating, etc.) by taking care to control 1)
the final assembly in order to favor the formation of hot spots and 2) the adhesion of
the nP [18]. This method requires several fabrication steps that could induce a lack of
reproducibility and non-uniform substrates. Note that other deposition methods have
been attempted such as lithography techniques [18], vapour deposition [19] and pulsed
laser photoreduction [20].

1.4 Regeneration of SERS substrates
This adsorption of the probed molecules is sufficiently strong to prevent the removal
of the molecules from the metallic surface by simple water flushes [14, 21, 22]. This
adsorption, by inducing what is sometimes called the “memory effect”, thus renders the
SERS substrate not re-usable. Moreover, this also prevents the return to a base state or
the observation of a non-monotonic temporal variation.

In microfluidic devices, SERS substrates have been used either in the form of col-
loidal nP, dispersed in the flowing solution, or in the form of nanostructures immobilized
on a microchannel wall [23]. With dispersed colloidal SERS substrate, flowing in a mi-
crochannel, the SERS active surface is continuously renewed that allows the re-use of
the system. On the other hand, the degree of aggregation of the nP (which determines

4



the number of hot spots) must be controlled by adding a given amount of salt in the solu-
tion, in order to screen electrostatic repulsions [24]. Therefore, the ionic strength of the
solution has to be precisely controlled with dispersed colloidal SERS substrate. Note
that increasing the ionic strength could lead to clogging of the microchannels by nP
aggregates. This differs from immobilized SERS substrates which have the advantage
of not being sensitive to ionic strength that avoids controlling this property and possibly
interfering with the system studied. Furthermore, due to their denser structure, they con-
tain more hot spots that induces better enhancements. However, as already mentioned
above, immobilized SERS substrates need a specific regeneration process of the sur-
face between each measurement [14, 21, 22]. Various methods have been attempted to
regenerate the SERS surface: ultrasonification, heat treatment, solvents [25], wet chem-
ical treatment with NaBH4, self-cleaning photocatalytic SERS substrates, degradation
by UV [22], laser-activated deprotection [26], surface replacement from chemical etch-
ing followed by metal re-deposition [21] and electrically assisted regeneration [27]. A
majority of these methods require modifying the chemical composition inside the mi-
crochannel that must be followed by subsequent flushing purification cycles and the
other methods require external physical means.

1.5 Performance evaluation of immobilized SERS substrates
The performance of immobilized SERS substrates is first evaluated by the enhancement
factor. There are several definitions of this factor [28] and some of them should be
considered with caution because of the use of approximations, notably to estimate the
number of probed molecules with normal Raman but also, and mostly, the number of
probed molecules with SERS. The Analytical Enhancement Factor (AEF), defined by
Eq. 2, is as an appropriate functional descriptor, even if it is not an intrinsic property of
the substrate [28]:

AEF =
ISERS/cSERS

IRaman/cRaman
, (2)

where Ix is the intensity of either the SERS signal (x = SERS) or the normal Raman sig-
nal (x = Raman) and cx is the concentration of the compound probed when using either
SERS (x = SERS) or normal Raman spectroscopy (x = Raman). Note that dyes, such
as Crystal Violet (CV), are usually used as test molecules to evaluate AEF because they
exhibit a high cross-section for Raman signal and thus they enable easy measurements.

The evaluation of the spatial uniformity of the SERS signal is also very impor-
tant (especially for chemical imaging purpose) although not systematically measured
and provided. This latter has been evaluated either by the Relative Standard Deviation
(RSD) or by the Relative Amplitude Variation (RAV = (max-min)/2/mean) of the spatial
variation of the SERS signal. According to the available reported data, for SERS sub-
strates integrated or not in microchannels, the RSD and RAV of the SERS signal are in
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the ranges [∼2, 20%] and [5, 20%] respectively, see Table 1. In the SERS microfluidic
chips developed so far, the size of the SERS substrate varies from few micrometers [20]
to the typical lateral dimensions of microchannels, i.e. ∼1 mm x ∼2 cm [29, 30]. The
corresponding RSD and RAV are in the ranges [∼2, 7%] and [8, 18%] respectively,
Table 1.

Spatial
variation of
SERS signal

Size of the
analyzed surface

SERS substrate
integrated in a

microfluidic chip ?

Ref

5% (RAV) 0.8x2 cm2 No [31]
10-20%
(RSD)

- - [18]

4% (RSD) 2x3 cm2 No [32]
6% (RSD) not provided No [33]

3.4% (RSD) disk φ = 10 cm No [34]
3% (RSD) 5x5 µm2 Yes [20]

18% (RAV) 10 x 100 µm2 Yes [19]
8% (RAV) 1x133 µm2 Yes [35]

6.4% (RSD) 2 mm x 100 µm Yes [25]
2.32% (RSD) disk φ = 1.5 mm Yes [36]

7% (RSD) 1 mm x 4 cm
(x12)

Yes [29]

8% (RAV) 2 mm x 2 cm Yes [30]

Table 1: Spatial variations of SERS signal from various works, RAV : Relative Ampli-
tude Variation, RSD : Relative Standard Deviation.

1.6 Stability of the SERS signal
Stability of the SERS signal is also a desired feature. Indeed, the SERS signal can
be altered and decreased when using the laser at excessive power (that can be tempt-
ing to increase the intensity in case of low AEF). This can lead to modifications of
both intensity and shape of the SERS spectra. These modifications may be due to pho-
todegradation (photobleaching) of the probed molecules [37]; in a particular case, the
laser light can itself induce the photodegradation of probed molecules during a SERS
measurement [38].

Also, under laser illumination, the light absorbed by the nanostructure of the SERS
substrate is released as heat and this induces a photothermal effect. The local tempera-
ture can reach a hundred degrees that can lead to production of bubbles [39,40], natural
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convection and thermodiffusion [41], the desorption of probed molecules [42], and the
degradation of the SERS substrate (thermally enhanced mobility and diffusion of metal
nP [43]). The temperature rise depends on the particular configuration (materials and
modes of heat transfer: conduction or convection). However, the local temperature rise
is generally not measured in SERS studies although it can influence the SERS signal.

1.7 The SERS microfluidic chip and the regeneration method pro-
posed in this work

Here, a new method for the integration of the SERS substrate is presented and evalu-
ated. The method is based on the formation of a silver nanostructure, directly inside a
microfluidic chip, by electrodeposition of metallic cations Ag+. More precisely, a spe-
cific electrochemical growth regime, obtained without the use of supporting electrolyte,
is used. Under such conditions, and also in such confined channel geometry with so-
lution at rest (microchannels generally have a slit shape similar to Hele-Shaw cells in
which the used electrochemical growth regime was initially performed [44]), the elec-
trolysis of the dissolved metallic (silver) salt, leads to the fast growth of multi-scale
metallic structures commonly called dendrites. The latter can either be non-adherent,
the structure takes the form of ramified branches which could be fractal or dendritic,
or adherent to the bottom wall of the cell, the structure is then much more stable and
grows under the form of a thin layer (film) [44, 45]. In the latter case, the bottom wall
of the cell must first be covered by a thin non-conducting gold layer serving as adhesion
layer [45, 46]. In all cases, the electrodeposition of the metallic phase is driven by a re-
nucleation growth mode of small metal crystals which the size could be around or less
than 100 nm depending on the operating parameters (mainly the electrolysis current and
the electrolyte/salt concentration) [46].

An adherent thin layer of nanostructured silver is directly integrated in a Y-shaped
microfluidic chip from this electrodeposition-based method. This thin layer is formed
over the bottom wall of the main microchannel of the chip, as shown in Fig. 1a-c. The
performance of the elaborated SERS microfluidic chip is evaluated and discussed in
terms of signal stability, analytical enhancement factor, spatial uniformity, reversibility
and ability to image concentration gradients (transverse diffusion gradients) of CV.

The stability and reversibility of the SERS signal are specifically addressed by study-
ing the variations of the SERS signal (in terms of both intensity and shape of the spec-
tra). The study is carried out, by varying both the liquid flow rate Q and the laser power
P, and by estimating the temperature rise from micro-thermocouple measurements cou-
pled with a 3D simulation of heat transfer.
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Figure 1: a) A picture of the Y-shaped SERS microfluidic chip in operation, b) schematic
exploded view of the chip, c) optical image by transmission (from above) of the main
microchannel integrating the electrodeposited silver layer appearing in black (note that
this layer is very thin, <200 nm, and does not disturb the flow), the flow direction is
indicated by the blue arrows, d) sketch of the chip showing the location of the micro-
thermocouple used to estimate laser-induced heating.

2 Experimental set-up and methods

2.1 Elaboration of the SERS microfluidic chip
The microfluidic chip is elaborated by the fast prototyping method called xurogra-
phy [47–49]. The microchannels of the Y-shaped chip are formed by the digital cut
of a double-sided kapton tape (Polydecoupe, France) by a cutting machine (Silhouette
Portrait 2), Fig. 1a and b and also Fig. 2 (step 1) in which the fabrication steps are
sketched. The width of the main microchannel W is 6 mm, Fig. 2 (step 1).

In the final step, the resulting kapton tape is bonded between two glass plates. The
depth of the microchannels hl is then set by the total thickness of the kapton tape which
is ∼75 µm (25 µm thick for the kapton film and ∼2×25 µm for the adhesive layers),
Fig. 2 (step 1). The upper glass plate (1 mm thick) has been drilled beforehand to enable
fluid connections (use of nanoports from Idex HS and PTFE tubing). The lower glass
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Figure 2: The fabrication steps of the SERS microfluidic chip

plate is a thin cover glass which the thickness is 0.15 mm (VWR).
The cut double-sided kapton tape is first glued on the non-metallized glass plate (the

upper glass plate, Fig. 1b), step 2 in Fig. 2. As a sacrificial anode, two thin silver wires
(diameter 25 µm) are positioned along the long side of the main microchannel by being
glued on two small pads of tape, step 3 in Fig. 2 (see also Fig. 1a-c). Two Ag wires have
to be used to avoid electric disconnection because of electrodissolution of silver. The
excess lengths of the wires are curved in such a way that they come in physical contact
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with the gold electrode deposited on the bottom glass plate (drawn in yellow in Fig. 1b)
when the system is bonded (see Fig. 1a) .

To enhance the uniformity and the reproducibility of the surface state, the thin glass
plate is subject to a Piranha cleaning (50% H2SO4, 50% H2O2 at 35%) followed by
neutralization in a water bath. Just after this chemical treatment, two gold electrodes,
used to perform the electrodeposition inside the main microchannel, are deposited by
sputtering trough a simple plastic mask (K550X Sputter Coater, deposit thickness ∼12
nm, duration = 2 min), step 4 in Fig. 2. A second gold deposition is carried out on the
whole surface but during a shorter time (20 s, deposit thickness ∼2 nm) to form the thin
non-conductive gold layer (adhesion layer for the silver electrodeposit) between the two
thicker gold electrodes, as initially done in previous works [45, 46], step 5 in Fig. 2.

The thin glass plate is aligned, and bonded to the other glass plate, in such a way that
the gold cathode slightly exceeds (∼1 mm) into the main microchannel, step 6 in Fig.
2 (see also Fig. 1b-c). A pressure is apply by hand on the whole system to ensure the
bonding and also the embedding of the silver wires into the adhesive; their thicknesses
are the same (25 µm) and therefore the cell gap is not affected by the presence of the
wires. The final depth of the microchannel hl is determined by thickness measurements
using a micrometer (total thickness - thicknesses of glass plates), Fig. 2 (step 6).

After the bonding, the system is filled with the electrolyte AgNO3 at 0.05 M. Keep-
ing the solution stagnant and the cell horizontal, an electric current of 0.5 mA is applied
between the two gold electrodes, step 7 in Fig. 2.

At the cathode (the gold electrode, on which a negative polarization is applied, is
indicated in step 7 in Fig. 2), the silver ions Ag+ are reduced to metal silver Ag0 while
at the anode the silver wires are oxidized to Ag+. The use of a sacrificial anode allows
to keep a constant quantity of AgNO3 and also avoid the production of other species
which could alter the deposit growth and structure. The constant current electrolysis is
typically applied during 100 s. At the cathode, the growth front begins to move rapidly
and the final deposit length is typically ∼1.5 mm. As already obtained in previous
works [45,46], the deposit grows under the form of a silver layer (thin film) adhering to
the thin non-conductive gold layer covering the bottom wall of the main microchannel
(see the sketch at the bottom in step 7 in Fig. 2). The thin non-conductive gold layer
serves as an adhesion layer for the electrodeposited silver layer [45]. The morphology
of the electrodeposited silver layer is a very dense branching pattern with an almost flat
growth front, as it can be seen in Fig. 1a and in Fig. 1c where the main microchannel is
observed from above by transmission. In this latter Figure, the electrodeposited silver
layer appears as black. As it will be discussed below, note at the outset that this silver
film is very thin (< 200 nm) and thus does not disturb the Poiseuille flow in the main
microchannel (shown with blue arrows in Fig. 1c).

The cathode is set longer than the anode (step 7 in Fig. 2 and Fig. 1a-c) and the
resulting current distribution allows avoiding edge effects (at the cathode) which could
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induce non-uniform structures. Note that the location and width of the electrodeposited
layer can thus be controlled and adjusted inside the microchannel.

After the electrolysis, the cell is flushed by applying a flow of ultrapure water and
the chip is ready to be used for SERS measurements.

In Fig. 3, SEM observations (after dismantling the chip in an acetone bath) reveal
that the electrodeposited SERS substrate consists of a carpet of cubic silver nanocrystals,
Fig. 3a-b (view from above perpendicular to the surface). The individual size of these
nanocrystals is around 100 nm and they are uniformly distributed over almost all the
deposit length (1.5 mm). This is only near the top of the deposit that the quality of
the deposit decreases with larger and less sharp structures. In Fig . 3a, finger-shaped
and rounded deposit structures, separated by thin dark zones, are visible. As shown
by the magnified views in Fig . 3c, the dark zones correspond to places where the
nanostructure is different with the presence of cubic silver nanocrystals of various sizes.
These zones correspond to the boundaries of the main growing structures, i.e. the finger-
shaped and rounded deposit structures. These structures grow at the same time and by
progressively filling the gap between them. This is a specific growth mode for which the
diffusion length (for the transport by diffusion of Ag+ ions) is assumed to be lower than
the crystal sizes, that prevents the development of front instability (see Fleury et al. [45]
for more details). The thickness of the silver layer is very low ∼100 nm as shown by the
tilted SEM observations of a cross-section of the silver layer in Fig. 3d (the maximum
thickness is lower than 200 nm). Consequently, the silver layer (as well as the two gold
deposits) are not expected to disturb the flow in the microfluidic chip. Note that both
growth velocity and nanostructure (SEM observations) of the electrodeposited SERS
substrate are reproducible.

2.2 Instrumentation
A Raman coupled fiber probe (RPB532, Ocean Optics) is used to illuminate the elec-
trodeposited SERS substrate with a green laser beam (532 nm, 100 mW, Oxxius) and
collect the Stokes scattered light (λ >532 nm) which is sent to a spectrometer (HR4000,
Ocean Optics) to obtain the SERS spectra, Fig. 1b. The size of the laser spot was de-
termined by illuminating a CCD sensor with the laser beam. The image of the laser
spot was processing by fitting a two-dimensional Gaussian function. A standard devi-
ation of 47.94 µm was determined which corresponds to a laser spot, in terms of 1/e2

(width at 13.5% of the maximum), of 191.81 µm (FHWM = 112.90 µm). The power of
the laser beam is controlled using a variable optical attenuator and a laser power meter
(Spectra Physics 407A). The maximum laser power used in this work is 55 mW and the
corresponding power density is thus 0.190 kW/cm2. Concerning light collection of the
Raman probe, the depth of field is 2.2 mm (focal length = 7.5 mm and numerical aper-
ture = 0.27). SERS and Raman Spectra are acquired over time during laser illumination
and at several locations inside the main microchannel using a manual micrometric XYZ
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Figure 3: SEM observation of the electrodeposited silver layer.

translation stage.
The heating, induced by the laser, is evaluated by a micro-thermocouple (type K,

150 µm, Radio Spare) placed on the lower surface of the thin bottom glass plate and 1
mm behind the laser spot, downstream of the flow, as sketched in Fig. 1d (the position
of the laser spot is not changed during temperature measurements); a thermal paste is
used to avoid contact resistance. The temperature signal is recorded by a data-logger
(Keysight, DAQ970A).

The liquid flow is applied using using syringe pumps (Harvard Apparatus PHD Ul-
tra). The optical visualizations are performed by transmission using a LED panel, placed
below the chip, and a camera PCO pixelfly, associated with a 105 mm macro lens, fac-
ing the top glass wall of the chip. The electrolyses are carried out with a potentiostat
Autolab PGSTAT100N. The structure of the silver layer is observed by SEM with a Jeol
JSM 7100F.
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2.3 Chemicals
The electrolytic solution (AgNO3 0.5 M) is prepared by dissolving AgNO3 (Acros Or-
ganics, 99%) in deionized water (18.2 MΩ.cm), no supporting electrolyte is used. Ra-
man and SERS measurements are performed with CV solutions prepared by dissolving
crystal violet powder (Fluka) in ultrapure water. Experiments are performed at room
temperature (18 - 22 ◦C).

3 Results & discussion

3.1 Chip operating with uniform concentration of CV inside the
main microchannel (no concentration gradients)

3.1.1 Temporal variations of the SERS signal and temperature

A 10−6 M solution of CV is continuously injected from one inlet of the SERS microflu-
idic chip (the other inlet being closed) at a constant flow rate Q in the range from 2 to
1000 µL/min. The concentration in CV is therefore 10−6 M throughout the microchan-
nel (no gradients). Next, the green laser is focused on the SERS substrate, at a given x,
y location, through both the liquid and the upper glass plate of the chip (Fig. 1a,b,d).
The laser illumination is continuous during 1 min with a constant power P in the range
from 4 to 55 mW. During the laser illumination, the SERS signal and the temperature
measured by the micro-thermocouple T1mm are acquired over time. The acquired SERS
spectra of CV, after baseline subtraction, are shown in Fig. 4a-d for extreme values of
both Q and P. The temperature rise, ∆T1mm = T1mm −Ta (where Ta is the ambient tem-
perature), is plotted as a function of time in Fig. 4e-g for various laser powers (10, 25
and 50 mW) and flow rates (from 5 to 1000 µL/min).

Laser-induced temperature rise
In Fig. 4e-g, ∆T1mm is found to increase during laser illumination. As expected, the
higher the laser power P, the higher the temperature rise and the higher the flow rate Q,
the less the temperature rise (cooling effect); the temperature rise ∆T1mm could reach
5◦C for P = 50 mW and Q = 5 µL/min. The temporal variation of the temperature rise
∆T1mm follows an exponential-like behavior with a rate constant that depends on the
flow rate Q and not on laser power P: ∼0.10, ∼0.30 and ∼1.00 s−1 for 5, 100, 250
µL/min respectively, for 500 and 1000 µL/min the rate constant is > 2 s−1 (beyond the
temporal resolution). This thermal dynamics shows that the heat transfer and release is
mainly controlled by thermal convection in the liquid flow. The more the flow is fast, the
thinner is the thermal boundary layer, above the heated SERS substrate, and the faster
is the transient regime before reaching the thermal steady state.
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From these measurements, the steady state temperature increase at the laser spot
∆T SS

ls = T SS
ls − Ta (where T SS

ls is the steady state temperature at the center of the laser
spot) is deduced from a 3D numerical simulation of heat transfer in the SERS microflu-
idic chip, see section 1 of Supplementary Material (SM) for more details about the
numerical simulation. Briefly, the principle is to determine the part of laser power ab-
sorbed by the Ag nanostructure and released as heat in both the liquid and the glass
plates. From the thus deduced absorption coefficient (46%), ∆T SS

ls is determined by run-
ning the simulation for the investigated values of P and Q. ∆T SS

ls is plotted as function
of the laser power P for several flow rates Q in Fig. 5. As expected ∆T SS

ls increases
(linearly) with P and decreases with Q. ∆T SS

ls can reach almost 50◦C for P = 50 mW
and Q = 2 µL/min.

Temporal variations of SERS spectra
Concerning the temporal evolution of the acquired SERS spectra, in Fig. 4a-d, it can be
seen that the intensity of SERS signal decreases, just after the onset of laser illumination
and for all the values of P and Q investigated; note that the first and last spectra are
colored in blue and red respectively. As indicated by the insets (on the right) of each
Fig. 4a-d, showing the temporal evolution of the peak amplitude at 1180 cm−1 scaled
by its maximum initial value, the intensity of SERS signal stabilizes in less than 60 s.
The insets (on the left) of each Fig. 4a-d correspond to the SERS spectra scaled by the
peak amplitude at 1180 cm−1. These latter superimposed graphs allow to determine if
the shape of the spectra changes during laser illumination. To facilitate the analysis of
these data, the value of ∆T SS

ls is indicated in purple in each inset (on the left) of Fig.
4a-d.

For P = 4 mW and Q = 1000 µL/min (inset, on the left, of Fig. 4c), ∆T SS
ls is low

(1.7◦C) and the shape of the SERS spectra changes very little during laser illumination.
The only variation is observed for the usual double peak of CV at 1590 and 1620 cm−1.
These peaks correspond to specific vibration modes of benzene rings: non-totally sym-
metric benzene mode at 1590 cm−1 and totally symmetric benzene mode et 1620 cm−1

(see [50] for more details). The superposition of the SERS spectra shows that the peak
at 1590 cm−1 decreases less rapidly than the one at 1620 cm−1. This inversion of in-
tensity for this double peak is also observed for the other cases (Fig. 4a, b, d) but with
an inversion intensity that increases with ∆T SS

ls . For the extreme case, P = 50 mW and
Q = 2 µL/min (∆T SS

ls ≈50◦C), Fig. 4b, both peaks are still present but the peak at 1590
cm−1 dominates the one at 1620 cm−1.

Since the Raman enhancement of non-totally symmetric modes is known to depend
on a charge transfer (chemical) process, and that this is not the case for the Raman
enhancement of totally symmetric modes [51], an increase in temperature should favor
the enhancement of the peak at 1590 cm−1 at the expense of the enhancement of the
peak at 1620 cm−1, what is in agreement with what is observed. As a consequence,
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Figure 4: a-d) SERS spectra of Crystal Violet (after baseline subtraction) acquired
during laser illumination, the first and the last spectra (after 60 s of illumination) are
shown with a blue and a red line respectively. The time interval between each spectra
is 0.2 s (IT = 0.1 s) and 1 s (IT = 1 s) in a-b) and in c-d) respectively; inset on the
left: scaled SERS spectra by peak amplitude at 1180 cm−1, steady state temperature
rise at the laser spot ∆T SS

ls indicated in purple; inset on the right: temporal evolution of
peak amplitude at 1180 cm−1 scaled by its maximum initial value, the corresponding
decay rates α are indicted in brown (obtained by fitting with an exponential function).
e-g) The temperature rise acquired during laser illumination, ∆T1mm = T1mm −Ta as a
function of time for various laser powers P and flow rates Q.

similarly to the analysis conducted in [51], the observed difference in the double peak
∼1600 cm−1, as a function of the laser power and flow rate, is attributed to the nature
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(type of symmetry) of vibration modes and to their specific dependence on temperature.
Changes in shape of the SERS spectra, at other Raman shifts, are visible for the other

cases and their number increases with the temperature increase. For the same power as
previously, P = 4 mW, but using a lower flow rate, Q = 2 µL/min, that induces a higher
temperature increase, ∆T SS

ls = 3.8◦C, additional slight changes are visible near 550, 850,
970, 1150 and 1300 cm−1, inset (on the left) of Fig. 4d. Increasing again ∆T SS

ls , reaching
20.7◦C for P = 50 mW and Q = 1000 µL/min, leads to additional changes near 800 and
750 cm−1, inset (on the left) of Fig. 4a. For the highest heating measured, ∆T SS

ls ≈50◦C
for P = 50 mW and Q = 2 µL/min, the shape of the SERS spectra is also affected near
700, 1400 and 1500 cm−1, inset (on the left) of Fig. 4b.

It could be argued that the observed variations of the SERS signal (in terms of shape
and intensity), during laser illumination, can come either from the degradation of the
SERS substrate or from the photodegradation (or photobleaching) of probed molecules
(CV). This cannot be attributed to the degradation of the SERS substrate because in
this case, the modifications would be irreversible whereas this is not the case (several
measurements have been made using the same zone of the SERS substrate).

Concerning the possible formation of bubbles, for the presented experiments, this
has not been observed. Note that this is consistent with the maximum temperature
reached T SS

ls = 70 ◦C (< 100 ◦C) as measured in this work. Indeed, bubble formation has
been encountered when no flow was applied (no cooling effect) and using the maximum
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laser power. In this latter situation, bubbles formation (ebullition) induces fast and non-
monotonic variations of the SERS signal (not shown).

Photodegradation of dyes, such as CV, is possible from the direct interaction of
visible light with the molecules, but this generally requires a sensitizer (a source of
O2 enabling oxidation of the dye, such as methylene blue, benzophenone or dissolved
O2 in the case of CV) [52]. The corresponding kinetics are rather slow and nanoscale
photocatalysts are used to speed up the process [53]. Here, the SERS substrate can play
the role of the nanoscale photocatalyst during laser illumination. However, in this case,
the changes in SERS spectra should depend on the laser power (magnitude of photon
flux). This is not what is observed, the variations in SERS spectra are found to depend
more on the local temperature than on laser power (for the same laser power, both the
number of changes in SERS spectra and the variation of their intensity are found to
depend on the flow rate used that influences the local temperature by inducing a cooling
effect).

Furthermore, the photodegradation of CV leads to the formation of by-products as
studied by chemical analyses (HPLC and UV-Vis spectroscopy) by Confortin et al. [54]
or even by SERS [50]. The production of such molecules at the surface of the SERS
substrate leads to significant changes in the SERS spectra (detection of by-products
leading to new peaks); this has already been observed by Yang et al. [38] where spe-
cific Au@CdS core-shell nanocomposites were synthesized and used simultaneously as
SERS substrate and photocatalyst (bifunctional nanomaterial). Here, no such significant
changes are observed in the SERS spectra during a SERS measurement, the five main
peaks of CV still appear in the acquired spectra (800, 950, 1180, 1380 and 1600 cm−1).
The observed slight changes in the shape of the SERS spectra (highlighted by the insets,
on the left, of Fig. 4a, b, d) can be attributed to specific temperature dependencies such
as for the the double peak at 1600 cm−1.

The same trend is observed concerning the intensity decrease of SERS spectra, as
shown by the insets (on the right) of Fig. 4a-d. From these graphs, the intensity loss
correlates with the temperature increase ∆T SS

ls : 25% (Fig. 4c), 50% (Fig. 4d), 50%
(Fig. 4a) and 75% (Fig. 4b) for respectively 1.7 (Fig. 4c), 3.8 (Fig. 4d), 20.7 (Fig.
4a) and 47.3◦C (Fig. 4b). Consequently, it is concluded that the CV is not photodegra-
dated during the SERS measurement. Instead, the intensity decrease of SERS spectra
is attributed to the thermal desorption of CV from the surface of the SERS substrate.
This justified because the intensity of SERS spectra ISERS is linked (proportional) to the
adsorbed concentration of CV cads (Eq. 1).

Thermal desorption to explain the observed decrease of the SERS signal
It is well known that the increase of the temperature leads to the desorption of adsorbed
molecules, i.e. the decrease of cads (keeping the concentration in the liquid phase con-
stant) [55]. This dynamics can be modeled by the following mass balance at the surface
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of the SERS substrate (assuming dilute solutions):

dcads

dt
= kadcsat

adsc(t,x,y,z = 0)− kdecads, (3)

where kad and kde are respectively the adsorption and desorption rate constants and csat
ads

the saturation (maximum) surface concentration and c(t,x,y,z = 0) the concentration
of CV at the surface of the SERS substrate. kad and csat

ads almost do not depend on
temperature, unlike kde which is given by:

kde = τ
−1e−Qads/(RT ), (4)

where τ−1 is a frequency related to molecular vibrations close the surface in absence of
specific interactions, Qads the heat of adsorption, T the temperature and R is the ideal
gas constant [55]. During a SERS measurement, the temperature increases that should
lead to an increase in kde (Eq. 4) and thus to the decrease of cads (Eq. 3). The measured
decay rate of the intensity of the SERS signal, α , is indicated in each inset (on the
right) of Fig 4a-d. A steady state is reached and the resulting adsorbed concentration is
given by cads =

kadcsat
ads

kde(T SS
ls )

c, where c is the concentration of the used CV solution (10−6 M
here). Consequently, the laser-induced temperature increase is expected to act on both
the decay rate and the intensity loss of the SERS signal.

By assimilating the decay rates of the SERS signal, α , to the desorption rate con-
stants, kde, it is possible to estimate the value of Qads using the equation:

Qads = R
log

(
α(50 mW,Q)
α(4 mW,Q)

)

1
T SS

ls (4 mW,Q)
− 1

T SS
ls (50 mW,Q)

. (5)

The thus obtained value of Qads is found to be dependent on the liquid flow rate Q: 13
and 92 kJ/mol for Q = 2 and 1000 µL/min respectively. This flow dependency shows
that other acting mechanisms are not taken into account in this analysis based solely on
adsorption-desorption.

Indeed, during laser illumination, the dynamics of the SERS signal depends on the
coupling between adsorption-desorption, mass transfer by convection between the sur-
face and the liquid phase as well as the heat transfer in the system.

In fact, the measured decay rates of ISERS show well the competition between the
kinetics of adsorption-desorption and the kinetics of mass transfer by convection as a
function of temperature at the laser spot. At high laser power, i.e. at high temperature
of the probed region, the kinetics of desorption is expected to be fast (high value of kde,
Eq. 4) but the removal of the molecules from the surface toward the liquid is ultimately
limited by mass transfer by convection. In the latter case, the variation dynamics of
cads, or in other terms the decay rate of ISERS, should depend on the flow rate. On the

18



contrary, at low laser power, i.e. at temperature of the probed region close to Ta, the
kinetics of desorption is expected to be slow (low value of kde) and the removal of the
molecules is not expected to be limited by convection. The decay rate of ISERS should
therefore depend less on the flow rate and ultimately being independent on it in the limit
of high flow rates.

The experimentally measured decay rate α depends effectively more on the flow
rate when a laser power P of 50 mW is used (0.21 and 3.27 s−1 for 2 and 1000 µL/min
respectively, ratio of 15) than when P = 4 mW (0.11 and 0.33 min−1 for 2 and 1000
µL/min respectively, ratio of 3).

Note also the non monotonous variation of the intensity for P = 50 mW and Q = 1000
µL/min (inset, on the right, of Fig. 4a), where ISERS reaches a minimum value before re-
increasing. Such a dynamics could be due to the very fast variation of the temperature
Tls in that case (variation rate for ∆T1mm > 2 s−1 as previously discussed) leading to
a probably too fast depletion of adsorbed CV at the surface to be compensated by the
convection mass flux (supply of CV); note also that this local temperature increase can
also be too fast for the heat diffusion inside the bottom glass plate and the liquid.

To avoid a too complex analysis, here, these effects are not taken into account; a
complete modelling of the SERS signal dynamics will be addressed in a future work.

Let’s return to the estimation of Qads. The value of Qads obtained with the fastest
flow, 92 kJ/mol, is excepted to be close to the right value. This is explained by the fact
that in this case, the mass transfer by convection and heat transfer are fast and thus non
limiting and consequently the current analysis, based solely on adsorption-desorption,
should apply. This value, higher than 40 kJ/mol, indicates that the adsorption process is
indeed a chemisorption process. A similar value ∼80 kJ/mol was obtained in the work
of Satapathy et al. [56] in which the adsorption of CV on Ag nP was studied. This
suggests a specific interaction between CV and nanoscale silver. This also validates
the proposed effect of thermal desorption to explain the observed decrease of the SERS
signal.

Effect of laser-induced heating on intensity of the SERS signal
During a SERS measurement, under laser illumination, once the steady state is reached,
dcads/dt = 0, from Eq. 1, 3 and 4, the intensity of the SERS signal ISERS is expected to
be given by:

ISERS =
[
ASERS(w)kadcsat

adsτc
]
.eQads/(RT SS

ls ).P.IT. (6)

From this latter equation, ISERS is expected to depend on T SS
ls . As a consequence, at low

laser powers and high flow rate, or in other terms low temperature increases, ISERS/IT
is expected to not be dependent on the flow rate Q (Tls ≈ Ta and cads is constant). This
is indeed verified in Fig. 6, where ISERS/IT is plotted as a function of P for several
values of Q. In the limit of low laser powers (P → 0), the curves of each flow rate (in
the range [2, 1000 µL/min]) get closer and tend to coincide. Furthermore, at low P,
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Figure 6: Steady state intensity of SERS spectra of a 10−6 M CV solution, divided by
the integration time IT , as a function of the laser power P and for several flow rates Q.
IT was varied in order to maximize the acquired SERS signal (extreme values: IT = 1
s for P = 4 mW, IT = 0.1 s for P = 55 mW). SERS spectra acquired after 1 min of laser
illumination.

the corresponding signal ISERS/IT evolves linearly with P that is in agreement with Eq.
6. By increasing P, the signal continues to increase with P but more slowly depending
of the used flow rate. At the lower the flow rate, at least the signal intensity increases
rapidly with P. For a given flow rate, there is a laser power threshold (optimum) beyond
which the increase in SERS signal, by the increase in laser power, is no longer strong
enough to compensate for the decrease in the adsorbed concentration because of laser-
induced heating. The corresponding laser power threshold increases with the flow rate.

Note also that the linear dependence of ISERS with the concentration c, as predicted
by Eq. 6, is experimentally verified, see section 2 of SM.
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3.1.2 Reversibility

The reversibility of the SERS measurement is evaluated by varying the CV concentra-
tion of the injected solution. The corresponding evolution of the intensity of the SERS
spectra, by cycling CV concentrations, starting at 10−8 to 10−6 M then decreased to
10−8 M and using a flow rate Q = 6.5 µL/min, is shown if Fig. 7. When using a laser
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Figure 7: Intensity of SERS spectra (acquired after 1 min of laser exposure) of CV solu-
tions at different concentrations (indicated by the horizontal axis of the graph) and flow-
ing at Q = 6.5 µL/min in the main microchannel (no gradients). Experiment progress is
from left to right (indicated by the arrow in a)); The CV concentration is first increased,
starting at 10−8 to 10−6 M, then decreased to 10−8 M. a) Laser power = 50 mW, b) laser
power = 10 mW.

power of 50 mW, Fig. 7a, the intensity of SERS spectra follows the evolution of CV
concentration in the main microchannel, whatever the order of the injected solutions.
The measurement is effectively reversible. This result is consistent with the previous
analysis since the same dynamics (decay rates) are expected here, ensuring a stable
(steady state) SERS signal in less than 1 min (the SERS measurement time used).

However, when using a lower laser power, of 10 mW, after contact of the SERS
substrate with a 10−6 M solution, when the CV concentration is decreased, the intensity
of the SERS spectra (after 1 min of laser illumination) does not return to the values
obtained in the initial phase of increasing concentration (from 10−8 to 10−6 M), Fig.
7b.

It can be concluded that, for low laser powers, when the CV concentration is de-
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creased, there remains an excess adsorbed CV molecules, coming from exposure to the
previous solution more concentrated in CV. During the measurement time used (1 min),
the laser-induced heating is not high enough to allow a fast enough thermal desorption
which would allow the return to the values obtained for the increasing concentration
phase.

Furthermore, for these situations, where a SERS measurement is performed after
a decrease in CV concentration, the decay rates of the SERS intensity are found to be
lower than for the previous situations where the flowing solution contained CV at a
constant concentration (10−6 M, as in the previous part); for the ultimate case where
the SERS substrate, previously exposed to a 10−6 M solution, is exposed to a CV-free
solution (c = 0), e.g. for P = 50 mW and Q = 1000 µL/min, decay rate ≈ 0.24 s−1

instead of 3.27 s−1 when c = 10−6 M and for P = 10 mW, decay rate ≈ 0.8 min−1 and
0.4 min−1 for Q = 1000 and 10 µL/min respectively.

These slower dynamics can also be explained by the mass transfer of CV by con-
vection in the liquid. Indeed, even if a flow is applied, the removal of the desorbed CV
is limited by the convection flux leading to an accumulation of CV in the liquid at the
surface of the SERS substrate and thus to a positive (non-zero) value of the concentra-
tion c(t,x,y,z = 0). This latter value induces a non-zero adsorption term in the right
hand side of Eq. 3 and thus a slowed decrease of cads and a longer time to reach the
steady state. This effect is all the more pronounced as the local fluid velocity is very
low (velocity = 0 at the wall).

Here, we exploit this efficient thermal desorption, at high laser power (50 mW), to
regenerate the surface of the SERS substrate. The laser at high power can thus be used
as an “eraser” to remove the traces of CV from a previous experiment and come back to
a base state.

Note that after erasing a given location/point, after a period of some minutes without
laser illumination, in water without CV, the SERS signal is partially restored. This is
indeed attributed to diffusion of CV, from the surface surrounded the targeted location
(by surface diffusion and/or by desorption followed by diffusion and re-adsorption); by
also erasing around the targeted location, signal restoration is limited.

To sum up, these results show that the coupling between adsorption, mass transfer
and heat transfer plays an important role on the dynamics of the SERS signal and should
be taken into account to optimize the SERS signal in terms of intensity and reversibility.

3.1.3 Enhancement

To evaluate the enhancement provided by the SERS substrate, the normal Raman spec-
trum of CV is measured in another Y-shaped microfluidic chip which has the same
geometry as the SERS microfluidic chip but in which no SERS substrate has been inte-
grated, see the blue dashed line in Fig. 8. Note also that this latter spectrum is obtained
with a more concentrated solution of CV (10−3 M) and a higher IT (1.0 s) than for
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Figure 8: Steady state SERS (red solid line) and normal Raman (blue dashed line) spec-
tra of CV (after baseline subtraction) obtained respectively in the SERS microfluidic
chip, with a concentration of 10−6 M and an integration time (IT ) of 0.1 s and in an-
other microfluidic chip which the geometry is the same as the SERS microfluidic chip,
but without SERS substrate (normal Raman), with a concentration of 10−3 M and an IT
of 1.0. Q = 1000 µL/min, laser power = 50 mW, SERS spectrum acquired after 1 min
of laser illumination.

SERS measurements. Note that the normal Raman spectrum is not subject to variations
and does not depend on the flow rate.

The steady state SERS spectrum of CV, obtained with the same laser power (P = 50
mW, and a flow rate Q of 1000 µL/min), but with a CV concentration of 10−6 M and
IT = 0.1 s, is shown by the red solid line in Fig. 8. As expected, the same main peaks
are obtained in normal Raman and SERS spectra.

From these data, the AEF can be estimated using Eq. 2 in which the signal intensities
are corrected to take into account the different values of IT (ITSERS = 0.1 s, ITRaman =
1.0 s):

AEF =
(ISERS/ITSERS)/cSERS

(IRaman/ITRaman)/cRaman
. (7)

Considering the peak at 1180 cm−1, the intensities of the SERS and normal Raman
spectra, ISERS and IRaman, correspond roughly to 2500 and 500 (a.u.) respectively. This
leads to an AEF of 5×104 which shows that the Raman signal is really enhanced by
the electrodeposited SERS substrate. Note that the real value of AEF is indeed higher
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because of the initial thermal desorption of CV. From the intensity loss for the present
case (50 mW, 1000 µL/min), evaluated at 50% (inset, on the right, of Fig. 4a), the real
value of AEF of the electrodeposited SERS substrate is 105.

3.1.4 Spatial uniformity

The spatial uniformity of the SERS substrate is evaluated by making the same measure-
ments, as in the previous subsections, at several points. In Fig. 9, the relative spatial
variation of SERS signal intensity I, I/⟨I⟩− 1 (where ⟨I⟩ is the average value of I), is
plotted along the y-axis (Fig. 9a) and along the x-axis (Fig. 9b); y-axis is oriented per-
pendicular to the flow and x-axis is oriented parallel to the flow, as sketched in Fig. 1a-c
and Fig. 3a.

Along both y and x axis, the RSD and RAV of the SERS signal is <7% and <13%
respectively (Fig. 9). These values are within the ranges of RSD and RAV reported in
other works, Table 1. Specifically along the x-axis, the variations are oscillating, and
the corresponding period, ∼650 µm (from FFT processing), correlates well with the
average lateral size (width) of the finger-shaped and rounded deposit structures (sepa-
rated by dark zones) as observed by SEM, Fig. 3a. Consequently, the non-uniformity
of the nanostructure leads to the non-uniformity of the SERS signal. However, it has to
be noted that, here, the spatial variation of SERS signal remains low and in the range of
other works. The fact that a not so bad enhancement is measured on the “dark zones”,
which contain larger and less sharp structures than in other regions of the SERS sub-
strate (Fig. 3), could be explained by the large size of the laser spot (192 µm, Gaussian
width in terms of 1/e2) compared to the size/width of these dark zones ∼20 µm, as
seen in magnified SEM images (Fig. 3c). In this way, the bad enhancement in the dark
zones contributes only to a small part of the total scattered light. Note that the spatial
resolution of the SERS measurement is unknown (not measured) but can be expected to
be approximately close to the standard deviation of the laser spot 49 µm.

In overall, a good uniformity of the SERS signal is obtained on a large surface area,
of 1.5 mm × 2 cm, which is comparable to the largest surface area of SERS substrate
fabricated so far [30], Table 1. Note that larger SERS substrates, or of controllable size
and location, can be fabricated with the proposed method.

Concerning the stability of the devices produced, the experiments were carried out
for 18 months with the same devices without observing any drop in their performance
(in terms of AEF and uniformity). In agreement with the reproducibility of the nanos-
tructure, the Raman enhancement (AEF) is found to be reproducible for all the devices
produced (+/- 10%).

In the next section, the ability to image concentration gradients is evaluated.
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Figure 9: Relative spatial variations of the steady state SERS signal intensity (from the
peak at 1180 cm−1) along the x a) and y b) axis shown in Fig. 3a and Fig. 1a-c. Q
= 1000 µL/min, CV concentration = 10−6M, laser power = 50 mW, IT = 0.1 s, SERS
spectrum acquired after 1 min of laser illumination.

3.2 Imaging of concentration gradients
3.2.1 Optical profiles

Before attempting the SERS imaging of concentration gradients, the expected gradients
are first observed optically in another Y-shaped microfluidic chip which has the same
geometry as the SERS microfluidic chip but in which no SERS substrate has been in-
tegrated (as for previous normal Raman measurements). A transverse diffusion profile
of CV is produced in the main microchannel by injecting a 5.10−4 M solution of CV in
one inlet and water in the other. The use of CV at this concentration makes the gradi-

25



ent visible in the main microchannel (well lower concentration will be used for SERS).
Some of the resulting gradients, taken at x = 2 cm from the contact between the two
inlet microchannels (inlet of the main microchannel), are shown for various flow rates
Q in the inset of Fig. 10a (note that Q is the total flow rate in the main microchannel).
By assimilating the inverted greyscale of the images to the concentration of CV (the
CV solution appears darker than water because of light absorption by CV), and after
normalization, the normalized concentration profiles are shown for several flow rates in
Fig. 10a (curves with markers). We obtain the usual S-shaped curves; the higher the
flow rate, the steeper the profile.

If the diffusion along the depth of the main microchannel (z-axis) is sufficiently fast,
compared to the one along the transverse direction (y-axis), the concentration field can
be considered two-dimensional (the local concentration c does not depend on z) and the
solution of the advection-diffusion problem [3] is given by:

c(y,x) =
1
2

(
erf

(
y− y0

δ (x)

)
+1

)
, (8)

where y0 is the center of the gradient and δ (x) =
√

4x
u D, with u the mean flow velocity

in the main microchannel (u = Q/(hlW )) and D the diffusion coefficient of CV, the
width of the gradient, or the diffusion length after the duration of one local residence
time 4x

u . The deviation from this two-dimensional situation appears for fast flows, in
thick and long microchannels, and this leads to enhanced diffusion in the vicinity of
upper and bottom walls compared to the center of the microchannel [1, 57]. From 3D
numerical simulations of the advection-diffusion problem in the main microchannel, it
was verified that the concentration field can be effectively considered two-dimensional,
and thus Eq. 8 applies, for Q ≤ 250 µL/min (see section 3 of SM) and thus for all the
profiles shown in Fig. 10a. In Fig. 10a, the experimental profiles are fitted with the
theoretical relationship Eq. 8 (red solid curves). The obtained values of δ are plotted as

a function of
√

4x
u in Fig. 10b. The values of δ follow very well the square root law and

for D a value of 3.140×10−10 m2/s is measured for CV with this optical technique.
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Figure 10: a) Normalized concentration profiles along the width of the main microchan-
nel for several flow rates and at a distance x = 2 cm from the inlet of the main microchan-
nel (for clarity purposes, only one point out of six is shown), the red curves correspond
to Eq. 8 adjusted on the experimental points, inset: images of the concentration gradi-
ents. b) Plot of the width of the gradients δ , determined from the fit of experimental
data of a) with Eq. 8, as a function of the square root of the local residence time 4x

u .

3.2.2 SERS profiles

Now, the imaging of concentration gradients is attempted by SERS. The transverse dif-
fusion profiles of CV are produced by injecting a 10−6 M solution of CV, in the inlet
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of the side opposed to the SERS substrate, and a 10−8 M solution of CV in the other
inlet, as sketched in Fig. 1a. Note that the solution at 10−6 M is completely transpar-
ent in the chip, so observations of gradients based on optical absorption are no longer
possible. The flow rates are adapted to bring the center of the gradient at mid length of
the SERS substrate. At a distance x = 1.7 cm from the inlet of the main microchannel,
SERS spectra are recorded at several points across the width of the main microchannel
by using the manual micrometric translation stage along the y-axis (steps of 50 µm).
The laser power used is 50 mW and the SERS spectra are acquired after 1 min of laser
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Figure 11: SERS spectra (after baseline subtraction) measured at several transverse
locations y (steps of 50 µm), and at x = 1.7 cm from the inlet of the main microchannel,
in the presence of a concentration gradient produced by the continuous injection of a CV
solution at 10−6 M, in the inlet opposed to the SERS substrate, and of a CV solution
at 10−8 M in the other inlet of the chip for a total flow rate Q of 6.5 µL/min. Inset:
SERS spectra scaled by their maximum value. Laser power = 50 mW, IT = 0.1 s, SERS
spectra acquired after 1 min of laser illumination.

illumination that enables a reversible measurement (according the previous part) what-
ever the spatiotemporal variations of CV concentration in the chip, notably when the
transverse diffusion profiles are varied. For a flow rate Q of 6.5 µL/min, the obtained
SERS spectra are shown in Fig. 11. The spectra measured at low y values, i.e. in the
low concentrated stream (10−8 M), have a low intensity whereas spectra measured fur-
ther inside the main microchannel, in the more concentrated stream (10−6 M), exhibit a
higher intensity. In the inset of Fig. 11, these spectra are shown after being scaled by
their maximum value. All scaled SERS spectra coincide well. This shows that CV is
detected efficiently even at a concentration of 10 nM (even if this is not the major con-
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cern here, a limit of detection ∼5 nM has been estimated for CV, see below and section
2 of SM). The intensity of the SERS spectra is quantified from the intensity of the peak
at 1180 cm−1. After normalization, the intensity profiles are shown in Fig. 12 (curves
with markers) for several flow rates Q in the range [6.5, 1000 µL/min].
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Figure 12: Curves with markers: normalized intensity profiles of SERS spectra along
the width of the microchannel for several flow rates Q and at a distance x = 1.7 cm from
the inlet of the main microchannel (the intensity of the SERS spectra is measured by
the intensity of the peak at 1180 cm−1), solid lines: normalized concentration profiles
predicted by the 2D theory (Eq. 8) using x = 1.7 cm and D = 3.140×10−10 m2/s (ob-
tained by the optical method, Fig. 11), dashed line: normalized concentration profile at
the SERS substrate surface (z = 0 and x = 1.7 cm) from numerical simulation (section 3
of SM) for Q = 1000 µL/min; inset : plot of the width of the gradients δ , black squares
for SERS measurements (determined by adjusting Eq. 8 on experimental points of the
SERS profiles) and blue disks for optical measurements (Fig. 10b), as a function of
the square root of the local residence time 4x

u , the red solid line corresponds to the plot
δ =

√
4xD/u and the blue dotted line indicates the size of the laser spot in terms of

standard deviation (49 µm). Laser power = 50 mW, IT = 0.1 s, SERS spectra acquired
after 1 min of laser illumination.

The normalized concentration profiles, predicted by Eq. 8 at the same distance from
the inlet of the main microchannel x = 1.7 cm and using the value of the diffusion
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coefficient determined optically (D = 3.140×10−10 m2/s), are also shown in the same
graph (solid lines).

For Q ≤ 100 µL/min, the concentration field is two-dimensional and the concentra-
tion at the surface of the SERS substrate (z = 0), is the same as at mid-depth (z = hl/2)
of the main microchannel at a given couple of coordinates x and y. Therefore the con-
centration profiles obtained from the 2D theory should match the SERS profiles (since
ISERS is proportional to c, section 1.2). As shown in Fig. 12, the SERS profiles in-
deed coincide well with the concentration profiles. For the highest flow rate used of
1000 µL/min, the numerical simulation shows a non-negligible deviation from the two-
dimensionality (section 3 of SM). Consequently, for Q = 1000 µL/min, the SERS pro-
file is not expected to match the concentration profile predicted by the 2D theory (Eq.
8). This is what is actually observed in Fig. 12. For this high flow rate, the SERS profile
should match the concentration profile at the SERS substrate surface (z = 0) provided
by the numerical simulation and shown by the dashed line in Fig. 12. However, the gap
between this latter profile, at the SERS substrate surface, and the profile from the 2D
theory is low and the SERS profile remains away from the real concentration profile.

This gap is more easily visible in the inset of Fig. 12, where the width of the gra-
dients (diffusion length) δ , obtained by fitting the SERS profiles with Eq. 8 (black

squares), is plotted as a function of
√

4x
u for the various flow rates Q; the same plot

for the optical measurement, and thus for the real 2D concentration profiles (for low
Q), is also shown (blue disks and red solid line). For low flow rates (from 6.5 to 100
µL/min), δ values obtained by SERS are close to the real ones (mean gap = 37%) while
for Q = 1000 µL/min a significant gap of 130% is measured. This is explained by the
low gradient width for this flow rate (24 µm) which is probably too low compared to
the resolution of the SERS measurement performed with a rather large laser spot which
the standard deviation is 49 µm; this size is also shown in the inlet of Fig. 12.

To sum up, for the wide range of investigated flow rates, the SERS profiles coincide
well with the real concentration profiles, provided that Q is low enough to ensure a 2D
concentration field. Transverse diffusion profiles are therefore quantitatively imaged
by SERS for Q ≤ 100 µL/min. Furthermore, this is done with weakly concentrated
streams. This also suggests that the intensity of the SERS signal ISERS is proportional
to the (local) concentration, what is in agreement with other measurements where this
linear dependence was verified by injecting solutions with different concentrations of
CV, see section 2 of SM.
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4 Conclusions
An adherent and uniform nanostructured silver layer was electrodeposited, in one step,
over the bottom glass wall of a microchannel. This deposit is successfully tested as
immobilized SERS substrate by inducing an analytical enhancement factor of 5.104

uniformly distributed (RSD < 7%) over its large surface (2 cm × 1.5 mm). By inte-
grating this SERS substrate in a Y-shaped chip, this good spatial uniformity was used
to quantitatively image transverse diffusion concentration profiles by SERS. The SERS
measurement is found to be reversible when using a sufficiently high laser power P.
This is attributed to the laser induced heating (photothermal effect) which induces the
thermal desorption of the probed molecules (CV) and a faster response of the signal
when the concentration is changed (decreased notably). The SERS microfluidic chip
proposed in this work is thus re-usable when using the right operating parameters in
terms of laser power and flow rate. However, a too high laser heating (high ratio laser
power/flow rate) induces an important depletion of adsorbed molecules and thus a de-
crease of SERS signal intensity. A compromise must be found between the response
speed and the intensity of the SERS signal. This effect was highlighted thanks to the
microfluidic configuration which allows to precisely and independently control the laser
power, the concentration of probed molecules in the flowing liquid and the cooling of
the SERS substrate by liquid flow. Finally, this study shows that the correct selection
of these operating parameters is as important as the optimization of the SERS substrate
itself. The consideration of all these aspects will contribute to the development of re-
versible and sensitive SERS-based chemical imaging in microfluidic devices to study
and analyze chemical, biochemical or biological processes.
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nanocolumnar templates for effective chemical sensing by surface-enhanced ra-
man scattering,” Nanomaterials, vol. 12, no. 23, p. 4157, 2022.
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