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We report a new chip-integrated recyclable SERS substrate, achieved by
photochemical deposition of silver nanoparticles onto titanium dioxide
(TiO,) thin film. Facilitated by the photocatalytic activity of titanium
dioxide the SERS substrate can be recycled for multiple analysis. This
enables quasi-real time detection of various compounds in an auto-
mated and reusable DMF-SERS platform.

In chemistry, the integration of automated chemical micro-
laboratories with advanced analytical techniques have transformed
the way research is conducted by enabling more efficient methods
for chemical processing, optimization and analysis." A perfect
candidate as the automated micro chemical processing unit of such
a self-driving laboratory is digital microfluidics (DMF).> Here
chemical droplets can be manipulated automatically on a program-
mable path by electric potentials. This has facilitated the study of
various (bio) chemical processes,” with significant applications in life
sciences® and chemistry.> DMF allows seamless actuation of micro-
liter to nanoliter-sized discrete droplets on a hydrophobic 2D
electrode array based on the principle of electro-wetting on dielectric
(EWOD).® A typical DMF system works well as an mere automated
sample processing unit which allows to execute chemical reactions
by droplet merging, mixing and spliting.” In order to fully utilize
DMF as an enabling technology in chemistry, the chemical
composition of each droplet should be analysed by an informa-
tion rich detection technique such as NMR,® mass spectro-
scopy’ and surface-enhanced Raman spectroscopy (SERS).'>""
Coupling digital microfluidics with SERS is promising, enabl-
ing label-free'” and non-destructive detection of various low-
concentrated analytes.”® To achieve higher enhancement
effects in SERS, compared to conventional Raman spectro-
scopy, suspended colloidal silver** /gold"> nanoparticles (NPs)
are usually mixed with the analyte solution. However, in context
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of lab-on-a-chip technology these suspended NPs can be pro-
blematic as they tend to contaminate the chip surface or
negatively interfere with further downstream processes.'® To
overcome these issues, and also to improve quantitation, sta-
tionary SERS substrates'” can be used. However, the integration
of a stationary SERS substrate into a microfluidic system poses
a new challenge, namely the irreversible adsorption of
analyte,'® resulting in a so-called memory effect.'"® This pre-
vents the repeated use of a SERS substrate and, in the case of a
chip-integrated stationary SERS-target, would make the chip a
single-use device for only one detection event.

We recently, reported an approach to seamlessly combine DMF
with off-chip stationary SERS-target."' Here the memory effect was
dealt with by using multiple replaceable ex situ SERS active substrate,
so a new substrate was available for each measurement. If the SERS
target is located inside the chip, replacing the target is not possi-
ble without disassembling the device. Therefore, to realize the full
potential of DMF-based SERS detection for a broader application, the
integrated SERS active spot on DMF should be sensitive, reproduci-
ble, and, most importantly, recyclable.

To remove the analyte molecules adsorbed on SERS active
surfaces various approaches have been applied, however not in
context with digital microfluidics.* In this regard, the photo-
catalytic degradation approach®"** using semiconductor oxides
like TiO, is advantageous as it is non-toxic, stable, biocompa-
tible, and SERS compatible. Combining TiO, with silver nano-
particles (AgNP@TiO,) allows for both SERS-based detection
and photocatalytic degradation of organic molecules.

Therefore, the questions addressed in this work are: (a) can
SERS active substrates be integrated into a DMF chip, (b) is the
SERS substrate capable of sensitive Raman detection and (c)
can the integrated SERS active substrates be recycled and
reused? This is the starting point for this contribution, where
we report the first on-chip integration of digital microfluidics
and recyclable AgNP@TiO, SERS substrate for in situ Raman
spectroscopic detection.

The idea and general concept of this approach is shown
schematically in Fig. 1. To realize this approach, a primary
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Fig. 1 The Schematic illustrates the general approach. (a) Schematic side view of the bottom and top DMF plate with the AQNP@TiO, SERS substrate
integrated on the DMF top plate. Droplet A is actuated and parked underneath the SERS substrate and the analyte molecules adsorbed on the silver
nanoparticles are excited with a green laser for SERS-based detection. (b) Droplet A is automatically actuated away and a new cleaning solution (Droplet
C) is actuated towards the AgNP@TiO, SERS substrate. The recycling process of the SERS substrate is initiated by activating the UV LED, leading to the

photo degradation of the adsorbed analyte on the SERS substrate.

challenge was to develop a suitable TiO, thin film layer inside
the DMF chip. For this, the TiO, thin film must possess
transparency, stability, and should not disrupt the EWOD
process. Furthermore, while aiming for surface modification
with silver nanoparticles, the TiO, thin film should exhibit the
capability to regenerate the AgNP surface through the photo-
degradation of the analyte molecules under UV irradiation.
Therefore, we fabricated the DMF chip with a top plate mod-
ified with the AgNP@TiO, layer and the bottom plate adhered
to a pre-existing electrode design (GaudiLabs, Switzerland). We
synthesized the film layer from TiO, precursor by modifying a
method reported by Zhang et al.>' The fabrication steps are
described in detail in the (ESIt S2-S4). The resulting TiO, film
was transparent, uniform and had good adhesion to the
indium tin oxide (ITO) glass substrate (as seen in ESI{ S3).
Now, to integrate an AgNP@TiO, SERS substrate for in situ
SERS detection on DMF, an immobilized silver nanoparticle
must not obstruct relative droplet movement (facilitate droplet
removal from the spot after detection) and provide significant
SERS enhancement. Therefore, the AgNP spots were integrated
into the surface of the TiO, film photo-chemically from silver
nitrate solution using UV irradiation (ESIt S4) rather than
simply drop-casting AgNP on top of the TiO, film. This was
followed by assembling the DMF plates with an inter-plate gap
of 240 pm (ESIt S5). The chemical reagents were loaded on the
reservoir electrode for all experiments such that each dispensed
droplet, was approximately 1.46 + 0.15 pL (ESIT S6).

Fig. 2a shows the DMF platform with the integrated SERS
substrate mounted on a specially modified stage on the Raman
microscope. The magnified image in Fig. 2b illustrates the
deposition of approximately 1 mm (diameter) of AgNP spot
on the TiO, film surface inside the DMF chip. The silver
nanoparticles were triangular in shape with average size calcu-
lated to be 175 nm (s.d + 85.9 nm) from the SEM image in
Fig. 2c. The TiO, layer was characterised using X-ray powder
diffraction (ESIt S8), which showed that the crystalline fraction
in the TiO, layer is made up of 87% Brookite, 11% Anatase and
2% Rutile. Such mixture of anatase-brookite TiO, phase has
been previously reported to show good photocatalytic proper-
ties for degradation of analyte molecules.”?
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Fig. 2 (a) An exemplary view of the experimental setup showing the DMF
device with the integrated SERS substrate mounted on the Raman micro-
scope. (b) A magnified view of the chip electrodes with the AQNP@TIO,
SERS substrate (1 mm diameter) integrated on the DMF top plate. (c) SEM
image acquired showing the surface morphology of AQNP@TiO, substrate.
(d) Relationship between SERS intensity as a function of photo reduction
time. The peak of methylene blue at 1447 cm™ was used for calculating
the mean intensity (N = 3).

We optimized the AgNP deposition by investigating the
effect of photo-reduction time on the SERS activity of methylene
blue (MB). For this purpose, a modular confocal Raman micro-
scope with a laser wavelength of 532 nm, excitation power of
13 mW and 1.08 pm laser spot size was used for the SERS
measurement (ESIf S7). As shown in Fig. 2d, the photo-
reduction time significantly influenced the performance of
the AgNP@TiO, substrate in terms of SERS activity. The SERS
intensity of MB molecule at 1447 cm™ " increased gradually with
increasing photo-reduction time and was highest at 20 min.
Beyond 20 min, the SERS intensity increase was irregular,
probably due to uneven deposition of the AgNP and also it
was hard to perform SERS detection from the DMF chip top due
to the denser amount of AgNP deposited. Therefore, a 20 min
photo-reduction time was optimum for a homogenous immo-
bilization of the silver ions on the TiO, film.

After the successful fabrication and characterization of the
SERS active spot @TiO, substrate, it was crucial to determine
the effectiveness of the SERS substrate in regards to SERS signal
reproducibility before introducing it to the DMF/EWOD pro-
cess. For this purpose, 4 pL of 10 uM MB solution in DI water/
methanol (8:2 vol%) was pipetted on the SERS substrate and
dried at room temperature for 5 min. In Fig. 3a, the measured
SERS spectra of MB are compared with the Raman spectrum
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Fig. 3 (a) Raman spectrum of different chip layers: ITO glass (cyan), TiO,
film (green), background spectrum of silver nanoparticles at TiO5 (red), and
SERS spectrum of 10 pM methylene blue adsorbed on the surface of the
complete SERS substrate (purple). (b) Substrate-to-substrate variation for
five SERS substrates. The peak at 1628 cm™ in the SERS spectrum was
used to calculate the mean intensity (N = 5).

during different fabrication stages. The spectra show that the
TiO, and AgNP@TiO, layer induced no significant Raman band
or auto-fluorescence over the selected spectral range. This
proves the suitability of the substrate for SERS measurement
without significant background interference. The SERS spec-
trum obtained from MB molecules adsorbed on the surface of
AgNP@TiO, had distinct peaks at 448, 498, 596, 674, 774, 894,
956, 1043, 1160, 1310, 1400, 1447, and 1628 cm™* respectively
(ESIT S9). To assess the reliability of the fabricated chip
integrated AgNP@TiO, substrate, we examined the SERS signal
reproducibility. Fig. 3b illustrates the reproducibility of the
SERS signal showing the average column height for the SERS
signal amongst five different substrates and its deviation. The
relative standard deviation (RSD) is calculated to be within
9.51%, taking the major peak intensity of 1628 cm™" as the
evaluation standard (ESIt S17). This further verifies that the
prepared SERS active surface is well suited for SERS detection.
The limit of detection is 0.00696 pM for the given Raman
parameters (ESIT S18).

After successfully developing and characterizing the SERS active
spot @TiO,, it was used in a DMF workflow to assess the feasibility
of using the SERS substrate multiple times for quasi- real-time
monitoring of compounds and to investigate its recyclability
properties. This is shown schematically in Fig. 4a—f (also ESIt
S10, video S1). To achieve this, the DMF workflow was pre-
programmed to automate the dispensing and actuation of MB
droplets (10 puM) towards the SERS substrate using an electric
potential of 280 V,, at 1.0 kHz (droplet speed: 2.75 mm s '
(£ 2.2%), ESIt S16, ESIt video 2). The Raman laser was activated
and after SERS measurement, the analyte droplet is moved away
using EWOD forces (step 4 in ESIT Video S1 and $S20). A cleaning
solution (DI water/methanol (8:2 vol%)) was then applied and
irradiated with a UV LED (340 nm, 60 mW) for 15 min, to
initiate the recycling process, with the solution being exchanged
every 5 min. After 15 min of UV irradiation the droplet shrinks but
remains actuatable, allowing it to be moved, merged with a fresh
droplet, and circulated to remove contaminants, as evident from
the ESIf video 1. This process was repeated several times to achieve
multiple recycling and detection cycles.

The SERS substrates’ performance was assessed by estimat-
ing the analytical enhancement factor (AEF) in the detection of
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Fig. 4 (a—f) Schematic for the droplet actuation steps inside DMF inte-
grated AGQNP@TIiO, SERS substrate for consecutive detection and recycling
process. The blue arrow (inside chip) indicates the MB droplet actuation
direction; the white arrow (inside chip) indicates the cleaning solution
droplet actuation direction.

MB (ESIt S11). The calculated AEF for the fabricated SERS
substrate was 2.2 x 10°. Next, the on-chip recycling process of
the AgNP@TiO, SERS substrate was investigated. In Fig. 5a, an
exemplary recorded SERS spectrum (at 0 min) is depicted,
showcasing a methylene blue droplet during the automated
DMF operation. The on-chip MB droplet has identical Raman
bands as observed in the off-chip approach, thus affirming our
DMF approach’s suitability for sensitive chemical analysis.
Fig. 5a shows the effect of the photocatalytic degradation time
on the recorded SERS indicator band at 1628 cm™ " suggesting
that the optimal time needed for efficient removal of the dyed
analyte from the SERS substrate is 15 minutes. The insert
image in Fig. 5a shows the extracted SERS spectra at different
time intervals documenting the recycling progress. We also
tested the system with a non-dyed analyte malathion (50 uM) as
shown in Fig. 5b. The SERS spectra obtained at different UV
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Fig. 5 (a) SERS spectrum (0 min, purple) of the methylene blue droplet

(10 puM, 1.46 pl) adsorbed on the SERS active surface after DMF actuation.
Relationship between the SERS intensities at 1628 cm~* peak from methy-
lene blue versus the photocatalytic degradation time. The insert image
illustrates the SERS spectra extracted from the SERS substrate for methy-
lene blue at different time during the recycling process. (b) SERS spectra
showing the photocatalytic degradation of malathion (50 puM, 2.5 pl) at
different UV irradiation time interval.
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Fig. 6 (a) SERS spectra of MB (10 uM) adsorbed onto the DMF integrated
AgNP@TiO, SERS substrate showing five “detection-recycling” cycles. (b)
SERS spectra of MB and MG (10 uM) on the SERS substrate in alternating
detection processes before and after recycling.
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irradiation time intervals on the DMF chip shows that SERS
substrate for malathion can be recycled within 25 minutes.
These spectra showcase the efficacy of the approach, with the
SERS signal disappearing within a span of 15-25 minutes. The
mechanism for this is explained in details in the ESIT 12. We
also validated our DMF coupled-SERS substrate’s regeneration
capability in a set of on-chip control experiments with the same
DMF actuation step but now only adding the cleaning solution
without any UV (ESIt S13) and vice versa (ESIT S14).

Fig. 6a shows five cycles for the detection and photocatalytic
degradation process, where a strong SERS signal was observed
from MB, while no distinct Raman peaks for MB were observed
after UV irradiation, suggesting that the adsorbed analytes were
decomposed to smaller inorganic molecules. Therefore, this
substrate could be recycled and reused five times. This process
was also repeated with malathion to demonstrate the robust-
ness of the system (ESIT S19). Another essential criterion is the
signal carryover effect. To investigate this, we analysed two
different analytes, malachite green (MG) and methylene blue
(MB), on the same DMF chip. The Raman peak can distinguish
these two analytes at 1185, 1377 and 1600 cm™ ', which appears
only in the spectrum of MG but not for MB. These results
shown in Fig. 6 demonstrate that the AgNP@TiO, could suc-
cessfully act as a recyclable SERS substrate without a carryover
effect. With the same DMF-AgNP@TiO, integrated chip, it was
possible to perform consecutive detection & recycle with differ-
ent analytes.

In summary, through the integration of SERS detection with
a photochemical cleaning step within an automated DMF plat-
form, a reusable DMF-SERS system was developed for the first
time. Analyte molecules that would otherwise be irreversibly
adsorbed on the SERS substrate underwent photocatalytic
degradation upon exposure to ultraviolet irradiation and water
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droplets. Thereby, the memory effect of stationary SERS sub-
strates inside the DMF chip was dealt with to a great extent.
This approach broadens the analytical toolkit for in- situ SERS
monitoring of compounds in quasi-real-time on a DMF plat-
form unlocking the potential of DMF technology and its
implications for future chemical research.
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