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The potential of silicon-based fluorescent platforms for the detection of trace toxic metal ions was
investigated in an aqueous environment. To this aim, silicon chips were first functionalized with amino
groups, and fluorescein organic dyes, used as sensing molecules, were then covalently linked to the
surface via formation of thiourea groups. The obtained hybrid heterostructures exhibited high sensitivity
and selectivity towards copper(i), a limit of detection compatible with the recommended upper limits for
copper in drinking water, and good reversibility using a standard metal—chelating agent. The fluorophore—
analyte interaction mechanism at the basis of the reported fluorescence quenching, as well as the potential
of performance improvement, were also studied. The herein presented sensing architecture allows, in
principle, tailoring of the selectivity towards other metal ions by proper fluorophore selection, and provides
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Introduction

Several techniques are currently employed for detecting toxic
metal ions at low concentrations in aqueous and biological
environments, including Inductively Coupled Plasma Atomic
Emission Spectrometry (ICP-AES)," Inductively Coupled Plasma
Mass Spectrometry (ICP-MS)* and Atomic Absorption Spec-
trometry (AAS).* These techniques provide excellent detection
limits but involve high-cost instrumentation, time-consuming
sample preparation and highly trained personnel. Colori-
metric and fluorescence sensor devices are fast-growing tech-
nologies showing remarkable advantages over conventional
techniques, such as fast response times, non-destructive anal-
ysis and remote operation, while attaining competitive perfor-
mances in terms of detection limits, sensitivity, selectivity and
reversibility by rational device design.*®

Fluorescent probes, which have found widespread use in
biomedical applications,”® are being increasingly studied for
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a favorable outlook for integration of fluorescent chemosensors with silicon photonics technology.

real-time and remote environmental monitoring such as detec-
tion of toxic metals in water and biological media."" In
a molecular-type approach, a fluorescent probe, which represents
the sensitive part of the fluorescent device, basically consists of
a recognition (binding) moiety linked to or included into a fluo-
rescent species (usually an organic dye) whose emission proper-
ties, such as peak wavelength and quantum yield, are modified by
the interaction with the analyte. The chemical nature of both the
binding and fluorescent units can be tailored to optimize the
probe for any specific analyte and/or application.

Most fluorescent probes are designed to work in solution.
However, depending on the application, an improvement in the
sensing performance can be obtained by covalently anchoring
fluorescent probes to different substrates, including biomole-
cules,”" silica-based nanocomposites’®>* and metal-organic
frameworks.”?* Grafting fluorescent probes to silicon-based
planar platforms represents a promising route towards sensor
integration with silicon photonics technology and realization of
Lab-on-Chip devices.”**® To this aim, the sol-gel technique based
on organosilane derivatives*?® is one of the most suitable strate-
gies for fabricating robust, low-cost and functional silicon-based
platforms. In particular, the use of 3-aminopropyltriethoxysilane
(APTES) as organosilane derivate, allows to insert amino groups
capable to covalently link fluorophores on silicon surfaces, via the
formation of amides, ureas, thioureas and imines as linking
functional groups.** Although step-by-step silanization of silicon
substrates has already been investigated for the fabrication of
fluorescent platforms,*=* the potential of these platforms for the
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detection of trace metal ions in aqueous environment is yet to be
demonstrated.

A fundamental study on silicon-based fluorescent platforms
for detection of trace metal ions in aqueous environment is
herein presented. Fluorescein isothiocyanate (FITC) was cova-
lently linked to APTES-prefunctionalized silicon substrates via
thiourea formation to realize silicon-based on-chip devices inte-
grating both recognition and fluorescent units. On the one hand,
FITC is highly suitable to serve as prototypical fluorescent
sensing unit because of its remarkable photophysical proper-
ties;***® on the other hand, thiourea groups have been demon-
strated effective in binding metal cations such as Cu", Cd", and
Hg" in water, in fact enabling metal-ion fluorescent sensors with
competitive performances.”>*** Selectivity to copper(u), high
sensitivity and low limit of detection were reported. Successful
surface regeneration was achieved using ethylenediaminetetra-
acetic acid (EDTA) chelating agent, yielding insight into the
mechanism responsible for metal binding.

Among heavy metal ions, copper plays a crucial role in
different biological processes,* being essential for the func-
tioning of many enzymes such as C oxidase (COX) and dopa-
mine B-hydroxylase.*” Its accumulation in the human body can
be harmful and even lead to genetic disorders such as Wilson's
disease, and neurodegenerative disorders including Alz-
heimer's and Parkinson's disease.**** Consequently, EPA (US
Environmental Protection Agency) and WHO (World Health
Organization) have set the maximum copper level in drinking
waters to 1.3 and 2 mg L™, respectively. Therefore, the search
for innovative metal-ion sensing devices represents still a chal-
lenge in the environmental field.

Results and discussion

Reagents and silicon surface modification steps are illustrated
in Fig. 1. (100)-Oriented silicon chips were first coated with
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ultrathin silica layers by (i) the sol-gel technique by using tet-
raethoxysilane (TEOS) as silica precursor (Scheme S1, ESIt) and
(ii) the spin-coating deposition method (Step 1). Subsequently,
amino groups were introduced on the Si@SiO, surface by using
APTES (Step 2). Finally, FITC was covalently linked to the
Si@SiO,@APTES surface via thiourea formation (Step 3).

Freshly prepared samples were investigated following
a multivariate approach, namely, Contact-Angle (CA) measure-
ments, Atomic-Force Microscopy (AFM), Reflectance and Fluo-
rescence Spectroscopy. This way, it was possible to monitor how
each functionalization step modified the morphological and
optical properties of the silicon surface.*

Surface wettability tests were performed by water CA
measurements. Data revealed a decreasing surface wettability
upon amino-modification by APTES and subsequent FITC
linkage. In fact, the mean CA, which was found to be 38.3(0.5)°
in the Si@SiO, chip, increased up to 54.4(0.7)° after silanization
with APTES® and then up to 72.1(0.9)° upon functionalization
with FITC** (Fig. 2). These results could be easily rationalized as
a decreased surface hydrophilicity due to the functionalization
of the silica layer (bearing hydroxy groups, ~-OH) with the amino
(-NH,) groups of APTES and then with FITC, which contains
hydrophobic aromatic rings (Fig. 1b). Measurements carried
out on different points of the sample surface confirmed the
homogeneous deposition of the layers. This conclusion was
supported at the nanoscale by AFM height images, showing lack
of topographic reliefs and root mean square (RMS) values of the
surface roughness lower than 1 nm (Fig. S1, ESI¥).

VIS reflectance spectroscopy was used to evaluate the thick-
ness of the layers deposited through the various functionaliza-
tion steps. Measurements were performed in hemispherical
geometry to collect both specular and diffuse reflectance.
Results are summarized in Fig. 3. Spectral reflectance ratio R;(1)/
R;_1(2) was calculated after fabrication Step i. Silica deposition
resulted in 10-15% decrease in reflectance across the visible

I COOH
L
HO O o

Fluorescein Isothiocyanate
(FITC)

Si@SiO,@APTES@FITC

(@) Chemical precursors used for functionalization of (100)-oriented silicon chips. (b) Step 1: surface silica layer deposition bearing hydroxy

groups via the sol-gel method using TEOS (left); Step 2: amino-functionalization of the silica surface with APTES (centre, amino groups
highlighted in blue). Step 3: functionalization with FITC (right), leading to the formation of thiourea groups (highlighted in red).
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Fig. 2 Pictures of a distilled water drop laid onto: (a) a silica layer on
silicon substrate (Si@SiOy); (b) APTES grafted onto the silica layer
(Si@SiO,@APTES); (c) FITC-functionalized system (Si@SiO,@-
APTES@FITC). Horizontal white bars correspond to 2 mm. (d) Histo-
grams showing the evolution of the mean water contact angle value
after each deposition step. Standard errors are indicated.

spectrum (Fig. 3a), as the silica layer acted as an antireflection
coating on silicon. Knowing the index of refraction of silica
from previous work done with similar sol-gel precursor
concentrations and physical deposition parameters,* it was
possible to calculate the thickness of the silica layer with high
degree of accuracy. The estimated value of 28(1) nm implies that
reflectance was very sensitive to any increase in thickness
caused by subsequent functionalization steps. In the actual
experimental setup, this sensitivity resulted to be ~1 nm. In the
inset of Fig. 3a, the reflectance ratio R/R,, where R (R,) is the
reflectance of the Si@SiO, structure (bare silicon chip) at
700 nm, is plotted against the SiO, layer thickness.

The high sensitivity of the ratiometric reflectance to the
thickness of the APTES and FITC layers was readily deduced
from the slope of the black line at the intersection with the blue
and red vertical bars, depicting the APTES and FITC layers,
respectively. Fig. 3b and c show that reflectance remained
practically unchanged upon functionalization of APTES and
FITC, allowing to conclude that these functionalization steps
were well-controlled and involved the deposition of monolayers.
Indeed, a very small spectral dip was observed in the reflectance
ratio measured after FITC deposition (Fig. 3c). This feature was
found to be compatible with the optical absorption of a dense
monolayer of FITC in the visible.

Furthermore, combined continuous-wave/time-resolved
fluorescence spectroscopy was applied to check for surface
functionalization with FITC and gain information on the
xanthene-centred fluorescence efficiency upon FITC linkage to
the silicon surface. The fluorescence spectrum of the sensing
device is shown in Fig. 4a. The main emission peak, centred at
540 nm (red curve), was readily assigned to the FITC xanthene
unit, while comparative measurements on Si@SiO, bare chip

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Reflectance spectrum of n-doped (100)-oriented silicon
substrate (black line); spectral reflectance ratios measured upon
sequential layer deposition/functionalization: Si@SiO,-to-Si, Si@SiO,@
APTES-to-Si@SiO,,  and  Si@SiO,@APTES@FITC-to-Si@SiO,@APTES
ratios (grey, blue and red lines, respectively). Inset of panel (a): model
estimate of Si@SiO,-to-Si reflectance ratio vs. SiO, layer thickness (see
text for details). Spectral reflectance ratio plotted on a vertical scale
expanded around unity for: (b) Si@SIO,@APTES-to-Si@SIiO,; (c)
Si@SIO,@APTES@FITC-to-Si@SiO,@APTES; (d) Si@SiO,@APTES@FITC
after dipping into a Cu'" aqueous solution (1.3 x 10~* mol LY. All panels:
Thick lines are the mean signal values; thin lines are the mean values
increased and decreased by their standard errors.

(grey curve) allowed for attributing the short-wavelength
shoulder, centred at 420 nm, to the silica fluorescence spec-
trum. For reference, emission spectra were also collected for
FITC dissolved in water and ethanol (Fig. 4b). FITC grafting
resulted in loss of fluorescence efficiency, as deduced from the
stretched exponential decay of the fluorescence intensity with
reduced lifetime as compared to that of the nearly mono-
exponential decay observed in solution (Fig. 4c).

A preliminary screening of the sensing performances was
carried out on several metal cations (AI'™", Cu", Zn", Ag', cd",
Hg", Pb™) in MOPS buffer solutions at pH = 7.2, at a fixed molar
concentration of 1.3 x 10 * mol L' (Fig. 5a). Remarkably,
among the investigated ions, only Cu' resulted in a neat fluo-
rescence turn-off behaviour (see also the fluorescence spectra in
Fig. 5b) with a significant response on a short time scale of the
order of tens of seconds. Sensitivity toward Cu" was determined

RSC Adv, 2021, 11, 15557-15564 | 15559
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Fig. 4 (a) Fluorescence intensity (F) spectrum of the Si@SiO,@-
APTES@FITC heterostructure. Red curves: fluorescence spectrum in
air. FITC and SiO, contributions to the whole spectrum are shown as
the violet and grey lines, respectively. Thick lines are the mean signal
values; thin lines are the mean values increased and decreased by their
standard errors. (b) Normalized fluorescence spectrum of FITC in
ethanol (1.2 x 107> mol L™ and water (<10~> mol L% solutions
(magenta and olive line, respectively). (c) Normalized fluorescence
decay curves of FITC in ethanol and water solution (magenta and olive
line, respectively). Red curve: fluorescence decay transient of the
device. Excitation wavelength was 355 nm.

by fluorescence-intensity titration curves as a function of Cu"
concentration. In the low concentration regime below 5 ppm,
the decrease in fluorescence intensity measured for increasing
concentration was fitted with a linear decay function, yielding
a signal loss coefficient of 0.15 ppm ™' or, equivalently, 15%
reduction at 1 ppm level (Fig. 5c). Stabilization of fluorescence
quenching was observed for Cu" concentration values larger
than 15 ppm. Finally, regeneration tests carried out in EDTA
water solution showed stabilization of the fluorescence signal
recovery level at ~60% already after the second regeneration
cycle (Fig. 5d), thereby demonstrating good reversibility of the
surface-analyte interaction.

Several Cu" sensing mechanisms could in principle be
envisaged for the present hybrid platforms. Fluorescence

15560 | RSC Adv, 2021, 11, 15557-15564
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sensing of Cu" by a rhodamine B derivative linked to silica
nanoparticles through a thiourea group was previously shown
to yield Cu" complexes exhibiting an optical absorption band
partly overlapping with the fluorophore emission band, thus
acting as fluorescence quencher via photoinduced Forster's
resonance energy transfer (FRET).'”® However, no additional
absorption bands were detected by ratiometric reflectance after
device dipping into a Cu" aqueous solution (Fig. 3d).

Redox processes involving Cu" reduction to Cu', thiourea
oxidation to a disulfide moiety and concomitant formation of
Cu'-thiourea complexes were also demonstrated experimentally
in solution.*** In the present fluorescent platforms, however,
surface oxidation with formation of disulfide (-S-S-) bonds
would presumably cause irreversible modification of the
surface, in contrast with regeneration tests by using EDTA.
Thiourea-induced copper(n) reduction was therefore discarded
as a possible metal-ion sensing mechanism.

Thiourea groups may indeed not be directly involved in Cu"
sensing. Experiments performed on FITC dilute solutions in
ethanol/water, where thiourea groups are not present (Fig. S2,
ESIY), showed that Cu" can selectively interact with FITC, leading
to a decrease in both absorbance and fluorescence intensity
without formation of new optical absorption bands. FRET-type
processes were therefore ruled out. A new FITC-Cu" interaction
mechanism was in turn suggested, which involves the formation
of a fluorescein lactonic species where T-conjugation interrup-
tion leads to vanishing of the xanthene-centred optical transition
moment*® and, hence, to fluorescence quenching. This mecha-
nism (Scheme S2, ESIf) was further supported by mass and
tandem mass spectrometry data (Fig. S3, ESIT). A model-based
analysis of the fluorescence response for varying Cu" concen-
tration is also reported (Fig. S4, ESIY).

It is worth discussing on the limit of detection (LoD) of the
reported fluorescent chips. LoD is defined as the analyte
concentration that produces a response signal equal to a given
threshold level, which is usually set to three standard deviations
(o) of the signal (F/F,) from its mean value. Although step-by-
step characterization confirmed a good quality of the planar
platforms, surface disorder appeared to result in non-negligible
sample-to-sample fluctuations of the fluorescence intensity
(Fig. 5b), whereas statistical noise and readout noise of the
photodetection apparatus were found to be negligible. The
resulting standard error bars of data points in Fig. 5¢ (36 = 0.63
at [Cu"] = 2.1 ppm) currently set the Cu™ LoD to 4.1 ppm,
a value that is close to current limits for copper in drinking
waters. The large sensitivity value of 0.15 ppm™" could be
exploited to greatly improve the LoD of the fluorescent silicon
platforms upon reducing chip-to-chip signal fluctuations.*®

Another point of interest is represented by the fluorescence
efficiency that can be achieved upon fluorophore linkage to the
silicon substrate. The strong reduction reported for the FITC
fluorescence lifetime upon surface grafting (180 ps against the
2.6 ns value found in water solution, Fig. 4c) hints to a strong
sensitivity of FITC fluorescence to surface loading, possibly
arising from the sizable absorption-emission spectral overlap,
which causes fluorescence self-quenching through FITC-to-

FITC photoinduced energy transfer.*” This issue, often

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Sensing performance characterization of silicon-based fluorescent chips in aqueous MOPS buffer at pH = 7.2 (excitation wavelength of
355 nm). (a) Spectrally-integrated fluorescence intensity changes in response to equimolar (1.3 x 104 mol L™} solutions of various metal ions.
Cu'" mass concentration (in ppm) is also indicated. Standard error bars are reported. Fy is the reference value (at 0 ppm) of the fluorescence
intensity signal. (b) Red lines: fluorescence spectrum of the unperturbed sensor; grey lines: fluorescence spectrum measured upon addition of
8.4 ppm of Cu" ions. Thick lines are the mean signal values; thin lines are the mean values augmented and diminished by their standard errors. (c)
Titration curve for the fluorescence intensity reduction (F/Fo) vs. Cu' concentration. Best fit of a linear decay function to the data in the low
concentration regime is shown as dashed red line. A signal loss coefficient of 0.15 ppm™ was inferred. Green line: best fit of model function,
based on FITC-Cu'" interaction mechanism at equilibrium, to experimental data (see, also, Fig. S4, ESIT). (d) Sensor regeneration tests. Fluo-
rescence turn-off behaviour of the device in a Cu" water solution (8.4 ppm) and signal recovery after each regeneration cycle in EDTA solution.

Here, Fo refers to the initial fluorescence intensity (at O ppm) before the regeneration test started.

encountered in bioanalytical applications of fluorescence,
opens up to the use of organic dyes with shorter critical (Foer-
ster's) energy transfer distance and, hence, less sensitive to
fluorescence self-quenching.

Conclusions

Silicon-based fluorescent chips for the detection of metal ions in
water were reported, where the xanthene-based fluorophore,
FITC, was covalently linked to an amino-silanized silicon surface
via thiourea formation. These solid-state hybrid platforms
exhibited selectivity towards copper(u) with good detection limit,
competitive sensitivity, and regeneration capability using
a metal-chelating agent. An original FITC-Cu" reaction mecha-
nism involving the formation of a lactonic fluorescein species,
exhibiting disappearance of the fundamental optical transition
moment, is proposed as a possible cause of fluorescence
quenching. The sensing platform architecture, where
recognition/fluorescent units are integrated on a silicon chip via
a layer-by-layer functionalization approach, is very versatile owing
to the possibility of tuning the selectivity to other metal ions or
different types of analytes by changing the fluorophore or the
anchoring group. This represents a viable strategy towards
silicon-integrated fluorescent devices for remote detection of

© 2021 The Author(s). Published by the Royal Society of Chemistry

a range of metal ions in water. In the present solid-state planar
platforms with high dye loading, spatial uniformity and quantum
efficiency of the fluorophore are important issues that require
further investigations before determining matrix effects, such as
the role of pH and interfering ions, in real water samples.

Experimental section
Materials

Tetraethoxysilane (TEOS, purity >99%), aminopropyltriethoxysilane
(APTES, purity >97%), fluorescein isothiocyanate (FITC, purity
>95%), 3-(N-morpholino)propanesulfonic acid (MOPS, purity
>99%), ethylenediaminetetraacetic acid (EDTA, purity >99%), metal
perchlorates (AI'™, Ccu", zn", Ag', cd", Hg", Pb", purity >99%),
absolute ethanol (EtOH, purity >99%), and hexane (purity >99%),
were used as received without further purification. All reactants
and solvents were purchased from Sigma Aldrich, exception made
for FITC (Tokyo Chemical Industry, TCI). Silicon wafers (100
orientation, P/B doped, resistivity 5-10 Q c¢m, thickness 380 pm)
were purchased from Siegert Wafer.

Silica synthesis and deposition

The silica sol precursor was prepared by mixing TEOS, EtOH
and distilled water under stirring at room temperature (RT).

RSC Adv, 2021, 11, 15557-15564 | 15561
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Subsequently, HCI was added to the sol and the mixture was
maintained under stirring at 60 °C overnight. The molar ratio of
the starting solution was TEOS:H,0:EtOH:HClI =
1:5:6:0.065. A diluted solution was prepared by mixing
freshly prepared TEOS solutions with a proper amount of EtOH
(volume ratio 1 : 10) in a closed vessel at RT. Silica films were
deposited on 100-oriented silicon substrates cut into ~15 x 15
mm?” pieces for morphological and optical characterization, and
~7 x 7 mm? pieces for sensing measurements. Prior to coating,
the silicon substrates were cleaned with water soap (in ultra-
sonic bath at 50 °C for 15 min), distilled water, acetone, and
finally rinsed with isopropanol and dried in a nitrogen flow.
Ultrathin (~30 nm) silica films were obtained by spin coating at
7000 rpm for 30 s. After deposition, samples were dried at RT for
24 h.

Silica@APTES functionalization

The functionalization of the ultrathin silica films on silicon
substrates with amino groups was done by immersion of the
substrates in a 1 mM APTES/hexane solution for 10 s. The films
were then rinsed with hexane followed by acetone to remove the
excess of APTES.

Silica@APTES@FITC functionalization

A FITC/EtOH mixture was prepared by dissolving 8 mg of FITC
in 10 mL of EtOH. Silica@APTES films on silicon substrates,
vide supra, were then immersed in the FITC solution for 30 min.
The reaction was performed at RT in dark conditions. Upon
completion of the reaction, the FITC-functionalized silicon
substrates were rinsed with EtOH and acetone to remove the
excess of FITC, and then kept in 20 mL of milli-Q water for
20 min before characterization measurements.

Morphological characterization

A NT-MDT Solver-Pro atomic-force microscopy (AFM) instru-
ment was used to study the topography of the sample surface.
AFM measurements were performed at 0.5-1 Hz scan speed in
semicontact mode in air. Topography image analysis and
calculation of surface roughness were performed by using
WSxM 5.0 Develop3.2 software.”” The measurements were per-
formed on at least three different points of the same sample to
assess the uniformity of the layers.

Surface wettability experiments

Water contact angle (CA) measurements were performed at
22 °C by using a Kruss drop shape analyzer (DSA 30S) and
analyzed by the Kruss Advance software. A sessile drop method
was used to measure the contact angle of a 1 pL distilled water
drop. The measured CA was the average between the left and
right contact angles. The measurements were performed on at
least three different points of the same sample to assess the
uniformity of the layers.
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Optical spectroscopy and fluorescence lifetime measurements

Reflectance spectroscopy measurements were performed under
sample direct illumination in a dual-beam spectrophotometer
(Agilent Technologies Cary 5000 UV-Vis-NIR) equipped with
a diffuse reflectance accessory. Fluorescence spectra for
samples in air and in aqueous 3-(N-morpholino)propane
sulfonic acid (MOPS) buffer in a quartz cuvette were measured
under 355 nm irradiation of the samples by a passively Q-
switched powerchip laser (Teem Photonics PNV-M02510) oper-
ating in pulsed regime (350 ps pulses, 1 kHz repetition rate).
The fluorescence was spectrally resolved using a single-grating
spectrometer (Princeton Instruments Acton SpectraPro 2300i)
and acquired by a thermoelectrically cooled Vis CCD camera
(AndorNewton™). Fluorescence lifetime were measured in air
under sample irradiation at 350 nm by an optical parametric
amplifier (Light Conversion TOPAS-C) pumped by a regenera-
tive Ti:Sapphire amplifier (Coherent Libra-HE), delivering 200
fs-long pulses at 1 kHz repetition rate. The fluorescence was
spectrally dispersed using a single-grating spectrometer
(Princeton Instruments Acton SpectraPro2300i) and acquired by
a Vis streak camera (Hamamatsu C1091). Pump fluence was
kept below 50 pJ cm ™2 per pulse in all fluorescence experiments
to prevent sample degradation.

Sensing measurements

Sensing performances towards different metal cations were
assessed by fluorescence spectroscopy with the silicon-chip
sensors placed in a 1 cm-thick quartz cuvette. The cuvette was
then filled with 1500 pL of aqueous MOPS buffer (70 mM, pH =
7.2) using fresh distilled water purified by a Milli-Q system
(Millipore), and 60 pL of 0.1 mM water solution of various
perchlorate salts (AI'"", Cu™, zn", Ag', cd", Hg", Pb") was added.
Sensitivity towards Cu' ions was evaluated through fluores-
cence titration experiments in the 0-120 pL range. A waiting
time of 3 min was set before each measurement to ensure that
the surface-analyte interaction had reached equilibrium.
Surface regeneration after sensing tests was accomplished by
sample sonication in 3 mL of EDTA solution (0.1 M) for 10 min.
Three generation cycles were performed on each sample.

Mass spectrometry

Mass spectra were recorded using a triple quadrupole QqQ
Varian 310 MS mass spectrometer using the atmospheric-
pressure Electrospray Ionization (ESI) technique. FITC solu-
tions (20 pL) were injected into the ESI source by a Rheodyne®
model 7125 injector connected to a HPLC Varian 212 LC pump,
with a 50 pL min~" methanol flow. Experimental conditions:
Dwell time 2 s, needle voltage 3000 V, shield voltage 600 V,
source temperature 60 °C, drying gas pressure 20 psi, nebu-
lizing gas pressure 20 psi, detector voltage 1600 V. Mass spectra
were recorded in the 100-600 m/z range. Collision-Induced
Dissociation (CID) tandem mass (MS/MS) experiments were
performed using argon as the collision gas (1.8 psi). Collision
energy was varied from 20 to 40 eV.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra02695j

Open Access Article. Published on 26 April 2021. Downloaded on 3/7/2026 4:56:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Author contributions

M. L. M. and F. Q. designed and directed the research project.
M. O. and C. F. fabricated the sensing devices by making all
silicon functionalization steps. M. O.,C. F.,D. M., E.C. and F. Q.
performed the experiments and analyzed the data. M. O., C. F.,
E. C,, M. L. M. and F. Q. wrote the manuscript. All authors
contributed to the final interpretation of the experimental
results and critically revised the manuscript. All authors have
read and approved the final version of the manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors acknowledge financial support by (a) Fondazione di
Sardegna - Convenzione triennale tra la Fondazione di Sarde-
gna e gli Atenei Sardi, Regione Sardegna - L.R. 7/2007 annualita
2018 - DGR 28/21 del 17.05.2015, through project
F74119000940007, and (b) Regione Autonoma della Sardegna
(RAS) - Delibera CIPE n. 31 del 20.02.2015 e deliberazione n. 52/
36 del 28.10.2015 “Piano Strategico Sulcis”, through project
SULCIS-820947. The CeSAR (Centro Servizi d'Ateneo per la
Ricerca) core facility of the University of Cagliari is acknowl-
edged for the use of the Ultrafast Optical Spectroscopy Labo-
ratory. The CESA (Centro d'Eccellenza per la Sostenibilita
Ambientale, accordo di programma RAS-UNICA-IGEA-AUSI,
project number E58C16000080003) is also acknowledged for
the PhD grant of M. O.

References

1 Y. Liu, P. Liang and L. Guo, Talanta, 2005, 68, 25-30.

2 J. S. Becker, A. Matusch, C. Depboylu, J. Dobrowolska and
M. V. Zoriy, Anal. Chem., 2007, 79, 6074-6080.

3 A.P.S. Gonzales, M. A. Firmino, C. S. Nomura, F. R. P. Rocha,
P. V. Oliveira and 1. Gaubeur, Anal. Chim. Acta, 2009, 636,
198-204.

4 M. Li, H. Gou, I. Al-Ogaidi and N. Wu, ACS Sustainable Chem.
Eng., 2013, 1, 713-723.

5 A. K. Yetisen, Y. Montelongo, M. M. Qasim, H. Butt,
T. D. Wilkinson, M. J. Monteiro and S. H. Yun, Anal
Chem., 2015, 87, 5101-5108

6 B. Kaur, N. Kaur and S. Kumar, Coord. Chem. Rev., 2018, 358,
13-69.

7 1. Reinhard, K. Miller, G. Diepenheim, K. Cantrell and
W. P. Hall, ACS Appl. Nano Mater., 2020, 3, 4342-4350.

8 D. Wu, A. C. Sedgwick, T. Gunnlaugsson, E. U. Akkaya,
J. Yoon and T. D. James, Chem. Soc. Rev., 2017, 46, 7105-
7123.

9 G. P. C. Drummen, Molecules, 2012, 17, 14067-14090.

10 Y. Fu and N. S. Finney, RSC Adv., 2018, 8, 29051-29061.
11 Y. Zhao, X. B. Zhang, Z. X. Han, L. Qiao, C. Y. Li, L. X. Jian,
G. L. Shen and R. Q. Yu, Anal. Chem., 2009, 81, 7022-7030.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

12 P. Wu, T. Zhao, S. Wang and X. Hou, Nanoscale, 2014, 6, 43—
64.

13 K. P. Carter, A. M. Young and A. E. Palmer, Chem. Rev., 2014,
114, 4564-4601.

14 L. Lvova, F. Caroleo, A. Garau, V. Lippolis, L. Giorgi, V. Fusi,
N. Zaccheroni, M. Lombardo, L. Prodi, C. Di Natale and
R. Paolesse, Front. Chem., 2018, 6, 1-10.

15 N. De Acha, C. Elosua, J. M. Corres and F. J. Arregui, Sensors,
2019, 19, 599-633.

16 L. Petri, P. A. Szijj, A. Kelemen, T. Imre, A. GOmory,
M. T. W. Lee, K. Hegedus, P. Abranyi-Balogh,
V. Chudasama and G. M. Keseru, RSC Adv., 2020, 10,
14928-14936.

17 A. J. Counsell, S. J. Walsh, N. S. Robertson, H. Sore and
D. R. Spring, Org. Biomol. Chem., 2020, 18, 4739-4743.

18 C. Zong, K. Ai, G. Zhang, H. Li and L. Lu, Anal. Chem., 2011,
83, 3126-3132.

19 L. Wang, B. Li, L. Zhang, L. Zhang and H. Zhao, Sens.
Actuators, B, 2012, 171-172, 946-953.

20 Y. Qiao and X. Zheng, Analyst, 2015, 140, 8186-8193.

21 C. M. Carbonaro, F. Orru, P. C. Ricci, A. Ardu, R. Corpino,
D. Chiriu, F. Angius, A. Mura and C. Cannas, Microporous
Mesoporous Mater., 2016, 225, 432-439.

22 N. Zhang, G. Li, Z. Cheng and X. Zuo, J. Hazard. Mater., 2012,
229-230, 404-410.

23 Y. Zhang, B. Li, H. Ma, L. Zhang and W. Zhang, J. Mater.
Chem. C, 2017, 5, 4661-4669.

24 F. Rouhani, A. Morsali and P. Retailleau, ACS Appl. Mater.
Interfaces, 2018, 10, 36259-36266.

25 J. P. Lafleur, A. Jonsson, S. Senkbeil and J. P. Kutter, Biosens.
Bioelectron., 2016, 76, 213-233.

26 E. Luan, H. Shoman, D. M. Ratner, K. C. Cheung and
L. Chrostowski, Sensors, 2018, 18, 3519-3561.

27 M. Zhu, M. Z. Lerum and W. Chen, Langmuir, 2012, 28, 416-
423.

28 T. J. Lee, L. K. Chau and C. J. Huang, Langmuir, 2020, 36,
5935-5943.

29 J. A. Howarter and J. P. Youngblood, Langmuir, 2006, 22,
11142-11147.

30 V. K. S. Hsiao, ]J. R. Waldeisen, Y. Zheng, P. F. Lloyd,
T. J. Bunning and T. J. Huang, J. Mater. Chem., 2007, 17,
4896-4901.

31 X. Chen, A. Yamaguchi, M. Namekawa, T. Kamijo,
N. Teramae and A. Tong, Anal. Chim. Acta, 2011, 696, 94-100.

32 J. Klug, L. A. Pérez, E. A. Coronado and G. I. Lacconi, J. Phys.
Chem. C, 2013, 117, 11317-11327.

33 T. Baumgdrte, C. von Borczyskowski and H. Graaf, Beilstein J.
Nanotechnol., 2013, 4, 218-226.

34 S. W. Han, S. Lee, ]J. Hong, E. Jang, T. Lee and W. G. Koh,
Biosens. Bioelectron., 2013, 45, 129-135.

35 R. Kateklum, B. Gauthier-Manuel, C. Pieralli,
S. Mankhetkorn and B. Wacogne, Sens. Actuators, B, 2017,
248, 605-612.

36 A. Imhof, M. Megens, J. J. Engelberts, D. T. N. De Lang,
R. Sprik and W. L. Vos, J. Phys. Chem. B, 1999, 103, 1408-
1415.

RSC Adv, 2021, 11, 15557-15564 | 15563


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra02695j

Open Access Article. Published on 26 April 2021. Downloaded on 3/7/2026 4:56:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

37 G. Hungerford, J. Benesch, J. F. Mano and R. L. Reis,
Photochem. Photobiol. Sci., 2007, 6, 152-158.

38 Y. Zhou, J. Ding, T. Liang, E. S. Abdel-Halim, L. Jiang and
J. J. Zhu, ACS Appl. Mater. Interfaces, 2016, 8, 6423-6430.

39 F. Y. Lin and L. P. Yu, Anal. Methods, 2012, 4, 2838-2845.

40 M. Vonlanthen, C. M. Connelly, A. Deiters, A. Linden and
N. S. Finney, J. Org. Chem., 2014, 79, 6054-6060.

41 Y. Zhu, Y. Zheng, W. Wang and A. Wang, Journal of Water
Process Engineering, 2015, 7, 218-226.

42 L. L. Xi, H. B. Ma and G. H. Tao, Chin. Chem. Lett., 2016, 27,
1531-1536.

43 A. K. Manna, J. Mondal, R. Chandra, K. Rout and G. K. Patra,
J. Photochem. Photobiol., A, 2018, 356, 477-488.

44 G. Sivaraman, M. Iniya, T. Anand, N. G. Kotla, O. Sunnapu,
S. Singaravadivel, A. Gulyani and D. Chellappa, Coord.
Chem. Rev., 2018, 357, 50-104.

45 A. K. Boal and A. C. Rosenzweig, Chem. Rev., 2009, 109, 4760—
4779.

46 G. Cerchiaro, T. M. Manieri and F. R. Bertuchi, Metallomics,
2013, 5, 1336-1345.

47 S. J. Ranee, G. Sivaraman, A. M. Pushpalatha and
S. Muthusubramanian, Sens. Actuators, B, 2018, 255, 630-
637.

15564 | RSC Adv, 2021, 11, 15557-15564

View Article Online

Paper

48 B. Witt, D. Schaumloffel and T. Schwerdtle, Int. J. Mol. Sci.,
2020, 21, 2341-2366.

49 P. Pallavicini, G. Dacarro, M. Galli and M. Patrini, J. Colloid
Interface Sci., 2009, 332, 432-438.

50 J. Kim, P. Seidler, L. S. Wan and C. Fill, J. Colloid Interface
Sci., 2009, 329, 114-119.

51 S. Zhang, L. Ding, F. Li, T. Liu and Y. Fang, Spectrochim.
Acta, Part A, 2012, 97, 31-37.

52 F. Floris, C. Figus, L. Fornasari, M. Patrini, P. Pellacani,
G. Marchesini, A. Valsesia, F. Artizzu, D. Marongiu,
M. Saba, A. Mura, G. Bongiovanni, F. Marabelli and
F. Quochi, J. Phys. Chem. Lett., 2014, 5, 2935-2940.

53 S. Krzewska and H. Podsiadly, J. Inorg. Nucl. Chem., 1980, 42,
83-86.

54 S. Krzewska, H. Podsiadly and L. Pajdowski, J. Inorg. Nucl.
Chem., 1980, 42, 87-88.

55 S. Krzewska, H. Podsiadly and L. Pajdowski, J. Inorg. Nucl.
Chem., 1980, 42, 89-94.

56 C. Liu, S. Huang, H. Yao, S. He, Y. Lu, L. Zhao and X. Zeng,
RSC Adv., 2014, 4, 16109-16114.

57 I. Horcas, R. Fernandez, J. M. Gomez-Rodriguez, J. Colchero,
J. Gomez-Herrero and A. M. Baro, Rev. Sci. Instrum., 2007, 78,
013705.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra02695j

	Silicon-based fluorescent platforms for copper(ii) detection in waterElectronic supplementary information (ESI) available: Scheme of the soltnqh_x2013...
	Silicon-based fluorescent platforms for copper(ii) detection in waterElectronic supplementary information (ESI) available: Scheme of the soltnqh_x2013...
	Silicon-based fluorescent platforms for copper(ii) detection in waterElectronic supplementary information (ESI) available: Scheme of the soltnqh_x2013...
	Silicon-based fluorescent platforms for copper(ii) detection in waterElectronic supplementary information (ESI) available: Scheme of the soltnqh_x2013...
	Silicon-based fluorescent platforms for copper(ii) detection in waterElectronic supplementary information (ESI) available: Scheme of the soltnqh_x2013...
	Silicon-based fluorescent platforms for copper(ii) detection in waterElectronic supplementary information (ESI) available: Scheme of the soltnqh_x2013...
	Silicon-based fluorescent platforms for copper(ii) detection in waterElectronic supplementary information (ESI) available: Scheme of the soltnqh_x2013...
	Silicon-based fluorescent platforms for copper(ii) detection in waterElectronic supplementary information (ESI) available: Scheme of the soltnqh_x2013...
	Silicon-based fluorescent platforms for copper(ii) detection in waterElectronic supplementary information (ESI) available: Scheme of the soltnqh_x2013...
	Silicon-based fluorescent platforms for copper(ii) detection in waterElectronic supplementary information (ESI) available: Scheme of the soltnqh_x2013...
	Silicon-based fluorescent platforms for copper(ii) detection in waterElectronic supplementary information (ESI) available: Scheme of the soltnqh_x2013...
	Silicon-based fluorescent platforms for copper(ii) detection in waterElectronic supplementary information (ESI) available: Scheme of the soltnqh_x2013...
	Silicon-based fluorescent platforms for copper(ii) detection in waterElectronic supplementary information (ESI) available: Scheme of the soltnqh_x2013...
	Silicon-based fluorescent platforms for copper(ii) detection in waterElectronic supplementary information (ESI) available: Scheme of the soltnqh_x2013...

	Silicon-based fluorescent platforms for copper(ii) detection in waterElectronic supplementary information (ESI) available: Scheme of the soltnqh_x2013...
	Silicon-based fluorescent platforms for copper(ii) detection in waterElectronic supplementary information (ESI) available: Scheme of the soltnqh_x2013...
	Silicon-based fluorescent platforms for copper(ii) detection in waterElectronic supplementary information (ESI) available: Scheme of the soltnqh_x2013...


