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The novel fluorescent sensor is proposed in this work based on the competitive interactions between the
known bioactive compounds, riboflavin and catechin, which act as guests, and graphene oxide (GO)
material that acts as host. Specifically, this proposal is based on an indicator displacement assay which
allows the detection of GO and catechin (fluorescence quenching of riboflavin signal by GO and increase
in fluorescence by catechin on the GO-riboflavin system). Three GO structures with different lateral
dimensions and thickness were synthesized and tested, being able to be the three differentiated depending
on the attenuation capacity of the fluorescent signal that each one possesses. The environmental analytical

control of GO is more and more important, being this method sensitive and selective in the presence of
Received 14th July 2023 ther potential interferent subst On the other hand, the oth i ity of th L
Accepted 22nd October 2023 other potential interferent substances. On the other hand, the other sensing capacity of the sensor also

allows the determination of catechin in food samples based on the formation of riboflavin—-GO complex. It
DOI- 10.1035/d3ra047262 is a rapid, simple and non-expensive procedure. Thus, the same 2D nanomaterial (GO) is seen to play

rsc.li/rsc-advances a double role in this sensing strategy (analyte and analytical tool for the determination of another compound).
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Introduction

Graphene-based nanomaterials are two-dimensional layers
composed of large sp> hybridized carbon atoms in a hexagonal
configuration. In this broad family graphene oxide (GO) is
considered as a heterogeneous structure that is rich in oxygen
functional groups such as hydroxyl and epoxy at the basal plane
and carboxylic groups at the edges." Unlike graphene, the
presence of functional groups in the material involves the
existence of sp® carbon atoms that widen the optical bandgap,
giving rise to fluorescent materials.> GO is typically prepared by
the oxidation of graphite with strong acids and other oxidants
followed by an exfoliation step. Analogous graphene and
reduced graphene oxide (rGO) present lesser or no functional-
ization (compared to GO) and are, therefore, less stable than GO
in aqueous media.’ One of the most advantages of carbon-based
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materials is their large specific surface area in comparison to
many other nanoparticle.* This physical characteristic makes
them suitable for the adsorption of organic molecules via non-
covalent interactions, -7 interactions, electrostatic forces, van
der Waals, hydrogen bonding or hydrophobic interactions.® It is
due to their unique properties that graphene-based nano-
materials are increasingly applied in the environment,
biomedicine and food safety. Thus, in recent years, GO has been
applied in fluorescent sensors not only as a fluorophore but also
as an effective fluorescence quencher,>*” through either non-
fluorescent complex formation, charge transfer or Forster
resonance energy transfer (FRET) processes. The limitation to
employ GO as a fluorescent label lies in its broad emission peak,
which limits the detection performance when the spectral
intensity of fluorescence is transduced as a signal.> However,
few fluorescence sensors related to the competitive adsorption
of chemical compounds on GO-based materials surface have
previously been reported.**°

Intensive production of nanomaterials at industrial scale, as
well as their commercialization in consumer products, such as
electronic devices, cosmetics, food and drugs will increase the
human and environmental exposure to these nanomaterials.
Their release into the environment could presents several risks
to human health and ecosystem,>'° so, it is necessary to evaluate
their possible effects. Specifically, GO nanostructures could
reach the environment through atmospheric emissions, trans-
port pollution and waste from production and research facili-
ties, contaminating the soil, surface and groundwater, even
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affecting the organisms present there."* Therefore, analytical
methods are increasingly needed for the characterization and
determination of engineered nanomaterials in complex
matrices." Despite this, some approaches have been developed
for the quantification of metallic nanoparticles,'*** carbon-
based nanomaterials>*® and nanostructured organic mate-
rials."”*®* However, to the best of our knowledge, GO-based
sensors found in the literature in which GO is used as
a quencher do not quantitatively determine the nanomaterial.

Furthermore, catechin belongs to the representative family
of flavonoids, specifically flavan-3-ols, and involves four dia-
stereoisomers, being the most common isomer of catechin the
(+)-catechin. Favan-3-ol compounds present diverse beneficial
effects related to human health based on antioxidative, anti-
inflammatory, anti-microbial, anti-cancer, cardioprotective
and neuroprotective properties, among many others.'>** All the
properties of catechin arises from its polyphenolic structure,
which enables to exhibit a strong antioxidant activity. Some of
the natural sources where catechins are commonly found are
fresh tea leaves, red wine, cocoa beans, grapes and rasp-
berries.** As a biologically active compound, this type of flavanol
contributes in many of the characteristics that make these
natural products essential for the human diet. The content of
catechins is an important parameter for the evaluation of many
food products quality such as tea or cocoa.” To date, the
determination of catechin content in food samples was mostly
carried out based on high-performance liquid chromatography-
UV/fluorescent detection (HPLC-UV/FL), gas chromatography-
mass spectrometry (GC-MS) and capillary electrophoresis-UV
(CE-UV).>**” However, HPLC-DAD/FL, GC-MS or CE-DAD
require complex separation and determination systems and
long analysis times. Compared to the above methods, fluores-
cence technology is highly efficient and easy to operate and it
has become an effective method for routine analysis.**

For both reasons mentioned above, a novel turn-off-on
fluorescence approach based on the affinity of a fluorescent
essential vitamin (B,), riboflavin, for GO surface in comparison
to catechin was developed. GO showed to act both as an effective
nanoquencher and as a highly selective nanoadsorbent. This
fact allowed its quantification, being of great relevance since at
present the development of techniques and methodologies for
the determination and quantification of nanomaterials is still
necessary. Moreover, this study demonstrates the competitive
interactions between GO and riboflavin or catechin allowing the
flavonoid detection. The applicability of this strategy for both
GO and catechin determination in environmental and food
matrices was successfully carried out.

Materials and methods

Information related to reagents and materials and instruments
is given in the ESM.S1.}

Analytical procedure for the analysis of GO and catechin

Working solutions of large graphene oxide (1GO, 0.42 mg mL ™),
small graphene oxide (sGO, 0.47 mg mL™') and monolayer
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graphene oxide (mlGO, 0.45 mg mL ') were prepared from the
stock solutions obtained after synthesis (see the experimental
details in ESM.S17 “Synthesis of graphene oxide materials”) in
deionized water. A 265.7 uM (100 pg mL ') stock solution of
riboflavin was prepared in deionized water and diluted to 20 uM
to prepared the working solution. The stock solution of ribo-
flavin was prepared by sonication. The analytical procedure for
GO determination was carried out as follows: 1 uM (0.38 pg
mL ") of riboflavin was mixed with increasing concentrations of
GO materials, at pH 7.5 fixed with 15 mM MES buffer. In this
sense, 15 pL of riboflavin solution (7.5 pg mL™*, 20 uM), 45 pL
MES (0.1 M, pH 7.5) were mixed with GO aliquots of 240 pL of
gradual concentrations (standards and samples), achieving
a total volume of 300 pL. The mixtures were then vortexed and
interacted for 3 min at room temperature to obtain the ribo-
flavin-GO complex and measured. GO analyses were performed
in the same way for all three materials. The fluorescence
emission intensities of each sample in the absence (I,) and
presence (I) of GO (ml-, s- and 1GO) were recorded at 524 nm,
exciting at 368 nm. The fluorescence extinction efficiency of free
riboflavin, expressed as (Io/I), was used as analytical signal for
GO determination.

To catechin determination, the concentration of riboflavin-
1GO nanoplatform was constant and fixed to 1 uM of riboflavin
and 126.1 ug mL " of 1GO (corresponding to maximal quenched
riboflavin signal). Specifically, to carry out these experiments 15
uL of riboflavin solution (7.5 pg mL™, 20 uM), 90 uL of 1GO
solution (0.42 mg mL™") and 45 uL MES (0.1 M, pH 6.5) were
mixed with aliquots of 150 pL samples-containing different
concentrations of catechin, to complete a total volume of 300
uL. Then, the mixtures were allowed to interact for 1 min at
room temperature before measuring the emission signals at the
same wavelength, exciting at 445 nm. The fluorescence recovery
efficiency of free riboflavin, expressed as the ratio between the
fluorescence of riboflavin-1GO complex in the presence (I) and
absence (I,) of catechin, was used as analytical signal.

Control experiments to verify that the switch-off-on of ribo-
flavin emission was produced by the different affinities between
the competitors (riboflavin and catechin) for GO were following
the same protocol, replacing GO by deionized water.

Preparation of riboflavin-graphene oxide nanoplatform for
characterization

FT-IR and Raman analyses were carried out to elucidate the
possible interaction between riboflavin and GO to form the
nanoplatform. The different complexes (1-3) were prepared by
mixing 1 uM riboflavin with 126.1, 42.0 or 14.0 ug mL ™" of 1GO,
respectively. These solutions were fixed at pH 7.5 with 15 mM
MES buffer solution. Each complex was prepared in triplicate.
Previously, a calibration curve of the free riboflavin emission
signal at 524 nm (Aexc 368 nm) was prepared between 0.05 and
1.00 uM. Once the previous samples were prepared, a control of
them was followed by fluorescent measurements to quantify the
free riboflavin. Excess free riboflavin in solution was removed
from the complex by the necessary centrifugation processes at
10000 rpm for 7 min. The supernatant was removed and the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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complex was washed with deionized water. Depending on the
complex, this process was repeated so many times until no free
riboflavin was detected in the solution.

Finally, the samples were frozen by liquid nitrogen at —77 K
and sublimated at 0.005 mbar for 3 days and were subjected to
the characterization techniques.

Samples treatment

Waters of different origin and a soil were chosen as environ-
mental samples for the determination of GO. To simulate
samples of river, drinking, well and seawater contaminated with
the nanomaterial, the environmental samples were fortified at
four 1GO concentration levels between 1.1 and 4.0 pg mL™~". The
same treatment was followed for all samples, including those of
seawater. Thus, 2 mL of sample doped with each of the 1GO
concentrations were centrifuged for 7 min at 10 000 rpm. After
that, 1.7 mL of the supernatant were carefully removed, remain-
ing 300 pL of GO sample. Finally, after this pre-concentration
step, samples were directly subjected to the analytical proce-
dure previously described in section “Analytical procedure for the
analysis of GO and catechin”. In the case of soil samples, 0.3 g
portions were spiked with different concentrations of 1GO from
23.8 to 88.2 ug g ' and left them to dry. Once the samples were
dried, each of these portions was suspended in 1 mL of deionised
water. This mixture was kept under continuous stirring for 5 min
and subsequently allowed to settle until the supernatant was as
clear as possible. Each obtained supernatant was subjected to the
analytical procedure for the determination of 1IGO concentration.
All samples were analysed in triplicate.

The determination of catechin was carried out in several
food matrices, such as beverages (red wine and green tea) and
cocoa beans. Different concentrations of catechin between 10.0
and 36.6 ug mL ™" were added to a liquid green tea sample,
already prepared and bought in a local supermarket. This
sample was previously 1: 2 diluted with deionized water. 5 mL
of spiked green tea were extracted with 2 mL diethyl ether to get
rid of some unknown food additives. This extraction procedure
was repeated three times. Finally, aqueous samples were sub-
jected to the analytical process by triplicate.

The red wine sample was spiked at the same concentrations
levels as the green tea. The treatment of this sample followed
the sample procedure as for the tea samples, except that this
sample was previously diluted 3 times.

On the other hand, roasted cocoa sample (Ocumare de la
Costa, Venezuela) was treated as follows: the beans were
crushed with a mortar until a uniform powder was obtained to
achieve a better contact with the extractant mixture. 0.5 g of this
powder were treated with 5 mL of an ethanol: water mixture
(50:50, v/v), then sonicated for 20 min and, subsequently, the
suspension was filtered through a cellulose membrane. The
remaining cocoa powder was treated again with 5 mL of the
extractant mixture, the suspension was then sonicated and
finally filtered. Each one of the obtained extracts was directly
subjected to the proposed analytical method and electropho-
retic one (see the experimental conditions in ESM.S11 “Quan-
tification of catechin by capillary electrophoresis”) to estimate the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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catechin concentration in the sample. In addition, the cocoa
sample was fortified at 2 concentration levels of catechin (30.24
and 69.72 pg g~ ') and the procedure was followed.

Results and discussion
Characterization of graphene oxide-based structures

Three graphene oxide-based structures with controlled lateral
dimensions and thicknesses were synthesized by the Hummers
procedure®®*® (see the experimental details in ESM.S1f
“Synthesis of graphene oxide materials”). Their physicochemical
characteristics were exhaustively studied as detailed below. X-
ray diffraction (XRD) analyses were carried out to elucidate
the structural features of the synthesized materials. Graphitic
materials always present a well-defined peak at 20 ~25-26°
values characteristic of their (002) plane.* However, results of
the synthesized graphene oxide-based materials plotted in
Fig. S1AT do not show this specific plane, demonstrating their
high purity after the oxidation treatment and change of
hybridization. Small graphene oxide (sGO) and large graphene
oxide (IGO) diffractograms show a peak related to the (001)
plane at 26 ~11-12°. This shift in their 26 values has already
been reported because of water and oxygen functional groups
incorporation between their layers after the oxidation proce-
dure. In addition, this interlaminar space has previously been
used to intercalate compounds for different applications, such
as adsorption and catalysis.” Unlike 1GO and sGO, no peak of
any plane is clearly visible in the monolayer graphene oxide
(mlGO) diffractogram, demonstrating its lack of crystalline
character, and showing a more exfoliated and thinner structure
in comparison to the other two materials.

Fig. S1Bf compiles Raman results of the different materials.
Typical and similar spectra have been detected. Two bands are
distinguished between 1000 and 2000 cm™', the D-band at
1351 cm ™', which describes the hybridized carbon disorder that
is present in the GO, and the G-band located at 1598 cm ™" that
is designated to sp®-carbon atoms. The ratio between their
intensities (Ip/I;) has already been designated as a parameter to
establish their degree of defects.*® Based on D. Lopez-Diaz
classification,®* these GOs can be considered as low-defected
graphene based-materials because they exhibit I/l values
between 0.90-0.91, In/Ig.16o (0.91) = In/Ig.sco (0.91) = In/Ig-mico
(0.90). In this sense, IGO and sGO display very similar results,
being in agreement with F. Rodrigues et al. outcomes.* On the
other hand, mIGO is characterized by a slightly less defected
structure in comparison to the other two GOs.

Scanning transmission electron microscopy (STEM) experi-
ments were carried out to define the morphology and size of the
different GOs. Micrographs acquired are compiled in Fig. S1C.t
Materials show defined flat structures typical of this kind of
materials. The freeze-drying methodology used to dry the GO
solution has permitted to obtain a less compacted material.
Regarding the size of the materials, sGO flakes displays smaller
(400-1200 nm) lateral dimensions than 1GO (5-20 pm) and
mlGO (5-25 um). It has been seen that these materials have
different thicknesses where that of sGO is 1.1-2.4 nm, that of
IGO is 1.2-4.5 nm and that of mlGO is 0.6-0.9 nm.** This
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suggests the monolayer structure of mlGO and multilayer (n =
2) of s- and 1GO.

Fourier-transform infrared spectroscopy (FT-IR) was used to
determine the surface chemistry of these materials. All of them
present the same type of oxygen functional groups. Results are
depicted in Fig. S1D.f They show a band centered at
~1725 cm™ " that is related to the stretching vibration of ~-C=0
groups typically assigned to the existence of carboxylic groups.
Fact that is verified by the presence of a shoulder at ~3612 cm ™"
assigned to free hydroxyl groups.* In addition, a broad band
from 2920 to 3620 cm ' designated to ~OH groups is also
found. Additionally, the band centred at ~1620 cm ™" is related
to the aromatic domain, sp”> carbon, of the material that is
connected with hydroxyl groups in acidic surfaces.** On the
other hand, the change of hybridization is corroborated by the
existence of a sharp band at 1065 cm™".%® Finally, -C-H groups
in aromatic structures can be established because of the exis-
tence of bands below 950 cm ™3

Fluorescence emission and UV-Vis absorbance results of the
synthesized materials are plotted in Fig. S1IE and S1F,{ respec-
tively. The main band of absorbance is located at 230 nm, which
is characteristic of T — 7v* transitions from sp> carbon domains.
Additionally, a shoulder associated with n — 7* transitions of
free electrons present in the oxygen atoms of their carbonyl and
carboxyl surface functional groups, is visible at 300 nm.*”
Regarding the fluorescence emission results ranging from 370 to
570 nm, it can be seen that IGO and sGO display similar optical
properties, however a bathochromic shift is found for mlGO.

Strategy for both GO and catechin detection

The novel sensor for the determination of GO and catechin that
is proposed in this work is based on the competitive interac-
tions between GO (host) and riboflavin or catechin (competing
guests). Thus, this proposal is known as indicator displacement
assay. Riboflavin was selected as fluorescent indicator, which
displayed two excitation bands located at 368 and 445 nm and
a strong emission signal at 524 nm (Fig. S27). In contrast, GO
and catechin spectra showed a very low emission at 524 nm even
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at high concentrations. Thus, these spectral contributions were
not significant at the chosen excitation conditions. The emis-
sion band at 524 nm was monitored for indirectly sense GO and
catechin based on a fluorescence turn-off-on effect. Both
exciting wavelengths were selected to analyse the effect of both
species over the riboflavin emission. Firstly, the adsorbent and
the fluorescence quenching properties of the three-graphene
oxide-based nanostructures (mlGO, sGO and 1GO) towards
riboflavin as dye probe, were evaluated. As shown in Fig. 1A,
riboflavin fluorescence intensity was progressively decreasing as
it interacts with increasing concentrations of all nanomaterials
used," allowing the GO sensing. The fluorescence intensity of
riboflavin decreased dramatically as the GO concentration
increased but then decreased more moderately at higher
concentrations of GO, describing a polynomial fit for the three
GO structures. This may be due to the higher number of active
adsorption sites at the beginning of the process, which slows
down as they are occupied. The efficiency of the quenching
effect is more pronounced as GO concentrations increase (I,/I).
Specifically, the fluorescence of 1 uM riboflavin solution can be
inhibited up to ca. 93% in the presence of 126.1 pg mL ™" 1GO,
which means that almost all indicator molecules are adsorbed
onto the active sites of the nanolayers. Riboflavin fluorescence
is not maximally inhibited because although the riboflavin-GO
complex is being formed, there is probably a little dissociation
of the complex leaving a small proportion of both free riboflavin
and GO. Therefore, GO sensing is the result of indirectly
measurements of the fluorescence of the remaining free ribo-
flavin when forming the complex. Similar quenching profiles
were observed in the case of I- and sGO, being different for
mlGO (Fig. 1A). The slope of the fitting curve for the riboflavin
and IGO is clearly the steepest one, so it can be concluded that
the fluorescence quenching efficiency of the dye by GO mate-
rials follows the trend 1GO > sGO > mlGO. This fact indicates
that riboflavin shows a higher affinity for IGO to form the
complex than with the rest of GO materials (the formation
constant obtained for this complex will be higher than for the
other materials). In view of these results, bigger and thicker
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15 mM MES buffer at pH 7.5. Detection was performed at 524 nm (Aexc 368 m). (B) Fluorescence emission spectra of riboflavin in MES buffer
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flakes display an advantageous effect in comparison to the other
GO materials for this fluorescence system. The inferiority on
fluorescence quenching capacity of sGO with respect to IGO may
be attributed to fewer sp> domains into sGO structure.® These
results are in agreement with previous research based on the
fluorescence quenching of small-molecule dyes by GO with
different lateral size.*®*° Thus, to achieve the maximum fluo-
rescence inhibitory effect of 1 uM riboflavin solution, a higher
concentration of nanomaterial is needed in the case of mlGO
(249.8 pg mL™") than in the case of s- (186.4 ug mL™") or IGO
(126.1 pg mL™"). Therefore, for sensitivity reasons, 1GO was
selected to design the riboflavin-GO nanoplatform for the
catechin sensing in the experimental conditions at which the
presence of free riboflavin was not practically detectable. The
consecutive addition of catechin to the previously formed
riboflavin-GO complex led to a gradual recovery of the dye
emission, as observed in Fig. 1B. The turn-on effect of the
riboflavin fluorescence signal is related to the catechin amount
added, suggesting another fluorescence approach for the
detection of catechin via fluorescence indicator displacement
assay. Thus, riboflavin, which in its free form presents a strong
fluorescence, when it is attached to GO is turned-off and can re-
ignite in the presence of catechin that releases it from the
complex when forming the new riboflavin-GO-catechin system
is formed. These results suggest the greater affinity of catechin
for the GO surface in comparison to riboflavin. The maximum
fluorescence of riboflavin that can be recovered was achieved in
the presence of 108.3 ug mL ' of catechin. The initial concen-
tration of free riboflavin was 6.1 x 10'” molecules per mol,
while 2.2 x 10*° molecules per mol of catechin were required to
replace the maximum number of riboflavin molecules from the
complex. It can be deduced that the release of riboflavin into
solution in the presence of catechin is not in a 1:1 ratio. This
may be logical since catechin molecules are structurally smaller
than riboflavin, being more accessible to the GO active sites due
to their less steric hindrance. Therefore, it is stablished that
many catechin molecules are necessary to replace one of ribo-
flavin. As can be seen in Fig. S3,T the capability of IGO to adsorb
riboflavin decreases as the concentration of catechin present in
the medium increases. This indicates the lower affinity of the
material for riboflavin than for catechin. The fluorescent
behavior observed by the developed procedure it is justified in
this way, since there is a progressive increasing amount of free
riboflavin to the solution. Thus, the new turn-on effect allows
the sensing of catechin.

Furthermore, the effect of catechin on the emission of
riboflavin was investigated (see ESM.S2 “Evaluation of catechin
effect over riboflavin fluorescence” and Fig. S4T). Results revelated
that there was a negligible effect on the riboflavin fluorescence
intensity as the catechin concentration increases, demon-
strating that there was no interaction between both compounds
in the absence of GO flakes. Thus, it can be stated that the
riboflavin fluorescence recovery was attributed to the replace-
ment of riboflavin molecules for catechin ones on the surface of
1GO to form a new complex catechin-GO, leaving riboflavin free
in the solution and regaining its strong fluorescence as there is
more catechin in the medium.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Optimization of experimental parameters for GO and catechin
sensing

GO sensing. The performance of the proposed probe system
to determine GO was affected by related factors including the
pH, ionic strength, concentration of the indicator and the
interaction time of the system. These factors were examined to
obtain the highest sensitivity of the system. The first experi-
mental variable studied that could influence the sensing of GO
was the pH. The cationic form of riboflavin is non-fluorescent
and the anionic form has a low fluorescence quantum yield.
Only the neutral form of riboflavin is highly fluorescent.*® Thus,
the evaluated pH range was ranged between 3.5 and 8.0. The
relationship between the fluorescence extinction efficiency,
expressed as Iy/I (where I, and I are the riboflavin emission
intensities in the absence and presence of GO, respectively) was
used as analytical signal. The highest I,/I signal ratio was found
at pH 7.5 value. Fixing lower or higher pH values produced
lower interaction between riboflavin and the GO-based nano-
material (Fig. S5At). Thus, pH 7.5, initially fixed with 25 mM
MES as buffer, was selected for the following optimization
parameters. Then, the ionic strength was evaluated, in the 5-
40 mM range (Fig. S5Bt). In this case, very insignificant differ-
ences (<3%) were observed between 15 and 25 mM. However,
higher concentrations disfavoured the Iy/I ratio, as well as those
below 10 mM. This behavior can be explained in terms of
salting-in and salting-out effects.** In view of these results, it is
not worth adding 25 mM of buffer if practically half of the
concentration produces a similar effect. Therefore, 15 mM was
selected as the minimum concentration of MES that implied the
greatest interaction between riboflavin and GO. Also, riboflavin
concentration from 0.5 to 10 pM was investigated (Fig. S5Ct). A
constant concentration of GO was established (47 ug mL™") to
interact with the dye indicator. Then, the magnitude of the
fluorescent extinction produced by the nanomaterial on the
riboflavin emission intensity was tested. Results revealed that as
the riboflavin concentration decreased, the I,/I ratio consider-
ably improved. The effect produced between concentrations
from 10 to 2.5 uM was quite similar. The fixed GO concentration
practically inhibits the 0.5 pM riboflavin fluorescence. However,
concentrations below 1 uM of the probe emitted a rather noisy
fluorescence signal. Therefore, and as a compromise between
both factors, 1 uM was chosen as the lowest riboflavin
concentration that presents a considerable fluorescent signal
for a proper detection. In addition, the effect exerted by
different GO structures was assessed under the previously
selected conditions with multilayer and larger size GO, 1GO.
Defining the affinity between riboflavin and GO structure as the
maximum quenching capacity, four concentration levels of GO
were initially tested for each nanomaterial (ml-, s- and 1GO),
specifically 12, 24, 36 and 48 pug mL™". As shown in Fig. S5D,} at
the lowest concentration of GO, similar quenching capacity was
found for all of them. As the concentration of the quencher
increased to 24 pg mL ", the fluorescence extinction efficiency
was enhanced, being clearly maximum for multilayer GO
materials. The greatest inhibition effect (I,/I ratio) of riboflavin
fluorescence was found with 1GO at higher concentrations,
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specifically from 36 pug mL ™. This result could imply that the
attractive interaction between riboflavin and 1GO was stronger
than sGO and mlGO. In all cases, the magnitude of the fluo-
rescence quenching effect was dependent on the riboflavin-GO
concentration ratio. The gradual improvement of the I,/I signal
with increasing GO concentrations was due to the existence of
more active sites for riboflavin to get adsorbed, leading to
a strong decrease of the fluorescence emission. Thus, IGO was
selected as the material to perform the riboflavin-GO platform
for the sensing of catechin.
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Akinetic study between riboflavin and each GO structure was
also carried out to test the interaction time needed to reach
adsorption equilibrium (Fig. S67). The maximal and constant
analytical signal (I,/I) was obtained in less than 3 min.

Catechin sensing. For the sensing of catechin, the ribo-
flavin-1GO complex was firstly formed following the optimal
conditions selected above until the maximal quenching of free
riboflavin emission was achieved. It is important to avoid an
excess of the adsorbent material since it can directly interact
with catechin molecules. The maximal quenching effect of 0.38

B
14 ~
: | z
5 084 | 3
= \ g
2 06{ | 3
R =9
e =
N 04 4 g
E
§ 0.2 I
z 3
0 T T T T + 0
200 300 400 500 600 700
Wavelength (nm)
Riboflavin-IGO (1) 1) — 03
Riboflavin-1GO (2)
.é‘ Riboflavin-1GO (3)
w»
=
2
£
=
=
£
<
=7
1550 1565 1580 1595 1610 1625
Raman shift (cm)
E ] | P
| 2 '
Z 08 - = I
= 1 £ { n
L =
< \ E r W
= 0.6 1 ) 5 08 - -
= \ Z 150 155
QN) y Delay time (ns)
= i 1
= 0.4 \
E \\ — Riboflavin
2 0.2 1 \_ Riboflavin-IGO complex
0 j' T \VN T
140 160 180 200
Delay time (ns)

Fig. 2 Characterization of riboflavin—-IGO nanoplatform. (A) Red-shift of riboflavin emission profile in the presence of 126.1 ng mL™* IGO
(complex formation). (B) Absorption spectrum of GO (orange line) and fluorescence curves of riboflavin (excitation, green dotted line, and
emission, green solid line). (C) Raman profiles of freeze-dried |GO and riboflavin—IGO complexes (1-3) from top to bottom (left). Extended
spectrum area at the G-band position (right). (D) FT-IR profiles of the complexes. (E) Time-resolved fluorescence decays of riboflavin and
riboflavin—lGO complex in a scanning range of 200 ns, under excitation at 368 nm and emission at 524 nm.
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ug mL ™" free riboflavin solution was obtained with 126.1 pg
mL ™" of IGO. Once riboflavin-IGO complex was formed at these
experimental conditions, it was subsequently used as the
nanoplatform for the sensing of catechin. Thus, several exper-
imental variables that could affect the new sensing strategy, in
terms of sensitivity and accuracy, were evaluated. In this case,
the ratio between the fluorescence of riboflavin-IGO complex,
namely free riboflavin emission intensity after being displaced
from the complex, in the presence (I) and absence (I,) of cate-
chin, was used as analytical signal. The pH of the medium was
examined in the 3.5-8.0 range (Fig. S5ET), although no relevant
differences were found. Therefore, a pH of 6.5 value was fixed as
the one that showed the highest analytical response. Subse-
quently, different concentrations of MES buffer between 5 and
30 mM were studied at pH 6.5 (Fig. S5Ff). Once again, the
results revealed that 15 mM was the optimal concentration for
the sensing of catechin.

The interaction time required for the adsorption of catechin on
IGO to occur was also investigated. As it can be observed in
Fig. S7,t after 1 min of interaction the I/I, signal remains constant.

Characterization of riboflavin—graphene oxide nanoplatform
and fluorescence mechanism

As previously shown, the fluorescence emission intensity of
riboflavin was gradually decreased with increasing concentra-
tions of GO. It is then demonstrated its potential as an effective
nanoquencher and nanoadsorbent of riboflavin fluorophore.
Furthermore, 1GO did not present any fluorescence at the same
excitation wavelength of riboflavin (1., 368 nm), confirming
that the observed extinction was due to the interaction with the
dye and not the result of a reabsorption process.®

GO flakes mostly consist in hexagonal ring-based carbon
system bearing sp® carbon atoms and many sp® carbons that
hold the oxygen-containing functional moieties.>® Therefore,
GO structure would enable to accept electrons from donor
compounds* being adsorbed on its surface probably via w-m
stacking interactions. Steady-state emission profiles have
demonstrated a strong quenching of riboflavin emission when
they interact with GO. Furthermore, Fig. 2A shows a slight red
shift in the maximum emission of the probe, between 524 and
528 nm. This effect is more promoted with the increment of IGO
concentration from 0 to 126.1 ug mL~", showing that riboflavin
molecules are strongly adsorbed at the 1GO surface via -7
interactions.®

The fluorescence quenching of the excited-state riboflavin
could take place by different possible processes, such as energy
transfer or electron transfer. Fig. 2B shows that the emission
spectrum of the fluorophore (riboflavin) does not overlap with
the absorption band of the acceptor (GO), excluding the possi-
bility of the energy transfer process between both compounds to
occur.” Therefore, the quenching effect that is plausible to
occur follows an electronic transfer process.** The same
behaviour on naphthylamide dye with GO was previously re-
ported by Seraj and Rouhani® and on rhodamine B, eosin and
methylene blue with graphite oxide and graphene was reported
by Liu et al.**

© 2023 The Author(s). Published by the Royal Society of Chemistry
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To confirm the possible interaction between riboflavin dye
and the 1GO surface, Raman and FT-IR analyses of the different
riboflavin-GO complexes (1-3) at different concentrations
(126.1, 42.0 and 14.0 of GO pg mL™", respectively) were carried
out.

Ip/Ig results show the greatest disorder degree for the
complex with more riboflavin adsorbed (Ip/Ig = 0.98). Earlier
publications have also demonstrated the use of Raman spec-
troscopy as a tool to define the way that different molecules and
carbon-based materials interact.**® Thus, the Raman shift
values of their G band are compiled and shown in Fig. 2C and
Table S1.1 In this sense, results obtained from these riboflavin—
IGO complexes corroborate our previous fluorescence
outcomes, since the graphitic-sp® (G) band of the different
complexes shows a visible shift, being maximum for the highest
Ip/Ig value. In contrast, an alteration in the D-band shift
between complexes has not been observed.

FT-IR technique has previously been used as a tool to help
elucidating the possible interactions between organic mole-
cules and solid surfaces. In this case, Fig. 2D shows the spec-
trum of the riboflavin dye and its composites formed with the
IGO solutions (riboflavin-1GO). The riboflavin spectrum
displays two main contributions of -OH functional groups at
3315 and 1240 cm ™ ". Aliphatic groups are detected by bands at
2932 and 2850 cm ™~ '. The band centred at 1727 cm ™' is attrib-
uted to ~-C=O0 stretching vibration of the isoalloxazine ring.
Also, the band assigned to the ring -C=N stretching vibration is
found at 1644 cm ™" and the band at 1534 cm ™" can be assigned
to -C=C- group. Additionally, the band at 1062 cm ' is
correlated with -C=0 stretching vibrations. The IGO complexes
present representative bands of the dye, proving its presence on
the surface of the material. These bands are more pronounced
for the riboflavin-1GO (3) complex. The complexes do not show
any new band in respect to the initial IGO spectrum (Fig. S1D7),
revealing that covalent interactions can be ruled out. These
findings support previous Raman and fluorescence spectros-
copy results, showing that hydrophobic or m-m interactions
could be the main driving forces for IGO-riboflavin complexes.

The species used in this study are in solution, which means
that there is a high possibility of interactions to be produced
between the fluorophore and the fluorescence extinctor. The
processes by which the observed quenching effect can occur are
diverse, such as reactions of excited states, energy transfer,
complex formation and collision quenching.”” The molecular
contact between the fluorophore and quencher is the respon-
sible for the deactivation of the fluorescent emission. The
quenching constant obtained by the Stern-Volmer equation
(Ksy) indicates the sensitivity of the fluorophore to the deacti-
vator. Greater Ksy values promote higher accessibility of one
specie to the other.*” As it will be discussed below, Kgy values
obtained for riboflavin-1GO system are considerably higher
than riboflavin-sGO and riboflavin-mIGO systems. This fact
confirms that favourable interactions between 1GO sheets and
riboflavin molecules are obtained, enhancing the quenching
efficiency of GO.*® To evaluate the type of quenching mecha-
nism that the developed procedure follows, the measurements
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of lifetime for riboflavin and riboflavin-IGO system were
defined.*®*

Generally, fluorescence decay can give information related to
the excited-state of the fluorophore, being very useful to study
the energy transfer- or electron transfer-induced fluorescence
quenching. The lifetime values of the riboflavin and riboflavin-
1GO complex were calculated by fitting the decay profiles with
one-exponential, resulting in 5.70 £ 0.06 ns (100% + 1.1) and
5.23 + 0.05 ns (100% =+ 1.6), respectively. The obtained values of
x> for both decays were 1.01 and 1.07, close to 1, which indicates
the perfection fitting of the curve. These short lifetimes differ-
entiate the fluorescence process from another well-known
luminous phenomenon, such as phosphorescence. The molec-
ular contact between species can be produced by two processes:
(i) a static quenching, which is based on the formation of a non-
fluorescent ground-state complex and (ii) the dynamic quench-
ing, which is a result from the collisions between the quencher
agent and fluorophore during the excited state. This last one
produces a rapid recovery to its ground-state without the
emission of a photon. In the case of a static quenching, the
fluorescence lifetime of the fluorophore should not change in
the presence of the quencher.>® As shown in Fig. 2E, the fluo-
rescence lifetime obtained for riboflavin was almost unchanged
in the presence of 1GO suggesting that the fluorescence change
of riboflavin did not follow the to the excited state perturba-
tion.”* Thus, it can be concluded that the occurred effect is
mainly referred to as static quenching mechanism in which the
dye and GO forms a non-fluorescent complex at ground-
state,*”*> being the dynamic quenching little significant in the
conditions in which the study was carried out.

The value of the binding constant (K;) for the formation of
the riboflavin-1GO complex and the number of binding sites (1)
of the nanomaterial are 1.51 x 10> mL pg " and 1.79 (~2),
respectively.*®* These results were obtained by the steady-state
fluorescence measurements.

As revealed by fluorescence studies, there is greater affinity of
catechin for the adsorbent material (1GO) compared to ribo-
flavin, which is attributed to the size difference and the
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hydrophilic character. Catechin molecules display smaller size
than those of riboflavin, being more accessible to interact with
the active centers of GO. In addition, catechin has a lower
hydrophilic character than riboflavin due to its higher aroma-
ticity, being this characteristic more favorable for the interac-
tion with GO.

Analytical performance characteristics

Several analytical performance characteristics were evaluated to
examine the possible applicability of the proposed analytical
procedure for both GO and catechin detection.

As previously mentioned, the fluorescence extinction of
riboflavin as dye indicator with increasing concentrations of the
different GO structures can be used for quantitative determi-
nation of GO. Fig. 3A shows a clear linear relationship between
the riboflavin fluorescence ratio in the absence (I,) and pres-
ence (I) of 1GO concentrations from 0.6 to 35.4 ug mL ™", Stern-
Volmer plot of this phenomenon resulted to be I/l = 0.843 +
0.026 x [IGO] (ug mL™ ') with a determination coefficient of
0.996. For sGO and mlGO, a good linear dependence was also
found when plotting the analytical signal (I,/I) and the GO
concentration. The precision of the proposed method for GO
determination was evaluated in terms of repeatability and
reproducibility expressed as relative standard deviation (RSD),
both as function of concentration and (Iy/I) signal. For deter-
mining the repeatability, ten independent measurements of
1GO standard solutions were carried out consecutively at 14 pg
mL . RSD values (intra-day conditions, n = 10) were 5.2% as
function of concentration and 1.6% as function of Io/I signal.
For reproducibility test (inter-day conditions, n = 5), RSD values
of 6.7% and 2.1% were found for 1GO as function of concen-
tration and Io/I signal, respectively. The sensitivity of the
proposed analytical procedure was assessed in terms of limit of
detection (LOD) and quantification (LOQ). The LOD value found
for 1IGO was 0.2 ug mL ™", which was experimentally calculated.
Table 1 also summarizes the details of the analytical figures of
merits for the determination of sGO and mlGO materials.
According to the slopes of each of the linear fits (Ksy), the higher
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Fig. 3 (A) Calibration curve of IGO. The concentration of riboflavin was 0.38 pg mL™, pH 7.5, 15 mmol L™ MES. The insets show the plots of the
fluorescence extinction efficiency (lo/l, Aexe = 368 NM, Aem = 524 nm) against the concentration each of the GOs. (B) Calibration curve of
catechin. The concentration of riboflavin was 0.38 pg mL™, 126.1 ug mL™* IGO, pH 6.5, 15 mmol L~* MES. The inset shows the fluorescence
recovery efficiency (I/lo, Aexc = 445 nM, Aem = 524 Nm) plotted against the catechin concentration.
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affinity of riboflavin for 1GO (0.026 mL pg ') than for sGO
(0.023 mL pg~ ") and for mIGO (0.018 mL ug ') is noteworthy,
confirming all the above. The quenching magnitude (the slope
of the fitting curves) is higher than those previously reported for
similar species involved in this effect.>

To further evaluate the performance of the riboflavin-1GO
probe system for catechin detection, the fluorescence signal of
free riboflavin (displaced from the complex) was investigated at
different catechin concentrations under the optimized condi-
tions. As shown in Fig. 3B, the probe system gradually begins to
fluoresce again as the catechin concentration increased. In the
wide range of catechin concentrations evaluated (0.2-125.1 ug
mL "), a first linear range with a steeper slope that comprised
concentrations between 1.0 and 20.8 pg mL™" and a coefficient
of determination of 0.998 was found. The fluorescence recovery
efficiency of riboflavin in the presence and absence of catechin
(I/1,) against the target analyte concentrations is represented in
Fig. 3B inset. Meanwhile, for concentrations that exceeded 20.8
pg mL " and up to 108.3 pg mL ™", a second linear response with
a lower slope was observed with a value of 0.993 as determi-
nation coefficient. Being a stronger competitor, initially at lower
catechin concentrations it should be easier for riboflavin to be
released from the complex, hence the difference in slopes.
Concentrations higher than 108.3 pg mL™"' did not produce
further fluorescence recovery. As is recommended to work in the
first linear range of concentrations, the quantification of the
samples was carried out in this region. The regression equation
of the first linear fit was I/I, = 1.384 + 0.172 X [catechin] (ug
mL ™). The sensing platform begins to recognize catechin at 0.2
pg mL™", therefore this value was considered as the experi-
mentally calculated LOD. Concentrations between 0.2 and 1.0
ug mL ™" were perfectly detected but not quantifiable. In this
case, the repeatability (intra-day conditions) was evaluated
though fifteen analyses of 14 ug mL™" standard solution and an
RSD value of 3.1% in concentration terms was found. Repro-
ducibility (inter-day conditions) was evaluated by quintuplicate
at the same catechin concentration, obtaining an RSD value of
5.8%. These results suggest that the fluorescence probe system
can be easily applied for the quantitative determination of
catechin and with good sensitivity.

The details corresponding to the analytical figures of merits
for both sensing systems are summarized in Table 1. It should
be noted that the proposed sensing systems, both for the
detection of GO and catechin, have attractive qualities such as
their sensitivity, the simplicity of the analysis in a very short
time and are relatively environmentally friendly sensors
(employing a vitamin as sensor probe). This analysis strategy
allows simultaneous detection and offers a new approach to
sensing other compounds of the same nature.

The selectivity study of the proposed method was carried out
by means of an interference test whose results appear in ESM.S2
and Fig. S8.1

Analytical applications

Although there are more and more analytical techniques and
methods available for the detection, characterization and
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Table 2 Recoveries obtained in environmental enriched samples with lGO

Determination of 1IGO

Type of sample Sample Spiked concentration Found concentration® Recovery (n = 3, %) RSD (n = 3, %)
River water (ug mL™") 1 1.05 1.02 £ 0.03 97.1 £2.9 3.0
2 1.89 1.82 + 0.05 96.0 £ 2.7 2.8
3 2.94 2.92 £ 0.09 99.2 £ 3.0 3.0
4 3.99 4.01 £ 0.12 100.5 £ 2.9 3.1
Well water (ug mL™*) 1 1.05 1.05 + 0.03 99.8 + 3.2 3.2
2 1.89 1.82 + 0.06 96.2 £ 3.0 3.1
3 2.94 2.85 £ 0.08 97.1 £ 2.7 2.8
4 3.99 3.86 £ 0.13 96.8 + 3.2 3.3
Drinking water (ug mL™") 1 1.05 1.07 &+ 0.03 101.8 + 2.8 2.7
2 1.89 1.84 + 0.05 97.3 £ 2.5 2.5
3 2.94 2.91 £ 0.08 99.1 £ 2.7 2.7
4 3.99 3.93 £0.11 98.5 + 2.8 2.9
Seawater (ug mL ™) 1 1.05 1.04 £ 0.03 98.8 & 3.1 3.2
2 1.89 1.84 + 0.05 97.1 £ 2.5 2.6
3 2.94 3.02 £ 0.08 102.6 £ 2.8 2.7
4 3.99 4.00 £ 0.12 100.2 £ 3.1 3.1
Soil (ug g7 1 23.80 23.54 + 0.73 98.9 + 3.0 3.1
2 40.25 39.97 £ 1.01 98.4 + 2.5 2.5
3 64.40 62.65 * 2.29 97.3 £ 3.6 3.7
4 88.20 86.17 £ 2.68 97.7 £ 3.0 3.1

¢ Average of 3 independent spiked samples + standard deviation.

quantification of nanomaterials, although they are still scarce,
their application to complex samples is still very limited and
they are far from being incorporated into routine analysis.
The usefulness of the developed sensing strategy for GO anal-
ysis was proved by its application to different environmental
samples (waters from different nature and a soil) and in the case of
catechin, food samples (cocoa beans and beverages) were used.
Each sample was treated according to the procedure already
described in section “Samples treatment” and subsequently
submitted to the analytical procedure detailed in section “Analyt-
ical procedure for the analysis of GO and catechin”. All samples were
analysed in triplicate by the proposed fluorometric assay.
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The different water samples were fortified at four concen-
tration levels of 1GO between 1.1 and 4.0 pg mL ™" and the soil
sample was also doped with the nanomaterial in the range 23.8-
88.2 pg g '. Previously, all the matrices were checked not
showing interference in the analytical signal. The concentration
of IGO in each sample was estimated by external calibration and
the obtained results are summarized in Table 2. As can be
observed, satisfactory results were obtained for all of them with
recovery values of the added GO between 96 and 103% and from
97 to 99% for water and soil samples, respectively. Furthermore,
RSD values (n = 3) were lower than 4% for all environmental
samples evaluated. The fluorescence turn-off effect produced by

p—
wn
=
=

13.6 pg mL*
catechin

1200 -

900 -

600 -

300 -

Fluorescence intensity (a.u) =

0

540 570 600
Wavelength (nm)

480 510 630 660

Fig. 4 (A) Analysis of a well water sample fortified at different concentration levels of IGO between 1.1 and 4.0 pg mL™. The concentration of
riboflavin was 0.38 pg mL~%, 15 mmol L~ MES, pH 7.5, 3 min interaction time, Acxc 368 NM and A 524 nm. (B) Detection of catechin in a cocoa
sample containing the analyte endogenously and after adding 3.0 and 7.0 ng mL™%. The concentration on riboflavin was 0.38 ug mL™%, 126 g
mL~* GO, 15 mmol L~ MES, pH 6.5, 1 min interaction time, Aexc 445 Nm and Aem 524 Nm.
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Table 3 Recoveries obtained in food matrices enriched with catechin
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Determination of (+)-catechin

Type of sample Sample Spiked concentration Found concentration® Recovery (n = 3, %) RSD (n = 3, %)
Red wine (ug mL™) 1 10.00 9.92 + 0.32 99.2 + 3.2 3.2

2 18.32 18.15 £ 0.55 99.1 £+ 3.0 3.0

3 25.00 24.48 £ 0.68 97.9 £ 2.7 2.8

4 36.60 34.97 £ 1.05 95.6 £ 2.9 3.0
Green tea (ug mL %) 1 10.00 10.19 + 0.34 101.9 + 3.4 3.3

2 18.32 18.25 £ 0.51 99.6 £+ 2.8 2.8

3 25.00 23.76 = 0.77 95.0 £ 3.1 3.2

4 36.60 34.47 +1.28 94.2 £ 3.5 3.7

¢ Average of 3 independent spiked samples =+ standard deviation.

Table4 Determination of catechin in cocoa beans using the proposed fluorescence methodology and CE-DAD method. Recoveries obtained in

cocoa beans enriched sample

Original amount

Sample

CE-DAD (n = 5) This method (n =5) Spiked concentration Found concentration Recovery (n =3, %) RSD (n = 3, %)

Cocoa beans (ug g~ ') 92.4 + 4.3 103.5 + 3.3 30.24

69.72

IGO in well water matrix can be seen in Fig. 4A and that
produced in the other environmental samples can be observed
in Fig. S9.7 In Fig. S9C,7 it can be appreciated a lower fluores-
cence of the probe in the presence of seawater matrix (blank
assay) compared to that observed for other water matrixes,
probably due its higher salinity. However, the high ionic
strength of the sample does not affect the gradual response of
the analytical signal in the presence of increasing concentra-
tions of the analyte to be detected. Therefore, this aspect is not
an issue and this sample was not been pre-treated before
analysis.

On the other hand, the determination of catechin in liquid
food samples was carried out by adding the target analyte to
a green tea and a red wine sample in the concentration range
10.0-36.6 pg mL ™. In this case and for both types of samples,
an alteration in the analytical signal was observed by the cor-
responding matrix. As can be observed in Table 3, the recovery
values obtained were quite favorable for both types of samples,
especially for those with lower concentrations of catechin. At
higher concentrations of this analyte in the sample, the cate-
chin concentrations found are increasingly lower than the
added ones. This may be since other compounds present in the
matrix have a slight affinity to the riboflavin-GO complex and
can be adsorbed, competing with catechin molecules (possible
interferers). Even so, recovery values between 95 and 99% were
found for red wine samples and for green tea ones were between
94 and 102% with low RSD values (=4%) for all of them.
Fig. S10t1 shows the turn-on effect produced in the red wine and
green tea samples.

In both GO and catechin sensing (Fig. S9 and S107), a blank
assay was always performed to evaluate the effect of the matrix

© 2023 The Author(s). Published by the Royal Society of Chemistry

131.37 + 4.20
170.07 &+ 5.96

98.3 £3.1
98.2 +£ 3.4

3.2
3.5

on the fluorescent signal obtained. Thus, if there is a matrix
effect, it can be easily subtracted.

The determination of catechin was also performed in a cocoa
beans sample, which endogenously contains the analyte.
Moreover, cocoa beans sample was spiked at two concentration
levels of catechin. Recovery values were around 98% as
summarized in Table 4, which ensures the accuracy of the
proposed method. Fig. 4B presents the results found for the
determination of catechin in the cocoa matrix by the proposed
procedure. As a further validation study and with the aim to
prove the reliability of the proposed catechin sensor, the cocoa
sample was also submitted to a previously validated electro-
phoretic method,” slightly modified, to estimate the flavonoid
concentration. The analyses were performed by five-fold. The
experimental conditions of the modified electrophoretic
method appear in section ESM.S1t “Quantification of catechin by
capillary electrophoresis”. The analyses were performed by five-
fold and Table 4 summarizes the obtained concentration
values of catechin in cocoa sample by the proposed fluorometric
procedure and the capillary electrophoresis (CE) method. Once
the cocoa results were obtained, Student-t test was performed
between these two sets of data to verify the statistical accor-
dance between the results found by both methodologies.>* The
values for f.., and ¢ were 1.0 and 2.8, respectively. As the value
of te is lower than that of ., the absence of significant
differences between the results obtained by both methodologies
can be guaranteed, which would prove its comparative accuracy
at the checked level of confidence (95%). These results
demonstrated the potential applicability of the fluorometric
probing system for the detection of catechin in cocoa samples,
even in the presence of other co-existing compounds in the
same matrix. The difference between the analysis time required

RSC Adv, 2023, 13, 33255-33268 | 33265


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04726a

Open Access Article. Published on 10 November 2023. Downloaded on 11/7/2025 7:40:38 AM.

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

(cc)

RSC Advances

for each of the procedures should be highlighted, being much
shorter, in the order of 10 times, for the fluorometric sensor.

Conclusions

In this study, a competitive adsorption-desorption behaviour of
a popular fluorescent vitamin and a flavonoid compound,
riboflavin and catechin, on a chemically heterogeneous GO
surface is discussed in this study. Thus, a novel and label-free
turn-off-on fluorescent approach for the detection of both, GO
and catechin, based on the riboflavin-GO and catechin-GO
complexes formation was developed.

Herein, riboflavin emission was gradually turned-off as the
fluorophore interacted with GO flakes by w-m stacking inter-
actions. The strongest interaction was produced between the
dye and 1GO, followed by sGO and lastly with mlGO. Therefore,
the former was selected based on the least amount of nano-
material needed for the complex production and the highest
quenching effect. In this sense, it has been stablished that the
lateral size and the thickness of these carbon-based nano-
structures are very important physicochemical parameters for
the good performance of this type of novel sensors. This effect
occurred for the three GO types evaluated, allowing the quan-
titative analysis of this type of nanomaterial. Detection limits of
GO structures were 0.2, 0.4 and 1.3 ug mL ™", for 1GO, sGO and
mlGO, respectively. Once the riboflavin-GO complex was
formed at the maximum fluorescence extinction, the presence
of catechin (as stronger competitor) was capable to replace
riboflavin (as weaker competitor) from the complex, switching-
on the fluorescence signal due to the competitive adsorption
between catechin and riboflavin for the GO active sites. Cate-
chin quantification range was wide from 1.0 to 20.8 pg mL ™"
and the limit of detection resulted to be 0.2 ug mL . Compared
to traditional instrumentation (HPLC, GC, or CE) for catechin
analysis, the advantage of this developed procedure was based
on short analysis times, economy, easy to operate, no tedious
sample pre-treatment required, and to be an eco-friendly
strategy. The novel developed sensor was also applied to real
samples with satisfactory results, demonstrating its potential
applicability. This dual determination significantly contributes
to the first (GO as analyte) and second (GO as nanotool) way of
Analytical Nanoscience and Nanotechnology.

Furthermore, the detection platform is a potential assay
principle for the detection of other interesting organic mole-
cules and biomolecules due to the different adsorption capacity
of multiple fluorophores and analytes with different molecular
structures.
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