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ARTICLE INFO ABSTRACT

Keywords: Clays (C) such as sepiolite (SEP) or bentonite (BEN) and their mixtures with graphene (G) have been used as
Bentonite sorbents in dispersive solid phase extraction (dSPE). Tryptophan (TRP) analysis by fluorescence combined with a
Sepiolite sample preparation step using G/C 30/70 w/w mixture provides a quantitative TRP retention, independently of
gxg&‘;}n}fw the amino acid concentration with a desorption process feasible in 80 mM aqueous solution of the surfactant Brij
Fluorescence L23. Under these conditions, the detection and quantification limits are 3.5 and 11.8 nug L'l, respectively.

Additionally, a novel, simple and inexpensive method has been developed to directly analyse TRP in real sam-
ples, in which the presence of matrix interferents typically limits to obtain accurate results. For the first time,
BEN has been used as an effective clean-up sorbent for the fluorimetric analysis of TRP in beer, leading to results
without statistical differences versus those of a reference HPLC method free of interferences, with recoveries of
90 % and 100 %. The proposed method can be applied to accurately analyse TRP in complex matrices in a direct,
easy, fast and sustainable way.

Dispersive solid phase extraction

1. Introduction

Tryptophan (TRP) is an essential hydrophobic amino acid, precursor
for bioactive compounds such as vitamin Bg, serotonin, a neurotrans-
mitter crucial in controlling appetite, sleep, mood, and pain, as well as
melatonin, a strong antioxidant and anti-inflammatory agent considered
as a therapeutic adjuvant for COVID-19 handling (Reiter et al., 2020).
Dietary TRP and its metabolites contribute to the therapy of autism,
cardiovascular disease, cognitive function, depression, inflammatory
bowel disease, multiple sclerosis, microbial infections and so forth
(Markus et al., 2008). It also enables the diagnosis of illnesses such as
human cataracts, colon neoplasms, renal cell carcinoma and diabetic
nephropathy (Gakamsky et al., 2011).

TRP cannot be analyzed by standard amino acid analysis methods,
hence alternative procedures to quantify TRP in foods like dietary sup-
plements are pursued (Friedman, 2018). In this regard, different
analytical methods including the use of acid ninhydrin, near-infrared
reflectance spectroscopy, colorimetry, and high-performance liquid

and gas chromatography-mass spectrometry have been developed
(Palomino-Vasco et al., 2019; Poveda, 2019). Besides, novel detection
tools have been recently the focus of thorough research since provide
improved signal-to-noise ratio, high specificity and sensitivity, and
broad dynamic range (Wu et al., 2018; Ritota and Manzi; 2020).
Nonetheless, some of these methods are expensive and/or
time-consuming and have complicated analysis systems. Therefore,
there is still a need to develop simple, sustainable and low-cost ap-
proaches for TRP determination.

This amino acid is the most abundant constituent of proteins, with a
maximum UV absorbance at ~280 nm and emission at ~360 nm, which
depend on the polarity of the medium and its microenvironment (Eftink,
2006). When TRP is present on the protein surface, the fluorescence is
higher compared to when it is inside the protein (Ghisaidobe and Chung,
2014; Chen et al., 2014). Therefore, this technique can be used to
determine the conformational state of a protein and its folding process.
TRP is positively charged at pH < pKa; (2.5), while it is negatively
charged at pH > pKay (9.4) (Fig. S1). The fluorescence of TRP is
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pH-dependent, thus it has been used as a fluorescent probe in numerous
studies (Ghisaidobe and Chung, 2014). Fluorescence is very sensitive,
though it suffers from matrix interferences in real samples. As a result,
chromatographic separation prior to fluorescence measurements is
required to isolate the TRP analyte (Boulet et al., 2017).

Different organic solvents (Chao et al., 2019) and ionic liquids (Li
et al., 2013; Zeinali et al., 2017) have been used to extract TRP from
complex matrices. In this regard, solid phase extraction (SPE) is an
effective way to isolate TRP from food samples (Abdolmohammad-Za-
deh and Oskoyi, 2015; Pranil et al., 2021). Dispersive solid-phase
extraction (dSPE) is an alternative technique to solid phase extraction
introduced by Anastassiades (Anastassiades et al., 2003). It consists of
adding the sorbent to the liquid sample followed by shaking and
centrifugation to ensure that the analytes are retained. It requires no
conditioning or washing steps, hence it is faster and simpler than the SPE
method. The sorbent selection in SPE and dSPE is crucial to achieve high
selectivity. Numerous materials have been tested as sorbents including
molecularly imprinted polymers (MIPs), layered double hydroxides
(LDHs), metallic organic frameworks (MOFs), magnetic nanoparticles
and carbon nanomaterials (Scigalski and Kosobucki, 2020; Zhang et al.,
2022; Han et al., 2022; Han et al., 2021; Li et al., 2020). Fullerenes,
quantum dots (QDs), carbon nanotubes (CNTs), graphene (G) and its
derivatives graphene oxide (GO) or its mixtures with silica (Azzouz
et al., 2018; Benitez-Martinez and Valcarcel, 2015; Gonzalez-Salamo
et al., 2016; Cui et al., 2020; de Toffoli et al., 2018; Zolfonoun, 2019; Niu
et al., 2018) have been used as sorbents due to their high specific surface
area for analyte adsorption. In most of the abovementioned studies,
organic solvents like methanol, ethanol, acetonitrile, acetone, chloro-
form, and so forth were used as eluents. However, alternative environ-
mentally friendly reagents are pursued to make the process greener and
safer. In this regard, the use of surfactants has many advantages
including low cost and lower toxicity, good selectivity, and high solu-
bilization capacity (Yazdi, 2011). Our research group has recently re-
ported the use of surfactant solutions in dSPE for the desorption of
riboflavin from sepiolite (Mateos et al., 2018) and of polycyclic aromatic
hydrocarbons from graphene/sepiolite mixtures (Mateos et al., 2019).

Clays such as sepiolite (SEP) and bentonite (BEN), with high porosity
and intercalation capacity, are ideal nanometric sorbents in dSPE, either
alone or mixed with other nanomaterials such as G. SEP is a natural
hydrated magnesium silicate with fibrous morphology and a crystal
structure comprising talc-like ribbons set parallel to the fiber direction
(Frydrych et al., 2011). It has very high cation-exchange capacity and
microporosity, resulting in tunnels in which organic molecules can be
retained as well as in the clay surface via interaction with the silanol
groups (Aranda et al., 2018). On the other hand, BEN is composed of
octahedral sheets of aluminum and tetrahedral sheets of silica (Khoeini
et al., 2009). Each unit cell consists of an octahedral sheet of aluminum
sandwiched between two sheets of tetrahedral silica.

In this work, simple and fast TRP determination has been performed
for the first time based on dSPE using G/SEP or G/BEN mixtures as solid
sorbents, followed by fluorimetric detection. For such purpose, surfac-
tant aqueous solutions were chosen as green, non-toxic and inexpensive
agents for TRP desorption. The extraction of interferents but not TRP
using pure BEN has been applied to the direct quantification of TRP in
beer samples, and no statistically differences were found with the results
obtained by a HPLC reference method.

2. Materials and methods
2.1. Chemicals and reagents

High purity sepiolite (>95 %), with composition of (wt): 60.2 %
SiO9, 1.7 % Aly03, 0.7 % Fey03, 0.4 % CaO, 26.1 % MgO, 0.1 % Nay0
and 0.3 % KO, particle size smaller than 75 um and a specific surface
area of 290 m? g! and high purity bentonite, were supplied by Sepiol SA
(Azuqueca de Henares, Spain). AvanGRAPHENE, G powder with
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lamellar structural morphology comprising less than 6 layers with a
thickness <2 nm and a specific surface area of 480 m? g was provided
by Avanzare Innovacion Tecnoldgica, SL (Logrono, Spain). Tryptophan
(99-101 %, M, =204.23 g rnol'l) was obtained from Sigma (Madrid,
Spain). The surfactant polyoxyethylene-23-lauryl ether (Brij L23,
C12H25(0OCH2CH3)230H, M,, = 1198.56 g mol'l, CMC = 91 pM) was
purchased from Sigma (Madrid, Spain). Hexadecyltrimethylammonium
bromide (CTAB, C19H42BrN, M,, = 364.46 g mol!, CMC = 0.9 mM) was
obtained from Merck (Darmstadt, Germany). Potassium dihydrogen
Phosphate (KH2POy, 99.5 %, My, = 136.09 g mol™) was obtained from
Scharlab (Barcelona, Spain) and sodium hydroxide (NaOH, 99 %, M,, =
40.00 g mol ) was obtained from Merck (Darmstadt, Germany). All the
reagents were of analytical grade and were used without further puri-
fication. All the aqueous solutions were prepared using ultrapure water
obtained from a Milli-Q system (Millipore, Milford, USA).

A stock solution of tryptophan (20 mg L~!) was prepared by
weighing the appropriate amount and filling up to 100 mL with ultra-
pure water. Phosphate buffer solution were prepared by weighing the
amount of KHyPOy4 to obtain a 0.01 M concentration and adjusting the
pH with NaOH 0.5 M. All solutions were stored at 4°C under dark
conditions.

Low alcohol beer samples (1 % v/v) supplied in 330 mL cans were
purchased in a local market (Alcald de Henares, Spain) and used as
received.

2.2. Instrumental

Fluorescence spectra were recorded at 25 + 1°C with a PerkinElmer
LS-50B luminescence spectrophotometer (Perkin-Elmer, Massachusetts,
USA) equipped with a Xe flash lamp and quartz cuvettes of 1 cm path
length thermostatised with a Braun Thermomix BU bath (Analytical
Instruments LLC, Minneapolis, USA). The excitation and emission slit
widths were 5 nm, and the scan speed was 500 nm min". The acquisition
and data analysis were carried out using the Perkin-Elmer FLWin Lab
software.

Reverse phase high performance liquid chromatography (RP-HPLC)
measurements were carried out on a chromatographic system equipped
with a binary LC pump Flexar with vacuum degasification (Perkin-
Elmer, Massachusetts, USA), a manual six-port Rheodyne injection valve
with a 20 pL loop, a Jet-Stream Plus column thermostat (Knauer, Berlin,
Germany), and a 200 series programmable fluorescence detector (Per-
kin-Elmer, Massachusetts, USA). The acquisition and processing of the
chromatographic data was carried out using TotalChrom WS software
(Perkin-Elmer, Massachusetts, USA). The analytical column was Chro-
maphase RP-18 (5 ym, 150 x 4.6 mm), from Scharlab (Barcelona,
Spain). The mobile phase was MeOH/H,0 30/70 v/v with a flow of 1
mL min’! at 25 °C. The tryptophan peak appears at a retention time of
3.0 min without interferences.

pH values were measured using a WTW InoLab pH-meter (Mexico
DF, Mexico). A Vibromatic mechanical stirrer (Selecta, Barcelona,
Spain) was used for shaking the mixtures that were centrifuged using a
Digicen refrigerated centrifuge (Ortoalresa, Madrid, Spain).

Tip sonication was performed with a UP400S ultrasonic probe sys-
tem (Hielscher Ultrasonics GmbH, Teltow, Germany), incorporating a
titanium sonotrode of 3 mm diameter and approx 100 mm length.

Transmission electron microscopy (TEM) images were acquired
using a Zeiss EM-10 C/CR instrument (Oberkochen, Germany) operating
at a voltage of 60 kV, with a magnification of 50.000x.

Scanning Electron Microscopy (SEM) micrographs were obtained
with a Zeiss DSM-950 SEM (Oberkochen, Germany), operating at an
acceleration voltage of 15.0 kV, with a magnification of 20.000x.

Statistical analysis was carried out using the Statgraphics Centurion
XVII version 17.0.16.
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2.3. Procedure

2.3.1. Analysis of tryptophan by fluorescence in aqueous solutions

TRP solutions of 80 pg L' were prepared in phosphate buffer at
different pH, and their fluorescence contour graphs were recorded in
order to determine the maximum excitation and emission wavelengths
and the fluorescence intensity (F). The spectra of TRP were also recorded
in surfactant aqueous solutions of CTAB and Brij L23, which were tested
as desorbing agents.

The calibration curves in buffer solutions at pH 6 and pH 10 as well
as in Brij L23 aqueous solutions were obtained at the maxima excitation
and emission wavelengths.

The validation of the method was carried out by the external stan-
dard method. The sensitivity, limit of detection (LOD), limit of quanti-
fication (LOQ), robustness, linear range and precision were determined
using the fluorescence method alone as well as combined with the dSPE
process, using Brij L23 as desorbent. The sensitivity was calculated as
the slope of the calibration curve, and the LOD and LOQ as the con-
centration corresponding to the intercept plus three or ten times the
standard deviation of the intercept, respectively. The robustness was
determined as the relative standard deviation of the slopes obtained in 4
different days. The repeatability (intra-day precision) and reproduc-
ibility (inter-day precision) were calculated as the relative standard
deviation of 4 measurements performed in the same day and in different
days, respectively.

2.3.2. Preparation of the graphene/clay mixtures

Mixtures of 100 mg with Graphene/Clay (G/C) weight ratios of 2/98,
4/96, 10/90, 20/80 and 30/70 (w/w) were prepared in order to obtain
materials with different polarities. For such purpose, the appropriate
amounts of both solids were weighed and mixed in 50 mL of water,
subsequently dispersed via sonication with an ultrasonic probe system at
160 W for 10 min, centrifuged at 2598g for 5 min, and finally filtered
with a 0.45 um cellulose filter. The solids were dried at room tempera-
ture and preserved for the extractions. A schematic representation of the
whole synthesis process of the G/C mixtures is depicted in Fig. S2.

2.3.3. Tryptophan extraction with graphene/clay mixtures as sorbents

The extraction process was initially carried out by mixing 10 mg of
the G/C solid with 25 mL of a TRP solution (80 pg L'1). The mixture was
shaken by mechanical agitation for 15 min and subsequently centrifuged
for 5 min at 2598g. Once the supernatant was separated, it was
measured by fluorescence at 280/360 nm. The TRP retained was
determined as difference between the final measured concentration and
the initial one.

The tube containing the solid after separation from the supernatant
was shaken for 15 min with the desorption solution (CTAB or Brij L23)
and centrifuged under the same conditions as those of the extraction
step. Finally, the supernatant was measured by fluorescence at 280/360
nm.

2.3.4. Removal of interferences using pure clays in real samples

TRP concentration in beer samples was determined by direct fluo-
rescence measurements following the dSPE process. The removal of the
interferences found in the beer samples was carried out with 20 mg of
either pure SEP or BEN, to compare both sorbents that do not retain TRP.
A solution with 80 uL or 120 pL of beer diluted in 25 mL of the phosphate
buffer at pH 10 was measured by fluorescence and by a reference HPLC
method that separates the interferences and TRP. Subsequently, the
solution was mixed with the pure clays and shaken via mechanical
agitation for 15 min. After centrifugation at 2598g for 5 min, the su-
pernatant was separated and measured by fluorescence and HPLC. The
results obtained from both methods were compared by a linear regres-
sion statistical comparison. The samples were spiked with 20 pg L and
40 pg L'! of TRP in order to determine the accuracy of the method.

Journal of Food Composition and Analysis 114 (2022) 104858

2.3.5. Electron microscopy

The neat clays and the 10/90, 20/80 and 30/70 (w/w) G/C mixtures
were observed by transmission electron microscopy (TEM) and scanning
electron microscopy (SEM). For TEM observations, a small portion of the
solid sample was grinded and dispersed in water. One drop of the
dispersion was deposited on a Cu grid with carbon formvar and was
subsequently dried at room temperature. For SEM observations, the
solid samples were grinded and fixed with double sided tape on the
sample holder. Samples were metalized with an Au thin layer to avoid
charging during electron irradiation.

3. Results and discussion
3.1. Electron microscopy analysis of graphene/clay mixtures

The neat clays and the G/C mixtures were observed by electron
microscopy, in order to get insight about the differences in the structure
and morphology as the graphene percentage increases. Representative
SEM and TEM micrographs are compared in Figs. 1 and 2, respectively.

Neat SEP presents a fibrous morphology, comprising long, straight,
needle-like fiber bundles with a smooth surface and diameters in the
range of 30-50 nm (Fig. 1a). The images of the G/SEP mixtures reveal a
random and uniform dispersion of G sheets within the SEP nanofibers,
with very few agglomerates. In the image of the G/SEP 10/90 mixture,
the SEP nanofibers appear very close together, forming a compact
structure with some graphene layers on their surface (Figs. 1b and 2b).
In the images of the G/SEP 20/80 and 30/70 blends, the SEP nanofibers
are mores separated, forming a less dense and more flexible structure
than in pure SEP, and are intercalated and wrapped by the graphene
sheets. As the percentage of G in the mixture increases, more G sheets
and fewer SEP fibers can be observed, and the degree of dispersion of the
graphene sheets improves.

Neat BEN exhibits a lamellar structure built of individual clay
nanoplatelets of different sizes, ranging from 100 nm up to more than
1 um (Fig. 2e). The dark lamellar aggregates joined by coalescence form
a flake-shaped structure. In the micrographs of the G/BEN mixtures
(Fig. 2f-h, intercalated sheets of both nanomaterials can be clearly
observed. The darkest and most rigid areas belong to BEN, while the
lightest areas with thinner, flexible and transparent sheets correspond to
graphene. As the concentration of G increases, an ordered 3D arrange-
ment comprising intercalated and overlapping sheets of both nano-
materials is formed (Fig. 1h and Fig. 2h), leading to nanocomposites
with very high specific surface area, which is beneficial for their use as
sorbents in the dSPE process.

3.2. Analysis of tryptophan in aqueous media by fluorescence

3.2.1. Spectra of TRP in aqueous media

The fluorescence spectra of TRP in ultrapure water were recorded
without adjusting the pH. Fluorescence contour graphs were obtained
for TRP concentrations of 10, 20, 40, 50, 60 and 80 ug L. Some of these
spectra are depicted in Fig. S3. The maximum excitation wavelength for
TRP is 280 nm, while the maximum emission wavelength is 360 nm for
all the concentrations studied.

The fluorescence of TRP at a concentration of 80 pg L! was recorded
at different pH of the medium. The excitation and emission wavelengths
remain constant, though the fluorescence intensity (F) changes strongly
upon modifying the pH. Fig. 3 shows the change in F as a function of the
pH at 280/360 nm. A nonlinear growth of F is observed, showing a
maximum value at pH 10, which indicates that the anionic form is more
fluorescent than the zwitterionic and the cationic ones. The extractions
were carried out at pH 6, which is around the isoelectric point of TRP,
and at pH 10 since it corresponds to the maximum F.

3.2.2. Analytical characteristics of TRP analysis in aqueous media
TRP extractions were performed at pH 6 and 10. The analytical
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SEP 20% G (h), SEP 30% G

Fig. 1. Left: SEM micrographs of bentonite (BEN, a) and G/BEN mixtures 10/90 (b), 20/80 (c) and 30/70 (d) with a magnification of 10.000x. Right: SEM mi-
crographs of sepiolite (SEP, e) and G/SEP mixtures 10/90 (f), 20/80 (g) and 30/70 (h) with a magnification of 5.000x.

SEP10% G |

i
i A

SEP gf) J/

SEP 20% G

Fig. 2. Left: TEM micrographs of bentonite (BEN, a) and G/BEN mixtures 10/90 (b), 20/80 (c) and 30/70 (d) with a magnification of 50.000x. Right: TEM mi-
crographs of sepiolite (SEP, e) and G/SEP mixtures 10/90 (f), 20/80 (g) and 30/70 (h) with a magnification of 10.000x.

characteristics of the fluorescence determination of TRP at both pH are
compared in Table 1.

As can be expected, the sensitivity is higher in basic medium due to
the higher fluorescence in this pH range. The LOD and LOQ are similar
as well as the other characteristics investigated, the robustness and the
reproducibility. These values are satisfactory and allow to determine
TRP concentrations higher than 30 pg L.

3.3. Retention of tryptophan in clays and graphene/clay mixtures

TRP retention was studied in different G/C mixtures (from 0/

100-30,/70 w/w). At pH 6, TRP concentration was set as 130 pg L}, and
the initial concentrations as well as the concentration in the supernatant
after the retention process were determined. For solutions at pH 10, the
concentration selected was lower (80 ug L'!) due to the higher sensi-
tivity in this medium.

Regarding the pure clays, the retention of TRP at pH 10 is very low,
being lower in SEP than in BEN (2.8 % and 16.8 %, respectively). In
order to attain higher retention percentage, the neat clays should be
mixed with graphene (hydrophobic nanomaterial). The results obtained
for the different G/C mixtures at both pH are shown in Fig. 4. As can be
observed, for all the graphene percentages studied, the retention in BEN
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Fig. 3. Change in the fluorescence intensity as a function of pH (Aexe/Aem =
280/360).

Table 1
Analytical characteristics of the fluorescence determination of tryptophan at pH
6 and pH 10. Aexe/Aem = 280/360 nm.

pPH=6 pH =10
Linear Range, pg L™ 23-160 30-160
r 0.9991 0.9984
Sensitivity, L ug™ 1.26 2.91
Limit of detection (LOD), ug L 744 9+ 4
Limit of quantification (LOQ), ug L 23+13 30 +12
Robustness, %RSD* (n = 4) 5.4 8.8
Reproducibility, %RSD* (n = 4)
[TRP]= 68 ug L 6.85 7.10
[TRP]= 100 pg L 1.44 5.23
[TRP]= 131 pg L 8.09 6.74

“ RSD: Relative Standard Deviation.

00%G 02%G 04%G 010%G 020%G 030%G

I il i iyl
so B

60

40

% RETENTION

20

pH6 pH 10 pH 6 pH 10
Retention SEP Retention BEN

Fig. 4. Comparison of tryptophan (TRP) retention in G/C (Graphene/Clay)
mixtures using sepiolite (SEP) or bentonite (BEN) with different composition.

is higher than in SEP, and at pH 10 is higher than at pH 6.

The retention in the mixtures with low graphene percentage
(<10 wt. %) is smaller than 50 %, and it increases up to 58 % for G/BEN
10/90 at pH 10. Nonetheless, only the G/C 20/80 and 30/70 mixtures
show a retention of 100 %, for both pH in the case of BEN and at pH 10
for SEP. In general, the retention percentage rises with increasing gra-
phene content, and this is ascribed to 7- & interactions between the solid
and TRP, in particular between the & electron cloud of graphene and the
aromatic ring of the indole group of the amino acid. Given that the
working pH is higher than the pKy (9.4) of TRP, it should be negatively
charged (Fig. S1), hence its interaction by H-bonds with the OH groups
of the clays should be very weak. Thus, the n- interactions between G
and TRP are likely stronger than the hydrogen bonding interactions
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between the hydroxyl groups of the clays and the polar groups of TRP.
Therefore, a high graphene percentage is required for the quantitative
retention of TRP. Considering the abovementioned results, the solid
mixtures chosen for the extraction of TRP were G/C 30/70. The pho-
tographs of the pure clays, pristine graphene and the G/C 30/70 mixture
are shown in Fig. S4.

In addition, the adsorption capacity of TRP on the selected mixture
was investigated. Thus, for amino acid concentrations in the range be-
tween 20 and 120 pg L%, a TRP retention of 100 % was attained. For the
highest TRP concentration, the adsorption capacity was found to be
283.7 pug g"l.

3.4. Desorption of tryptophan from graphene/clay mixtures with
surfactant aqueous solutions

The desorption of TRP from the G/C 30/70 in which the retention is
quantitative was carried out using aqueous solutions of surfactants of
different nature: cationic CTAB and nonionic Brij L23.

3.4.1. Desorption using CTAB

CTAB was used for the desorption of TRP at concentrations ranging
between 0.5 and 60 mM. The fluorescence contour graphs of TRP in the
CTAB solutions are shown in Fig. S5. As can be observed, the excitation
wavelength, emission wavelength and fluorescence intensity are the
same to those in phosphate buffer medium. The fluorescence of TRP in
the extract obtained with the different CTAB concentrations for SEP and
BEN solids is depicted in Fig. S6. The amount desorbed from the solids
using CTAB rises with increasing surfactant concentration up to 40 mM,
while remains constant at higher concentrations. The highest fluores-
cence value is obtained at pH 6 for a G/BEN mixture using 40 mM CTAB.
The desorption is easier at pH 6 since the retention is weaker than at pH
10, though the TRP recovery is not as high as expected (52.8 %). In
addition, the CTAB solutions are difficult to be prepared, due to solid
precipitation below 20 °C.

3.4.2. Desorption with Brij L23 solutions

TRP desorption after retention in the G/C mixtures was carried out
using Brij L23 concentrations ranging between 20 and 100 mM. Fluo-
rescence contour graphs were recorded for the Brij L23 solutions and the
TRP solutions in Brij L23 at different concentrations. Fig. S7 displays the
spectra of 20 mM and 100 mM Brij L23 solutions. Despite the most
concentrated surfactant solution emits fluorescence within the TRP
excitation/emission wavelength range, TRP fluorescence was able to be
measured. As shown in Fig. 5, recoveries obtained for Brij L23 concen-
trations ranging from 20 to 80 mM hardly change. The fluorescence of
the amino acid increases when the desorption is performed using
100 mM Brij L23 at pH 10. The analytical characteristics of the fluo-
rescence determination of TRP for the different Brij L23 concentrations
are summarized in Table S1.

Brij L23 solutions at a concentration of 100 mM have a high back-
ground fluorescence, hence the TRP fluorescence is difficult to be
measured. Therefore, 80 mM Brij L23 solution was chosen for TRP re-
covery subsequently to the retention step performed with G/C 30/70
mixture at pH 10.

3.5. Study of the overall retention and recovery extraction method

In order to apply the recovery extraction method, TRP recovery
should remain constant upon increasing its concentration. For such
purpose, TRP solutions with concentrations ranging between 20 and
100 pg L were used, which were retained at pH 10 and desorbed using
80 mM Brij L23 solutions (see Fig. 6). The retention is quantitative
(Fig. 6a) and does not depend on the amino acid concentration. How-
ever, the recovery (Fig. 6b) is very different in G/BEN solid than in G/
SEP. Recovery percentages with G/BEN 30/70 mixture change with
increasing TRP concentration, and the maximum value is reached at
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Fig. 5. Change in the fluorescence of the TRP extract (80 ug L) desorbed with different Brij L23 concentrations.
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Fig. 6. Change in the recovery for different concentrations of TRP using G/C
30/70 mixture.

80 pg L1 In the case of G/SEP mixture, the recovery does not depend on
the TRP concentration, showing a value close to 60 %. Taking into ac-
count the above explanations, the selected retention conditions were G/
SEP 30/70 mixture at pH 10, and for the recovery, 80 mM Brij L23
aqueous solution.

The validation of the analytical method including the retention and
desorption steps of the sample preparation was carried out by deter-
mining different analytical parameters. Under the optimal conditions
described above, the values obtained are the following: linear range
from 12 to 125 ug L' with a correlation of 0.9991 (n = 10), sensitivity
of 0.67 L pg'l and limit of detection and quantification of 3.5 and
11.8 pg L! respectively. In previous works, different SPE sorbents for
TRP extraction have been used. For instance, graphene oxide (GO) with
silica (GO@SiO,) was applied for the analysis of TRP, melatonin and
TRP derivatives via HPLC (Niu et al., 2018), and the calculated limit of
detection and quantification were found to be 0.01 ug mL! (10 pg L')
and 0.25 g mL! (250 pg L), respectively. The values obtained in the
present work for these two parameters are significantly lower, and the
sensitivity calculated in the previous study (9.76 mL pg™) is consider-
ably smaller than the one obtained herein (0.67 L pg™). In another work
focused on TRP analysis by HPLC with fluorescence detection (Islam

et al., 2016), the values of the limit of detection and quantification (0.1
and 0.34 mg L respectively) are also higher than the ones obtained in
this work, as well as higher than the detection limit (8.9 ug L!) attained
via SPE with multiwall carbon nanotubes (MWCNT) and fluorescence
detection (Zolfonoun, 2019). A lower detection limit (0.01 ug L'l) has
been obtained using a layered double hydroxide nano-sorbent combined
with fluorescence (Abdolmohammad-Zadeh and Oskooyi, 2015),
though a preconcentration step was carried out in cartridges which
involved a more complex preparation of the sorbent.

The repeatability of the sorbent has been determined for 10 inde-
pendent determinations at different TRP concentrations (20, 40, 60, 80
and 100 pg L'!) including the extraction step and analysis by fluores-
cence, and the result expressed as relative standard deviation (%RSD) is
5.0.

3.6. Analysis of beer samples. Study of the removal of the interferences in
the direct analysis of tryptophan by fluorescence

In beer samples, TRP content is high enough to be directly measured
by fluorescence, which is an easy and fast method that does not consume
organic solvents. Thus, these samples were chosen and analysed in order
to determine their TRP concentration. However, interference com-
pounds caused a change in the fluorescence signal, hence it did not
correspond to that of samples spiked with TRP standard. In the matrix
samples, interferent compounds can either increase the fluorescence
intensity of TRP or have a quenching effect on it, hence making
impossible its direct determination. During the dSPE process performed
in this work, these interferences likely retained themselves in the solid,
thus inhibiting a good TRP retention, hence modifying both the reten-
tion and desorption of this amino acid in the G/SEP 30/70 mixture.

Herein, as an alternative, an analysis by fluorescence combined with
dSPE was proposed to measure directly the TRP concentration in a
clean-up mode by removing the interferences instead of the TRP
extraction and desorption. The results of the TRP retention in the
different G/C mixtures reveal that in the absence of G, the amino acid
retention in either neat SEP or BEN is low. Therefore, the raw clays can
be used in real samples, with the goal of removing the interfering sub-
stances, thus allowing the direct determination of the amino acid. The
efficiency of SEP and BEN for the removal of interferences in the beer
samples was compared. With the aim to elucidate the presence or not of
interferences, a reference HPLC method free from interferences was

Table 2
Clean-up extraction using sepiolite and bentonite after TRP measurement by
fluorescence and HPLC (n = 4).

CLAY [TRP] (ug L) FLUORESCENCE ~ [TRP] (ugL?)  DIFFERENCE
HPLC (ugL™h

SEPIOLITE 7245 49+3 23

BENTONITE 54+ 3 49+7 5
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applied and the results compared with the developed fluorescence
method. The data obtained from both methods are shown in Table 2.

According to the reference method, the TRP concentration measured
directly in the beer samples is 49 ug L'\, This result is in very good
agreement with that obtained by fluorescence (54 pg L) after using
BEN as sorbent in the clean-up dSPE process, which indicates that this
clay can effectively remove most of the interferences. Conversely, SEP is
not able to remove the interferences, since the TRP concentration
measured after the clean-up process is 72 g L'L. Therefore, BEN was
chosen to remove the interferences in beer samples, making possible to
quantify TRP directly after a simple and fast dSPE process without the
use of any solvent.

TRP concentration data obtained using the clean-up step with BEN
followed by fluorescence measurements were compared with those ob-
tained using HPLC. In addition, with the aim to evaluate the accuracy of
the method, some samples were spiked with a TRP standard of 20 pg L™
and 40 pg L' and determined by both methods. The values measured
before ([TRP]y) and after ([TRP]g(s)) the removal of interferences as well
as the values measured by HPLC are compared in Table 3. As an
example, Fig. S8 shows a chromatogram of the TRP standard, and a beer
sample.

Measurements were carried out in quadruplicate (n = 4) for each
variable. Systematically, the values measured before the clean-up
extraction are higher than those obtained by HPLC, indicating that
there are interferences in the fluorescence method that hinder the direct
measurement of TRP. By using a small amount of neat BEN in the
extraction step, these interferences can be removed without the need of
solvents. The values obtained by fluorescence after the clean-up
extraction agree well with those obtained by HPLC, and the TRP re-
covery is very high, ranging systematically between 90 % and 100 %.

The reproducibility of the sorbent (BEN) for 4 different de-
terminations of TRP in beer expressed as % RSD is 2.1. The RSD for 4
different samples spiked with 20 yg L'} and 40 pg L' is 2.2 and 0.7,
respectively. These values demonstrate the good precision of the method
with BEN as sorbent in the clean-up process.

A statistical comparison of the data obtained by fluorescence and
HPLC was performed using a linear regression, by plotting the fluores-
cence data in the Y axis and the HPLC data in the X axis. If both methods
are statistically equal, the confidence interval of the intercept at 95 %
confidence should comprise the 0 value and the confidence interval of
the slope should include the 1 value. Twenty pairs of measurements by
both methods were included in the comparison, and the results are
shown in Fig. 7. The intercept interval is 4.2 + 9.8, which includes the
value 0, and the slope is 0.9 + 0.1, which includes the value 1. There-
fore, the results obtained by both methods are statistically the same.

The greenness of the method has been evaluated according to the
Pena-Pereira et al. criteria (Pena-Pereira et al., 2020) with 12 different
scores, and the value obtained is 0.65, which can be regarded as a good
value since it is located above the middle of the scale. Overall, the
developed method can be considered as a green approach.

Table 3
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Fig. 7. Comparison of the results obtained by fluorescence after the clean-up
process with BEN and by HPLC using a linear regression for a confidence of
95 %.

4. Conclusions

Herein, a novel, simple and inexpensive method for the direct
determination of TRP via combination of fluorescence measurements
with a dSPE sample preparation step is reported. Graphene/Clay mix-
tures have been used as sorbents in the dSPE process, and the maximum
retention (100 %) is reached for a G percentage of 30 wt. %.

The developed method is based on the z-n interactions between the
aromatic rings of G and tryptophan at pH 10, at which there is lack of
positive charges on the amino acid molecule.

The TRP desorption was carried out using aqueous solutions of sur-
factants of different nature, CTAB and Brij L23. The optimal extraction
conditions for the retention were G/SEP 30/70 mixture at pH 10, and for
the desorption 80 mM Brij L23 aqueous solution.

The presence of interferences in real samples results in poor selec-
tivity and low recovery values in the TRP determination. The use of
bentonite, a safe, cheap and environmentally friendly clay, in the clean-
up step allows to analyse TRP in beer samples via a single, sustainable
and fast way using molecular fluorescence spectroscopy.
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Tryptophan determination in beer samples and spiked with 20 pg L™ and 40 ug L of TRP. [TRP];: TRP concentration determined by fluorescence without clean-up;
[TRP]gcs): TRP concentration after clen-up with bentonite measured by fluorescence; [TRP]ypic: TRP concentration determined by HPLC without clean-up; [TRP]ypic

s): TRP concentration in the sample determined by HPLC after clean-up.
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