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ARTICLE INFO ABSTRACT

Keywords: Intense SERS spectra of the natural amino acid ergothioneine (ERG) are obtained on different substrates upon
Ergothioneine 785 nm excitation. A characteristic spectral pattern with a distinctive intense band at 480-486 cm ™' is conserved
Antioxidant when substrates of different type and characteristics are used. On the basis of available literature, we propose ERG
SERS is adsorbed on the metal surface in its thiolate form via the sulphur and heterocyclic nitrogen. The same spectral
Biofluids pattern is obtained in SERS spectra of filtered erythrocytes lysates, confirming the presence of ERG in those cells.
Serum The occurrence of ERG bands in label-free SERS spectra of serum and plasma reported in literature by different
Erythrocytes authors is discussed, highlighting the importance of this amino acid for the interpretation of SERS spectra of
Plasma these biofluids.

Raman

1. Introduction plays a key role in ERG disposition [3,7]. ERG is mostly present inside

L-(+)-ergothioneine (ERG), first isolated in 1909 from the fungus
Claviceps purpurea [1], is an unusual dietary amino acid containing the
imidazole-2-thione substructure, and a strong antioxidant with a hy-
pothesized physiological role as a vitamin-like compound [2,3]. Al-
though ERG is synthesized only by certain microorganisms, especially
fungi and actinobacteria, it is almost ubiquitously found in plants and
animals. Plants acquire it via the soil, while animals (and humans) ab-
sorb ERG exclusively by dietary sources, mostly the mushrooms Boletus
edulis and Pleurotus ostreatus, oat bran, red and black beans, and organ
meat as kidney and liver [4-6]. In humans, ERG is highly absorbed fol-
lowing oral consumption and is not rapidly metabolized or excreted in
urine, but accumulates differentially in most cells and tissues in the
body, according to their expression of a highly selective transport pro-
tein, known as solute carrier family 22, member 4 (SLC22A4), which
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erythrocytes in whole blood (with typical values of ~125 uM in whole
blood and millimolar levels reported for red blood cells), but some stud-
ies have found ERG to be present in other biofluids such as cerebrospinal
fluid (with levels around 250 nM), human breast milk and aqueous
humor of the eye. A detailed list can be found in [2]. ERG exists in solu-
tion as a tautomer between thiol and thione forms (Fig. 1). The long-half
life and ability to accumulate in the body are also related to the fact that
at physiological pH, the thione tautomer is predominant, giving ERG
much greater stability compared to other thiols (e.g. glutathione), due
to the unusual resistance to auto-oxidation of the thione form [8].

ERG exhibited a wide range of cytoprotective properties, including
the ability to scavenge reactive oxygen and reactive nitrogen species
(ROS/RNS), modulate inflammation, protect against UV radiation-
induced damage, inhibit myeloperoxidase activity, protect against the
phagocyte respiratory burst and promote neuronal differentiation [3].
Many studies in cells, animal models, and also population studies, sug-
gest that the cytoprotective abilities of ET may be helpful against neuro-
logic [9] and cardiovascular [10] disorders, as well as preeclampsia [11],
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Fig. 1. Chemical structures of the two tautomeric forms of ERG (IUPAC name (25)-3-(2-
thioxo2,3-dihydro-1H-imidazol-4-yl)-2-(trimethylammonio)propanoate). The thione
(left) is the predominant form at pH 7.4.

ischemia-reperfusion injury [12], and acute respiratory distress syn-
drome [13]. Interestingly, ERG blood levels decline with age [9], and
low plasma levels of ERG have been associated with age-related disor-
ders [14].

Considering the ubiquitous presence of ERG in tissues and biofluids,
the goal of the present study is to investigate if this molecule exhibits a
SERS spectrum, what its spectral characteristics might be, and if it can be
detected in a real biological sample such as lysates of red blood cells,
where ERG is known to accumulate. The study also aims at assessing if
any spectral feature of ERG can be retrospectively identified in label-
free SERS spectra of biofluids reported in literature.

2. Experimental section
2.1. Materials and reagents

All chemicals (analytical grade) for the SERS substrates preparation
were purchased from Merck (Darmstadt, Germany) and used as re-
ceived. L-(+)-ergothioneine (ERG; purity99.0%) was obtained from
NeoBiotech (Nanterre, France). Ultrapure deionized (DI) water of
18.2 MQ cm resistivity at 25 °C was used throughout the experiments
and it was obtained by a Millipore Milli-Q system (Merck, Germany).
Phosphate buffered saline (PBS) solution (0.01 M, pH 7.4) was prepared
by dissolving one PBS tablet (Sigma-Aldrich) in DI water (200 mL). A
standard stock solution (200 pM) of ERG was prepared by dissolving
the powder directly in PBS. Fresh working solutions were prepared by
diluting the stock solution with PBS to the required concentrations be-
fore use. For the preparation of plasmonic paper substrates, qualitative
filter paper (grade 410, VWR International, Milan, Italy) with an average
pore size of 2 um has been used.

2.2. Erythrocytes lysates preparation

Blood samples from 3 healthy donors (mean age at enrolment
34 years, 1 male, 2 females) were collected upon informed consent in
BD Vacutainer® serum separation tubes from the Transfusion Center
of the Azienda Ospedaliera Universitaria of Trieste. Erythrocytes were
isolated from whole blood samples by centrifugation for 40 min at
600g at 15 °C through a density gradient medium (Ficoll-Paque PLUS,
Merck, DE). Dilution 1:1 with distilled water was carried out to obtain
lysates, which were subsequently filtered (10 kDa Amicon Ultra
0.5 mL centrifugal filters) at room temperature for 30 min at 14,000 g.
All the samples were stored at —80 °C and thawed immediately before
data acquisition.

2.3. SERS substrates

Colloidal aqueous dispersions of Ag and Au nanoparticles (NPs)
were synthesized according to protocols adapted from Lee-Meisel [15]
and Turkevich [16], respectively. Briefly, for Ag-NPs, 45 mg of AgNO3
were dissolved in 250 mL of DI water and heated to boiling. 5 mL of a
1% (wt/v) aqueous sodium citrate tribasic solution were then added
dropwise to the AgNOs solution under vigorous magnetic stirring. The

reaction mixture was kept boiling under stirring for 1 h. For Au-NPs,
10.6 mg of HAuCl, were dissolved in 25 mL DI water, then the solution
was heated rapidly with vigorous stirring. When the solution started
boiling, 750 mL of a 1% (wt/v) aqueous citrate trisodium solution were
added drop by drop. The mixture was boiled for 20 min after the citrate
addition. All glassware used for the preparation of both Ag and Au NPs
was carefully cleaned with NoChromix® mixture and concentrated so-
lutions of strong acids (aqua regia for Au, HNOs for Ag), and then thor-
oughly rinsed with DI water. Both Au and Ag colloids were stored in the
dark at room temperature and were stable for several months. The Ag
and Au colloids were characterized by UV-visible absorption spectros-
copy using a Cary 60 UV-Vis spectrometer (Agilent Technologies). For
AgNPs, the extinction band maxima were between 403, and 406 nm;
for AuNPs, the extinction band maxima were between 531 and 540.
All these values are consistent with the values previously reported in lit-
erature. To obtain Ag plasmonic paper, Ag-NPs have been deposited on a
filter paper according to a protocol adapted from Hasi et al. [17] Briefly,
1 cm? filter paper squares were pre-treated with a NaCl 1 M aqueous so-
lution for about 20 min to get homogenous imbibition of paper and let it
dry. Then, the paper squares were put into a 24 multi-well plate to-
gether with 1.5 mL of Ag-NPs colloidal aqueous dispersion. After 24 h,
the supernatant was removed, and the sAg-paper substrates let dry.
These plasmonic papers were stable up to three months stocked in
MilliQ water at dark. Commercial SERS substrates (SERStrates®) com-
prising of freestanding vertical silicon nanopillars coated with silver
were purchased by Silmeco Aps (Copenhagen, Denmark) and used as
received.

24. Sample preparation for SERS measurements

For the SERS measurements of ERG on colloidal and solid substrates,
different procedures have been followed before spectral acquisition. For
colloidal substrates, 25 pL of sample solution were mixed with 25 plL of a
colloidal dispersion of Ag or Au NPs in a 1.5 mL Eppendorf tube. Imme-
diately after mixing, a change in the colour could be observed, indicating
a partial nanoparticle aggregation due to the adsorption of the analytes
on the metal surface. The resulting 50 pL drop was rapidly deposited
under the microscope objective on a UV-quality grade CaF, slide
(25 x 75 mm) that was fitted onto the portable microscope stage. A
CaF, slide has been used to avoid spectral interference from Raman
bands or fluorescence from the substrate. Moreover, the low wettability
of the CaF, surface avoided the spread of the liquid sample, ensuring a
thick semi-spherical drop. Ag plasmonic paper substrates were cut
into 4 x 4 mm pieces and immersed in the sample solution for 5 min,
then thoroughly washed in DI water and sit to let dry at room temper-
ature for about 30 min. For SERStrates, 15 piL of sample solution were de-
posited onto the substrates surface and let dry at room temperature for
about 1 h. The substrates were then rinsed in DI water to remove the ex-
cess/unbound molecules. To facilitate handling, all dry solid substrates
(Ag plasmonic paper and SERStrates) were placed on a standard micro-
scope slide (25 x 75 mm) that was fitted onto the portable microscope
stage before measurements collection. For the SERS measurements of
erythrocytes lysates, 5 pL of cell lysate were mixed with 5 pL of Ag col-
loidal dispersion for a total volume of 10 pL, and placed on CaF,; slide
with a micropipette before collection. Spectra have been collected on
the drop after 5 min in order to allow a proper NPs aggregation.

2.5. Instrumentation and spectra collection

Raman and SERS spectra were recorded at room temperature (22 +
0.5 °C) with a portable i-Raman Plus integrated system (BWS465-785S,
B&W Tek, Newark, DE, USA). The instrument was equipped with a
CleanLaze® 785 nm laser, tuned to deliver 38-400 mW at the sample,
on a spot of about 105 pm in diameter, through the BAC151B Raman
Video Micro-sampling System mounting a 20x Olympus objective
(working distance 8.8 mm, N.A. 0.25). Instrument settings were



optimised to maximise signal and avoid sample degradation arising
from laser excitation. The spectral acquisition was performed with the
BWSpec™ version 4.03_23_c (B&W Tek., Newark, DE, USA) software
in the Raman shift range 62-3202 cm ™', with an average spectral reso-
lution of 3.22 cm™", using a 10 s CCD exposure for a single accumulation
for SERS spectra and 60 s for Raman spectra. The laser power at the sam-
ple was 10% (38 mW) for measurements of ERG solutions, 50%
(180 mW) for measurements of erythrocytes lysates and 100%
(400 mW) for pure ERG, respectively. The BWSpec™ software allowed
to collect a background signal (dark) before data acquisition and to sub-
tract it from collected data. Wavenumber calibration was checked be-
fore and during every data collection session by collecting a spectrum
from paracetamol as a standard reference. To compensate for intra-
substrate variability, three spectra were averaged for each substrate as
the final spectrum for that specific sample.

2.6. Data processing and visualization

All data processing and visualization were performed within the R
software environment (version 4.0.1 — “See Things Now” [18]) for sta-
tistical computing and graphics, building on the package hyperSpec [19].

3. Results and discussion

ERG yields intense SERS spectra (Fig. 2) featuring a characteristic
strong band at 484 cm ™. While other SERS bands have their corre-
sponding bands in normal Raman spectra (although with substantial
wavenumber shifts denoting a strong interaction with the metal), this
band is weak or absent in normal Raman spectra of ERG. The high sur-
face enhancement for the corresponding vibrational mode indicates a
pivotal role of the molecular moiety involved in the adsorption on the
metal surface. In absence of vibrational analysis studies on ERG, a de-
tailed and reliable vibrational assignment of all ERG bands is not possi-
ble. However, experimental and theroetical studies detailing a
vibrational analysis on structurally related molecules can help in identi-
fying the origin of the band at 484 cm™". Intense SERS bands between
400 and 500 cm™! have been reported for carbimazole [20],
mercaptobenzimidazole [21,22] and methimazole [23-27], suggesting
that the heterocyclic moiety bearing the thione group is indeed involved
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Fig. 2. A: SERS of ERG 0.5 uM on citrate-reduced colloidal Ag; B and C: normal Raman
spectra of an aqueous ERG solution (41 mM) and of solid ERG (powder). All spectra
were collected with a 785 nm excitation.

in the adsorption process. In particular, vibrational analyses of
methimazole based on DFT studies propose to assign the 500 cm ™!
band to a N—C—S bending mode mixed with a C—S stretching, sug-
gesting an adsorption mode in which the thiolate anion is forming a
bond with the metal, possibly with the involvement of a heterocyclic ni-
trogen as well [23,24]. On the basis of these studies, we put forward the
tentative hypothesis that the thiolate form of ERG is adsorbed on the
metal surface via the S and N atoms of its heterocyclic moiety. Further
theoretical studies at the DFT level of theory specifically dedicated to
ERG are needed to support this hypothesis.

SERS spectra of ERG on colloidal Au are very similar to those ob-
tained on colloidal Ag (Fig. 3), featuring the same spectral pattern (al-
though less intense, all other conditions such as laser power and
collection time being the same), and in particular the same intense
band around 480 cm™ . Spectra with similar features, with varying ab-
solute intensities, are also observed for ERG on different types of Ag
solid substrates (Fig. 4), suggesting that the adsorption mode of this
molecule is conserved, irrespective of the metal, substrate type (i.e. col-
loidal or solid) or other morphological and chemical characteristics (e.g.
coating layer). On colloidal Ag (yielding the most intense spectra), ERG
gives a linear response in the 0-0.4 uM range (see Supplementary
Fig. S1), with a limit of detection of 0.01 pM.

ERG is synthesized by mycobacteria and fungi [3], and bands which
can be retrospectively interpreted as due to ERG were indeed reported
in SERS spectra of mycobacteria [28] and of some fungi [29,30]. ERG
also accumulates in many tissues and biofluids, and SERS spectra from
seminal plasma [31,32] and different types of tissues [33-36] can also
be retrospectively interpreted as ERG bands.

Since ERG is known to accumulate in erythrocytes [37], we investi-
gated with SERS erythrocytes lysates. The lysates were filtered with a
cut-off of 10 kDa to remove hemoglobin molecules as well as other de-
bris (e.g. membranes and other proteins) present as residual from the
cell lysis, as these might interfere with nanoparticle aggregation [38].
As expected, SERS spectra of erythrocytes filtered lysates (Fig. 5) are
very similar to those of pure ERG solutions (Figs. 2-4), with only
minor differences, clearly indicating that the ERG present in the erythro-
cytes is detected. The fact that other biomolecules that might be present
in the filtered lysates are not detected by SERS is not surprising, consid-
ering that ERG already yield intense spectra at 100 nM concentration
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Fig. 3. SERS spectra of ERG 0.1 uM on citrate-reduced colloidal Ag (A) and Au (B). Three
technical replicates are shown overlaid for each substrate type. All spectra were
collected with a 785 nm excitation.
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Fig. 4. SERS spectra of ERG 0.5 uM on different Ag substrates: citrate-reduced colloidal Ag
(A), Ag on silicon nanopillars (B) and Ag plasmonic paper (C). Three technical replicates
are shown overlaid for each substrate type. All spectra were collected with a 785 nm
excitation.

(Fig. 3) while in erythrocytes its concentration has been estimated to be
about 10 times higher (mM) [39,40]. Interestingly, a very recent paper
by Shaine et al. also reported SERS spectra of red blood cells lysates
which are extremely similar to ours, although they could not identify
the origin of the bands [41]. The presence of these intense ERG bands
in lysates of red blood cells are likely the reason behind the fact that
some authors inadvertently interpreted these bands as due to hemoglo-
bin [42-47]. Since in those studies the hemoglobin was isolated from
erythrocytes lysates, a fraction of ERG must have still been present in
the samples, together with hemoglobin molecules, after the purification
steps. Considering the extremely high concentration of ERG inside red
blood cells and its very intense SERS signal, even a 0.01% residual ERG
must have been sufficient to yield bands strong enough to overcome
those due to hemoglobin (whose SERS spectrum, reported by other au-
thors [48], is noticeably different from that of ERG).

Most importantly, characteristic spectral patterns that can be retro-
spectively interpreted as due to ERG have been repeatedly reported by
different groups in SERS spectra of blood plasma and serum
[38,49-56]. This can be explained by the fact that ERG, besides being
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Fig. 5. SERS spectra of filtered erythrocytes lysates on citrate-reduced colloidal Ag. Three
replicates from different donors are shown overlaid. All spectra were collected with a
785 nm excitation.

presentin high amounts in red blood cells, has been reported in M con-
centrations in plasma as well [6]. In many of these SERS studies on
serum and plasma, the characteristic, intense band around 485 cm™!,
which can be considered as the most distinctive feature of ERG, has
often been misinterpreted as due to L-arginine or glycogen (on the
basis of the frequencies observed in that region in normal Raman spec-
tra of these two species). In view of the findings presented in this paper,
ERG bands should be considered, together with uric acid and hypoxan-
thine [57], as one of the main contributors to the SERS spectra of serum
and plasma.

4. Conclusions

ERG yields characteristic, intense SERS spectra on a variety of differ-
ent substrates, and it is ubiquitously detected in SERS spectra of many
tissues and biofluids, in particular in those of serum and plasma where
it plays the role of a main spectral component. This finding calls for a ret-
rospective re-interpretation of serum, plasma and hemoglobin SERS
spectra reported by different authors in many studies. In perspective,
the fact that ERG can be readily detected by SERS even in presence of
other species a complex matrix could possibly inspire and guide future
studies. Because of its antioxidant properties, a rapid quantitative
method based on SERS could be developed to quantify ERG in food
and food supplements, or to study its uptake and metabolism in vitro
or in vivo. Moreover, since ERG has been recently reported to be associ-
ated with a decreased risk of cardiovascular diseases [10] and of cogni-
tive dysfunctions [14], it might be the target of non-invasive diagnostic
and prognostic studies based on label-free SERS of biofluids.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.saa.2020.119024.
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