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Characterization, and discrimination between free quercetin and quercetin-loaded nanoemulsions (Q-NEs) are
described, as well as the design of a plasmonic metal liquid platform for their quantitation. First, reproducible Q-
NEs synthesis using GRAS (Generally Recognized as Safe) components and a low-energy method as phase
inversion temperature was used. Q-NEs were fully characterized being the resulting droplet size of 73.1 & 2.4 nm
and 69.7 + 2.3 nm by DLS and SEM, respectively, with spherical morphology and encapsulation efficiency of
96.5%. Based on UV-Vis, Raman and SERS characterization studies, a discrimination between free quercetin and
Q-NEs was achieved. Secondly, a new 3D-platform was developed based on tuned gold nanorods-bone shaped
with fitted aspect ratios for Q-NEs quantification without altering its native nanostructure using the enhanced
stretching at 1600 cm™ as analytical signal. The developed plasmonic sensing platform allows to reach inten-
sification factors up to 10> and 10° for the target analyte and methylene blue as Raman reporter, respectively. It
was also submitted to an exhaustive evaluation of analytical performance characteristics in terms of linear dy-
namic range (0.5 — 30 uM), detection limit (0.2 uM) with good precision (RSD = 2.6%). The nanometrological 3D
SERS approach was reliably implemented and validated on commercial nutritional supplements containing
declared encapsulated quercetin as nanosized formulations by means of a statistical comparison with those ones
obtained by a uHPLC-DAD method.

1. Introduction structure, they are classified mainly into flavonones, flavonols, flava-
nols, anthocyanidins and isoflavones. Quercetin is a natural flavonol
present in many fruits and vegetables such as onions, apples, berries,
nuts, seeds, barks, flowers, tea, brassica leaves, etc. Its claimed thera-

peutics effects include anti-cancer, anti-inflammatory, antiulcer,

The addition of antioxidants in the food industry is a standard
practice since they constitute the main way to prevent, control and
reduce the oxidation of main components in assorted commercial

products. However, antioxidants commonly used in the industry are
synthetic compounds, such as BHT (butylated hydroxytoluene), BHA
(butylated hydroxyanisole), propyl gallate and TBHQ (tert-butylhy-
droquinone), and their extended use can pose a potential health risk to
consumers. For this reason, it is of great importance to replace them with
natural antioxidants in food matrices [1]. Phenolic compounds are the
greatest source of natural antioxidants; within them, flavonoids are
made up of more than 6500 compounds. According to their chemical

anti-allergic, healing, anti-diabetic, anti-obesity, and even cataract
prevention. In addition, its extraordinary antioxidant activity stands out
[2]. However, all these benefits have been limited when incorporating
quercetin in food matrices, due to its low solubility in aqueous media at
room temperature (50 uM) [3]. This problem brought a new challenge
for food industries, which was solved by developing a new strategy:
encapsulation procedures. These systems can be usually classified ac-
cording to their composition as lipid-based nanocarriers,
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polysaccharide-based and protein-based ones [4,5]. Until date, there
have been numerous studies in which quercetin has been encapsulated
in different lipid nanocarrier formulations, thus improving their
bioavailability, for instance nanoemulsions [1,2,6-8], nanoliposomes
[9,10], lipid nanoparticles [11-13], etc. These nanotechnological solu-
tions may involve negative connotations, as happened with engineered
nanoparticles (NPs), doubtless and unfortunately due to the lack of
rigorous analytical and toxicological controls about these nanometric
formulations of quercetin (from now referred to as nanoquercetin). It
might likely that many of these nanometric particles show adverse ef-
fects due to their small size and rapid diffusion throughout the body,
specifically above a certain dose, reason why the need for stability
studies in food samples and their related analytical and nano-
toxicological evaluations becomes of great concern [5]. Therefore,
evaluating and quantifying the successful manufacture/addition and
stabilization of nanoquercetin in food and complementary matrices turn
crucial to ensure consumer safety.

Until now, most investigations have focused on the determination of
unencapsulated/free quercetin using different analytical techniques,
such as voltammetry [14], mass spectrometry [15], colorimetry [16],
fluorimetry [17], spectrophotometry [18], capillary electrophoresis
[19], liquid chromatography [20], gas chromatography [21] and Raman
spectroscopy [22]. Remarkably, only a few studies reported the detec-
tion of encapsulated quercetin mainly using high-performance liquid
chromatography (HPLC) [23,24], although its quantification always
implied the disruption of quercetin-containing nanosystems. However,
the quantification of quercetin in different nanoformulations while
maintaining its original chemical and physical distribution is an
analytical topic of great importance from a nanometrological point of
view. On the other hand, most of research about quercetin-loaded
nanocarriers have just been focused on the study of the physicochem-
ical properties of these nanoformulations but not on the development of
suitable analytical methods allowing their quantification in new-design
commercial samples containing this encapsulated bioactive.

Attending to the mentioned reasons, among the aims of this research
was the establishment of an analytical method that allows quantifying
nanoquercetin by preserving its original state inside the chosen formu-
lation. Thus, the first stage involves the synthesis of a food grade
nanoemulsion of quercetin by means of a careful selection of the suitable
composition (nature and percentage mass/mass), attending to results
about encapsulation efficiency (EE), diameter droplet size and poly-
dispersity index and indeed, following GRAS criteria. The low energy
method PIT (Phase Inversion Temperature) was the choice to carry out
the synthesis procedure [8]. Secondly, the surface-enhanced Raman
scattering (SERS) methodology in liquid phase has been used to quantify
the synthetized nanoquercetin without disruption of nanoemulsions. To
achieve this challenge, metallic anisotropic NPs, such as gold nanorods
(GNRs), have been selected as analytical nanotools. GNRs display po-
tential features: high quality synthesis capacity using seed growth [25],
superiority in structural self-assembly, light and harvesting ability,
flexibility to easily tune their surface plasmon resonance (SPR) band by
varying its aspect ratio (AR, ratio of length and width), from the visible
to infrared spectrum to match the laser wavelength of portable Raman
devices, and in addition, they are biocompatible NPs. GNRs exhibit two
surface plasmons, a weak one around 520 nm ( & 10 nm) corresponding
to the transverse SPR and a strong one from the longitudinal SPR whose
wavelength can be adjusted between 650 and 1300 nm [25]. All these
properties made them excellent candidates for creating new SERS plat-
forms like those 3D liquid-state interfacial plasmonic ones, which
exhibit a substantial progress in dealing the lack of reproducibility
affecting conventional solid substrates in SERS analysis inherent to the
irregular hotspots distribution, since the designed 3D system provides an
improved homogeneous distribution of NPs and of their subsequent SPR
couplings generating in this way a regular hotspots distribution [26].

Herein, an innovative analytical methodology was developed,
focusing on four main purposes. The first one aims at discriminating
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between free and encapsulated quercetin (Q-NEs), which would involve
a second goal, i.e., the synthesis and properly characterization of stable
Q-NE nanoformulation. The third goal corresponds to the development
of a liquid-state SERS methodology, and the fourth one, to quantify Q-
NEs keeping their native nanostructures. All research developed herein
is encompassed within the analytical nanometrology through the third
way, incorporating simultaneously nanomaterials as both tools and
analytes. Finally, applicability of the nanometrological procedure was
tested on native commercial dietary supplements and validated using
reversed-phase micro-high-performance liquid chromatography-diode-
array detection (RP-uHPLC-DAD) with consistent results.

2. Materials and methods
2.1. Reagents and solutions

All the used reagents were “analytical grade” quality. Castor oil,
polyethylene glycol sorbitan monooleate (Tween 80), quercetin
(>95%), Saponin Quillaja sp. Sapogenin content 30-35%, sodium hy-
droxide (98%), ethanol (99%), hydrogen tetrachloroaurate trihydrate
(HAuCl4-3H20, >99.9%), silver nitrate (AgNOs, >99.0%, ACS reagent),
sodium borohydride (NaBH4, 99%), L-Ascorbic acid (vitamin C,
>99.0%), hexadecyltrimethylammonium bromide (CTAB, H9151,
>99%), poly(sodium 4-styrenesulfonate) solution (Na-PSS, 30 wt% in
H0), hydrochloric acid (HCl, 37%, Merck), acetonitrile (>99.9%),
glacial acetic acid (>99%), magnesium stearate (technical grade),
microcrystalline cellulose, titanium oxide (TiO2, >99%), sodium chlo-
ride (NaCl, >99.0%, ACS reagent), copper chloride (CuCly, 97%),
magnesium sulfate (MgSO4-7H20, >98%, ACS reagent), cholecalciferol
(>98%), tocopherol (vitamin E, >95.5%), riboflavin (98%), pyridoxine
(>98%), calcium chloride (CaClp, >93.0%) and 2-(N-morpholino)
ethanesulfonic acid (MES hydrate, >99.5%) were acquired from Sigma-
Aldrich (St. Louis, USA, www.sigmaaldrich.com/spain.html).

Commercial dietary supplements containing nanoencapsulated
quercetin were acquired from the international market (One Planet
Nutrition and ActiNovo). The functional drink Vitamin Well Antioxidant
was obtained through local distributors. All these products belong to
recognized brands and their declared composition was:

Nano Quercetin, capsules (One Planet Nutrition, EE.UU.): Aqueous
Nano Quercetin, Vegetable Capsule, Rice Flour. It does not contain soy,
corn, yeast, wheat, gluten, milk, egg, fish, shellfish.

Liposomal Quercetin, liquid (Actinovo, Germany): Purified water,
phospholipids, acid, and natural sea buckthorn extract.

Vitamin Well Antioxidant (Sweden): source water, fructose, acidity
correctors (citric acid, sodium citrate), green tea extract, elderberries
extract, grape shell extract, pomegranate extract, vitamins (E, C), min-
erals (zinc, manganese, selenium), peach aroma, green tea extract may
appear as small particles in drink.

All solutions were prepared using ultrapure water 18.2 MQ cm (25
°C) obtained with a Milli-Q system (Millipore, Bedford, MA, USA) and
the analytical grade reagents before listed.

2.2. Instrumentation

An ultrasound bath (Selecta, Barcelona, Spain), a BioSan high-speed
mini-centrifuge Microspin 12 (LabNet Biotecnica S.L., Spain) and a pH-
meter (Crison Instruments S.A., Spain) were used at different experi-
mental stages. Absorption spectra of Q-NEs, quercetin and AuNPs so-
lutions were achieved with a SECOMAM UVI Light XS 2
spectrophotometer equipped with a LabPower V3 50 using 10-mm
quartz cuvettes. Particle size distribution, polydispersity index and
zeta potential of Q-NEs were determined by dynamic light scattering
(DLS) measurements using a Zetasizer Nano Series DLS ZEN3500
(Malvern Instruments Limited, Spain). Raman and SERS experiments
were conducted on a portable BWTek i-Raman (Model # BWS465-785S)
equipped with a standard BCR100A accessory for liquid phase
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measuring in a common cuvette. This equipment included a laser
wavelength of 785 nm and maximum output laser power of 348 mW at
the excitation port and 285 mW. An Agilent Technologies HPLC system
(series 1200, Waldbronn, Germany) was utilized for the chromato-
graphic analysis, which were performed on an Zorbax SB-C18 column (5
um particle size ODS, 150 x 0.5 mm) from Agilent. This system consists
of a solvent reservoir, degasser, a pump, an autosampler, thermostatted
column compartment and a 1260 Infinity model diode-array detector.
Scanning electron microscopy (SEM) images were taken with a ZEISS
GeminiSEM 500 microscope to evaluate shape, size, and morphology for
AuNPs and Q-NEs. Real-time imaging of Q-NEs in solution were per-
formed in a ZEISS fluorescence confocal microscope (Vert.Al-Axiocam
702 mono) in the absence and presence of light. This microscope is
equipped with a fluorescence laser with emission filter centered at 530
nm and two objective lenses from 10x to 40x for magnification. The
solution containing the organic nanoparticle was inserted in a micro-
fluidic channel and the nanosized emulsion was recorded with and
without irradiation.

2.3. Synthesis of quercetin-loaded nanoemulsions

Q-NEs were produced using the PIT method [8] with some modifi-
cations. This process allows making lipid droplets of nanometric size
controlling the temperature; in our case these lipid droplets were ar-
ranged as o/w nanoemulsions. Briefly, two steps were necessary for this
purpose: firstly, mixing and heating and, secondly, cooling, as depicted
in Fig. S1 of Supplementary Material (SM) file.

A common detailed PIT procedure consisted of the constant magnetic
stirring (460 rpm) for mixing all selected components in their optimized
proportion (% w/w): 5.25% castor oil, 0.25% quercetin, 0.55% EtOH,
4.5% Tween 80, 0.5% Quillaja Saponin and aqueous phase up to 100%
(ultrapure water at pH values between 5.5 and 6.0 by NaOH addition),
with simultaneous rising from room temperature up to 80 °C in a ther-
mostatic bath. Once 80 °C was reached, the formulation remained stir-
red at this temperature for 20 min to stabilize. Subsequently, it was
quickly cooled to 10 °C by immersing the beaker in ice water while the
magnetic stirring continued at 460 rpm. Once 10 °C had been attained it
was kept stirring for 20 min for stabilization. Both cycles of heating and
cooling were repeated two more times.

After synthesis, the final formulation was centrifugated for 40 min at
5000 rpm with the aim of separating the free quercetin and Q-NEs.
Finally, the free quercetin precipitated at the bottom of the Eppendorf
and Q-NEs (supernatants) were extracted with a syringe.

2.4. Synthesis of diverse gold nanoparticles

The AuNPs with spherical, square and rod like shapes were synthe-
sized by a classical method based on seed growth previously described
[27]. The preparation of the seeds was carried out without modifica-
tions. However, some variations were made in the synthesis of GNR
which are described as follows: 0.03 mL of 0.01 M AgNOj3 solution were
added with mild stirring on 4.75 mL of 0.1 M CTAB. Agitation was
continued for 5 min and then it was kept standing for 15 min in a
thermostatic bath at 30 °C. Then, 0.2 mL of 0.01 M HAuCly4 solution was
added, and it was left to stand for 5 min. Afterwards, 0.032 mL of freshly
prepared 0.10 M ascorbic acid were quickly added to the above solution
vigorously stirred. After 1 min of stirring, the solution was kept standing
again for 30 min in a thermostatic bath at 30 °C. Finally, 0.010 mL of
seeds were added to this last solution, and then this mixture was let to
stand still between 8 and 12 h in a thermostatic bath at 30 °C.

Once synthesized, GNRs were subjected to a ligand exchange pro-
cedure to replace CTAB by citrate by means of a protocol based on five
sequential cycles of centrifugation and redispersion [28]. The first cycle
was related to the purification of the GNR solution. To achieve it, the
solution was centrifuged for 15 min at 13,500 rpm to remove most of
CTAB by bringing out the 95% of the supernatant phase and
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subsequently reconstitution with MilliQ water. Then, two additional
cycles of centrifugation/redispersion (under the same conditions) were
carried out, keeping the solution at rest for 1 h between each cycle. In
these cycles the nanorods solution was redispersed in 0.15% Na-PSS
(w/w); in this step, gold nanobones (Bn) were already formed. This
solution was later centrifuged under the same conditions and redis-
persed using 5 mM sodium citrate and kept at rest for 12 h to replace
Na-PSS by citrate. Finally, a fifth cycle of centrifugation / redispersion
was carried out in 5 mM of sodium citrate. Concentrations of AuNP
solutions were denoted as OD (optical densities).

The procedure for the synthesis of cubic [29] and spherical [30]
nanoparticles was like that of nanorods but with different aliquots for
the involved reagents. The volumes and concentrations used in both the
seed and growth processes are shown in Table S1 of SM file.

2.5. Sample treatments

The experimental procedure for the analysis of dietary supplements
with claimed nanoquercetin-containing were as follows:

For Nanoquercetin samples from One Planet Nutrition, the content
corresponding to a capsule (0.5 g) was dissolved in 250 mL MilliQ water
and stirred for 15 min, whereas for the Actinovo commercial solution, a
1:100 dilution was prepared in MilliQ water. After that, for both sam-
ples, an aliquot (2 mL) was taken to an Eppendorf and centrifuged for 30
min at 5000 rpm to remove non-encapsulated quercetin and aggregates.
Then, the supernatant was transferred to another Eppendorf. At this
stage, the size of encapsulated nanoquercetin droplets was determined
by DLS whereas the quercetin content inside the nanoemulsions was
quantified using the developed liquid state SERS method.

Alternatively, the functional drink Vitamin Well Antioxidant was
spiked at three concentration levels between 5.6 and 22.5 pM of Q-NEs.

All SERS analyses were performed by mixing a suitable GNRs volume
(to get 0.6 OD as final concentration) and the supernatant phase from
centrifuged samples to reach a final volume of 2 mL, which was stirred
for 5 min at 200 rpm in the darkness and transferred to a quartz cuvette
for the liquid SERS measurements.

2.6. SERS procedure

SERS experiments were performed with a laser excitation wave-
length of 785 nm, an exposure time of 40 s, one accumulation scan and a
40% output laser power in the probe. SERS measurements were carried
out at room temperature on 2 mL solutions containing 0.55 mL of 2.19
OD GNRs and different Q-NEs concentrations from the supernatant
phase reached after centrifugation process. These solutions were stirred
with a magnetic microbead for five min in the dark. Finally, they were
transferred to the cuvette and inserted into the Raman accessory.

Information regarding “Characterization of quercetin-loaded
nanoemulsions”, “Characterization of plasmonic nanomaterials”
and “RP-pyHPLC procedure” sections are given as S1-S3 sections in SM
file.

3. Results and discussion
3.1. Optimization of Q-NEs synthesis

Regarding quercetin encapsulation into delivery systems such as
food grade nanoemulsions where all its components are within the GRAS
category, the PIT method was selected for its synthesis. This is a low
energy method with superior performance compared to others like
spontaneous emulsion and phase inversion composition [31]. The se-
lection of the appropriate components as well as their suitable per-
centage were selected based on the NPs size, the polydispersity index
(PdI) and the entrapment efficiency (EE) of the Q-NEs obtained for this
optimization procedure. The whole synthesis optimization process is
detailed thoroughly in the section S4 of SM. Table 1 summarizes the
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Table 1
Optimization for Q-NEs components (w/w percentage) along PIT synthesis
procedure.

Composition Percentage  Size (Day PdI
1
Tween 80 10 247.4 0.255
5 41.7 0.215
2 193 0.465
Quillaja Saponin (with aqueous phase water 2 43 0.412
at pH 6) 1.5 57.3 0.549
1 51.6 0.244
0.5 64 0.137
Castor oil 15 6.25 0.500
10 53.2 0.188
5.25 47.1 0.185
Ethanol 2 6.1 0.462
1 51.4 0.199
0.55 53.2 0.188
Quercetin 0.25 53.2 0.188
0.18 5.7 0.448
0.15 6.0 1.000
0.13 5.8 0.597

PSS coating

CTAB-GNRs

PSS-GNRs
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results for all experiments carried out along the optimization of this
synthetic procedure. The optimal percentages (% w/w) for Q-NEs
components were 4.5% tween 80, 0.5% quillaja saponin, 5.25% castor
oil, 0.55% ethanol and 0.25% quercetin. After carrying out a repro-
ducibility study (n = 6) of this optimized synthesis procedure, the results
in terms of droplet size 73.1 + 2.4 nm, Pd1 0.138 + 0.01 and EE (%) 96.5
+ 1.3 can be considered very valuable data keeping in mind that the PIT
process is a low energy method, not submitted to specific and automated
instrumentation. The so-synthetized Q-NEs exhibit a concentration of
3.7-10°% + 0.0002 M.

All description about nanostructural characterization of Q-NEs
appear in S5 of SM.

3.2. Characterization of gold nanoparticles

The GNRs covered with hexadecyltrimethylammonium bromide
(CTAB-GNR) were subjected to a ligand substitution process, in which
CTAB was exchanged for citrate using the Na-PSS polymer as mediation
agent. Citrate-GNR provides a cleaner SPR band with much more long-
term stability for low ionic strength dispersions [28]. It is important to
highlight that during this ligand exchange process an alteration in the
GNRs morphology takes place, changing from rod-shaped to finally
bone-like nanostructure (see Fig. 1A). This morphological modification

Citrate ions

Citrate-GNRs

|E ¢ 'Spl ®Rd2 ® Bn1@Bn3
35 {*Cb1 ®Rd3 * Bn2
3
Q
€ 25
£ 2
2
215
< 3
0.5
0
400 500 600 700 800 900
Wavelength (nm)

Fig. 1. A) Scheme of the ligand exchange process of CTAB-GNRs via electrostatic self-assembly of PSS and citrate ions leading to the formation of bone-like rods. SEM
micrographs of gold nanorods (GNRs) during the surface ligand exchange: B) CTAB-GNR; C) PSS-GNR and D) Citrate-GNR. E) UV-Vis spectra of several gold

nanoparticles (AuNPs) with diverse sizes and shapes.
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of the GNRs does not affect their SPR absorbance band. The SEM images
(Fig. 1B, C and D) showed this transformation in the morphology of the
GNRs along the ligand exchange process. In addition, Fig. 1E shows the
UV-Vis spectra for all NPs used in this research. In the case of GNRs,
because of their shape, two plasmonic bands can be observed due to
their cylindrical symmetry. The first band corresponding to the trans-
versal section appearing at around 520 nm ( & 10 nm) while the second
band corresponding to the longitudinal section can be tuned between
650 and 1300 nm, doing match it to the laser excitation wavelength to
reach the SERS enhancement of Raman signal. For AuNPs with spherical
(Sp) and cubic shape (Cb), it is typical just observe one plasmonic band
close to 540 nm ( + 10 nm) as evidenced in Fig. 1E for Sp1 (dashed line,
spheres) and Cbl (dotted line, shaped like cubes). Regarding di-
mensions, all the synthesized NPs were studied by SEM whereas the
spherical ones were just characterized by DLS. The results obtained in
terms of SPR bands (1), physical and hydrodynamic sizes, aspect ratios
and concentrations denoted as optical densities (OD) for all the syn-
thetized NPs are summarized in Table 2.

3.3. Design of 3D liquid state interfacial SERS system

Liquid state interfacial plasmonic systems are emerging as a smart
substrates alternative for a reliable quantification and easier practica-
bility in complex analytical applications, such as the Q-NEs (O/W
droplets) as analytes. Experiments on Q-NEs were carried out to study
the effect of some specific parameters relative to the different AuNPs
plasmonic dispersions which directly influence the EM (electromag-
netic) SERS enhancement. It is important to note that, in the liquid state,
the NPs, regardless of their morphology, are randomly oriented, there-
fore, the collected SERS spectra are representative of all possible ori-
entations averaged throughout the acquisition time [32]. However,
previous research predicted that GNRs may interact with Q-NEs through
their ends, since during the synthesis the surfactant molecules tend to
position themselves at the central part of the GNRs, displacing more gold
atoms towards the ends, and exhibiting therefore a greater interaction
by these endings [26]. The optimal conditions were selected based on
the improvement in signal intensity, i.e., the analytical enhancement
factor (AEF):

AEF — Isgrs/ Csers )

I, RAMAN / CRAMAN

Where Iggrs ¥ Iraman correspond to the SERS and Raman intensities
respectively, while Csgrs y Craman are related to the concentration of Q-
NEs used in SERS and Raman experiments.

For Q-NEs Raman spectra, the sensitive (intense) band at 1600 cm’l,
assigned to the stretching mode (C=O), was selected as suitable
analytical signal for AEF calculations considering firstly, the magnifi-
cation effect here exhibited and secondly, its proven linear behavior
regarding the analyte concentrations. In this sense, the following pa-
rameters should be examined on 55 uM of Q-NEs: different NP coatings
of CTAB, Na-PSS and citrate; location of the displayed SPR bands in the
range from 527 to 989 nm (Fig. 1E); different morphologies (spherical,
nanocubes and nanorods) (Fig. 2A and 2B), different sizes (Fig. 2C) and
optimal concentrations of the selected NPs (Fig. 3A).

The first step was to study what type of ligand (CTAB, Na-PSS and
citrate) favored the EM intensity improvement for the subsequent
quantification of Q-NEs. After conducting several experiments, it was
observed that CTAB-GNRs yielded the worst results, possibly due to an
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increase in steric impediment which difficult the orientation of Q-NEs
towards the surface of GNRs [26]. In contrast, charged citrate anions
chemisorbed onto the surface of AuNPs (bone shaped) which enable the
approaching of the gold atoms at optimal distance from quercetin inside
the nanoemulsion system showing thus the best results in terms of signal
magnification (Fig. S4). This improvement in the signal is mainly
attributed to changes in AuNP morphology during the ligand exchange
process of GNRs (Fig. 1A), with evolution from cylindrical to a bone-like
shape after the uneven coating of CTAB and subsequent Na-PSS and
citrate steps that induces atomic rearrangements of AuNPs [26].

Once the citrate coating was selected, these citrate-AuNPs were
synthesized attending to different morphologies (spherical, nanorods
and cubes). Since the equipment laser excitation wavelength was
785 nm, a near and wide range of SPR bands was tested for the so-
synthetized AuNPs, that was: < 600 nm, 600-700 nm, 700-800 nm
and > 800 nm. As shown in Fig. 2A, preliminary experiments showed
that GNPs denoted as Rd1 (SPR 989 nm), Spl (SPR 543 nm) and Cb1
(SPR 523 nm) gave very low enhancement factors as expected since
their SPRs bands were furthest from the laser wavelength, as Fig. 2B
evidences. On the contrary, those GNRs with longitudinal plasmon
appearing between 650 and 750 nm showed an improvement of the
Raman signal and specifically the Bnl presented the best AEF in these
initial proofs. Then, these preliminary results allowed to rule out the use
of NPs with spherical (Sp1) and cubic morphologies (Cb1) as plasmonic
enhancers, evidencing greater factors for nanorods as displaying two
directions along to polarize the incident light (Fig. 2A and B). The AEF
differences between GNRs with a SPR band in the range from 650 to
750 nm can be mainly attributed to three factors: aspect ratio value,
resonance with the Q-NEs absorption band (375 nm) and sizes. Thus, it
was observed that GNRs with very high or small aspect ratios showed
AEFs significantly lower than that of Bn1 (Fig. 2C), where the following
sequence is evidenced: 3.2 (Rd3) > 2.6 (Rd2) > 2.2 (Bnl) > 2.1 (Bn3)
> 1.2 (Bn2). Special mention must be done for the Bn3 (SPR 746 nm),
which presented similar aspect ratio to Bnl and a SPR band closer to the
laser frequency, so they should be theoretically more resonant, but
however, it showed worse performance than that Bn1. The suitability of
Bn1 versus Bn3 can be explained attending to its shorter plasmon band
(719 versus 746 nm) better fitted to be resonant with the quercetin
absorption band (376 nm). Besides, the influence of their different sizes
should be considered, since upon findings of previous research [33,34],
too large or small GNPs become less resonant, displaying worse reso-
lution and more noise than those with an intermediate size such as
60-70 nm (Table 3). In addition to these considerations regarding AEF
values, the selected nanorods-bone shaped displayed an excellent reso-
lution on the characteristic bands of Q-NEs compared to the rest of tested
AuNPs (Fig. 2D).

Next step was focused on selecting the optimal concentration of the
already selected plasmonic nanomaterial (Bnl) to obtain the maximal
AEF. GNB concentration was evaluated in the range 0.5-3 OD, reaching
the best results for 0.6 OD (Fig. 3A). It must be stand out that this value is
significantly lower than other reported in consulted bibliography [26].

Once optimized all influencing variables, the final AEFs were 1.2-10°
and 1.0 10° upon the Eq. A, for the Q-NEs (stretching at 1600 cm™) and
for a suitable Raman reporter such methylene blue (stretching at
446 cm'l), respectively (Fig. 4A and B ).

It is important to emphasize that AEFs obtained using solid con-
ventional SERS substrates are currently higher than those resulting from
new smart substrates, e.g., 3D liquid state SERS, flexible, dynamic SERS

Table 2

Stability study about hydrodynamic diameter, polydispersity index and concentrations of Q-NEs along 30 days period.
Parameters Day 1 Day 4 Day 7 Day 10 Day 15 Day 20 Day 30
Size (nm) 78.7 £ 1.5 76.8 + 0.4 78 £0.5 77 £ 2.3 76.3 £ 2.7 809+ 1.4 86.1 + 3.3
PdI 0.171 + 0.005 0.189 + 0.010 0.185 + 0.001 0.197 + 0.004 0.193 + 0.013 0.160 + 0.007 0.155 + 0.007

Concentration (M)  2.1.10% +1.7.10°  1.810° £2.3.10°  1.5.10° + 1.6.10°

1.310°% +1.810°  1.10%+3.1.10°  9.10*+3.810°  1.6.10“ + 3.8.10°
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[35], etc. These are recently emerging methodologies, which are
nowadays in development process and can represent a great advance for
those analytical applications addressing complex samples such as lipidic
organic nanomaterials (nanoemulsions, nanoliposomes, micelles, solid
lipid nanocarriers and NP lipid carriers). In fact, in other published
works using this 3D methodology, the target analytes were not
nano-sized while in this work complex systems such as Q-NEs are
determined without altering their native nanostructure.

Besides these systems involve a marked improvement of the main

challenge affecting SERS analysis, that is the lack of reproducibility
inherent to the irregular hotspots distribution in solid substrates. In the
present research, the PML (plasmonic metal liquid) interface provides a
3D self-assembling plasmonic arrays in the spherical oil-water interfaces
(Fig. 5D) with a homogeneous distribution of GNBs and of their subse-
quent SPR couplings generating so regular hotspots distribution. This
drives to an increase in observed reproducibility (Section 3.6), even
without the need to use internal standard. Furthermore, harmful organic
solvents were not necessary to create the 3D interfacial SERS platforms
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Table

3
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Summary about SEM and hydrodynamic sizes, SPR bands (1), aspect ratios (AR) and concentrations (OD) for all the synthesized gold nanoparticles: spheres, cubes,
bones and nanorods.

Type of nanoparticle Shape Length (nm) Width (nm) Awmpta (nm) MENGTH (M) Hydrodynamic size (nm) ARpIMENSION oD
Rdl Rod 69.3 12 530 989 - 5.78 1.1
Rd2 Rod 58 22 520 673 - 2.64 1.0
Rd3 Rod 38 12 520 668 - 3.17 50.0
Bnl Bone 67 31 530 719 - 2.16 2.2
Bn2 Bone 143 121 530 705 - 1.18 1.2
Bn3 Bone 103 49 521 746 - 2.10 2.1
Spl Sphere - 92.5 - 543 85.2 - 2.0
Cb1 Cube 121 112 - 527 - - 1.3
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Fig. 4. A) Raman spectrum of 3.210°*M Q-NEs (blue line) and SERS spectrum of 10°M Q-NEs in presence of GNBs (red line) and B) Raman spectrum of 1 mM
(blue line) and SERS spectrum of 1 uM methylene blue in presence of GNBs (red line) in a quartz cuvette.
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Fig. 5. A) Free quercetin SERs spectrum and B) expected interactions between GNBs and free quercetin; C) Q-NE SERS spectrum and D) proposed interactions
between GNBs and encapsulated quercetin as nanoemulsion; E) diagram about the energy levels of metal (left) and quercetin (right) in the nanoemulsion system and
transitions involved in the charge transfer mechanism from the metal NPs to the adsorbate.

as described in previous research [26,36], since the organic phase was
already supplied by the analyte itself (Q-NEs with Castor oil as GRAS
organic phase).

Optimization of instrumental parameters for measuring in the
designed PML interface system is described in S6 of SM (Fig. S5).

3.4. Discrimination between free quercetin and quercetin-loaded
nanoemulsion

Discrimination between free and nanoencapsulated quercetin was
accomplished by three strategies: A) UV-Vis spectrophotometry, B)
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Raman spectroscopy, both shown in detail in Section 3.2 (Fig. S2C and
Fig. S3A, respectively) and C) SERS: the aforementioned differences are
much more pronounced for both analytes in the presence of GNBs.
Fig. 4A focuses on the typical peaks of the encapsulated quercetin dis-
played at ca. 575 cm™ and 1600 cm™. The last region attributed to the
carbonyl stretching mode implies transformation when interacting with
GNBs. Thus, the three bands for Q-NE appearing at 1574, 1616 and
1625 cm™! in the absence of GNBs (Fig. S3A) are switched into a single
band at 1600 cm™ (*) in the presence of GNBs. Furthermore, a signifi-
cant peak was observed at 1446 cm™ (Fig. 4A, W) in the presence of
GNBs which was attributed to three of the emulsion components,
namely castor oil, ethanol, and tween 80 (Fig. S3B). The remaining
peaks appearing at 1330, 1210, 1195, 1104, 1086, 1028, 1002 em™
(Fig. 4A, @) also correspond to components of nanoemulsion, except for
quillaja saponin which does not exhibit any characteristic Raman band.
These peaks have a similar morphology to that of the separated com-
ponents displayed in Fig. S3B, although their position had undergone
slight displacements due to formation of the nanoemulsion (inherent
polarizability changes in environment). Then these two facts, that are
the convergence of the three peaks (1574, 1616 and 1625 cm™) in an
enhanced single one centered at 1600 cm™! and the displacements of the
rest of them, may indicate that the interaction between GNBs and the Q-
NEs takes place through the two SERS mechanisms which are described
in the following section [32].

Remarkably, free quercetin showed a different behavior in the
presence of GNBs. For free quercetin, the stretching located at 600 cm™!
was enhanced (assigned to the bending out of the plane of the C-C
skeleton from the A and C rings) whereas the magnification occurs at
1600 cm™! for encapsulated quercetin (Fig. 5). It would involve a
distinctive steric orientation and, consequently, different interactions
between quercetin and GNBs in these two different situations.

3.5. SERS mechanism

Regarding the possible enhancement mechanisms involved, EM ef-
fects may occur because of the specially fitted SPR band of GNBs
matching the laser’ excitation wavelength (Section 3.3), as well as by a
chemical mechanism or charge transfer process (CT) for which quercetin
is also especially suited due to its conjugated systems and sensitive
oxygen-containing groups, namely catechol part OH(3")/OH(4"), and
those from condensate rings via OH(3)/OH(4) and C—=0(4)/0OH(5)
groups.

Considering the enhanced stretching of free quercetin in the presence
of GNBs (600 cm™!, Fig. 5A), we proposed a CT mechanism where a
complex M-A (metal-adsorbate) is established via a chemisorption pro-
cess through the “first layer effect” [37]. A non-radiative CT mechanism
is then involved usually by means of chemisorption thought
non-bonding doublet electrons of diverse heteroatoms (OH groups of
catechol ring, Fig. 5B) on metallic surface [38]. This binding orientation
of quercetin is also proved by the enhancement and shifting displayed by
the OH vibrational modes of the catechol ring, which should be sheer
located towards the GNBs (Fig. 5A and B ) and their irradiated elec-
tromagnetic field, according to EM mechanism selection rules. However,
lack of variation in the stretching modes of C(4)=0 and C(2)=C(3) (ca.
1460-1660 cm™!) suggests that they were not involved in the interac-
tion with GNBs.

According to the selective intensification displayed for Q-NEs
(Fig. 5C), the interaction between encapsulated quercetin and GNBs
occurs through the carbonyl group (a downward strong peak in presence
of gold atoms at 1600 cm™) and the hydroxyl group (C(3)-OH, strong
band at ca. 1341 cm'!) just adjacent to this carbonyl, together with the
OH groups at the C(5) and C(7) of the A ring (very intense band at ca.
1446 cm™) upon available bibliography [39]. However, as detailed in
the previous section, both stretchings also overlap with those of other
components of Q-NEs, thus, the stretching at 1600 em’! corresponding
to carbonyl vibration mode was chosen as single analytical signal. In this
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interfacial nanosystem, the big change in the carbonyl stretching mode
in contact with GNBs (enhanced quercetin stretching) suggests a
chemisorption process through C(4)=0 group, whose vibrational modes
perpendicularly located to the metallic surface produced a higher
intensification.

It is known that larger AEFs are obtained for distances analyte
molecules -metal NPs close to 1-10 nm [40]. In fact, appropriate dis-
tances to achieve higher SERS intensifications were reached when
quercetin is encapsulated attending to the already described sizes for
GNBs (67 x 31 nm) and for Q-NEs droplets (73.1 & 2.4 nm). Thus, they
form a 3D interfacial SERS system in which GNBs are located between
the polar heads of surfactant molecules but oriented along the hydro-
phobic tails towards the encapsulated quercetin (Fig. 5D). Regarding the
SERS chemical mechanism here posed, the CT process occurs from the
Fermi level of GNBs to the lowest unoccupied molecular orbital (LUMO)
[39], as depicted in Fig. 5E. Thus, quercetin in the nanoemulsion (right)
is rearranged directing its carbonyl group of the condensate ring towards
the metal NPs favouring the CT process for the metal-adsorbate system
(Fig. 5D).

3.6. Analytical figures of merit

The analytical performance characteristics of the proposed 3D
interfacial SERS methodology were evaluated for the selected analytical
signal based on the stretching at 1600 cm™ of Q-NEs to evidence its
suitability for quantitative analysis. The obtained analytical features are
summarized in Table 4. Precision was evaluated by means of repeat-
ability and reproducibility studies. The repeatability of the proposed
SERS method was carried out with fifteen independent measurements at
7.5 uM Q-NEs (with 0.6 OD GNBs) solutions obtaining a relative stan-
dard deviation of 2.6%. On the other hand, reproducibility was checked
for different Q-NEs solutions in three consecutive days (n = 15 3), with
an RSD = 3.6%. These results evidenced the very good precision reached
for the developed liquid interfacial method considering that both GNBs
and QNEs are not synthesized in an automated way. The designed
approach implies great advances in one of the main challenges of SERS
techniques, the lack of reproducibility.

The linear dynamic range was established between 0.5 and 30 uM
with the linear regression fit displayed in Table 4 and where each con-
centration level was analyzed in triplicate by means of 0.6 OD GNBs as
plasmonic tool (Fig. 6). LOD and LOQ were 0.2 and 0.5 pM, respectively.
LOQ was empirically established as the lowest Q-NES concentration able
to be quantified by the developed methodology, and it was consistently
assigned to the first point of the calibration range. Then, according to
IUPAC criteria, LOD was defined as LOQ/3.33 [41].

An exhaustive interferences study was performed with the aim to
assess the selectivity of the developed analytical methodology. The ef-
fects of different compounds usually present in the analyzed dietary
supplements formulations, such as diverse vitamins (vit C, E, D, By and
Bs) and electrolytes (Na*, Ca?*, cu®", Mg?*, KT, CI', S04%) were
checked on a solution containing 15.0 pM Q-NEs (with 0.6 OD GNBs
again) in different ranges: 0:1, 0.5:1, 1:1, 2:1. The results of these

Table 4
Analytical performance characteristics.
Analytical feature Q-NEs (uM)
Linear dynamic range 0.5-30
Calibration graph
Intercept 773.29 £ 8.78
Slope (uM™) 29.978 + 6.44-107!
Correlation coefficient 0.997
Detection limit 0.2
Quantification limit 0.5
Repeatability RSD(%)* (n = 15) 2.6
Reproducibility RSD(%)* (n = 3) 3.6
" 7.5 uM Q-NEs.
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Fig. 6. A) SERS spectra corresponding to concentrations of Q-NE between 0.5 and 30 pM. B) Linear relationship of the enhanced Raman Intensity (1600 cm™) versus

concentration of encapsulated quercetin in the nanoemulsion.

performed experiments are displayed in Fig. S6, and evidenced their
suitability about selectivity proofs, except for those relative to the Cu?*
influence over the analytical signal, where it can be seen a magnification
of the intensity, which is due to its already know plasmonic properties.
On the other hand, other potential interfering compounds also presents
in these nutraceutical supplements, such as some stabilizers and anti-
caking agents, i.e., magnesium stearate, microcrystalline cellulose, and
titanium oxide, are not soluble in aqueous medium, so they were just
removed by centrifugation of the samples.

In contrast to other methodologies related to quercetin analysis
already reported in bibliography, e.g., Raman [22] (quantify free quer-
cetin), and RP-pHPLC [23] (quantify nano quercetin), the herein pose
presents advances in terms of simplicity, low cost, portability, LOQ,
reproducibility (without internal standard) and mainly, the measuring
of nanosized analytes without altering its native nanostructure.

3.7. Applications to nutraceutical samples

The developed 3D SERS methodology was applied to the analysis of
three real samples; two nutraceutical supplements for which their sup-
pliers declared the presence of quercetin encapsulated in nanosized
formulations, from One Planet Nutrition and Actinovo companies
respectively, and a functional drink Vitamin Well Antioxidant spiked
with the synthetized Q-NEs. These commercial samples were firstly
prepared and submitted to the experimental procedure already
described in Section 2.5.

For the sample from One Planet Nutrition, three methodologies were
tried to isolate nanoquercetin droplets, that were, centrifugation and
filtration with two types of filters, nylon membrane of 0.45-um pore size
and pleated filters, respectively. It must be emphasized that a high
polydispersity degree was observed for the treated samples by means of
any of these separation procedures, despite the different tried method-
ologies. Specifically, relative to the use of the pleated filter, it was
achieved the remotion of aggregates and much of the free quercetin but
not all of it. The size measurements of the nanoformulation fluctuate
then between 297 and 748 nm. With regard the nylon filter, due to the
high number of larger particles preventing the small proportion of
smaller particles passing through the filter, it was not observed nano-
sized quercetin. Finally, when the sample was centrifuged, the

aggregates, the free quercetin, and the particles with higher size pre-
cipitate; the size then obtained was in the range 147-433 nm. Thus,
centrifugation was the selected methodology, but as it has been already
reported the obtained quercetin fraction never was nanosized for One
Planet Nutrition product although they claim otherwise. For Actinovo
product, the size found after centrifugation was of 92 + 0.6 nm.

Next, the amount of nanoquercetin was evaluated by the application
of the SERS methodology on supernatant from centrifugations, spiked
with 0.6 OD GNBs. As a further validation study and with the aim to
prove the reliability of the proposed 3D interfacial SERS strategy, both
supernatant fractions were also submitted to RP-uHPLC-DAD analysis
(method in section S3 of SM). Here, the quercetin dynamic range was
found to be linear from 0.33 pM to 23.2 uM; its linear regression fit was:
y =(333.16 + 5.58) x — (53.763 + 1.94.10") with a regression coeffi-
cient of 0.9986. All the results obtained via SERS and RP-uHPLC-DAD
analysis (n = 3) for both nutraceutical samples were reflected in
Table 5. This table also shows the found recoveries for Q-NEs when the
functional drink Vitamin Well Antioxidant was spiked at three concen-
tration levels in triplicate, with good agreement between the amount
added and those found in all levels. Besides, through DLS analysis, it was
found that Q-NEs size droplets remains unchanged after the addition
into this product.

Subsequently, the paired Student test-t was performed between these
two sets of data (SERS and chromatographic ones), to verify the statis-
tical accordance between results reported by both methodologies. Ac-
cording to the obtained results (Table 5), in all cases tp experimental
values were lower than the theoretical one (t (4/2; n-1)); therefore, it can
be guaranteed the absence of significant statistical differences between
the results obtained by both methodologies at a confidence level of 95%,
which would prove the SERS accuracy at that checked confidence level.

4. Conclusions

This research is a clear example of the third way of Analytical
Nanoscience and Nanotechnology which implies the use of analytical
nanotools in the determination of nanosized analytes. With this aim, it
has been successfully accomplished the synthesis of a food grade
nanoemulsion of the hydrophobic bioactive, quercetin, by means of an
exigent evaluation of the suitable composition (nature and percentage
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Table 5

Sensors and Actuators: B. Chemical 358 (2022) 131509

Analysis of Q-NEs in nutraceutical supplements by interfacial SERS and HPLC techniques. Statistical comparison between results from both methodologies (o« = 0.05,

n=4). * tyi(ax = 0.05, 3 degrees of freedom, 2 tails) = 3.18.

Sample Size Added Found concentration by Found concentration Recovery RSD (%) Exp. t
trati M RP-pyHPLC-DAD* by SERS* % Student t,
(am) concentration (kM) K v (%) Concentration  Intensity udentto
Vitamin Well 73 5.6 52+0.1 47+0.3 83.1 £5.6 6.7 1.0 1.76
Antioxidant (uM) 11.3 11.7 £ 0.1 10.9+ 0.3 96.7 £ 2.9 3.0 0.9 2.7

22.5 25.3 £ 0.04 17.4+1.8 77.2 £8.2 10.6 4.3 1.21
Nanoquercetin (uM) 147-433 - 15.92 + 0.26 14.61 + 0.62 - 1.5 4.2 3.03
Actinovo (mM) 92+0.6 - 5.22+0.22 5.06 + 0.37 - 2.2 1.6 0.24

" Average of 4 measurements + standard deviation.

mass/mass), attending to results such as high encapsulation efficiency
(96.5%), nanometric droplet size (< 100 nm stable for at least 30 days)
and polydispersity index. Moreover, nanostructural and physio-
chemical characterization was in depth addressed not only for the
final Q-NE, but along all optimization of the PIT synthesis, what can lay
the foundation about the establishment of reference nanomaterials as
necessary standards in this field.

Otherwise, an innovative 3D interfacial SERS system has been
designed, especially well-suited for this analyte, two phases system it-
self. These PML platforms are emerging as an alternative for the prac-
ticability and accurate quantification of SERS in the analytical science,
especially for complex liquid-biphasic systems as the here raised since
other techniques already used so far do not allow to evaluate them
without disrupt their native nanostructure. This methodology also en-
ables to discriminate between free and nanoencapsulated quercetin
based on the distinctive AEF stretchings provided by the different charge
transfer interactions exhibited by both ones attending to their different
orientations toward GNBs. On the other hand, the designed liquid-state
platform has involved a great advance relative to the main challenge
affecting SERS quantification nowadays, that is the lack of reproduc-
ibility. This is because of the PML interface provides 3D self-assembling
plasmonic arrays at the spherical oil-water interfaces with a homoge-
neous distribution of GNBs and their subsequent SPR couplings gener-
ating a regular hotspots distribution. Finally, this 3D liquid SERS
development shows excellent applicability results, as evidenced the
analysis of new-designed commercial samples containing encapsulated
bioactives, with validated results by RP-uHPLC.
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