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Nanotechnology’s exponential growth has spurred a demand for high-quality and safe nanomaterials, prompting
increased interest in cost-effective and fast colloidal syntheses that must mitigate their irreversible aggregation,
an issue particularly pertaining to spherical selenium nanoparticles (SeNPs), promising materials in a wide array
of technological and biological fields.

This study presents a novel approach to SeNP synthesis in confined environments developed from the highly

biocompatible surfactant sodium oleate (NaOl) and the amino acid L-cysteine as a selenite-reducing agent. -
cysteine@NaOl (C@NaOl) confined environments were modulable as a function of the amino acid and surfactant
concentrations and yielded high-quality spherical SeNPs with enhanced stability. This approach enables
generating SeNPs even under alkaline conditions and improving up to 3-fold the final SeNP yield compared to
other processes. Besides, we introduce a groundbreaking method for determining SeNP size by adapting Mie’s
scattering theory to metalloid NPs. This innovative technique proves effective for SeNPs in the 40-100 nm range,
offering a reliable alternative to conventional sizing methods. These findings provide valuable insights regarding
the generation of bio- and eco-compatible confined environments and SeNPs, paving the way for developing safe,
cost-effective, and environmentally friendly strategies for their synthesis with broad applications in various

Mie scattering
Size prediction

scientific and technological domains.

1. Introduction

Since the 1990s, nanotechnology witnessed a surge in interest
derived from the remarkable and unique properties of nanomaterials
and their almost infinite applications [1]. The increasing and urgent
demand for high-quality nanomaterials has made - and is still making -
imperative to develop feasible, reliable, safe, and cost-limited synthetic
procedures. In the ever-evolving landscape of nanotechnology, colloidal
syntheses satisfy these requirements [2]; yet, attention is needed in these
methods to avoid spontaneous and irreversible aggregation of nano-
materials due to their high surface energy and surface-to-volume ratio
[3]. Surfactants and polymers help overcome these issues, as their bulky
structures exert good steric hindrance and contribute to limiting nano-
material contact with each other [2,4]. Specifically, charged surfactants
or polymers are preferred, as they develop electrostatic repulsion

interactions, conferring electrosteric stabilization to nanomaterials [4,
5]. Besides, these stabilizers often control nanomaterial assembly, size,
and morphology [4], behaving like confined environments that enable
precisely defining and enhancing their physical-chemical and applica-
tive properties, unlocking new opportunities for tailored nanomaterials.

Among the plethora of nanomaterials available to date, metalloid
selenium nanoparticles (SeNPs) are riveting due to their unique
physical-chemical attributes, encouraging potential in various scientific
and technological domains, biocompatibility, and therapeutic ability [2,
6,7]. These features make SeNPs promising or, in some cases, excep-
tional materials for biomedicine, renewable energy production, sensor
designing, and optoelectronics [2,6]. Spherical SeNPs are convention-
ally obtained through colloidal syntheses based on the fast and
controllable reduction of suitable Se precursors [2] - e.g., sodium sele-
nite (NapSeO3), seleninic acid (H2SeO3), or selenium oxide (SeO,) — with
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thiol-containing compounds (glutathione or i-cysteine), hydrazine,
acetic acid, oxalic acid, dextrose, or sodium thiosulphate [8,9]. Besides
chemical methods, SeNPs are often produced through biological pro-
cesses, ultrasonic-assisted and hydrothermal syntheses, pulsed laser
ablation, or UV-light irradiation [9]. Overall, these methods frequently
face crucial challenges, such as pH control, low production yield, use of
toxic reagents, long time of synthesis, variability in the biological
matrices, need for expensive and high-maintenance instrumentation,
high energy consumption, NP polydispersity, and sample pollution [8,
9]. Specifically, chemical processes, although generally simple, rapid,
and efficient, generate SeNPs with limited stability, culminating in the
phase transition of Se within these NPs from amorphous (red) to the
thermodynamically stable trigonal (grey) allotrope, which preferentially
forms nanorods or microcrystals [2,8]. This phenomenon is usually
avoided through stabilizing agents, such as water-soluble synthetic
polymers or natural polysaccharides [9]. Yet, surfactants can better
prevent SeNP aggregation than these substances, as the former generally
adsorb onto the NP surface through Coulomb or hydrophobic in-
teractions during the NP assembly, controlling their size, morphology,
and stabilization in suspension [2]. In this regard, surfactants are
extensively employed for metal and metal oxide NPs; nevertheless, only
a few studies report on similar strategies for SeNPs [2,10-18].
Furthermore, the latter involves mostly toxic and unsafe surfactants
alongside energy-demanding and dangerous operational conditions,
making it imperative to find feasible, inexpensive, bio- and
eco-compatible strategies for SeNP production.

This study focuses on designing a novel, safe, cost-effective, and
efficient confined environment for SeNP synthesis, unravelling the in-
tricacies of this process and its effect on NP size, morphology, and sta-
bility, and bridging some theoretical foundations with experimental
outcomes. Specifically, we chose the water-soluble, highly biocompat-
ible, and unsaturated C;g sodium oleate (NaOl) as a surfactant for our
confined environments and the essential amino acid r-cysteine (C) as a
safe and effective SeO3~ reducing agent. By leveraging the synergistic
effects of these two elements, we easily and rapidly generated high-
quality, spherical, and stable SeNPs, overcoming issues related to pH
conditions and precursor concentrations. Moreover, we studied the
unique features of the 1-cysteine@sodium oleate (C@NaOl) confined
environments, showcasing its modulability for vesicle amount and size,
which, in turn, strongly affect SeNP production, and delved into the
intricate interplay of electrostatic and steric contributions governing
SeNP stability over time. Lastly, we developed and introduced an
innovative and efficient method for determining SeNP size by extending
Mie’s scattering theory of metal NPs to metalloid ones, providing a
reliable and fast alternative to conventional size determination tech-
niques, such as dynamic light scattering (DLS) analysis, Tauc-plot
method, or electron microscopy (EM). Indeed, although these ap-
proaches are routinely used for NP size evaluation, they have significant
limitations. DLS reliably estimates the NP size only if (i) these nano-
materials are spherical and monodisperse and (ii) their stabilizing agents
do not self-assemble in the nanorange and take up a broad space. The
Tauc-plot method highly depends on the intrinsic features and optical
properties of NPs and their constitutive elements, whereas EM requires
sample preparation and is time-demanding and expensive. Our method
overcomes these issues and proves particularly effective for SeNPs from
40 to 100 nm in size, a dimensional range typical for most NPs obtained
through reduction processes.

2. Materials and methods
2.1. Materials

Oleic acid (technical grade, 90 %, 364525), sodium hydroxide
(NaOH, reagent grade, >98 %, pellets, anhydrous, S5881), L-cysteine

(>97 %, FG, W326205), sodium selenite (NasSeOs3, >90.0 % RT,
anhydrous, 71950), sodium phosphate monobasic dihydrate
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(NaH2PO4-2H50, essential grade, 98-100.5 % - calculated to the dried
substance, 04269), sodium phosphate dibasic (NapgHPOj4, BioXtra, >99
%, S7907), sodium carbonate (NaHCO3, ACS reagent, >99.5 %, anhy-
drous, 222321), and sodium bicarbonate (Na;CO3, ACS reagent, >99.7
%, S6014) used in this study were purchased from Sigma Aldrich®
(Milan, Italy). Carbon-coated copper grids (CF-300 CU), spectrophoto-
metric acrylic and quartz cuvettes (pathlength 10 mm), and folded
capillary Zeta cells were purchased from Electron Microscopy Sciences
(PA, USA), Sarstedt (Milan, Italy), Hellma® (Milan, Italy), and Malvern
Instruments (Milan, Italy), respectively.

2.2. Methods

2.2.1. Preparation of sodium oleate micelle solutions and C@NaOl
dispersions

NaOl micelle solutions were prepared by adding an appropriate
amount of sodium hydroxide solutions to oleic acid to obtain equimolar
amounts of fatty acid and NaOH (16, 39, and 78 mM,; final volume of 30
ml). NaOl concentrations were chosen to explore the effect of L-cysteine
on the surfactant aggregates upon amino acid large excess (16 mM
NaOl), defect (78 mM NaOl), or in intermediate conditions (39 mM
NaOl). After titration, the suspensions were vortexed for 30 s and
incubated at 25 °C for 3h to allow the formation of stable NaOl micelle
solutions.

C@NaOl dispersions were obtained by dissolving appropriate
amounts of L-cysteine into the NaOl solutions to reach the desired final
concentrations of 18, 24, 36, or 72 mM of amino acid, except for
monitoring pH and conductivity variations. In the latter cases, 200 mM
stock dispersions of 1-cysteine in 16, 39, or 78 mM NaOl were prepared
and used to titrate equimolar surfactant solutions.

2.2.2. Physical-chemical characterization of NaOl solutions and C@NaOl
dispersions

The obtained NaOl and C@NaOl dispersions were characterized
through UV-Visible spectroscopy, pH evaluation, conductivity mea-
surements, DLS and { potential analyses, and ATR-FTIR spectroscopy.
Absorption spectra of aliquots (20 pl diluted in 2 ml of distilled water) of
NaOl solutions and their C;o,@NaOl counterparts (where 72 refers to 72
mM 1-cysteine) were recorded in the 200-800 nm range through a
Beckman DU 800 spectrophotometer (Beckman Coulter Life Sciences).

pH and « values were determined for NaOl solutions and C@NaOl
dispersions increasing L-cysteine content by titrating NaOl solutions
with the appropriate amount of the stock C@NaOl dispersions
mentioned in the previous paragraph through a pH 211 microprocessor
pH meter (Hanna Instruments) and 160 conductivitymeter (Amel
Instruments).

DLS and ¢ potential measurements were performed on 1 ml aliquots
of NaOl solutions and their corresponding C@NaOl dispersions con-
taining 18, 24, 36, or 72 mM amino acid (100 scans per replicate,
acquisition time 30 s) under isothermal conditions (T = 25 °C) through a
Zen 3600 Zetasizer Nano ZS (Malvern Instruments) [19].

ATR-FTIR spectra were collected for NaOl solutions and C@NaOl
dispersions containing 72 mM ti-cysteine through a Bruker Vertex70
Advanced Research FTIR spectrometer (Bruker Instruments) equipped
with a platinum ATR and a diamond (y = 2.4) crystal. Spectra were
acquired in the 4000-600 cm™! range (2 cm™! lateral resolution, 200
scans) and analysed through OPUS7.5 (Bruker Instruments) and Origin
2016 software. Spectral deconvolutions by nonlinear least-square fitting
were performed using Origin 2016 software, and peak integrals of in-
terest were duly normalized for further analysis against integrals
calculated in the 1800-1200 cm™* region [20].

2.2.3. Synthesis of SeNPs in the aqueous environment and their
characterization

SeNPs were synthesized in water using the known redox reaction
between SeO3” and SH-containing compounds [21], in our case
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L-cysteine. Briefly, SeNPs were produced using a 1:3, 1:4, or 1:6 M ratio
of NaySeO3 (100 mM stock solution) and r-cysteine (100 mM stock so-
lution) using water as solvent. The same ratios were used to generate
SeNPs in buffered neutral or alkaline environments using phosphate (1
M NaH,PO4 and 0.63 M Nap,HPOy4, pH = 7.0) and carbonate (0.013 M
NaHCOs3 and 0.087 M NayCOs3, pH = 9.0) buffers as solvents.

The as-obtained SeNPs were characterized through UV-Visible and
ATR-FTIR spectroscopies, DLS and surface charge measurements, as
mentioned above. Kinetics of SeNP formation in water or buffered
conditions was monitored by collecting UV-Visible spectra of NP dis-
persions after 1, 5, 10, and 30 min from the synthesis. Moreover, the size
and morphology of these SeNPs were evaluated through Scanning
Electron Microscopy (SEM) using a FEG-SEM FEI versa 3D™ microscope
(Thermo Fischer Scientific Electron Microscopy Solutions) at an accel-
erating voltage of 10 kV. For SEM imaging, 5 pl aliquots of SeNP dis-
persions were deposited onto carbon-coated copper grids and air-dried.
The size distribution and average diameter of SeNPs were obtained by
measuring 100 randomly chosen NPs using ImageJ software [20].

2.2.4. Synthesis of SeNPs in confined environments and their
characterization

SeNP synthesis in confined environments (SeNPs@NaOl) was per-
formed by adding Na;SeOs (100 mM stock solution in water) aliquots (6
mM final concentration) to C@NaOl dispersions to maintain 1:3, 1:4,
and 1:6 ratio between SeO%’ and 1-cysteine (18, 24, or 36 mM final
concentration). SeNPs@NaOl were also obtained by improving up to 3-
fold Se03~ and L-cysteine concentrations (18 and 72 mM, respectively)
to study the stability of these NPs and increase their production yield.

SeNPs@NaOl were characterized following the same methods
described for those obtained in water, except for EM imaging, which was
performed using the same microscope in scanning transmission mode
(STEM), alongside X-ray photoelectron (XPS) and Raman spectros-
copies. XPS was performed through a PHIS000 VersaProbe II Scanning
XPS Microprobe (ULVAC-PHI) working with an Al anode (Al K, =
1486.6 eV), focusing the beam to a diameter of 200 pm (50 W) using
both positive (Ar") and negative (e”) charge neutralization and a 45°
electron take-off angle. High-resolution spectra (0.1 eV) for the Cls and
Se3d regions were collected. The XPSPEAK v4.0 software was used to
correct binding energies using the C1s aliphatic carbon peak (284.8 eV)
as internal standard and to analyse the obtained spectra utilizing a
nonlinear least-square fitting procedure to resolve chemically different C
and Se species. Raman spectra were acquired with a Horiba Raman
spectrometer (HORIBA Scientific) using a 633 nm excitation laser (1 %
laser power — ND filter —, acquisition time: 16 s, number of independent
runs: 5) in the 10-550 cm ™! range. Deconvolutions of Raman spectra by
nonlinear least-square fitting using Lorentzian curves were performed
through Origin 2016 software in the 230-280 cm ™! region. For both XPS
and Raman measurements, aliquots (10 pl) of SeNP dispersions were
drop casted onto an aluminium foil and air dried over night at room
temperature. Besides, SeNPs@NaOl stability was monitored through
UV-Visible spectroscopy after 0, 8, 24, 32, 48, 56, 72, 96, and 120h from
their synthesis at room temperature.

2.2.5. Determination of SeNP size

The size of SeNPs obtained in water or C@NaOl confined environ-
ments was firstly assessed through commonly used techniques and
models, i.e., DLS measurements and the Tauc-plot method; the latter is
extensively described in the Supplementary File, section 3.2.1. Given the
inaccuracies of these methods in establishing SeNP size, we developed
and implemented an innovative and reliable model based on Mie’s
scattering theory and UV-Visible spectroscopy, whose details are re-
ported in the Supplementary File, section 3.2.3.

2.2.6. Statistical analysis
Experiments and spectral deconvolutions were performed in tripli-
cate (n = 3) and, when pertinent, results are reported as average values
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with standard deviation.

The obtained data underwent a one-way ANOVA analysis using
Origin 2016 software and the statistical significance of these results was
assessed through the Tukey’s Honestly Significant Difference (HSD) test.
Results were considered statistically significant when p < 0.05.

3. Results
3.1. The r-cysteine@NaOl (C@NaOl) confined environment

C@NaOl confined environments were studied by focusing on
different surfactant and amino acid concentrations and their in-
teractions (Fig. 1). Confined environments are henceforth indicated as
Cx@NaOly, where X and Y represent the r-cysteine and NaOl concen-
trations used to obtain such dispersions; the C@NaOly acronym refers to
confined environments at a fixed surfactant and variable amino acid
concentrations.

NaOl dispersions exhibited UV absorbance at ca. 230 nm originating
from the surfactant C=C chromophore group (Fig. 1a). Besides, a sec-
ondary absorbance peak at ca. 280 nm emerged in NaOlgg and NaOlyg,
albeit with lower intensity. Irrespective of surfactant concentration,
colloids featured pH > 10.6 and high k values ranging from 1.16
(NaOlyg) to 3.9 mS cm™! (NaOlyg) (Fig. 1c and d). This evidence,
alongside DLS measurements, indicates the surfactant self-assembly in
polydisperse (PdI >0.5) spherical and/or ellipsoidal micelles (L; phase)
with comparable hydrodynamic diameters (dy) of ca. 30 nm (Fig. 1 c-e;
Table S1). Colloidal dispersions showed highly negative surface poten-
tials (Fig. 1f) deriving from the dissociated surfactant -COO™ head
groups. Except for dy, these parameters depended on the NaOl con-
centration, governing surfactant aggregate behaviour.

Introducing 1-cysteine made dispersions cloudy with broader
UV-Visible spectra, although the absorbance peak at 230 nm remained
visible (Fig. 1b). The amino acid lowered the pH of dispersions, ranging
from 7.7 (C100@NaOl;¢) to 10.0 (C;9@NaOlyg), depending on NaOl and
L-cysteine concentrations (Fig. 1c). Within this pH interval, NaOl self-
assembled into a mixture of micelles and vesicles, the latter identified
as the Ly, phase [22,23]. Conductivity, DLS, and { potential measure-
ments supported this hypothesis. Indeed, even low L-cysteine concen-
trations significantly decreased the dispersions’ conductivity (Fig. 1d),
indicating vesicle formation [24,25]. The extent of this phenomenon
correlated with the NaOl:i-cysteine ratio, with the most pronounced
drop when introducing 5 (Ak = 0.42 mS cm 1), 10 (Ax = 0.36 mS cm 1),
or 16 (Ax = 1.00 mS em™ ') mM L-cysteine to 16, 39, or 78 mM NaOl,
respectively. k improved with increasing r-cysteine concentration, sug-
gesting vesicle enlargement [20]. Yet, constant k values and, hence,
vesicle stability [26] were detected within the 9-18 mM and 13-40 mM
L-cysteine range for C@NaOlsg and C@NaOlyg, respectively. DLS mea-
surements confirmed vesicle stability, showing comparable dy values of
ca. 50 nm for C@NaOlzg and C@NaOlyg dispersions at the mentioned
L-cysteine concentrations (Fig. le). Large vesicles (>200 nm) were
produced when [1-cysteine] >[NaOl], aligning with conductivity curves.
¢ potential measurements revealed trends comparable to conductivity
for C@NaOlzg and C@NaOlyg, while C@NaOl;¢ showed values that
monotonically rose with increasing amino acid concentration (Fig. 1f).

Surfactant-amino acid interactions and modifications were eluci-
dated through ATR-FTIR spectroscopy (Fig. 2; Table S2). NaOl disper-
sions featured IR signals related to surfactant functional groups, with
intense contributions from -CHy and -CHj alkyl chain (2960-2850
cm’l) and the -COO™ (1558 cm’l) stretching vibrations [27]. Vibra-
tional modes of water varied with NaOl concentration, with NaOl;¢
lacking —OH stretching (3400-3200 cm’l) and bending (ca. 1650 cm’l)
vibrations, suggesting its limited interaction with water molecules.

The hydrogen bond network further varied upon adding 1-cysteine to
NaOl. r-cysteine also determined the disappearance of the surfactant
asymmetric -CHs, —CH, symmetric -COO’, and —CO stretching and ~CH,
trans bending vibrations, the shift of the —CC stretching and —~CH>, (closed
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Fig. 1. Physical-chemical characterization of NaOl and C@NaOl colloidal dispersions. (a,b) UV-Visible spectra, (¢) pH evaluation, (d) conductivity (x), (e) hy-
drodynamic diameter (dy), and (f) zeta () potential of surfactant dispersions obtained by using 16, 39, or 78 mM NaOl - indicated as NaOl;, NaOlsg, or NaOlyg - and
varying L-cysteine concentrations. In (b) L-cysteine concentration is 72 mM - indicated as C7,. Results represented in panels (e-f) for C@NaOl dispersions obtained
using different surfactant concentrations underwent a one-way ANOVA analysis and the subsequent Tukey’s Honestly Significant Difference (HSD) test; (e) dy values
were statistically different (p < 0.05) under all conditions, whereas no statistical significance (p > 0.05) was detected between (f) ¢ potential values of C@NaOlszy and

C@NaOlyg dispersions.

to the NaOl unsaturation) bending peaks towards higher wavenumbers,
and variations in bending and symmetric stretching vibrations deriving
from the amino acid -NH3 groups. These changes depended on NaOl:1-
cysteine ratios, with C;,@NaOlyg showing the most variable spectrum.
When [1-cysteine] >[NaOl], vibrations related to the surfactant HC—=CH
group and -NH3, —-CN, and -NH, groups and O---H"-O overtone of 1-
cysteine varied in position and presence/absence. The intermediate
scenario — i.e., C79@NaOlsg — revealed also significant changes per-
taining to the peak position and loss of -NH3 stretching and rocking
vibrational modes. In C;,@NaOlyg, several IR signals related to 1-
cysteine (-NHj, -NH3, -CHa, CN) or NaOl (-COO’, —-CO, trans ~CH,, and
HC—CH) either shifted or disappeared, and, simultaneously, new peaks,
referring to stretching and bending vibrations of L-cysteine protonated
amino groups arose. Specifically, the peak centred at 1260 cm ™ likely
correlated with the -CH, twisting mode under alkaline conditions [28],
aligning with pH evaluation (Fig. 1d), whereas the new peak at 1620
cm ™! derives from the deformation of -NHJ. The latter, alongside the
shift of the symmetric -NH3 bending (from 1510 to 1514 cm’l) and the

NaOl asymmetric -COO" stretching (from 1558 to 1562 cm ™) vibra-
tions, suggested the occurrence of salt bridging between NaOl and
L-cysteine. Spectral deconvolutions in the 1700-1520 and 1460-1300
em™! regions confirmed this indication, as all C;,@NaOl dispersions
displayed IR absorbance in the 1610-1620 cm™! range typically attrib-
uted to -NH3 deformation modes (Figs. S1 and S2; Table S3). Moreover,
C72@NaOlyg dispersion showed contributions typical of free NaOl
molecules, significant variation for CH, bending and rocking vibrations,
and disappearance of several -NHj bending and -COO stretching vi-
brations of 1-cysteine not detected for other colloids.

Regardless of the modifications exerted by r-cysteine on the NaOl
aggregates, ATR-FTIR spectra of C@NaOl dispersions showed -SH
stretching vibrations (ca. 2540 cm™1), indicating the availability of this
group for reducing Se0%~ to Se’.

3.2. Synthesis of selenium nanoparticles

Complete oxyanion reduction necessitates a 1:4 M ratio between
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concentration is 72 mM either in aqueous solution or in NaOl dispersions.

SeO%’ and SH-containing substances [21]. To investigate the impact of
the confined environment on SeNP production, we explored this ratio
(SeO3™ initial concentration = 6 mM), a deficiency (1:3), and an excess
(1:6) of i-cysteine. Furthermore, since SeNPs generated in water
instantaneously form insoluble Se crystals when Se0%~ > 6 mM, we
examined whether C@NaOl dispersions may enhance NP yield using an
18 mM (SeO%‘): 72 mM (L-cysteine) ratio, henceforth indicated as 1:4H.
Initially, SeNP synthesis in water employed the same SeO3:L-cysteine
ratios for subsequent comparative analysis.

3.2.1. SeNPs in the aqueous environment

Aqueous suspensions containing SeO3~ and L-cysteine exhibited a
distinct red colouration (Fig. 3 a) typical of Se®. Similar to metal NPs,
exciton resonance or transition occur when irradiating SeNPs [7], thus
UV-Visible spectroscopy can monitor their formation. SeNPs displayed
broad absorbance extending up to 550 nm, whose width and intensity
depended on the chosen precursor ratio (Fig. 3c). SeNPs 1:3 exhibited
the lowest absorbance, attributed to the incomplete Se0%™ reduction.
Moreover, SeNPs 1:3 and 1:4 featured an absorbance peak at ca. 253 nm,
blueshifting to 232 nm for SeNPs 1:6, and a pronounced absorbance

1.2 -
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c
<
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Fig. 3. SeNPs produced in the aqueous environment. (a) SeNP colloids after the synthesis and (b) incubated at room temperature for 24h, where NP precipitation and
aggregation in grey crystals is visible. Panel (c¢) shows UV-Visible spectra collected for SeNPs 1:3, 1:4, and 1:6.
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shoulder. SeNPs 1:4 and 1:6 exhibited wider absorbance than SeNPs 1:3,
indicating, alongside the intensity variation among the former, different
NP morphology and size [7,21]. Indeed, although this process yielded
spherical SeNPs under all conditions, non-regular Se nano or micro ag-
gregates were observed when L-cysteine was in excess (Fig. 4 a-c). The
oxyanion-to-reducing agent ratio influenced SeNP size, which was 54 +
16 nm, 103 + 18 nm, and 121 + 20 nm upon using a 1:3, 1:4, and 1:6
precursors ratio, respectively. Moreover, SeNPs were polydisperse and
unstable, particularly SeNPs 1:6, aggregating and precipitating within
24-h (Fig. 3 b; Fig. S3).

Although the available literature suggests that the weak stabilization
of SeNPs in water derives from electrostatic interactions solely mediated
by cystine (RSSR) molecules, ATR-FTIR spectroscopy (Fig. S4;
Tables S4-S5) was performed to identify other species potentially
contributing to this phenomenon. The obtained spectra reveal vibra-
tional modes that, based on our previous Density Functional Theory
(DFT) calculations [29], are attributed to RSSR, cysteine sulfinic (RSO3),
and cystine monoxides (RSOSR), either as residues or adsorbed onto the
SeNP surface, alongside 1-cysteine excess for SeNPs 1:6.

Considering the alkaline nature of C@NaOl confined environments,
SeNP synthesis in water was monitored through UV-visible spectros-
copy at pH 7.0 and 9.0 to explore potential changes in the reaction rate,
NP size, and morphology. Kinetics profiles revealed that SeNPs were
immediately formed in the unbuffered suspensions (pH = ca. 5.0) and
did not underwent changes within 30 min timeframe (Figs. S5a,d,g). In
contrast, a neutral or basic pH influenced both the absorbance intensity
and broadness (Figs. S5b,c,e,f,h,i), indicating variations in NP rate of
formation, size, and morphology. At pH 9.0, a delayed NP generation
and a shift in the principal absorbance peak were observed up to 5-10
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min, while absorbance broadening up to 650 nm was typical for both
buffered systems. The correlation between the latter phenomenon and
variation in NP size and shape was proved by SEM imaging, which
showed bigger NPs, micro aggregates, and Se crystals in buffered sus-
pensions regardless of the precursor ratio used (Fig. 4d-i).

3.2.2. SeNPs in C@NaOl confined environments

C@NaOl confined environments efficiently facilitate SeNP forma-
tion, as, regardless of the NaOl concentration or the SeO%’:L—cysteine
ratio, vibrant red suspensions were successfully obtained under all
experimental conditions (Fig. 5a-d). Consistent with UV-Visible spectra
of SeNPs in water, those obtained in C@NaOl dispersions featured a
distinct absorbance peak at ca. 250 nm (Fig. 5e-g,h). Yet, confined en-
vironments increased the peak resolution and restricted the absorbance
to 500 nm, suggesting that SeNPs@NaOl are smaller and less poly-
disperse than in the aqueous system. No colour changes or NP precipi-
tation was macroscopically detected when using the C@NaOl
dispersions (Fig. 5a—c), showing their strength in stabilizing SeNPs.
Furthermore, SeNPs@NaOlgg and SeNPs@NaOlyg displayed a third
absorbance contribution in the 200-215 nm range, likely attributable to
NPs<50 nm [7]. Even increasing the precursor concentrations up to 18
mM SeO%™ and 72 mM L-cysteine (i.e., 1:4H) yielded similar results
(Fig. 5), which hold significant implications for technological purposes,
avoiding the instantaneous SeNP aggregation into black precipitates
observed in water.

SeNP@NaOl formation was more comprehensively investigated by
closely monitoring its short-term kinetics (1-30 min) (Fig. S6).SeNPs
formed instantly under alkaline conditions (7.9 < pH < 9.7) when using
C@NaOl dispersions, highlighting the importance of the surfactant in

Fig. 4. Scanning Electron Microscopy (SEM) images of SeNPs produced in the aqueous environment. SeNPs obtained using a (a,d,g) 1:3, (b,e,h) 1:4, and (c,f,i) 1:6
ratio between Na,;SeO3 and L-cysteine at (a-¢) uncontrolled pH (ca. 5.0), (d-f) pH = 7.0, or (g-i) pH = 9.0.
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Fig. 5. SeNPs@NaOl dispersions and their optical properties. (a-c) Images of SeNPs@NaOl dispersions after 30 min from the synthesis using 1:3, 1:4, or 1:6 ratios
between Na,SeO3 and 1-cysteine in the C@NaOl confined environment and (a) 16, (b) 39, or (¢) 78 mM NaOl. Panel (d) displays SeNPs@NaOl dispersions obtained
by using 1:4H (18 mM:72 mM) ratio between Na,SeO3 and r-cysteine and 16, 39, or 78 mM NaOl. The optical properties of SeNPs@NaOl were determined through
(e,g,i) UV-Visible spectra, and their corresponding (f,h,j) Tauc plot were obtained and used to estimate SeNP size. The same procedure was also used for SeNPs in
water, whose Tauc plot is reported in panel (k). An indication of SeNPs size was obtained through DLS measurements by determining (1) dy values of these dis-
persions, which are statistically different (p < 0.05) as a function of the NaOl concentration used for SeNP synthesis, as highlighted by the one-way ANOVA analysis

and the subsequent Tukey’s Honestly Significant Difference (HSD) test.

governing the rate of NP formation. When [i-cysteine]<[NaOl],
UV-Visible spectra revealed a slower rate of SeNP formation than upon
L-cysteine excess, as indicated by the increased absorbance over 30 min
particularly noticeable for NaOlsg (Figs. S6e-h).

3.2.2.1. Estimation of SeNP size using conventional models and
approaches. We initially estimated the size of SeNPs using conventional
methods, namely the Tauc plot model and DLS measurements (Fig. 5f-h,
j,K).

Tauc plots and band gap (E,) values for SeNPs@NaOl were obtained
from UV-Visible spectra (SI, section 3.2.2). Eg values ranged between
3.98 and 4.42 eV (Table S6), surpassing bulk Se (Eg = 1.6-2.1 eV). Ac-
cording to the relationship between Eg and the NP size, SeNPs@NaOl
should all feature comparable diameters smaller than 2 nm (Table S6),
regardless of the synthesis conditions. However, this result seems
impractical, as reduction methods typically yield SeNPs ranging in size
between 20 and 200 nm [6]. To assess the validity of this method for
SeNPs, NP water dispersions underwent the same analytical procedure
(Fig. 5Kk), revealing lower Eg values for SeNPs 1:3 and 1:4 than the
SeNP@NaOl counterparts; in contrast, SeNPs 1:6 featured a Eg value of
ca. 4.42 eV. Even for water SeNP dispersions, the size estimation
following this model was inaccurate, as it predicts 1.59-2.09 nm
diameter NPs, contrary to previous studies [7,17,18] and SEM imaging
(Fig. 4a—c).

dy values obtained from DLS measurements for SeNPs@NaOl
showed similar trends to C@NaOl dispersions (Fig. 51; Tables S1 and S7),
and they were affected by the NaOl:L-cysteine ratio and SeO3~ concen-
tration used. Since SeO%’ always fell short of other components, dy
values generally reflected the corresponding confined environments.
Only SeNPs 1:3@NaOl; ¢ featured dy (ca. 78 nm) sensibly different than
its C;gNaOl;¢ counterpart (ca. 221 nm), likely due to the low surfactant
and amino acid concentration used. Moreover, these dispersions con-
tained differently sized aggregates (SeNPs, NaOl vesicles and/or mi-
celles, and cystine crystals) that hindered the NP size determination and
contributed to their overall polydispersity (PdI >0.30). Similar results
were obtained even for SeNPs produced in water, likely due to cystine
crystals and r-cysteine in excess, revealing dy bigger than the actual
SeNP diameter determined through SEM imaging.

3.2.2.2. A new model based on UV-visible spectroscopy and Mie’s scat-
tering theory for evaluating SeNP size. Mie’s scattering theory is a useful
approach for determining the NP size and shape based on its extinction
of an incident beam. This approach is routinely used for Ag and Au NPs,
which feature significant SPR bands in the visible range. However, this
theory has not been extended to date to SeNPs, as they do not display
SPR phenomena per se. Yet, since Se confined in the nanorange manifest
exciton resonance or transition phenomenologically comparable to
metal SPR [7], Mie’s scattering theory for metal NPs was here applied to
SeNPs, and their UV-Visible contributions were used to implement an
innovative model for evaluating their size (SI, section 3.2.3).

As for metal NPs, UV-Visible spectra simulations for differently sized
SeNPs showed variation in peak position and width depending on their
size (Fig. S7a). A linear relationship (R2 = 0.989) between the absorp-
tion wavelength (Asps) and SeNP diameter (50-120 nm range) was
observed (Fig. S7b). Given the broadness of SeNPs@NaOl UV-Visible
spectra, they underwent deconvolution in the 200-700 nm region, al-
ways revealing multiple contributions, hence SeNP populations, with

different positions and areas depending on the C@NaOl concentration
and NapSeOs-to-L-cysteine ratio used (Fig. S8; Table S8). Only disper-
sions obtained using 16 mM NaOl featured four contributions, whereas
increasing the surfactant concentration led to five populations. From
spectral deconvolutions, the SeNP size was determined as described in
section 3.2.3; results from the model are depicted in Fig. 6. Under all
synthetic conditions, most SeNPs seemed to be smaller than 70 nm,
suggesting the ability of C@NaOl confined environments to limit their
growth regardless of the NaySeOs-to-L-cysteine ratio used. Increasing the
surfactant concentration progressively reduced the SeNP size, whose
most represented population shifted from 56-70 nm to 40-55 nm when
using 16 or 78 mM NaOl, respectively. Yet, the same component nega-
tively influenced the SeNP polydispersity, as inferred by the high
number of NP populations observed upon adding 39 or 78 mM NaOl,
displaying 3 or 4 NP contributions, respectively. Moreover, only
C@NaOlyg dispersions seemed to mediate the formation of SeNPs with
an average size in the 71-85 nm range.

3.2.2.3. Validation of the SeNP size estimation by Scanning Electron Mi-
croscopy in transmission (STEM) mode. STEM imaging of SeNPs
1:4@NaOl confirmed the production of spherical SeNPs (Fig. 7),
corroborating the validity of UV-Visible spectral simulations based on
this nanomorphology. These SeNPs were also embedded in a slightly
electron-dense material constituted by NaOl. The latter was either
organized as elongated aggregates at high surfactant concentrations or
present as less defined structures, almost wrapping and confining SeNPs,
when using 16 mM NaOl, suggesting that low surfactant amount can
better stabilize SeNPs. STEM size distributions confirmed this observa-
tion, as SeNPs 1:4@NaOl;¢ were less polydisperse than other samples
(Fig. 8a). Furthermore, SeNPs 1:4@NaOl featured size distributions like
those observed when using other cationic or anionic surfactants as
confined environments [2,10,15,16]. More importantly, STEM images
corroborated the validity of the implemented model for SeNP diameter
evaluation, as the two size distributions significantly overlapped for NPs
between 40 and 100 nm under all experimental conditions (Fig. 8).

3.2.2.4. SeNP stability. SeNPs@NaOl dispersions were macroscopically
stable for more than two months, as highlighted by the absence of
precipitate in the vials (Fig. 9 a-d). This evidence was corroborated by
SEM imaging, which showed that SeNPs retained the typical spherical
shape after one month of storage at room temperature(Fig. S15). The
stability of such dispersions was deeply investigated by monitoring the
NP precipitation kinetics up to five days from the synthesis and applying
the implemented model to evaluate NP variation in size over time.
UV-Visible spectra of SeNPs@NaOl dispersions showed little modifica-
tions and limited NP precipitation (Figs. S9 and S10). Yet, the UV-Vi-
sible spectra broadness increased over the timeframe considered, being
the largest after five days. Deconvolutions of UV-Visible spectra high-
lighted significant variations in integral values and absorbance contri-
butions of SeNP@NaOl dispersions (Figs. S11-13; tables S9-S11).
Specifically, 16 mM NaOl guaranteed to maintain two contributions at
similar wavelengths within five days, although their integrals varied
with time. The latter phenomenon was observed using the other NaOl
concentrations, which also caused the disappearance of absorbance
signals in the 205-245 nm and 275-305 nm (SeNPs@NaOlyg) range over
five days, depending on the chosen surfactant amount and the NaySeOs:
L-cysteine ratio. Aligning with these observations, estimating the NP size
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Fig. 7. Scanning Electron Micrographs in Transmission (STEM) mode of SeNPs produced in C@NaOl confined environments. STEM was performed on SeNPs
synthesized by using (a) 16, (b) 39, or (¢) 78 mM NaOl and the stoichiometric 1:4 ratio between Na,SeO3 and L-cysteine. Inlets (al-c1) show higher-magnification

images of the as-produced SeNPs.

through the developed model revealed a dynamic evolution of these
dispersions. Nevertheless, most NPs (Area,e] > 50 %) were between 56
and 70 nm in size over the five-day interval (Fig. 9e-g; Fig. S14). Indeed,
although small SeNPs (d < 56 nm) were obtained with 39 or 78 mM
NaOl, they were the most unstable. This phenomenon directly correlated
to the C@NaOl confined environment used. When [NaOl]>[i-cysteine],

small SeNPs, alongside those between 71 and 85 nm within SeNPs@-
NaOlysg, dissolved in 2-3 days, contributing to the rising of the 56-70 nm
population. On the opposite, the [L-cysteine]>[NaOl] scenario main-
tained only two SeNP populations in C@NaOl;¢ dispersions and small
NPs in SeNPs 1:4H@NaOl3o, which featured three stable NP populations
(Fig. Sl4a-d,h). Nevertheless, integrals referring to large SeNPs (>80
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nm) increased during the considered timeframe, being more significant

(Fig. 10a), confirming their electrostatic stability. The similarity be-
(Arel > 40 %) for NPs obtained by using 16 or 78 mM NaOl. The outcome

tween { potential trends of SeNPs@NaOl dispersions and the corre-

of the implemented model was in line with SEM imaging of aged
SeNPs@NaOl dispersions (Fig. S15), which displayed NPs featuring 70
+ 8 nm, 62 + 5 nm, and 82 + 12 nm as average diameters when using
16, 39, or 78 mM NaOl for their synthesis, respectively.

¢ potential measurements, XPS, Raman and ATR-FTIR spectroscopies
(Fig. 10) provided detailed information regarding the SeNP@NaOl sta-
bilization. All NP dispersions featured ¢ potential values < —30 mV

10

sponding confined environments indicated that analogous electrostatic
interactions occurred. Raman, XPS, and ATR-FTIR spectroscopies were
performed solely focusing on SeNPs 1:4@NaOl to gain insights on sub-
stances within the dispersions and their interaction when the redox re-
action was completed. SeNP crystal structure was assessed through
Raman spectroscopy, which revealed contributions in the bond-bending
vibrational mode (70-150 ¢cm ') and Se-Se bond stretching vibrational
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mode (150-300 cm ™)) regions [30] for NPs produced in water and the
C24@NaOl environments (Fig. 10c—d; Table S12). Specifically, all SeNPs
1:4 dispersions displayed a signal at ca. 234 cm ™! typical of intrachain
antisymmetric bond stretching of trigonal Se (¢t-Se) in E symmetry [31]
alongside the S-S stretching peak at 499 cm™!, attributable to RSSR
molecules generated via redox reaction [32]. SeNP synthesis in confined
environments determined the rising of the intrachain bond-stretching
mode of disordered amorphous polymer Se-chains (Se,) at 250 em™?
and decreased signals of t-Se at ca. 234 em~! [33]. Furthermore, weak
signals referring to bond-bending vibrations (182 cm™') and intrachain
antisymmetric bond stretching with 2E symmetry (279 cm™ ) of Se
observed for SeNPs 1:4 in water disappeared for SeNPs 1:4@NaOl dis-
persions. Se,, contributions became predominant for SeNPs 1:4@NaOlys,
which also showed the disappearance of the intrachain symmetric bond
stretching with A1 symmetry (shoulder at 237 ecm ™) [31] and intra-
chain antisymmetric bond stretching with 2E symmetry (439 cm™?) of
t-Se, alongside the intrachain bond-stretching referring to polymeric
sulphur chains (460 cm’l). Spectral deconvolutions in the 200-300
em™! region (F ig. S16; Table S13) further confirmed the role of confined
environments in limiting the transition from amorphous to trigonal Se
within NPs. Indeed, normalized integrals referring to the former
increased a function of the surfactant concentration at the expense of
those related to t-Se. Moreover, spectral deconvolutions highlighted the
appearance of a contribution at ca. 260 cm™! typical of the generally
unstable monomeric Seg rings (monoclinic Se) [30,33], which was the
highest for SeNPs 1:4@NaOlyg (Fig. S17). The mechanisms governing
the stability of SeNPs in confined environments and the impaired tran-
sition from Se, to t-Se were evaluated through XPS and ATR-FTIR
spectroscopy (Fig. 10b,e-h; Fig. S18; Table S14). XPS Cls spectra
revealed contributions deriving from C-C/H bonds at 284.8 eV for all
samples, whereas C-O binding energy shifted from 287.2 to 285.6 eV for
SeNPs produced in water and Co4@NaOl environments (Fig. S18).
Similarly, SeNPs 1:4 featured a signal at 288.7 eV attributable t o
0O-C=0O0 of r-cysteine, which downshifted up to 288.2 eV for SeNPs@-
NaOl, being typical of C=0 bonds of the surfactant. Furthermore, all
samples displayed a contribution referring to Na at ca. 63 eV, which
derived from NaySeO3 and NaOl, and Se3d peaks as doublets in the
55.5-53.7 eV range (Fig. 10e-h). Deconvolutions of Se3d signals
revealed the presence of the Se3d5/2 peak attributable to Se®
(55.5-55.3 eV) only for SeNPs produced in water or the Co4@NaOl;¢
confined environment (Fig. S18). Yet, this contribution was minor (as
relative area) than that centred at 54.7 eV (Fig. S19), present in all SeNP
samples, inferring an electron transfer from the reducing and stabilizing
agents to Se atoms on the NP surface, which is indicated here as Se®™!
contribution [33]. Upon using 39 or 78 mM NaOl for SeNP synthesis, a
Se3d contribution at ca. 53.8 eV arose, becoming the most represented
relative area under these conditions (F igs. S18-S19). Moreover, SeNPs
1:4 displayed a peak at 58.9 eV, which is usually detected in combina-
tion with the Se® signal and is attributed to the energy loss of Se in its
elemental state. IR spectra revealed vibrational modes typical of NaOl
and cysteine-derived species (i.e., RSSR, RSOSR, and RSO3), either as
free residues or adsorbed on SeNP surfaces (Fig. 10b; Table S14). The IR
absorbance of these species was particularly visible for contributions
centred at 1295-1250, 1065, 985, and 875-730 cm ™! related to —~CHa,
—-CH, -OH, -CO, -NH,, -NH3, —CN, and -SO vibrations, which were
more significant for SeNPs@NaOl;¢ and SeNPs@NaOlsg dispersions.
Finally, variation in the peak position of these contributions or those
referring to the hydrogen bond network (-OH stretching and O---H"-O
overtone) compared to C@NaOl environments or NPs in water inferred
the interactions between NaOl, RSSR, RSOSR, and RSO; species that
contributed to the overall SeNP stabilization.

4. Discussion

Combining the surfactant NaOl, whose C;g chain provides good
steric hindrance, and the amino acid 1-cysteine, a convenient and safe
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Se0%-reducing agent, allowed obtaining an easy, biocompatible, and
cost-effective confined environment for synthesizing SeNPs, overcoming
crucial issues related to pH conditions, yield, and NP stability typical of
the synthesis in water.

A fundamental drawback of the latter process regards the natural
tendency of amorphous (red) Se, typical of NPs obtained through redox
processes, to transform into the stable trigonal (grey) Se forming 1D
nano- and micro-structures [10,29]. This phenomenon can be prevented
only by RSSR, RSOsH, RSO3, and RSOSR compounds (Fig. S4;
Tables S4-S5) that can act as L- or X-type ligands coordinating with Se
atoms on the NP surface [29], as also inferred by the Se®"ih contribution
(54.7 eV) observed in the Se3d XPS spectrum of SeNPs 1:4 (Fig. 10e-h).
In this regard, superoxide ions (O3) or hydrogen peroxide (H203)
formed during the process can oxidize cysteine to cysteine sulfenic acid
(RSOH), which, in turn, either undergoes the same process generating
RSO2H and RSO3 or reacts with itself, forming RSOSR [34-36]. Yet,
electrostatic contributions are not sufficient to prevent the irreversible
phase transition of Se atoms occurring within 24h from the NP synthesis
(Fig. 3b). The exclusive presence of t-Se signals in the Raman spectrum
of SeNPs 1:4 (Fig. 10c-d; Figs. S16-17) further corroborates this hy-
pothesis, as the chosen experimental conditions (i.e., laser wavelength
and power density) likely caused the ring-to-chain transition of Se (T =
50 °C) within NPs and its consequent photocrystallization [37]. Besides,
variations in pH, SeO%’:L—cysteine ratio, and precursor amounts can
favour this transition. For instance, neutrality or alkaline conditions may
cause the preferential formation of RSSR over RSO3 or RSOSR [38],
reducing the functional groups able to interact with the SeNP surface
and generating irregular SeNPs, microaggregates, and crystals (Fig. 4
d-i). Alkaline conditions also delayed SeNP formation (Figs. S5c,f,i), as
Se0% and S™-containing L-cysteine are mostly present [39], which,
being less prone to interact than their acidic and protonated counter-
parts, slow the reaction rate. This phenomenon is mitigated at neutral
pH [39]. Similarly, the 1-cysteine excess (i.e., 1:6 ratio) likely adsorbed
onto the SeNP surface, forming irregular aggregates (Fig. 4c), whereas
increasing the precursor concentrations enhances the number of Se
atoms in a small volume, improving the chances for Se-phase transition
to occur.

In C@NaOl confined environments, spherical, regular, and small
SeNPs are formed instantaneously in alkaline conditions, even when
using L-cysteine excess and elevated precursor concentrations, without
irreversible aggregation up to two months from their synthesis (Figs. 4
and 5a-d,7,8; Figs. S3 and S6). SeNP formation under alkaline conditions
likely links to the anchoring of SeO3~ and S”-amino acid, the most
represented species, provided by surfactant head groups through
hydrogen bonds involving also water (Fig. 10b; Table S14). This dense
hydrogen bond network confines SeNP precursors, increasing their local
concentrations, facilitating the redox reaction even in alkaline condi-
tions, and guaranteeing the proximity of Se atoms needed to generate
NPs. The production of spherical and regular SeNPs, even when using
1:6 or 1:4H ratios, relied partially on the same hydrogen network. For
instance, the anchoring of i-cysteine to NaOl head groups may slow
down, or even hinder, the preferential formation of RSSR residues under
alkaline conditions, leaving RSOSR and RSO3 moieties available to
interact with the SeNP surface, as observed in XPS and ATR-FTIR spectra
(Fig. 10). Yet, SeNP formation and stabilization also depended on the
aggregates within C@NaOl dispersions, which limited the amorphous-
to-trigonal Se transition through electrostatic and steric repulsions and
acted as NP templates, governing their size and shape. Overall, i-
cysteine triggered the NaOl transition from spherical and/or ellipsoidal
micelles to vesicles (Lo, phase) as indicated by the scattering contribu-
tion and dy values detected through UV-Visible spectroscopy and DLS
measurements (Fig. 1a,b,e), respectively. This phenomenon derives
from the electrostatic shielding of surfactant head groups and the hy-
drophobic effect exerted by its tails. When pH > pK; nao1 (ca. 8.0), salt-
bridging interactions occurred between 1-cysteine and NaOl (Figs. S1
and S2; table S3), varying the surfactant surface charge density and
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forming a stabilized electric double layer (EDL). The latter entraps a
high number of Na* in dispersions, drastically decreasing their con-
ductivity and surface potential (Fig. 1d-f); yet, amino acidic -COO™ and
-S” groups (pK, = 8.16) can contribute to this phenomenon. Addition-
ally, pH values close to 8.0 favour intermolecular hydrogen bonds that
stabilize NaOl head groups [40], as indicated by the appearance or the
significant shift of the —OH stretching vibration (3370-3400 cm™%;
Fig. 2) typical of water molecules accepting hydrogen bonds and/or
forming water clusters [41,42]. Ionic groups of L-cysteine also increase
water entropy and modify the surfactant tail solubility [43], varying its
physical-chemical makeup, as indicated by ATR-FTIR spectroscopy
(Tables S2 and S3). Specifically, the disappearance or the shift of NaOl
peaks referring to —CHjy groups closed to the Cy-unsaturation and in trans
configuration (1465-1315 cm_l; Fig. S2) of C@NaOl dispersions [44,45]
suggests a loss of all-trans conformation and packing in the modified
triclinic O'17 subcell in favour of a more mobile and fluid Ly, phase [44],
confirming the hydrophobic effect of water on NaOl tails, which orga-
nize in vesicles. The C@NaOl confined environment is modulable for
both vesicle amount and size, crucial parameters for SeNP production, as
summarized in Fig. 11.

When 1-cysteine falls short NaOl, few vesicles are formed (Fig. 11a),
as the low amino acid concentration maintains a pH > 8.6 and limits salt
bridging interactions, hydrogen bonds, and water entropy, favouring
micellar aggregates, as indicated by DLS measurements for C@NaOl and
NaOl colloids (Fig. 1e). Moreover, the k Ly /L1 phase ratios, which relate
to the number of vesicle bilayers [46], calculated based on Fig. 1d are
0.63, 0.80, and 0.74 for 16, 39, and 78 mM NaOl, respectively, typical of
one-bilayer and similar vesicles. The constant k regions (Fig. 1d) and PdI
values (Table S1) observed under this scenario suggest that vesicles are
stable in size. This outcome may derive from the limited r-cysteine
coating around the surfactant heads and subsequent low Na™ dissocia-
tion. k ratios, alongside PdI values, remain constant until NaOl:
L-cysteine is ca. 2, suggesting the requirement of an amino acid threshold
concentration for modifying these aggregates. C@NaOl;g dispersions
represent a magnification of this scenario, as for most of the explored
conditions [t-cysteine] < [NaOl]. Besides, although vesicle formation
affected { potential similarly to conductivity, the former is influenced by
the amino acid speciation; at pH > 9, almost all amino acid -SH are
deprotonated, determining a significant drop in the dispersion surface
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charge, with a greater extent for 78 mM than 39 mM NaOl (Fig. 1c and
d). The mixture of NaOl micelles and few C@NaOl vesicles within this
scenario makes the confined environment not uniform, causing a
disordered anchoring of L-cysteine and SeO2~ on the NaOl surface, poor
control over the redox reaction, and a high polydispersity of the formed
SeNPs (Fig. 6b,c, 8, and 10d; Table S8). XPS analysis sustains this evi-
dence, as SeNP 1:4 dispersions produced with [iL-cysteine] < [NaOl]
showed two Se®™? contributions (Fig. 10e-h; Fig. S19) likely derived
from different electron transfer from the NaOl micelles and C@NaOl
vesicles - X- and L-type ligands - to the SeNP surface, improving the
electron richness of Se coordination sites. In turn, the highest coordi-
nation between Se atoms on the NP surface and surfactant-containing
aggregates in SeNPs 1:4@NaOlsg and SeNPs 1:4@NaOlyg can limit the
transition from Se, and Seg rings to t-Se, aligning with Raman spec-
troscopy results (Fig. S17; table S13) and previous studies [33]. In this
regard, the detection of Raman shifts typical of Seg rings (ca. 260 cm %)
within these dispersions infers the good stabilizing activity of NaOl
micelles and C@NaOl vesicles on Se, as this phase generally undergoes
rapid transformation under heat or illumination [37]. The variance in
Sey, t-Se, and Seg integrals (as relative area) observed in Raman spectra
of these SeNP dispersions may relate to their different size distribution of
NPs, as SeNPs 1:4@NaOlsg displayed less polydisperse and bigger NPs
than SeNPs 1:4@NaOlyg (Fig. 6b and c). Indeed, the ring-to-chain
transition of Se might be favoured within bigger NPs than smaller
ones, as the higher amount of Se atoms in the former are more likely to
interact with each other. Although confined environments with an
amino acid deficiency efficiently limit Se crystallization, they cannot
prevent the NP evolution and aggregation over time. Indeed, the pop-
ulation of small (40-55 nm) NPs evolved over the 5-day incubation,
becoming part of the one featuring 56-70 nm as the average diameter
(Fig. of and g). This outcome directly correlates with the elevated
number of NaOl micelles within these NP dispersions that, due to their
small size, can limitedly counteract NP aggregation due to short-range
interactions [2], exerting a scarce steric hindrance, alongside the alka-
line pH conditions, which favour the formation of less interacting RSSR
residues than oxidized ones [38] (Fig. 10b; Table S14). In turn, SeNPs
can undergo an Ostwald-ripening mechanism, according to which the
smallest NPs — i.e., the most soluble — dissolve, and the available Se
atoms adsorbed onto the surface of bigger NPs, generating less

Big C@NaOl vescicles

[L-cysteine]

Fig. 11. Modulability of C@NaOl confined environments and their impact on SeNP synthesis. (a) A defect of L-cysteine compared to NaOl generates few and small
C@NaOl vesicles and maintains surfactant micelles, which, in turn, (d) limitedly controlled the rate of SeNP formation and growth through Ostwald ripening. (b)
When 1-cysteine and NaOl concentration are similar, more and bigger C@NaOl vesicles and (e) less polydisperse SeNPs are formed, due to the higher steric hindrance
exerted by these aggregates than NaOl micelles. (¢) An excess of L-cysteine enables obtaining the most uniform confined environment consisting of big C@NaOl
vesicles that simultaneously control the NP rate and yield and (f) electrosterically stabilize SeNPs, which became more regular in size.
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polydisperse populations. Most SeNPs were also smaller in size than
those obtained when L-cysteine exceeds NaOl (Figs. 6 and 8; Table S8),
likely due to the numerous NaOl micelles that confined SeO%~ and
L-cysteine in various locations, limiting the chances for an elevated
number of Se atoms to encounter and form big SeNPs.

When the amino acid and surfactant amounts are comparable, salt
bridging interactions are favoured rather than the previous scenario, as
indicated by the rising of several —NH3 vibrational modes in
C72@NaOlyg dispersions, particularly regarding its deformation
(Table S2; Fig. S2), whose high integral relates to the absence of free
amino acid that could hinder signal detection. Yet, dy values of
C36@NaOlsg and C;o@NaOlyg are comparable to those of surfactant
colloids (Fig. 1e), indicating the formation of a few vesicles. In these
conditions, k and ¢ potential measurements suggest that L-cysteine-NaOl
interaction mediates the vesicle enlargement (Fig. 1d-f; 11b). The
increased salt bridging determines an enhanced amino acid coating on
the surfactant head groups that can improve Na™ dissociation in the
medium and, hence, conductivity and surface charge. In this scenario,
the amino acid steric hindrance towards the surfactant becomes more
significant and is partially responsible for the vesicle’s increased size.
Even water entropy improves, triggering a more pronounced effect on
surfactant tails than when NaOl is in excess. In this regard, C;o@NaOlyg
dispersion displayed the most fluid Ly, phase (Fig. S2), indicating a more
substantial rearrangement of hydrophobic NaOl tails in the former
responsible for the vesicle’s enlargement. Regardless of these peculiar-
ities, SeNPs 1:6@NaOlsg and SeNPs 1:4H@NaOl;g showed size distri-
butions similar to those obtained when NaOl exceeded r-cysteine (Figs. 6
and 8; Table S8), corroborating the importance of vesicles for NP
physical-chemical features. The vesicle enlargement becomes crucial
when considering the SeNP stability over time, as these dispersions
displayed the highest integrals (ca. 80 % and 60 %) referring to 56-70
nm SeNPs after 5 days of incubation within those obtained by using 39
or 78 mM NaOl (Fig. 9f and g). In this regard, large vesicles, although
limited in number, exert a marked steric hindrance, which can better
overcome Se tendency to aggregate to reach its thermodynamic equi-
librium (Fig. 11e).

An excess of i-cysteine further improves salt bridging with NaOl,
increasing the production of vesicles and their enlargement (Fig. 11c), as
inferred by the distinguishable and greater dy values for C@NaOl;¢ and
C79@NaOlsg dispersions than the NaOl counterparts (Fig. le). The
C72@NaOlsg system features a larger dy (ca. 360 nm) than C@NaOl;¢
dispersions, attributable to the more fluid Ly phase of the former
(Fig. S2). Instead, the amino acid excess in C@NaOl;¢ dispersions forms
a shell surrounding the surfactant head groups, which can better stabi-
lize NaOl vesicles through hydrogen bonds (Fig. 2; Table 52), making the
overall structure more rigid. In this regard, C;o@NaOl;¢ dispersion
displayed less IR stretching contributions of amino acid -NH3 groups
and a higher number of vibrational modes typical of r-cysteine not
interacting with NaOl than the other systems (Fig. S2; Tables S2 and S3).
Despite differences between C@NaOl;g and C;5@NaOlsg dispersions,
vesicles formed in these conditions seem stable in size, being more
evident for the former from dy, k, and { potential values (Fig. 1d-f;
Table S1), suggesting that once a threshold number of vesicles is formed,
L-cysteine in excess stabilizes them (ca. 220 nm). Specifically, the less
negative surface charge of C@NaOl;¢ dispersion (Fig. 1f) reflects the
amino acid speciation, whose -SH groups increase at expenses of -S°
moieties as the pH becomes closer or below its pK, (8.16) [39], and the
interaction between -COO™ and -NH3 groups of NaOl and r-cysteine,
respectively. This phenomenon, more distinguishable at low surfactant
concentration, significantly lowers the number of free negatively
charged carboxylate moieties and increases the amount of free Na *
counterions in the dispersion. Similar conclusions can be drawn from
conductivity and surface charge measurements for C;o@NaOlsg dis-
persions. Nevertheless, the less negative { potential value observed for
the C72@NaOl,6 system likely links to the presence of -SH groups and a
portion of acidic NaOl —COOH moieties, as the pH < 8.0 for this
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dispersion, decreasing the head group repulsion and increasing the
packing of hydrophobic moieties [47], hence their rigidity, as observed
through ATR-FTIR spectroscopy (Fig. S2). The increased number of
C@NaOl vesicles reflects the low polydispersity and high stability over
time of SeNPs@NaOl;¢ and SeNPs 1:4H@NaOl3g (Fig. 6a and b and 9e,f;
Table S8). Indeed, when vesicles are predominant, the confined envi-
ronment is homogeneous and the amino acid molecules form a shell
around NaOl head groups, as also indicated by the similarity between
XPS spectra and contributions of SeNPs 1:4@NaOl;¢ and SeNPs 1:4
(Fig. 10c and d; Fig. S19), which inferred that a similar degree of elec-
tron transfer from the capping agents to the NP surface occurred within
these dispersions, also in line with previous reports [33]. Nevertheless,
the C24@NaOl;¢ confined environment partially limited the Se,, -to - t-Se
transition (Fig. 10c and d; Fig. S17; table S13) than the synthesis in
water, likely due to the good control exerted by the C@NaOl aggregates
over the NP size. Indeed, these aggregates, being bigger than 200 nm,
provide good steric and electrostatic hindrance, enabling to obtain
smaller SeNPs than those in water (Fig. 8a; Fig. S3) and prevent their
encountering and agglomeration (Fig. 11f). In this regard, SeNPs@-
NaOl;¢ always displayed two UV-Visible contributions referring to
56-70 nm (Areay,e > 70 %) and the less representative 86-100 nm
SeNPs, agreeing with Olutas’ work [2]. The same NP populations were
also detected after 5-day incubation, although the contribution of big
NPs slightly increased (ca 40 %), likely due to their partial ripening.
Similarly, the smallest NP population (40-55 nm) was maintained over
time only in the SeNPs 1:4H@NaOlsg dispersion, the most stable among
those investigated here (Fig. S14). The steric contribution avoiding NP
aggregation was enhanced for the latter dispersion, as the C7o@NaOlsg
system featured bigger vesicles than those obtained for C@NaOl;¢ col-
loids (Fig. 1d).

4.1. SeNP size determination

Size is a key parameter for nanomaterials, as it dictates several of
their physical-chemical and applicative properties, making it imperative
to have reliable, cost-effective, rapid, and easy methods to determine
this feature. DLS measurements and the Tauc-plot method are generally
used for this purpose, sometimes even disregarding their intrinsic limi-
tations. For instance, the former becomes ineffective when NPs are not
spherical, stabilized by auto-assembled aggregates with different size
and morphology, and/or when the stabilizer concentration exceeds that
of NPs, as the estimated dy refers to the diameter of a sphere capable of
scattering the light in liquid medium like colloids within the samples
[48]. Indeed, DLS measurements overestimated SeNP size either in
water or in C@NaOl environment due to cystine crystals, cysteine
excess, NaOl micelles, and C@NaOl vesicles within the dispersions
(Table S7). Similarly, the Tauc-plot method is vastly used for NP size
determination, yet its applicability and validity strongly depend on the
material and the correct determination of its Eg. Although an in-depth
discussion of this topic is beyond the scope of this work, the spectral
overlap of different bands, absorption (Urbach) tails, and excitons [49]
can affect the E; determination for Se. Indeed, the latter, even as bulk,
features five local valence and conduction bands deriving from the
short-range-ordered energy states, which lead to a broad absorption
spectrum where these contributions overlap [50,51]. In turn, this
outcome causes defect states close to the band edges that, alongside
impurities, phonons, and excitions, contribute to the arising of Urbach
tails [49,50]. Specifically, excitons dominate the Se-absorption edge at
room temperature, determining significant shifts in its absorption edge
and broadening its spectrum [43]. Se scaling down to the nanorange
emphasizes these phenomena, as indicated by UV-Visible spectra of
SeNPs in water or C@NaOl dispersions (Figs. 3¢ and 5e,g,i), making
their Eg and size determination through the Tauc-plot model inaccurate.
On the opposite, assimilating exciton resonance and transition of SeNPs
with surface plasmon resonance of metal-based NPs allowed us to
implement a new method for determining SeNP size based on Mie’s
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scattering theory, which was reliable for 40-100 nm SeNPs (Fig. 8).
Indeed, UV-Visible spectra simulations for SeNPs bigger than 100 nm
showed absorption contributions that did not linearly correlate with the
simulated size (Fig. S7) and close, in peak position and broadening, to
those of bulk Se [7], in line with the definition of nanoparticle per se.
Instead, SeNPs smaller than 40 nm did not feature scattering contribu-
tions, likely due to the significant difference between dgenp and the
incident wavelength, the domination of dipole absorption over dipole
scattering, and a rearrangement of electrons between the NP surface and
the medium [52-54]. Nevertheless, the developed method can easily,
rapidly, and inexpensively determine the size of SeNPs in a range typical
of NPs obtained through reduction methods [6], proving its usefulness
and validity.

5. Conclusions

Our study successfully addresses critical challenges associated with
SeNP synthesis by introducing a novel confined environment utilizing
the surfactant sodium oleate (NaOl) and the amino acid r-cysteine. This
approach offers a bio-compatible, cost-effective, and versatile platform
for the controlled synthesis of SeNPs, overcoming various challenges
associated with traditional water-based synthesis methods. Leveraging
the unique properties of NaOl and L-cysteine (e.g., steric hindrance,
redox activity, and their salt-bridging interaction) within confined en-
vironments enables the instantaneous production of spherical, regular,
and small (40-70 nm) SeNPs, even under alkaline (9.6 < pH < 7.6)
conditions. Electrosteric contributions within the C@NaOl environ-
ments and the coordination of Se atoms with functional groups of these
dispersions limited the amorphous-to-trigonal phase transition of sele-
nium, improving its stability at room temperature, and increased up to
3-fold the yield of SeNPs without aggregation. Furthermore, C@NaOl
dispersions proved modulable for vesicle formation, as an amino acid
excess or defect enabled obtaining vesicles (ca 200-300 nm) or a
mixture of polydisperse NaOl micelles and C@NaOl vesicles. In turn,
these aggregates influenced SeNP size and stability over time. Using a
mixture of micelles and vesicles led to smaller (40-55 nm) yet less stable
and more polydisperse SeNPs. Instead, the predominant presence of
vesicles increased SeNP stability and decreased their polydispersity; yet
these NPs were bigger (56-70 nm) than those obtained when t-cysteine
fell short NaOl. Lastly, we introduce a novel method based on Mie’s
scattering theory for accurate SeNP size determination (validity range:
40-100 nm) as a reliable alternative to traditional techniques like dy-
namic light scattering (DLS) and the Tauc-plot method, adding a valu-
able tool to the characterization toolbox of SeNPs.

Thus, this study underscores the significance of tailored confined
environments for synthesizing SeNPs and the potential manipulation of
their size, morphology, and stability through precise control over the
synthesis parameters, offering promising prospects for various techno-
logical applications.
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