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A B S T R A C T

Selenium nanoparticles (SeNPs) can be synthesised via physical, chemical, or biological methods. While physical 
and chemical approaches offer benefits, they often involve high costs, toxic reagents, and reduced biocompati
bility due to stabilizers. Biological synthesis provides a greener, more biocompatible alternative, but faces 
challenges such as variability in biological sources, slow synthesis, low yields, and scalability issues due to pH 
sensitivity, toxic precursors, and costly equipment. To address these limitations, we propose a sustainable 
workflow for SeNPs production using the selenite (SeO3

2-)-reducing amino acid L-cysteine (Cys) and the eco- and 
bio-compatible surfactant sodium oleate (NaOl). We report that Cys not only reduces selenite but also induces 
phase transitions in NaOl, forming a confined environment of vesicles and lamellar structures that facilitate 
controlled SeNPs nucleation and growth. Through a detailed phase diagram analysis, we elucidate the critical 
Cys and NaOl concentration regimes and pH conditions thresholds that drive surfactant self-assembly, providing 
valuable insights into the optimized colloidal environment for SeNPs synthesis. We also report that these 
confined structures support SeNPs isotropic growth and long-term stability. This method provides a scalable and 
eco-friendly approach for producing biocompatible SeNPs, addressing some of the challenges of conventional 
methods.
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1. Introduction

Over the last decades, the exponential rise in the demand for high- 
quality nanomaterials with a narrow size distribution has led to the 
development of several synthetic procedures, such as sol-gel, micro
emulsion, thermal decomposition, microwaves, chemical precipitation, 
photoreduction, and radiolytic reduction [1–3]. These procedures may 
pose a challenge due to nanomaterials’ spontaneous and irreversible 
aggregation driven by their high surface energy and large surface-to- 
volume ratio [1,3,4]. To date, most of the solutions employed to over
come this issue are expensive, rely on toxic or harmful compounds, and 
exploit processes at high pressure or temperature [5]. Moreover, the 
increasing focus on eco-friendly methods [1,6] redirects researchers’ 
efforts to alternative safe, cost-effective, and even scalable synthetic 
procedures [1,7–9]. Among these, procedures based on natural and safe 
polymers and surfactants have emerged as particularly advantageous 
options[4]. Indeed, these colloidal systems enable precise control over 
particle characteristics, including size, shape, and stability [10]. In this 
context, charged surfactants are preferred to regulate nanomaterial as
sembly, size, and morphology and prevent nanoparticle (NP) growth, 
sedimentation, and aggregation. Therefore, surfactants simultaneously 
act as confined environments and provide electro-steric stability to 
nanomaterials [8,10–12]. Overall, anionic surfactants are highly 
biodegradable and less toxic than their cationic counterparts, making 
the former eco-friendlier [4].

In this vein, the ionic surfactant sodium oleate (NaOl) has attracted 
considerable attention. Indeed, its fatty acid counterpart – i.e., oleic acid 
(OA) – is an essential lipid component in mammalian cell membranes, 
where it modulates the physicochemical properties of membranes 
[9,13,14]. NaOl exhibits complex phase behaviour markedly susceptible 
to pH. In an aqueous milieu and at interfaces above its critical micelle 
concentration (CMC), it gives rise to diverse self-assembled structures, 
including micelles, lamellar phases (bilayers), and turbid unstable oil- 
like phases [15–21]. Under acidic conditions, NaOl becomes proton
ated to form OA and a hydrophobic phase. At alkaline pH values >7, OA 
deprotonates, resembling an oil-in-water (O/W) nanostructured emul
sion, close to its apparent pKA (ca. 8.0) [9,12]. As a result, NaOl domi
nates in aqueous systems above pH 8, while OA prevails below this [22]. 
At the equilibrium, the interaction between the protonated and ionized 
forms of OA leads to acid-soap complexes stabilised by hydrogen 
bonding. The above facts highlight the importance of pH in determining 
NaOl structural behaviour [23]. This pH dependency is critical for 
nanomaterial synthesis, where the phase behaviour directly impacts the 
self-assembly and stabilization of nanostructures [15,23].

Recent studies have explored the potential of surfactants in synthe
sising selenium nanoparticles (SeNPs) [24,25]. SeNPs are emerging as a 
viable alternative to other well-studied metal nanoparticles (e.g., Ag, 
Au, TiO₂) due to their biocompatibility, exceptional optical and photo
luminescence properties [26], jointly with potent antioxidant, antimi
crobial, and antitumor activities [24,25,27,28]. Moreover, selenium, 
with its diverse allotropes (grey, red, and black) and different crystalline 
structures serves as an ideal model system for exploring how a confined 
environment affects semiconductor behaviour [29]. Amorphous (red) 
selenium is thermodynamically less stable at room temperature and 
crystallizes into the trigonal (grey and black) form, which tends to grow 
as nanorods or bulk crystals [30,31], making the synthesis of stable 
amorphous spherical SeNPs challenging [18,20]. Among the procedures 
for SeNPs synthesis, the reduction of selenium oxyanions (e.g., selenite – 
SeO3

2− ) by biocompatible thiol-containing reducing agents (L-cysteine or 
glutathione), glucose, or ascorbic acid is rapid and cost-effective 
[28,32]. Yet, the limited stability of SeNPs produced through these ap
proaches represents a significant drawback [27]. On the other hand, 
micelles [33] and microemulsions [34] have proved efficient for syn
thesising Se nanomaterials at room temperature, even though these 
methods use large amounts of surfactants, organic solvents, or toxic 
reductants such as sodium borohydride (NaBH₄) [29]. Recently, we have 

developed an approach that integrates the natural amino acid L-cysteine 
(Cys) and NaOl to synthesise SeNPs under mild conditions, minimizing 
the use of hazardous chemicals and addressing the ongoing need for 
scalable, efficient, and environmentally safe SeNPs production [25].

By combining Right Angle Light Scattering (RALS) and Small-Angle 
X-ray Scattering (SAXS) approaches with cryogenic transmission elec
tron microscopy (cryo-TEM), we investigate the role of Cys on NaOl 
phase transition and the consequent effect on SeNPs synthesis, growth, 
and stability. Specifically, we report the low-resolution characterization 
of the phase diagram for the biocompatible cysteine‑sodium oleate 
(Cys@NaOl) confined environment for SeNPs synthesis. We also inves
tigate the kinetic stability of SeNPs within this confined environment, 
which is a critical parameter for optimizing these structures for tailored 
applications.

2. Materials and methods

Oleic acid (technical grade, 90 %, 364525), sodium hydroxide 
(NaOH, reagent grade, ≥98 %, pellets, anhydrous, S5881), L-cysteine (≥
97 %, FG, W326205) and sodium selenite (Na2SeO3, ≥90.0 % RT, 
anhydrous, 71950), used in this study were purchased from Sigma 
Aldrich® (Milan, Italy).

2.1. Sodium oleate (NaOl) solutions and cysteine-sodium oleate 
(Cys@NaOl) dispersions

100 mmol L− 1 NaOl micelle suspensions were prepared by adding 10 
μL aliquots of 5 mol L− 1 sodium hydroxide solutions to oleic acid ali
quots to adjust the pH to 12. The suspensions were vortexed for 30 s and 
incubated at room temperature for 3 h to allow the formation of stable 
NaOl micelle solutions. 900 mmol L− 1 of L-cysteine stock solutions were 
prepared by dissolving the proper amount of amino acid into Millipore- 
grade water. In general, Cys@NaOl dispersions were prepared by adding 
the appropriate volume of L-cysteine stock solution into NaOl micelle 
suspensions to obtain the desired final concentrations between 10 and 
90 mmol L− 1 of Cys. Confined environments will hereafter be referred to 
as CysX@NaOl, where X denotes the L-cysteine concentration used to 
obtain the dispersions.

2.2. Right angle light scattering (RALS)

The pH values and RALS intensities were determined on 1 mL ali
quots of 100 mmol L− 1 NaOl solutions and those titrated with 100 μL of 
900 mmol L− 1 L-cysteine using a 0.5 μL step under magnetic stirring. 
RALS intensities were acquired in triplicate (n = 3) through a Labbot 
Spectrophotometer (ProbationLabs, Sweden) equipped with an auto
matic syringe titration and an external Orion Star™ A211 benchtop pH- 
meter (Thermo Scientific™). During the titration, samples were 
continuously stirred with a built-in magnetic stirrer.

2.3. Small-angle X-ray scattering (SAXS)

Small Angle X-ray Scattering (SAXS) experiments were conducted at 
the CPHSAXS facility (University of Copenhagen, Copenhagen, 
Denmark). NaOl solutions and Cys@NaOl dispersions were prepared as 
previously stated, and 30 μL aliquots were used for the SAXS measure
ments. SAXS spectra were measured at two sample-detector distances 
(1457.5 mm and 632.5 mm), yielding different q-ranges of 0.03–0.22 
and of 0.16–0.51 Å− 1, respectively, using a BioXolver L (Xenocs, Gre
noble, France) equipped with a GeniX 3D source with a wavelength of λ 
= 1.34 Å. Data were collected in 30 and 10 frames, with an exposure 
time of 120 s/frame and 60 s/frame for the respective q-ranges. All data 
were normalized to absolute intensity scale (cm.1), using measurements 
of a pure water sample and an empty capillary as a calibration standard. 
Primary data reduction was completed using BIOXTAS RAW. Buffer 
subtraction and linear combinations were performed using PRIMUS, 
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while the model fitting was performed using SasView 5.0 [35].

2.4. SAXS data analysis

Model fitting to the SAXS data was conducted using default models 
available in the open-source SASview software, which can be obtained 
from the developer’s website [35]. During form factor fitting, the SLD of 
the sample and solvent were fixed to values based on their constituent 
atoms. Similarly, the background contribution was fixed during fitting, 
while other parameters were allowed to vary. The form factor contri
bution was fitted using models implemented in SASview and several 
models were used to fit the data. Unless otherwise stated we make the 
assumption that that there is no interparticle contribution in the 
measured spectra (i.e. in the absence of S(q)).

Core-shell sphere describes the scattering from a monodisperse 
spherical particle with a well-defined core-shell structure [36]. The form 
factor is described by: 

P(q) =
scale

V
F2(q)+background (1) 

where scale and V correspond to the volume fraction and volume of the 
scattering object. F(q) for a core-shell scattering particle is: 

F(q) = 3

[

Vc(ρc − ρs)
sin(qrc) − qrccos(qrc)

(qrc)
3

+Vs(ρs − ρsolv)
sin(qrs) − qrscos(qrs)

(qrs)
3

] (2) 

where Vc and Vs are the volume of the core and whole particle, 
respectively, rc is the radius of the core and rs is the radius of the whole 
sphere, ρs,ρc and ρsolv, are the scattering length densities of the shell, core 
and solvent, respectively. The core shell model can be extended to the 
core multi-shell form factor using the following equation for F(q) [37]: 

F(q) = 3

⎡
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[q((rc + ts1) ]3
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⎥
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(3) 

where Vc, Vs1 and Vs2 are the volume of the spheres containing the inner 
core and the two outer shells. And rc, ts1, ts2,ρc,ρs1,ρs2 and ρsolv are the 
core inner radius, inner and outer shell thickness and the scattering 
length densities of the core, inner shell and outer shell, respectively.

The core-shell ellipsoid model also has the same form factor as Eq. 
(1), where V is this time calculated for an ellipsoidal shape. For a more 
detailed description of the ellipsoid micelle fitting see supplementary 
information.

The final model used was that of scattering from a randomly oriented 
lamellar sheets [38]. According to: 

I(q) = volume
2π P(q)

q2δ
+ background (4) 

where volume is the volume fraction of sheet present, δ is the layer 
thickness (in Sasview) and background is a fixed background contribu
tion. The form factor is then: 

P(q) =
4Δρ2

q2 sin2
(qδ

2

)
(5) 

where ρ is the difference in scattering length density. The parameters 
obtained from these models are shown in Table S1–S4.

Indirect Fourier transform of the SAXS data was achieved using the 
BayesApp with no positivity constraints [39].The model-independent 
Guinier analysis was performed according to the relation: 

ln(I(q) ) = ln(I(0) ) = −
1
3
R2

gq2 (6) 

where Rg denotes the radius of gyration of the particle and I(0) the 
forward scattering angle. The Guinier approximation was applied to 
satisfy the condition q*Rg < 1. The obtained fits were inspected for non- 
linearity in the Guinier region indicative of interparticle contributions, 
which were absent in the case of SeNPs scattering. A detailed description 
of the complete SAXS analysis can be found in the supplementary 
information.

2.5. Cryogenic-transmission electron microscopy (Cryo-TEM)

Cryogenic transmission electron microscopy (cryo-TEM) experi
ments were performed at the Core Facility for Integrated Microscopy 
(CFIM; University of Copenhagen). Aliquots (5 μL) of 72 mmol L− 1 of 
Cys in NaOl, so-called Cys72@NaOl, were placed onto a hydrophilized 
lacey carbon film on 300 mesh copper grids (Ted Pella, Redding, CA, 
USA) at room temperature (RT) and 100 % humidity. The sample was 
blotted for 5 s with a blot force of − 8 to remove the excess and plunged 
into liquid nitrogen-cooled ethane using a Vitrobot Mark IV (FEI, 
Eindhoven, Netherlands). Samples were then imaged at a voltage of 200 
kV under a low-dose rate using a Tecnai G2 20 TWIN (FEI) equipped 
with a High-Sensitive (HS) 4 k × 4 k Eagle camera (FEI) with image 
acquisition at a magnification of 29,000×. The size of aggregates within 
the Cys72@NaOl sample was evaluated using ImageJ software and 
analysing 132 randomly chosen objects.

2.6. Synthesis of SeNPs in confined environments and their 
characterization

SeNPs were synthesised in confined environments by adding sodium 
selenite (Na₂SeO₃) to Cysx@NaOl dispersions following the conditions 
used in our previous study [25]. Briefly, SeNPs were prepared using the 
SeO₃2− -to-L-cysteine molar ratios of 1:3, 1:4, and 1:6 (selenite concen
tration: 6 mmol L− 1 and L-cysteine concentrations: 18, 24, or 36 mmol 
L− 1). SeNPs were also generated by using a 1:4 M ratio and high pre
cursor concentrations (i.e., 18 mmol L− 1 and 72 mmol L− 1 selenite and 
L-cysteine, respectively) to increase the yield; the obtained NPs are 
henceforth indicated with the 1:4up ratio. SeNPs sample acronyms and 
their description are reported in Table 1.

SAXS intensities were measured for each fresh sample and after 24 h 
of ageing at room temperature following the conditions mentioned for 
Cys@NaOl dispersions. DLS measurements were performed in triplicate 
(n = 3) on 1 mL aliquots of NP dispersions at room temperature using a 
Malvern Zen 3600 Zetasizer (Malvern Instruments). Additionally, SeNPs 
1:4up aggregation kinetics was monitored by SAXS 3, 8, 12,13, 23, 27, 
28, 30, 96, 108 and 336 h from their synthesis at room temperature. 
Lastly, cryo-TEM imaging was performed on fresh SeNPs 1:4up disper
sions and those aged for two weeks, following the same procedure 
previously described for the confined environments. The size of fresh 

Table 1 
SeNPs acronyms and description.

Name Description [SeO₃2− -] [L-cysteine]

SeNPs 1:3 SeNPs synthesised using the molar 
ratio 1:3

6 mmol L− 1 18 mmol 
L− 1

SeNPs 1:4 SeNPs synthesised using the molar 
ratio 1:4

6 mmol L− 1 24 mmol 
L− 1

SeNPs 1:6 SeNPs synthesised using the molar 
ratio 1:6

6 mmol L− 1 36 mmol 
L− 1

SeNPs 
1:4up

SeNPs synthesised using the molar 
ratio 1:4up

18 mmol 
L− 1

72 mmol 
L− 1
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and 336 h-aged SeNPs 1:4up samples were evaluated using ImageJ 
software and analysing 100 randomly chosen particles for each 
condition.

3. Results and discussion

3.1. Cys@NaOl dispersions

We first examined the solution properties of NaOl solutions, repre
senting the starting point for nanoparticle synthesis [25]. Solutions were 
prepared at varying NaOl concentrations (100, 70, 50 and 30 mM) to 
assess systematically concentration-dependent effects [40–42]. After 
homogenization for an hour, a 100 mM solution of NaOl exhibited a pH 
of approximately 12, while at lower NaOl concentrations, the pH slightly 
decreased. At this high pH value, NaOl molecules are deprotonated and 
tend to self-assemble into micelles [43]. However, both the surfactant 
concentration and pH conditions influence the properties (i.e., size and 
shape) of the formed micelles. For instance, at very low oleate concen
trations (e.g., 0.5 mmol L− 1) and at pH = 11, NaOl primarily forms 
globular micelles [18].

We probed the low-resolution structure of NaOl assemblies at various 
concentrations (100, 70, 50, 30 mM), adjusting the pH of the lower 
concentrations to 12. Initial analysis of the SAXS data revealed that the 
scattering profiles exhibited a clear dependence on NaOl concentration, 
particularly in the low-q region (Fig. S1a, b). This concentration- 
dependent variation is indicative of a significant structure factor 
contribution, reflecting interparticle interactions within the system. 
Notably, the SAXS curves obtained for 30 mM and 50 mM NaOl were 
identical, suggesting that this structure factor contribution becomes 
negligible at NaOl concentrations below 50 mM (Fig. S1c).

We selected the lowest concentration measured as the form factor 
(30 mM NaOl). The SAXS spectra showed broad maxima in the inter
mediate q range and the absence of sharp Bragg peaks (Fig. 1a). This 
outcome indicates that NaOl lacks a well-defined inner nanostructure 
[44], and the assemblies are disordered or loosely packed, consistent 
with micellar structures without further organizational constraints.

A model-independent analysis of the SAXS data was performed by 

obtaining the radial distribution function (P(r)) by inverse Fourier 
Transform (Fig. 1b), revealing a characteristic core-shell arrangement 
with alternating positive-negative-positive density contributions. We 
obtained a good fit to the SAXS data using a core-shell ellipsoid model 
and the known scattering length densities of oleate (Fig. 1c and Fig. 1d, 
see supplementary materials for further details on the fitting process and 
Figs. S2–S5) [45,46]. From the fitting parameters, we determined that 
the shell comprises the oleate polar groups and the sodium cations, 
including their hydration molecules, with a total shell thickness of 
approximately 10 Å. The inner core, consisting of the non-polar carbon 
chains, is estimated at around 16 and 33 Å for the short and long axes of 
the ellipsoid, respectively (Fig. 1d, Table S1) [25,47]. Based on the 
structure factor analysis, increasing the concentration of NaOl should 
not alter the formed micellar structures but instead introduce in
teractions between micelles (Fig. S1c). Indeed, we were able to fit the 
100 and mM NaOl SAXS data to the same core-shell ellipsoid model with 
similar size parameters, with an additional structure factor contribution 
(Fig. 1e and Fig. 1g).

We next examined the effect of titrating Cys into the 100 mM NaOl 
starting dispersions. We first report that by adding 10 or 20 mmol L− 1 

Cys to the NaOl dispersion led to SAXS patterns consistent with the 
formation of ellipsoidal micelles (Fig. 1f and Fig. 1h), with a minor 
extension along the long axis compared to the 0 mM cysteine condition. 
This suggests a minor effect of Cys at 20 mmol L− 1 and lower. However, 
by titrating Cys (up to 82 mmol L− 1) into the homogenized NaOl 
dispersion (starting at pH 12), we then detected a striking effect of Cys 
on pH and scattered light intensity at 90◦ in specific Cys concentration 
ranges (Fig. 2a and b).

Upon addition of Cys to the NaOl solution, we observed an initial 
rapid decrease in pH, whose rate begins to slow down around pH 9.5, 
indicating a potential phase change in the dispersion (Fig. 2a). Up to a 
pH of ca. 11, both NaOl and Cys are deprotonated, as inferred by the pKa 
values of –COO− groups of the surfactant (pKa = 4.8)[9] and the Cys 
–COO− (pK1 = 1.92), –NH2 (pK2 = 10.70), and –SH (pK = 8.37) moieties 
[48]. In this scenario, negative charges of all species induce relevant 
repulsive forces between Cys and surfactant molecules and between 
formed micelles, allowing NaOl to form micelles above its melting point 

Fig. 1. a) Scattering curve for NaOl (30 mM) dispersion at pH 12 (blue data) and fitting of the radial distribution function, obtained by indirect Fourier transform 
(solid black line), to NaOl SAXS data χ2 

= 1.21. b) Radial distribution function obtained from the indirect Fourier-Transform shown in a). c) Overview of the core- 
shell ellipsoid parameters fitted to the NaOl SAXS data at pH 12. d) Parameters obtained from the fit of the core shell ellipsoid model to the data collected for 30 mM 
NaOl sample including the characteristic distances. e) SAXS curve of 100 mM NaOl at pH 12 with fit to the core-shell ellipsoid model, plus an additional structure 
factor component (χ2 = 4.34). f) Same as panel e) but after the addition of 20 mmol L− 1 cysteine (χ2 = 15.49). g,h) Parameters obtained for the fits shown in e) and f). 
See the supplementary materials for more details about the fitting process.
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(13–14 ◦C) [18].
When the pH of Cys@NaOl dispersions is close to the pK2 value, an 

equilibrium between the neutral amino group (RNH2) and its protonated 
form (RNH3

+) is established. Although Cys may bear only two anionic 
groups at this pH, the increased dipolar behaviour can enhance elec
trostatic interactions with negatively charged NaOl headgroups. These 
interactions may reduce repulsion between NaOl aggregates, thereby 
preventing phase separation and maintaining O/W emulsion. In parallel, 
the increased ionic strength of the medium may further influence the 
size and morphology of the resulting assemblies by modulating inter- 
aggregate forces [18]. By plotting the static light scattering intensity 
as a function of pH, we observed no changes in the scattering value from 
pH 12 to roughly 9.5, indicating the absence of a massive alteration of 
the self-assembled structures (Fig. 2b). At a pH of ca. 9.4, we observed a 
reduction in the slope of the titration curve (Fig. 2a) and a rapid increase 
in the measured scattered intensity (Fig. 2b), indicating a reorganisation 
of the system. These results suggest that Cys may promote the structural 
transition of the core-shell NaOl ellipsoidal micelles observed at high pH 
(Fig. 1) to significantly larger structures [49]. This hypothesis was 
further confirmed by the macroscopic variation from transparent NaOl 
solution to turbid Cys@NaOl dispersions (Fig. S6). Cys promotes the 
equilibrium between NaOl and OA, as it simultaneously acts as an acid 
and a salt, lowering the pH and increasing the ionic strength of the 
dispersions, ultimately inducing phase transition [43,50,51]. The Cys 
effect was further modelled by applying the Hill equation (Eq. (7)) to the 
titration curve (Fig. 2b) as a conceptual framework to determine the 
equilibrium between the acid and the conjugated base alongside the 
grade of protonation and, in turn, the protonation-deprotonation equi
librium of NaOl. 

Rfb(pH) =
10n(pH− pKapp)

1 + 10n(pH− pKapp)
(7) 

The Hill equation was found to be more suitable for describing the 
complex system than the Henderson-Hasselbach equation, as the latter 
requires buffered conditions to be applied [52]. In our case, the Hill 

coefficient was fixed to n = 1, assuming a single proton equilibrium for 
the NaOl carboxylate headgroups. The apparent protonation constant 
(pKapp = 9.4) was obtained from the inflection point in light scattering 
intensity (Fig. 2b) and corresponds to the inflection point of the tran
sition, i.e., the pH at which the non-protonated fraction (Rfb) equals 0.5. 
At this transition point, partial protonation of the NaOl headgroups re
duces electrostatic repulsion, thereby promoting a shift from disordered 
monomeric or micellar state to more organized lamellar and vesicular 
structures [53,54].

Above pH 11, the surfactant remains predominantly deprotonated, 
maintaining high surface charge density and electrostatic repulsion, 
which disfavours close packing and inhibits the formation of lamellar 
phases. Thus, the transition centred around pH 9.4 represents a critical 
threshold for surfactant self-assembly governed by the headgroup pro
tonation state. These findings underscore the pivotal role of Cys in 
modulating the pH environment and enabling self-assembly processes. 
By promoting protonation equilibria, Cys likely facilitates the transition 
to bilayer and vesicle phases, consistent with previous studies [55,56].

Next, we investigated the structural transition of NaOl assembly and 
aggregation induced by Cys by SAXS measurements of Cys@NaOl dis
persions as a function of Cys concentration (i.e., replicating the titration 
process). We used a 100 mM NaOl solution titrated to pH 8 as a reference 
to evaluate whether a potential effect arises only from pH variations or 
due to the specific addition of Cys. SAXS spectrum of the latter sample 
exhibited a characteristic scattering pattern representative of a lamellar 
phase [57], with a well-defined peak at around q = 0.14 Å (Fig. 2c). 
Formation of this phase is likely driven by hydrophobic interactions 
between the surfactant tails and Coulombic forces between the head
groups, when the pH approaches the apparent pKa. This evidence aligns 
with RALS results at low Cys concentration (< 20 mmol L− 1; Fig. 2b).

Conversely, RALS results revealed a concrete phase transition when 
the pH of Cys@NaOl dispersions is <9.4, corresponding to a Cys con
centration > 27 mmol L− 1. This is aligned with the subtle changes 
observed in presence of only 20 mmol L− 1 (Fig. 1e-h). Although NaOl 
can form vesicular or bilayer structures at slightly basic pH even in the 

Fig. 2. a) pH measured during the titration of Cys into a 100 mM NaOl dispersion as a function of the Cys concentration (bottom x-axis). The top x-axis is shown to 
report the dilution effect on NaOl, which is intrinsic to the titration experiment. Error bars represent the standard deviation of three independent measurements; b) 
Right angle light scattering intensities of Cys@NaOl dispersions as a function of the pH (blue) and non-protonated fraction, Rfb, of oleate calculated using the Hill 
equation as a function of pH (orange); c) SAXS spectrum of the reference NaOl solution titrated at pH 8 with HCl, including a fitting of a lamellar phase (orange); d) 
SAXS curves of 100 mM NaOl and Cys@NaOl dispersions as a function of the Cys concentration (e.g., 0–90 mM).
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absence of cysteine [e.g. 51], our comparison with a strong acid titration 
(Fig. 2c) highlights the potential additional role of cysteine beyond pH 
modulation. Indeed, Cys may stabilize the self-assembled aggregates 
through hydrogen bonding or ionic interactions, likely influencing the 
morphology and persistence of the formed structures (vesicles and mi
celles). Above 20 mmol L− 1, the SAXS curves changed significantly, 
suggesting the appearance of more organized nanostructures (Fig. 2d). 
While the SAXS profile does not show distinct Bragg peaks typically 
attributed to long-range ordered lamellar structures, the observed 
broadening and shift in scattering features are consistent with the 
emergence of bilayered or vesicle-like aggregates [58,59]. These SAXS 
patterns differ from those of the reference solution of NaOl at pH = 8 
(Fig. 2c), emphasizing that the Cys is directly involved in the surfactant 
structural reorganisation. Indeed, Cys’s -SH and -NH3

+ groups likely 
participate in hydrogen bonding with the NaOl head groups, stabilising 
aggregates by forming bridges between polar heads and hydrophobic 
moieties [25]. Furthermore, the zwitterionic nature of Cys allows for 
dynamic regulation of the system’s surface charge through protonation 
and deprotonation processes. This behaviour introduces a unique level 
of charge modulation that extends beyond the simple pH reduction 
caused by HCl, highlighting the dual role of Cys in both chemical 
modulation and structural stabilization of NaOl assemblies.

SAXS data were further analysed to gain insight into the arrangement 
of the Cys@NaOl system. We focused on Cys@NaOl dispersions chosen 

for SeNPs synthesis (section 2.3), namely, Cys72@NaOl, with the 
subscript indicating the Cys concentration in mmol L− 1 (Fig. 3a, 
Table S5). At this concentration the pH corresponds to the region where 
the formation of larger self-assembled structures was observed by light 
scattering (Fig. 2d). The scattering patterns of dispersions containing 18 
and 24 mmol L− 1 Cys were consistent with the ellipsoidal core-shell 
micelle model previously applied to the NaOl solution. Such ellip
soidal micelles typically have small dimensions and limited internal 
volume [25,53], which could restrict the accommodation and stabili
zation of growing SeNPs. Thus, micelles are unlikely to offer sufficient 
stability for SeNP growth. In line with our previous results [25], our data 
highlight that, in this regime, the low number of Cys molecules inter
acting with those of the surfactant do not allow the micelle-to-vesicle 
transition.

Comparing the SAXS spectra of Cys72@NaOl with those at lower Cys 
concentrations shows an upturn in the low-q regime and the appearance 
of a maximum at q = 0.02 Å (Fig. 2d and 3a). Given the amphiphilic 
nature of the system, we attempted to fit the SAXS data of Cys72@NaOl 
to a larger vesicle structure using the core multi-shell model [60]. This 
form factor (Eq. 3) contains contributions from four elements – i.e., the 
core, the inner and outer headgroups interacting with Cys molecules, 
and the double layer of carbon chains (Fig. 3c). The fitted core-multi 
shell model yielded a core radius of 83 Å, with a shell thickness of 
about 39 Å (Fig. 3d). In this scenario, the pronounced distinction 

Fig. 3. a) SAXS of Cys@NaOl solutions at t 72 mM Cys and 100 mM NaOl, at indicated time points and fit to the model indicated, b) Dimensions of the core-shell 
fitted to the Cys72@NaOl SAXS data at different pH conditions (obtained by different concentrations of cysteine) c) Graphical depiction of the core-multishell model 
fitted (see supplementary materials for more details). d) Parameters obtained for the core-multi-shell fits shown in panel a. e) Cryo-EM image of Cys72@NaOl. f) 
Diameter distribution of vesicles obtained from the Cryo-EM data imaging.
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between the core and shell dimensions indicates that Cys likely pro
motes the formation of a well-ordered bilayer structure. Over time the 
fresh sample matures and the upturn at lower q is more pronounced, 
indicating the appearance of larger, probably lamellar, structures, or the 
introduction of interparticle interactions between the core-shell struc
tures (Fig. 3a). Data collected at 100 and 70 mM NaOl, with different 
concentrations of cysteine (to modify the pH) were also fitted using the 
same model (see supplementary materials and Figs. S7–10). When the 
diameter of the particles extracted from the fitting process, is plotted as a 
function of cysteine concentration, no clear trend in the size of the 
vesicles is observed (Fig. S10a). In Fig. 3b the same data are plotted as a 
function pH, revealing a clear trend of increasing vesicle radius with 
decreasing pH. We verified the dimensions obtained by SAXS with Cryo- 
EM, which confirmed the presence of vesicles (Fig. 3e), mostly spherical 
with an average diameter of 22.1 ± 6.6 nm (Fig. 3f).

Together, SAXS data and Cryo-EM indicate the formation of self- 
assembled structures, providing a controlled and stabilised environ
ment highly dependent on the Cys concentration. Indeed, at high Cys 
concentration (i.e., 72 mmol L− 1), the highly ordered bilayer deriving 
from the enhanced Cys-NaOl interactions stabilizes the vesicles per se, 
limiting their aggregation through electrostatic repulsive forces. 
Nevertheless, in addition to the vesicles, over-time the Cys72@NaOl 
sample also displays larger self-aggregated structures of various shapes, 
as suggested by the broadening and the upturn at low q of SAXS spectra 
(Fig. 3a). These larger species suggest a secondary level of organisation, 
likely driven by intermolecular interactions (e.g., hydrogen bonds) be
tween amphiphilic molecules and leading to hierarchical self-assembly.

3.2. Synthesis of SeNPs in Cys@NaOl dispersions

Using the experimental setup described in Section 2.3, we next 
examined how changing the Cys concentration affects nanoparticle size, 
stability, and the phases that form. The formation of self-assembling 
structures (micelles or vesicles at low or higher Cys concentrations, 
respectively) driven by interactions between NaOl/OA and Cys mole
cules leads the functional groups of the Cys to interact with SeO3

2− and 
contribute to the controlled Se(IV) reduction and stabilization of Se 
atoms likely on the vesicle surface [25]. The bilayer prevents NP ag
gregation or dissolution, likely minimizing polydispersity and 
enhancing the long-term stability of formed SeNPs (Fig. S11). SeNP size, 
potential maturation, and stability over time were explored through 
SAXS experiments as a function of SeO3

2− : Cys ratios (i.e., 1:3, 1:4, or 1:6) 
and Se-precursor concentrations (6 or 18 mmol L− 1 SeO3

2− ). Scattering 
patterns of SeNP dispersions obtained using 6 mmol L− 1 SeO3

2− exhibited 
a distinct feature at high-q (Fig. S12) resembling the confined environ
ment indicating that Cys@NaOl vesicles contributed to the measured 
scattering for all samples. At low-q, regardless of the SeO3

2− : Cys ratio, 
SeNP dispersions displayed a plateau that revealed a flat Guinier region 
[61,62], from which the radius of gyration (Rg) of fresh solutions was 
determined to be 150 ± 1, 154 ± 1, and 162 ± 1 Å when using 1:3, 1:4, 
and 1:6 SeO3

2− :Cys ratios, respectively (Fig. S12a), and 256 ± 1, 258 ± 1 
and 251 ± 1 Å, 24 h after addition of SeO3

2− (Fig. S12b, Table S5). The 
size difference of SeNPs between 0 and 24 h is likely due to a maturation 
process, which reflects the combined effect of both SeO3

2− : Cys ratios and 
the confined environments used.

The reactants ratio (e.g., 1:3, 1:4, 1:6) primarily influences NP 
nucleation and growth rates by regulating the availability of both the 
reducing agent and selenium precursor. In parallel, the properties of the 
confined environment govern particle size, morphology, and stability 
through physical constraints imposed by the self-assembled structures. 
Although the NPs sizes were on the same order of magnitude under all 
conditions, slight differences were observed. At the lower Cys concen
trations (e.g., 18 and 24 mmol L− 1, corresponding to 1:3 and 1:4 ratios), 
where the ellipsoidal micelles dominate the Cys@NaOl dispersions 
(Fig. 3), the small size and highly dynamic nature of these micelles 
favour the formation of small metastable SeNPs. Indeed, Rg increases 

approximately 1.71-fold (from 150 to 256 Å) for SeNPs 1:3 dispersion 
and 1.67-fold (from 154 to 258 Å) for SeNPs 1:4 dispersion over a 24-h 
period. Rapid nucleation is likely promoted in the micellar regime, while 
the limited spatial stability provided by NaOl micelles restricts effective 
SeNP stabilization [25]. Conversely, with increasing Cys concentration 
(i.e., Cys36@NaOl), the system undergoes a micelle-to-vesicle transition 
(Fig. 3), creating a more stable and spatially constrained environment. 
This structural transition slows SeNP maturation by physically restrict
ing growth, ultimately limiting the final nanoparticle size. In this case, 
the Rg increases by 1.55-fold, from 162 to 251 Å, after 24 h. At inter
mediate concentrations (i.e., 36 mmol L− 1), the presence of vesicles 
(Fig. 3) influences SeNPs stability over time. However, despite the 
improved stability, our results suggest that additional stabilization 
mechanisms may still be required.

The Cys72@NaOl dispersion we previously identified as the most 
suitable system for enhancing yield and long-term stability of SeNPs was 
the 1:4up ratio, whose confined environment (Cys72@NaOl) contained 
Cys-NaOl vesicles.

To investigate nanoparticle growth under this optimal condition, we 
collected SAXS data of SeNPs 1:4up as a function of time (Fig. 4a). In the 
low q region, the collected SAXS spectra for all time points featured a flat 
Guinier region, characteristic of dilute or non-interacting NPs. Over 
time, the Guinier region shifted toward lower q values (Fig. 4a), indi
cating the growth of individual NP or their clustering into large aggre
gates [63]. Indeed, the Rg values extracted from the Guinier region 
increased from about 5 nm to 20 nm over 7 days (Fig. 4b) [64,65]. 
Directly after synthesis, these SeNPs are approximately three times 
smaller than those formed under other conditions (Table S5). Yet, after 
24 h, they exhibit a more pronounced relative size increase (a 1.90-fold 
growth). However, their size at 24-h remains less than half of that 
observed in the low-concentration Cys systems (Cys18@NaOl, 
Cys24@NaOl, and Cys36@NaOl), reaching a comparable yet still smaller 
size (ca. 21 nm) after 2 weeks from the synthesis. Apart from the overall 
increase in NP size, SAXS curves reveal a distinct shape at high-q 
reminiscent of the NaOl self-assembled structures observed in Fig. 2. 
Indeed, the observed increase in size of SeNPs over time when using the 
1:4up ratio likely derives from both the elevated amount of Se-precursor 
([SeO3

2− ] = 18 mM whereas in the other conditions [SeO3
2− ] = 6 mM) 

and, hence, Se0 monomers available, alongside the simultaneous pres
ence of a mixture of Cys@NaOl vesicles and NaOl micelles (being [Cys] 
< [NaOl]). In this regard, the latter cannot provide a complete elec
trosteric stabilization, further increasing the local concentration of Se0 

within a small environment, thus favoring the maturation, albeit not 
excessive, of SeNPs.

To obtain further insight into the growth process, we plotted the 
forward scattering angle I(0) against Rg, respectively proportional to the 
mass of the scattering particle and the size of the nanoparticle (Fig. 4b, 
inset). The log-log plot depicts a linear range with a slope aligned with a 
power law (I(0)∝Rg

D) with an exponent of 3.0, consistent with the fea
tures of uniform Euclidian objects such as uniform and dense colloidal 
spheres [66], suggesting that SeNPs grow isotropically as spheres. 
Indeed, SeNP synthesis in the absence of NaOl results in the precipita
tion of selenium from the solution (Fig. S11), due to the higher ther
modynamic stability of non-isotropic Se-structures at room temperature. 
In this framework, small NPs dissolve and their atoms deposit onto large 
ones, determining their growth in size [24,25,67,68]. The Ostwald 
ripening process typically dominates the final stages of growth in 
colloidal systems, gradually increasing the particle size over time 
following a linear kinetic trace[69]. The generation of one-dimensional 
Se nanomaterials relies on both the spontaneous phase transition of 
amorphous (red) Se into the thermodynamically stable trigonal (grey) 
allotrope and the oriented attachment, a mechanism where nano
particles align along preferred crystallographic planes to form aniso
tropic structures [24,25,70]. We speculate that the confined 
environment suppresses the directionality of the growth, crucially and 
finely controlling both NP size and morphology.
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One caveat of this analysis is that the determined Rg accounts for 
contributions from all components of the dispersions (i.e., SeNPs, 
Cys@NaOl vesicles, and NaOl micelles). Comparing the contributions of 
NaOl spectra in the low-q regime with those of SeNPs (Fig. 3 and Fig. 4), 
we make the assumption that the latter dominate the scattering in that 
region. This approach was validated by fitting the low-q SAXS region of 
the SeNP dispersions using the hard sphere (HS) model [71]. According 
to the HS model, SeNPs can be described as hard spheres with constant 
density, taking into account the scattering length density of selenium 
[72]. Results obtained using the HS fitting and the model free Rg 
determined by the Guinier approximation displayed a close overlap, 
thus confirming our hypothesis. By extrapolating the HS form factor to 
higher-q regions we could subtract its contribution from the measured 
SeNP dispersions (Fig. 4c). The resulting scattering intensity closely 
matched the scattering curves previously reported for Cys@NaOl vesi
cles (Fig. 3a).

A more detailed comparison between the HS radii, obtained by 
fitting, and Rg values, from the Guinier region, revealed a comparable 
time dependent increase in the SeNP size for the first hundred hours 
(Fig. 4b). This trend started to deviate in the 96–336 h range (Fig. 4b), 
which likely derives from the different structural aspects of the NPs 
reflected by the HS model and the Rg. Indeed, the former simplifies the 
particle as a perfect sphere with uniform density and Rg reflects a more 
nuanced average of mass distribution and particle shape.

The time dependent change in SeNP size was corroborated by both 
Dynamic Light Scattering (DLS) and Cryo-EM imaging (Fig. 4d-g). 
Indeed, the SeNP hydrodynamic radius (RH) increases over 336 h to 
approximately 25 nm, a value slightly higher than Rg obtained from 
SAXS curves. The Cryo-EM imaging confirmed the isotropic growth of 
the SeNPs over time, showing SeNPs as electron dense spheres with an 
average diameter of 16.3 ± 2.1 and 42.4 ± 7.3 nm for 8 h-aged and 336- 
h aged samples, respectively, also showing NaOl-containing vesicles 
(Fig. 4e, f, g). The presence of spherical SeNPs at both time points in the 
Cryo-EM imaging verified our approach to model the SeNPs as hard 
spheres that increase in size over time. Together the sizes determined 

from SAXS, Cryo-EM and DLS are consistent with the controlled growth 
of well-defined spherical NPs over a period of days, with the slight dif
ference in sizes of the individual methods due to the intrinsically diverse 
experimental techniques (i.e., Rg and RH).

4. Conclusions

SeNPs offer high biocompatibility combined with low toxicity, and a 
range therapeutic properties (antioxidant, anticancer, antimicrobial) 
making them a promising platform for biomedical applications 
[24,28,31]. However, the synthesis of SeNP presents several challenges 
in terms of both cost and exerting a high level of control on the 
morphology of the formed SeNPs [24,28,32]. Previous research has 
presented a sustainable and effective approach for synthesising selenium 
nanoparticles (SeNPs) under a controlled manner by leveraging the 
phase behaviour of sodium oleate (NaOl) and the reducing power of L- 
cysteine (Cys) [25]. Here, we have characterised a range of NaOl/Cys 
dispersion by varying the concentrations of both components. Using a 
combination of experimental techniques we have shown that upon 
addition of Cys to NaOl dispersions a phase transition from pure ellip
soidal NaOl micelles to solutions containing Cys@NaOl vesicles takes 
place. This transition is crucial for creating the optimal environment for 
SeNP synthesis and stabilization. The confined vesicular structures 
formed in NaOl at higher Cys concentrations provide a stable, biocom
patible, and scalable medium for SeNP production. These large self- 
assembled structures enable isotropic growth of amorphous, spherical 
SeNPs and prevent aggregation. Indeed, the SeNP maturation process 
appears to correlate with the phase behaviour of the confined environ
ment, suggesting that the coexistence of SeNPs with NaOl self-assembled 
structures stabilizes SeNPs continuously, resulting in enhanced size 
control and long-term colloidal stability. Unlike other methods such as 
PEG-based atomization, which typically generates rod-like, crystalline 
selenium structures [73], the present methodology enables the forma
tion of spherical amorphous SeNPs under mild, aqueous, and scalable 
conditions without reliance on organic solvents or high-energy input. 

Fig. 4. a) Scattering curves of SeNPs 1:4up stored over time, b) radius of gyration (Rg) and hard-sphere (HS) radius obtained from the scattering curves shown in a. 
where Rg and HS radius were determined by Guinier fitting (blue points) and fitting of low q to the hard-sphere (green) form-factor, respectively. Inset: log-log plot of 
the intensity at zero angle I(0) versus the radius of gyration Rg in log-log scale with the dashed line representing a power-law fit with an exponent of 3.0 c) example of 
HS fitting applied to low-q extrapolated to high q. After subtracting the HS contribution, the resulting scattering curves reveal features consistent with NaOl vesicles. 
d) Hydrodynamic diameter (dH) measured over time for SeNP 1:4up dispersion as number distribution obtained through DLS measurements. Cryo-EM images (scale 
bar 100 nm) of NP aged for e) 8 h and f) two weeks. g) Diameter distribution for the samples in e) (red) and f) (blue).
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This strategy constitutes a sustainable, and biocompatible platform for 
SeNP fabrication, offering precise control over nanoparticle properties. 
Together these findings will allow not only for a greener more affordable 
SeNP synthesis process but also facilitate tailored applications of SeNPs 
in biomedicine.
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tion. Vito Foderà reports financial support was provided by Novo Nor
disk Foundation. If there are other authors, they declare that they have 
no known competing financial interests or personal relationships that 
could have appeared to influence the work reported in this paper.

Acknowledgements

The authors acknowledge the Core Facility for Integrated Micro
scopy, Faculty of Health and Medical Sciences, University of Copenha
gen for the electron microscopy measurements and the University of 
Copenhagen Small angle X-ray facility, CPHSAXS (https://drug.ku.dk/ 
core-593 facilities/cphsaxs), funded by the Novo Nordisk Foundation 
(grant no. NNF19OC0055857). This work benefited from the use of the 
SasView application, originally developed under NSF award DMR- 
0520547. SasView contains code developed with funding from the Eu
ropean Union’s Horizon 2020 research and innovation programme 
under the SINE2020 project, grant agreement No 654000.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jcis.2025.138966.

Data availability

Data will be made available on request.

References

[1] J.O. Adeyemi, D.C. Onwudiwe, A.O. Oyedeji, Biogenic synthesis of CuO, ZnO, and 
CuO–ZnO nanoparticles using leaf extracts of Dovyalis caffra and their biological 
properties, Molecules 27 (2022), https://doi.org/10.3390/molecules27103206.

[2] K.K. Taha, M.M. Mustafa, H.A. Mohamed Ahmed, S. Talab, Selenium zinc oxide 
(Se/ZnO) nanoparticles: synthesis, characterization, and photocatalytic activity, 
Z. Naturforsch. Sect. A J. Phys. Sci. 74 (2019) 1043–1056, https://doi.org/ 
10.1515/zna-2019-0157.

[3] K. Bhatt, V.K. Jain, F. Khan, Antibacterial study of Eucalyptus grandis fabricated 
zinc oxide and magnesium doped zinc oxide nanoparticles and its characterization, 
J. Indian Chem. Soc. 99 (2022), https://doi.org/10.1016/j.jics.2022.100441.

[4] G.C. Kalur, S.R. Raghavan, Anionic wormlike micellar fluids that display cloud 
points: rheology and phase behavior, J. Phys. Chem. B 109 (2005) 8599–8604, 
https://doi.org/10.1021/JP044102D.

[5] M.M. El-Kady, I. Ansari, C. Arora, N. Rai, S. Soni, D.K. Verma, P. Singh, A.E. 
D. Mahmoud, Nanomaterials: a comprehensive review of applications, toxicity, 
impact, and fate to environment, J. Mol. Liq. 370 (2023) 121046, https://doi.org/ 
10.1016/J.MOLLIQ.2022.121046.

[6] S. Ravichandran, J. Radhakrishnan, P. Sengodan, R. Rajendran, R. Ramalingam, K. 
D. Arunachalam, Bio synthesis of zinc oxide nanoparticles using Clerodendrum 
phlomidis extract for antibacterial, anticancer, antioxidant and photocatalytic 
studies, J. Mater. Sci. Mater. Electron. 33 (2022) 11455–11466, https://doi.org/ 
10.1007/s10854-022-08118-8.

[7] K. Radhi Devi, L. Bruno Chandrasekar, K. Kasirajan, M. Karunakaran, M. Divya 
Gnaneswari, S. Usha, Enhanced in vitro antibacterial activity of ZnO and Mn–Mg 
co-doped ZnO nanoparticles: investigation of synthesis, characterization, and 
impact of dopant, Appl. Phys. A Mater. Sci. Process. 128 (2022), https://doi.org/ 
10.1007/s00339-022-05502-3.

[8] E. Piacenza, A. Presentato, R.J. Turner, Stability of biogenic metal(loid) 
nanomaterials related to the colloidal stabilization theory of chemical 
nanostructures, Crit. Rev. Biotechnol. 38 (2018) 1137–1156, https://doi.org/ 
10.1080/07388551.2018.1440525.
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[51] S. Mele, O. Söderman, H. Ljusberg-Wahrén, K. Thuresson, M. Monduzzi, 
T. Nylander, Phase behavior in the biologically important oleic acid/sodium 
oleate/water system, Chem. Phys. Lipids 211 (2018) 30–36, https://doi.org/ 
10.1016/j.chemphyslip.2017.11.017.
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Precise detection of pH inside large unilamellar vesicles using membrane- 
impermeable dendritic porphyrin-based nanoprobes, Anal. Biochem. 388 (2009) 
296–305, https://doi.org/10.1016/j.ab.2009.02.023.
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