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A B S T R A C T   

Gold nanoparticles (AuNPs) modified with four organoselenium compounds, i.e., 4-selenocyanatoaniline (com
pound 1), 4,4′-diselanediyldianiline (compound 2), N-(4-selenocyanatophenyl)cinnamamide (compound 3), and 
N-(3-selenocyanatopropyl)cinnamamide (compound 4), were synthesized following two different approaches: 
direct conjugation and non-covalent immobilization onto hydrophilic and non-cytotoxic AuNPs functionalized 
with 3-mercapto-1-propanesulfonate (3MPS). Both free compounds and AuNPs-based systems were characterized 
via UV-Vis, FTIR NMR, mass spectrometry, and SR-XPS to assess their optical and structural properties. Size and 
colloidal stability were evaluated by DLS and ζ-potential measurements, whereas morphology at solid-state was 
evaluated by atomic force (AFM) and scanning electron (FESEM) microscopies. AuNPs synthesized through 
chemical reduction method in presence of Se-based compounds as functionalizing agents allowed the formation 
of aggregated NPs with little to no solubility in aqueous media. To improve their hydrophilicity and stability 
mixed AuNPs-3MPS-1 were synthesized. Besides, Se-loaded AuNPs-3MPS revealed to be the most suitable sys
tems for biological studies in terms of size and colloidal stability. Selenium derivatives and AuNPs were tested in 
vitro via MTT assay against PC-3 (prostatic adenocarcinoma) and HCT-116 (colorectal carcinoma) cell lines. 
Compared to free compounds, direct functionalization onto AuNPs with formation of Au-Se covalent bond led to 
non-cytotoxic systems in the concentration range explored (0–100 μg/mL), whereas immobilization on AuNPs- 
3MPS improved the cytotoxicity of compounds 1, 3, and 4. Selective anticancer response against HCT-116 cells 
was obtained by AuNPs-3MPS-1. These results demonstrated that AuNPs can be used as a platform to tune the in 
vitro biological activity of organoselenium compounds.   

1. Introduction 

Nanostructured materials are used in optical, electronic, biomedical, 
and environmental fields among other areas. Noble metal nanoparticles 
(MNPs) find application in drug delivery for complex disease therapies 
[1,2]. MNPs possess peculiar size-dependent properties, i.e., scattering 
and absorption of light in the UV–vis range, as the localized surface 
plasmon resonance (LSPR) phenomenon that makes them useful for 
molecular biosensors and in vivo diagnostics [3,4]. In biomedical ap
plications, NPs-based drug delivery systems display reduced systemic 
toxicity compared to free drug formulations [5–7]. Viability of these 

colloidal systems depends on purity, size, surface charge, and func
tionalizing layer, among other factors [8–10]. In literature, there are 
many synthetic protocols for MNPs synthesis, the most common being 
bottom-up methods in the presence of capping agents [11,12]. Alter
natively, plant-mediated green synthesis approach can be used to syn
thesize nanoparticles, especially gold nanoparticles, with non-hazard 
and biocompatible features along with biological activities [10,13]. The 
most widely used functionalizing agents for the stabilization of the 
colloidal dispersion are alkane/aryl thiols [14,15]. Despite major 
drawbacks in the use of thiol functionalizing ligands and inorganic 
reducing agents compared to biological sources (plants, bacteria, or 
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fungi), a fine tune of the surface properties, size distribution, and sta
bility of AuNPs can be obtained. Due to similar chemical properties of 
selenium (Se) and sulfur (S), selenate anions could offer an alternative to 
thiolates as capping agents for MNPs. Se-based ligands can show ad
vantages over thiols in cancer therapy such as reduced interference ef
fect with thiolate molecules in biological environment, e.g., glutathione 
(GSH), high efficacy and selectivity against cancer cells, along with 
pro-oxidant effects [16,17]. Being essential in different physiological 
functions, selenium plays an important role in human health [18]. Se 
supplementation, depending on its chemical form, dose, and meta
bolism, revealed to be helpful as therapeutic agent [19,20]. In cancer, 
many Se-based compounds have been described as chemopreventive 
and cytotoxic agents based on a multi-targeting effect triggering 
different pathways of death signaling and inhibiting tumor formation 
and metastasis [20–23]. Among others, selenocyanates and diselenides 
are known to exhibit potent antitumoral activity [24,25]. Nanosized Se 
showed to upregulate selenoenzyme activity with low level of toxicity 
[26–28]. Herein, the synthesis, characterization, and in vitro cytotoxic 
activity of Se compounds and organoselenium-functionalized AuNPs are 
reported. The Se-containing ligands used as capping agents for AuNPs 
were synthesized starting from 4-selenocyanatoaniline as a building 
block [29]. Two strategies for the synthesis of AuNPs were followed: (i) 
direct conjugation via single phase chemical reduction method starting 
from HAuCl4 as gold precursor in presence of Se ligands, i.e., 4-seleno
cyanatoaniline (4SCA, compound 1), 4,4′-diselanediyldianiline (4DDA, 
compound 2), N-(4-selenocyanatophenyl)cinnamamide (4NSC, com
pound 3), and N-(3-selenocyanatopropyl)cinnamamide (3SCPC, com
pound 4), as functionalizing agents [12]; (ii) non-covalent 
immobilization approach of the Se compounds onto hydrophilic AuNPs 
stabilized by 3-mercapto-1-propanesulfonate (AuNPs-3MPS) [1]. Pris
tine organoselenium compounds and Se-functionalized AuNPs were 
tested in vitro on HCT-116 (human colon carcinoma), and PC-3 (prostate 
cancer) cell lines to evaluate their toxicity and half maximal inhibitory 
concentration (IC50). 

2. Experimental section 

2.1. Materials and methods 

All reagents were purchased from Sigma-Aldrich and PanReac 
AppliChem at the highest available purity and used as received. A 
complete list of the reagents, solvents, and characterization techniques 
can be found in Supporting Information. 

Dynamic light scattering (DLS) measurements were carried out with 
a Malvern Zetasizer Nano-ZS90 instrument. Results were reported as 
average hydrodynamic diameter (<2RH> nm) ± standard deviation 
over three measurements. Colloidal stability in H2Oup was evaluated by 
ζ-potential measurements. Morphological characterizations of the 
AuNPs were carried out with field-emission scanning electron (FESEM) 
AURIGA Zeiss and Atomic Force (AFM) Multimode™ microscopes. 

SR-XPS (Synchrotron Radiation Induced X-ray Photoelectron Spec
troscopy) experiments were carried out at the SuperESCA beamline at 
the ELETTRA synchrotron facility of Trieste (Italy). Further details on 
data acquisition and analysis are reported in Supporting Information. 

2.1.1. Synthesis of 4-selenocyanatoaniline 
The synthesis of 4-selenocyanatoaniline (4SCA, compound 1) was 

performed according to previous work [29]. Compound 1 was synthe
sized by adding selenium dioxide (3.09 g, 27.03 mmol) to a stirring 
solution of malononitrile (0.92 g, 13.93 mmol) in a 2:1 molar ratio in 
DMSO (15 mL). The mixture was allowed to react at room temperature 
for 1 h to obtain triselenium dicyanide. Then, aniline (1.90 mL, 20.89 
mmol) was added, and the mixture stirred for 2 h; then added on ice cold 
water (150 mL). The resulting precipitate was filtered off, dissolved in 
diethyl ether, dried, and recrystallized from a mixture of methanol:H2O 
(1:1 v/v). 

2.1.2. Synthesis of 4,4′-diselanediyldianiline 
4,4′-diselanediyldianiline (4DDA, compound 2), was obtained by 

reduction of 4-selenocyanatoaniline (compound 1) with sodium boro
hydride in a compound 1:NaBH4 4:1 molar ratio [29]. NaBH4 (0.10 g, 
2.50 mmol) was added to compound 1 (2.00 g, 10.15 mmol) in absolute 
ethanol (40 mL) under constant stirring. The mixture was stirred for 30 
min at room temperature, then the product was precipitated in water, 
filtered off, washed with n-hexane, and air dried. 

2.1.3. Synthesis of N-(4-selenocyanatophenyl)cinnamamide 
N-(4-selenocyanatophenyl)cinnamamide (4NSC, compound 3) was 

obtained by reaction of 4-selenocyanatoaniline (compound 1, 2.66 g, 
13.50 mmol) with cinnamoyl chloride (compound 0, 2.25 g, 13.50 
mmol) in DCM (50 mL), and in the presence of triethylamine (TEA, 1.87 
mL, 13.50 mmol). The resulting mixture was stirred at room tempera
ture for 24 h. Then, the mixture was heated under reflux for 6 h. The 
precipitate was filtered off and air dried. 

2.1.4. Synthesis of N-(3-selenocyanatopropyl)cinnamamide 
For the synthesis of N-(3-selenocyanatopropyl)cinnamamide 

(3SCPC, compound 4), 3-bromopropylamine hydrobromide (compound 
0a, 2.62 g, 12 mmol) was added to cinnamoyl chloride (compound 0, 
2.00 g, 12 mmol) and triethylamine (3.28 mL, 12 mmol) in DCM (50 
mL), under constant stirring to obtain compound 0b. The mixture was 
stirred under reflux for 10 h. The product compound 0b was isolated by 
organic extraction in a separatory funnel (3 × DCM/H2O) and dried with 
anhydrous Na2SO4. The reaction yield obtained from the first step after 
purification by chromatographic column using hexane/ethyl acetate as 
eluents was 43 % (1.30 g, 5.20 mmol). Potassium selenocyanate (0.74 g, 
5.20 mmol) was added to a stirring acetonitrile solution (50 mL) of 
compound 0b from the first step under reflux conditions and stirred for 
30 h. The KBr precipitate was filtered off, the solvent was eliminated by 
rotatory evaporation; then, the residue was extracted with 3 × DCM/ 
H2O and purified by chromatographic column using hexane/ethyl ace
tate as eluents. 

2.1.5. Synthesis of functionalized gold nanoparticles 
Functionalized gold nanoparticles, i.e., AuNPs-4SCA, AuNPs-4NSC, 

AuNPs-3SCPC, and AuNPs-3MPS-4DDA hereafter reported as AuNPs-1, 
AuNPs-3 and AuNPs-4, and AuNPs-3MPS-1, respectively, were prepared 
via a single phase chemical reduction method starting from HAuCl4 in 
the presence of the Se ligands and NaBH4 as the reducing agent in the 
following molar ratios: Au/1/NaBH4 1/4/50, Au/3/NaBH4 1/2/20, Au/ 
4/NaBH4 1/4/20, and mixed Au/3MPS/2/NaBH4 1/4/2/20. Briefly, 
gold (III) chloride trihydrate (50 mg, 1.27 mmol) was dissolved in 5 mL 
of THF in a two-neck round bottom flask. Subsequently, THF solution of 
the corresponding organoselenium compound was added and the 
mixture degassed under Ar flux for 10 min. Then, an aqueous solution of 
NaBH4 was added dropwise to the reaction mixture. The reaction was 
carried out under vigorous stirring at room temperature for 2 h. All 
products were purified by repeated washing steps in centrifuge (THF, 
13400 rpm, +8 ◦C, 20 min). For the preparation of AuNPs with mixed 
ligands, i.e., AuNPs-3MPS-1, 3MPS was dissolved in 5 mL of H2Oup and 
added to the reaction mixture after the organoselenium compound. 

2.1.6. Loading of organoselenium compounds on AuNPs-3MPS 
AuNPs-3MPS@4SCA, AuNPs-3MPS@4NSC, and AuNPs- 

3MPS@3SCPC hereafter reported as AuNPs-3MPS@1, AuNPs-3MPS@3 
and AuNPs-3MPS@4, respectively, were prepared by non-covalent 
conjugation method of Se-containing compounds on hydrophilic 
AuNPs-3MPS (2 mg/mL), synthesized as described in the literature [1]. 
The immobilization procedure was performed in H2Oup (pH 7) at R.T. 
for 4 h under mild stirring in a AuNPs-3MPS@Se-based compound 10:1 
wt/wt. The loading percentage was evaluated by interpolation of the 
UV-Vis calibration curve in H2Oup at λmax of each Se compound: λ1 =

260 nm (ε260 = 4973 M− 1 cm− 1), λ3 = 305 nm (ε305 = 46343 M− 1 cm− 1), 
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λ4 = 275 nm (ε275 = 24499 M− 1 cm− 1). The drug loading percentage was 
calculated using the following equation: 

%Loading =
(mol druginitial − mol drugsuperntant)

mol druginitial
× 100 

Loading compound 1 = (47 ± 4 %, 238 ± 22 μM), loading com
pound 3 = (64 ± 2 %, 195 ± 5 μM), loading compound 4 = (46 ± 5 %, 
157 ± 18 μM). Stability studies of AuNPs (1 mg/mL) were carried out in 
H2Oup (pH 7) at 37 ◦C. Release studies were done at 30, 60, 120, 
180 min and 24 h, on the supernatant using the standard curve. 

Fig. 1. Synthetic routes of (a) compound 3; (b) compound 4. Compound 3: c) FT-IR spectrum (CH2Cl2 film on KBr pellet). d) 1H NMR spectrum in DMSO-d6. 
Compound 4: e) FT-IR spectrum (CH3CN film on NaCl pellet). f) 1H NMR spectrum in CDCl3. 
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2.1.7. Cell viability assay 
Cell viability was determined using the MTT assay [30]. A total of 10, 

000 cells were seeded in 96-well plate and treated for 48 h. Organo
selenium compounds were dissolved in DMSO at a concentration of 
0.01 M. Dose-response curves with 5 concentrations (100, 50, 25, 10 
and 1 µM expressed in μg/mL for each compound)) were built for 
calculate the half maximal inhibitory concentration (IC50). 
AuNPs-containing Se ligands were dissolved in DMSO at concentration 
of 10 mg/mL and dose-response curves were obtained with 5 concen
trations (100, 50, 25, 10 and 5 µg/mL of Se-loaded and 
Se-functionalized AuNPs). Dose-response curves of the most active 
nanoparticles formulation were completed with the concentrations 2.5, 
1 and 0.5 µg/mL. After treatment, 20 µL/well of MTT solution in PBS 
(5 mg/mL) was added and cells were incubated for 2.5 h. Medium was 
removed and 50 µL/well of DMSO was used to dissolve the formed 
formazan crystals. The absorbance was measured at 570 nm. The results 
were expressed as IC50. Values were calculated with the software Origin 
pro 9.0 by non-linear curve fitting. Three independent experiments were 
performed. 

3. Results and discussion 

3.1. Synthesis and characterization of organoselenium compounds 

Synthesis of compounds 1 and 2 were done according to previously 
reported synthetic strategies based on SeO2 oxidation [29]. Compound 3 
(N-(4-selenocyanatophenyl)cinnamamide) was synthesized from cin
namoyl chloride (0) and 4-selenocyanatoaniline (1) in a 1:1 molar ratio 
(yield = 48 %) (Fig. 1(a)). Compound 4 (N-(3-selenocyanatopropyl) 
cinnamamide) was synthesized from cynnamoyl chloride (0) in the 
presence of 3-bromopropanamine hydrobromide (0a), after addition of 
KSeCN (Fig. 1(b)). The infrared spectrum of compound 3 is reported in 
Fig. 1(c). Characteristic bands at 1672 cm− 1 and 2148 cm− 1 were 
attributed to the stretching (ν) vibrations of the C––O group of secondary 
amides, and ν(-C–––N) functional group covalently linked to Se atom, 
respectively. The two bands at 3285, and 3332 cm− 1 were assigned to 
ν(N-H) of amide group. 1H NMR spectrum in deuterated DMSO (Fig. 1 
(d)) showed resonances of aromatic ring, and hydrogens linked to C sp2 

at chemical shift in the 6.5–7 ppm range. Resonance of the amide group 
appears at 10.44 ppm. 13C, 77Se-NMR, and mass spectra are reported in 
Figure S3. FT-IR spectrum of compound 4 (Fig. 1(e)) showed bands at 

3300 cm− 1 ν(N-H), and 1730 cm− 1 ν(C––O) due to the presence of a 
secondary amide. Signals at 2149 cm− 1 and 3030 cm− 1 were attributed 
to ν(-C–––N) and ν(-C-H sp2), respectively. Differences can be observed in 
the 2800–2900 cm− 1 wavenumber region. Compound 4 showed bands 
at 2933 cm− 1 due to asymmetric stretching (νas), and at 2858 cm− 1 

symmetric stretching (νs) of -CH2 of the propyl chain. Signals in the 1H 
NMR spectrum (Fig. 1(f)) presented typical resonances of the cinna
mamide building block. Signals of -CH2- covalently linked to Se atom 
and amide group appeared at 2.20 ppm, and 3.57 ppm, respectively. 
Further characterization of compound 4 (13C, and 77Se-NMR) can be 
found in Figure S4. 

3.2. Synthesis and characterization of Se-functionalized AuNPs 

AuNPs functionalized with Se-based ligands, i.e., compounds 1, 3, 
and 4, were synthesized according to the procedure reported in Fig. 2. 
AuNPs-1, AuNPs-3, AuNPs-4 were obtained with Au/Se 1/4, 1/2, and 1/ 
4 molar ratio, respectively. The UV-Vis spectra showed the LSPR band in 
the typical range 500–600 nm for AuNPs (spectra are reported in 
Figure S5, S6 and S7 together with structural and microscopy images). 
The particle size distribution displayed a dramatically different behavior 
as structure of Se-based ligands changed. Indeed, recorded hydrody
namic diameter (<2RH>) values were <2RH>AuNPs-1 = (80 ± 30) nm 
(Figure S5), <2RH>AuNPs-3 = (525 ± 185) nm (Figure S6), and 
<2RH>AuNPs-4 = (190 ± 90) nm (Figure S7). Bulkiness and electronic 
nature of surface ligands influence main physicochemical properties of 
AuNPs, i.e., LSPR band position, particle diameter, and solubility [31]. 
Compounds 1 and 3 both possess an aromatic ring directly linked to the 
Se atom, although compound 1 has a primary amine as ending group; 
thus, with the same molar ratio used in the synthetic procedure the 
presence of an additional aromatic ring in compound 3 can enhance π–π 
stacking interactions between ligand molecules on AuNPs surface. As a 
result, a significant increase in the <2RH> from (80 ± 30) nm to (525 
± 185) nm for AuNPs-1 and AuNPs-3, respectively, occurs. These ob
servations are in agreement with aromatic effect due to the presence of 
phenyl aromatic ring in Se ligand structure, as reported for analogous 
phenylthiol, in which electronic conjugation results in bathochromic 
shift of LSPR and π electrons contribute to favorable ligand-ligand at
tractions resulting in increased particles size [29]. Compound 4 belongs 
to alkyl ligands and the aliphatic carbon chain allows higher mobility of 
ligand tails with weak intermolecular interactions between 

Fig. 2. a) Synthesis procedure of AuNPs-1, AuNPs-3, AuNPs-4, and AuNPs-3MPS-1.  
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functionalizing Seligands. Due to the chemical structures of the Se-based 
ligands, the as-synthesized AuNPs showed a general suspendability in 
organic solvents and HCl 1 mM, with little to no solubility in water 
medium (pH range 6–7.5), crucial parameters for nanomedicine 
applications. 

To enhance the hydrophilic behavior, AuNPs functionalized with 
mixed ligands, i.e., sodium 3-mercapto-1-propanesulfonate (3MPS) and 
compound 1, were synthesized in a water:THF 1:1 v/v mixture. 3MPS, 
an aliphatic thiol bearing a sulfonate negatively charged end group was 
chosen to obtain hydrophilic and non-cytotoxic AuNPs [1,32,33]. 
Compound 2, a diseleno- derivative, was chosen as precursor of Se 
ligand, since it decomposes in-situ via Se–Se bond cleavages in the 
presence of excess amount of reducing agents leading to the corre
sponding compound 1. A schematic view of the mixed-ligand AuNPs is 
shown in Fig. 2. The reduction of gold ions into metallic AuNPs-3MPS-1 
gives rise to the formation of a broad UV-Vis absorption band centered at 
600 nm and the absorption of both 3MPS thiol and Se ligand on AuNPs 
surface in the 200–400 nm wavelength region can be observed 
(Figure S8). DLS results showed a population of AuNPs with <2RH> =

(255 ± 135) nm (Figure S8). Besides, FESEM evidenced the presence of 
larger aggregates (>100 nm) of isolated AuNPs of diameter in the 
5–10 nm range (Figure S8). Tendency towards aggregation at solid state 
has been confirmed also by AFM (Figure S8), in which a good correlation 
with FESEM measurements and particles size distribution probed by DLS 
exist. 

Structural characterizations of AuNPs-3MPS-1 were performed by 
FT-IR, and synchrotron radiation XPS. The ATR-IR spectrum of AuNPs is 
presented in Fig. 3(a). The reported spectrum displayed signals at 1032, 
1160 cm− 1 due to the symmetric (νs) and asymmetric (νas) stretching 
vibrations of sulfonate group (-SO3

- ) of 3MPS, respectively. Signal at 
660 cm− 1 is due to C-S stretching vibration, whereas two bands at 2928 
and 2852 cm− 1 correspond to the νas and νs vibrations of -CH2- groups of 
3MPS aliphatic chain. Intense peaks were also observed at 807 cm− 1 due 

to out-of-plane deformation mode of disubstituted aromatic ring, and at 
1642 cm− 1 attributed to the bending vibration of primary aromatic 
amine of compound 1. Stretching vibrations of primary amine were 
found at νs = 3304 cm− 1 and νas = 3495 cm− 1. Weak C-H stretching 
modes of aromatic ring occurs in the 3000–3100 cm− 1 wavenumber 
region. FT-IR spectra of pristine compound 1 and 3MPS thiol are re
ported in Figure S1 and Figure S9, respectively. 

SR-induced XPS measurements were performed at the C1s, N1s, S2p, 
Se3d and Au4f core levels on AuNPs-3MPS-1 (BE, FWHM, atomic ratios 
are reported in Table S1). Se3d spectrum (Fig. 3(b)) consists of two 
couples of spin-orbit (Se3d5/2, Se3d3/2) doublets, of which we consider 
as reference the Se3d5/2 component. The Se3d5/2 signal at 53.96 eV is 
relative to Se covalently bonded to AuNP surface [34]. Se3d5/2 signal at 
55.18 eV is assigned to selenium bonded to carbon atoms [35] S2p 
spectrum (Fig. 3(c)) is made of five couples of spin-orbit doublets 
(S2p3/2, S2p1/2) of which the S2p3/2 signal is taken as reference. S2p3/2 
signal at 161.03 eV is relative to sp hybridized sulfur covalently bonded 
to gold nanoparticle surface that can be distinguished by S-Au bonds 
with sp3 hybridized sulfur at 162.76 eV; S2p3/2 signal around 165 eV is 
assigned to disulfides [36] N1s spectrum (Fig. 3(d)) is associated to the 
nitrogen atom of Ar-NH2 of compound 1. 

3.3. Synthesis and characterization of Se-loaded AuNPs 

To perform comparative studies in view of biological tests, non- 
covalent immobilization method was employed to load Se compounds 
on hydrophilic AuNPs. Gold nanoparticles covalently functionalized 
with negatively charged 3MPS thiol, i.e., AuNPs-3MPS, were chosen as 
suitable platform for Se-based compounds immobilization due to their 
well-assessed hydrophilic and non-cytotoxic nature both in vitro and in 
vivo [32,37]. Stock solution of AuNPs-3MPS in ultrapure water (λLSPR =

520 nm, <2RH>= (21 ± 7) nm, ζ-potential = (− 38 ± 4) mV, Figure S9) 
were mixed with different solutions of Se compounds, i.e., compound 1 

Fig. 3. AuNPs-3MPS-1 characterizations: a) FTIR spectrum (film from DMSO). XPS spectra: b) Se3d core level, c) S2p core level and d) N1s core level.  

S. Lorenzoni et al.                                                                                                                                                                                                                              



Colloids and Surfaces B: Biointerfaces 219 (2022) 112828

6

in H2Oup at pH 3, compound 3 in DMF, compound 4 in DMF, in a 
10:1 weight ratio, as schematically reported in Fig. 4(a). First, the 
amount of each Se compounds on AuNPs-3MPS surface was assessed by 
calibration curve and the loading estimated by the equation reported in 
paragraph 2.1.6: loading of compound 1 = (47 ± 4) %, loading of 
compound 3 = (64 ± 2) %, and loading of compound 4 = (46 ± 5) % 
(Fig. 4(b)). The resulting conjugates AuNPs-3MPS@1, AuNPs-3MPS@3, 
and AuNPs-3MPS@4 were further characterized. The UV-Vis spectra of 
AuNPs-3MPS@1 (Fig. 4(c)) showed a broad absorption band centered at 
λmax = 585 nm. The LSPR band of AuNPs-3MPS exhibit a significant 
red-shift from λLSPR = 520 nm, i.e., pristine AuNPs-3MPS, up to 585 nm 
after loading of compound 1. This behavior can be ascribed to aggre
gation of smaller NPs into large agglomerates compound 1-mediated. 
Indeed, AuNPs-3MPS@1 give a <2RH> = (530 ± 205) nm (Fig. 4(f)) 
and ζ-potential = (− 11 ± 3) mV. Loading of compound 3 and compound 
4 did not affect the plasmon resonance band of AuNPs-3MPS. Both 
systems, i.e., AuNPs-3MPS@3 (Fig. 4(d)), and AuNPs-3MPS@4 (Fig. 4 

(e)), showed slightly red-shifted visible band centered at λmax = 525 nm, 
and at λmax = 535 nm, respectively, whereas loaded compounds 3 and 4 
presented intense absorption in the 200–300 nm wavelength range 
compared to the free ligands. DLS measurements on AuNPs-3MPS@3, 
and AuNPs-3MPS@4 demonstrated the low hydrodynamic diameters of 
these systems compared to AuNPs-3MPS@1, i.e., <2RH> = (255 ± 136) 
nm and <2RH> = (255 ± 155) nm (Fig. 4(f)), for compound 3- and 
compound 4-loaded AuNPs, respectively. Stability in water was evalu
ated by ζ-potential measurements and results were as follows: 
AuNPs-3MPS@3 ζ-potential = (− 29 ± 5) mV, and AuNPs-3MPS@4 
ζ-potential = (− 20 ± 6) mV. Increase in the <2RH> values after 
immobilization of compounds 3 and 4 is consistent with the 
non-covalent coating of AuNPs-3MPS core with Se compounds, although 
a good colloidal stability (ζ-potential over − 20 mV) is retained. 

SEM images of AuNPs-3MPS@1 (Figure S11) confirmed the aggre
gation of small nanoparticles embedded within organic layer. The 
amorphous organic layer due to immobilization of Se-based compounds 

Fig. 4. a) Immobilization scheme of Se compounds on AuNPs-3MPS b) Loading percentage of Se compounds on AuNPs-3MPS. UV-Vis spectra of: c) AuNPs-3MPS@1 
and compound 1. d) AuNPs-3MPS@3 and compound 3. e) AuNPs-3MPS@4 and compound 4. f) DLS size distribution of AuNPs-3MPS@1, AuNPs-3MPS@3, and 
AuNPs-3MPS@4. 
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can be clearly seen also for AuNPs-3MPS@3 and AuNPs-3MPS@4 (Fig. 5 
(a,b)). In AFM images of AuNPs-3MPS@3 and AuNPs-3MPS@4 (Fig. 5(c, 
d)) the above mentioned amorphous organic layer appears as a carpet- 
like structure ubiquitously diffused on all the surface of the glass sub
strate, particularly in the case of AuNPs-3MPS@3. Both techniques 
showed spherical-shaped AuNPs with diameter below 10 nm, coherently 
with the dimensions of the pristine AuNPs-3MPS (Figure S10). 

Advanced structural characterizations were performed on all the 
systems, i.e., AuNPs-3MPS@1, AuNPs-3MPS@3, and AuNPs-3MPS@4, 
by SR-XPS at the C1s, N1s, O1s, S2p, Se3d and Au4f core levels. Prior to 
immobilization, AuNPs-3MPS were characterized at S2p and Au4f core 
level considered as the most indicative for the assessment of AuNPs 
functionalization (Table S2). S2p spectrum of AuNPs-3MPS reported in 
Figure S12 consisted of four spin-orbit pairs, individuated applying a 
peak-fitting procedure. Starting from the peaks at lower BE values, the 
four S2p components can be attributed to: RS-Au (3MPS thiol molecules 
covalently linked to gold atoms at the NPs surface) (S2p3/2 BE =
161.40 eV), physisorbed RSH thiol groups (S2p3/2 BE = 163.02 eV), and 
sulfonate functional groups of 3MPS at 166.86 eV and at 168.46 eV for 
-SO3- and -SO3Na, respectively, as already observed for analogous sys
tems [1]. SR-XPS characterization of AuNPs-3MPS@1, and 
AuNPs-3MPS@4 are reported in Figure S13-S14, respectively. SR-XPS 
data (BE, FWHM, atomic ratios) of AuNPs-3MPS@3 are reported in 
Table S3. Se3d spectrum (Fig. 6(a)) was made of two couples of 
spin-orbit (Se3d5/2, Se3d3/2) doublets, of which we consider as reference 
the Se3d5/2 component. Se3d5/2 signal at 55.45 eV was assigned to se
lenium bonded to carbon atoms of Se ligand confirming the 
non-covalent interaction of compound 3 with thiol-capped AuNPs sur
face [33]. Signals due to Se-Se intermolecular interaction of Se com
pounds were found in both AuNPs-3MPS@1 (Figure S13) and 
AuNPs-3MPS@4 (Figure S14) together with Se-C peaks centered at 
55.69 eV, and 55.22 eV, respectively [38]. N1s spectrum (Fig. 6) was 
made of two components at 399.39 eV is associated to nitrogen atom of 
-C–––N group, and at 401.46 eV assigned to the nitrogen atom of sec
ondary amide (-NH(CO)) [39]. N1s data of AuNPs-3MPS@1, and 
AuNPs-3MPS@2 can be found in Table S4-S5. 

S2p spectrum of AuNPs-3MPS@3 was made of five couples of spin- 

orbit doublets (S2p3/2, S2p1/2) of which the S2p3/2 signal was taken as 
reference (Table S3). S2p3/2 signal at 161.73 eV was associated to sulfur 
of 3MPS thiol covalently linked to the gold surface of nanoparticles. 
S2p3/2 signal at 163.23 eV was assigned to physisorbed thiols and S2p3/2 
signal at 164.17 eV was assigned to thiol end group giving rise to 
disulfides [40]. 

Au4f spectrum of AuNPs-3MPS@3 (Figure S15) and AuNPs-3MPS@1 
(Figure S13) showed two couples of spin-orbits (Au4f7/2, Au4f5/2) 
doublets, of which we consider as reference the Au4f7/2 component. The 
Au4f7/2 signal at 84.00 eV was due to metallic bulk Au(0) atoms of NPs, 
whereas the peak at 84.8 eV was assigned to surface Au atoms of AuNPs 
involved in the S-Au bonds. 

3.4. Stability of AuNPs-3MPS conjugates in water 

To determine the stability of AuNPs-3MPS@1, and AuNPs-3MPS@4, 
nanoparticles were suspended in H2Oup at pH 7 (1 mg/mL) and release 
of Se compounds non-covalently linked to AuNPs surface measured 
spectrophotometrically. The cumulative percentage of Se-compounds 
released from AuNPs at 37 ◦C and different time intervals is shown in 
Figure S16. As reported, the release did not reach 100 % under these 
circumstances. Due to non-covalent interaction between AuNPs-3MPS 
and organoselenium compounds, the release of loaded molecules is a 
diffusion-controlled process; thus, at physiological pH value AuNPs- 
3MPS@4 maintain their stability within 24 h. By contrast, for AuNPs- 
3MPS@1 60 % of the loaded compound 1 was released within the first 
24 h. Differences in the stability of the two AuNPs-3MPS@1, and AuNPs- 
3MPS@4 conjugates can be ascribed to synergistic effect of (i) size of the 
ligand, and (ii) intermolecular Se⋅⋅⋅Se interactions surface between 
ligand molecules close to the AuNPs-3MPS surface. According to SR-XPS 
results (see paragraph 3.3), compound 4 experienced pronounced 
interaction between nearby Se atoms compared to compound 1. As for 
diffusion-controlled processes, the release rate is affected by steric hin
drance and size of the ligands. Indeed, bulky compound 4 showed a slow 
release (<10 % in 24 h), whereas the smaller compound 1 was quickly 
released within 24 h. 

Fig. 5. a) FESEM image of AuNPs-3MPS@3. b) FESEM image of AuNPs-3MPS@4. c) AFM image of AuNPs-3MPS@3. d) AFM image of AuNPs-3MPS@4.  
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3.5. In vitro biological studies of Se-loaded and Se-functionalized AuNPs 

Pristine compounds 1, 2, 3, and 4, and their conjugates with AuNPs- 
3MPS were tested against two different tumor cell lines: PC-3 (prostatic 
adenocarcinoma), and HCT-116 (colorectal carcinoma). In vitro biolog
ical evaluations were performed at 48-h treatment with MTT assay. IC50 
values were calculated from dose-response curves in the 0–100 µg/mL 
concentration range and values are reported in Table 1. Based on liter
ature, compound 1 (a selenocyanate) and 2 (a diselenide), showed 
anticancer activity [29]. Both compounds presented moderate activity 
in HCT-116 cell line. On PC-3 cell line, compound 1 showed comparable 
biological activity, although compound 2 revealed an enhancement of 
its cytotoxicity compared to treatment on HCT-116 cells (Figure S17). In 
vitro experiments on free compounds 3 and 4 were also performed. In 
PC-3 cells, both compounds 3 and 4, showed comparable cytotoxicity 
with IC50 values of (10.2 ± 0.7) μg/mL and (11 ± 4) μg/mL, respec
tively. In the HCT-116 cell lines, compound 4 showed higher cytotox
icity. Besides, for free compound 3 no cytotoxicity effect was reported on 
HCT-116. Dose-response curves of compounds 3 and 4 are reported in 
Figure S17. For comparison, Se-loaded and Se-functionalized AuNPs 
were tested in vitro on PC-3, and HCT-116 cell lines. AuNPs-1, and 
AuNPs-3, in which Se-Au covalent bonds exist, showed an IC50 value 
above the concentration range explored (>100 μg/mL); thus, no cyto
toxic effect was reported in both cell lines. AuNPs-3MPS-1 sample dis
played an IC50 = (62 ± 10) μg/mL selectively in the HCT-116 cell line, 
whereas no cytotoxic activity was reported in PC-3 cells. Immobilization 
of Se compounds on previously synthesized AuNPs-3MPS, i.e., 
AuNPs-3MPS@1, AuNPs-3MPS@3, and AuNPs-3MPS@4, led to 
different biological activity compared to pristine compounds. Similar 
biological activity was observed after treatment with AuNPs-3MPS@1 
(IC50 = 6.0 ± 0.5 μg/mL in PC-3, IC50 = 5.5 ± 0.3 μg/mL in HCT-116) 
and AuNPs-3MPS@3 (IC50 = 4.2 ± 0.5 μg/mL in PC-3, IC50 = 3.6 
± 0.2 μg/mL in HCT-116) in both cell lines. AuNPs-3MPS@4 sample 

showed higher cytotoxicity in HCT-116 cells (IC50 = 4.9 ± 0.8 μg/mL) 
compared to PC-3 cell line (IC50 = 8 ± 1 μg/mL). It is noteworthy that 
immobilization procedure notably enhances the cytotoxic effect of 
compounds 1, 3 and 4 on both cell lines compared to free compounds. 
Although the IC50 values (expressed as µg/mL) are similar, the amount 
of each compound inside the AuNPs-3MPS is much lower than the 
concentration of free compounds needed to induce a 50 % cell growth 
inhibition (Table S6). The potent cytotoxic activity observed after the 
immobilization procedure is determined by neither the presence of the 
selenocompounds nor the AuNPs-3MPS, but from the whole system. 
Compound 3 showed noticeable cytotoxicity on HCT-116 cell line only 
after the immobilization, whereas no toxicity was reported for the 
pristine compound 3. Anticancer activity in Se-based organic com
pounds is mainly associated with ROS generation by Se atom [41]. Due 
to that, functionalization of AuNPs with Se ligands, with the formation 
of a covalent bond between Se ligands and gold nanoparticles, i.e., 
AuNPs-1, AuNPs-3, AuNPs-3MPS-1, gave little to no anticancer activity 
in the concentration range explored. Besides, immobilization of Se 
compounds on ready-to-use hydrophilic AuNPs-3MPS allowed to 
maintain the Se exposition to cellular environment, exploiting their 
biological activity. High surface-to-volume ratio of AuNPs increases the 
local concentration of bioactive molecules, thus enhancing the antitu
moral effect compared to free compounds. These in vitro results showed 
that gold nanoparticles could significantly improve the cytotoxic effect 
of Se compounds at lower concentration compared to free compounds. 
In view of in vivo biomedical applications, enhancing the cytotoxic effect 
of active molecules will allow to reduce the administered dose, reducing 
dose-related toxicity. 

3.6. Conclusions 

AuNPs functionalized with organoselenium compounds were ob
tained through two different approaches. AuNPs properties and 
morphology were evaluated. Results demonstrated that the direct 
conjugation method led to the formation of aggregated AuNPs with poor 
solubility in water. To improve their stability, mixed AuNPs-3MPS-1 
were synthesized. Immobilization procedure to obtain AuNPs-3MPS@1, 
AuNPs-3MPS@2, and AuNPs-3MPS@4 conjugates allowed a non- 
covalent coating of non-cytotoxic AuNPs-3MPS with Se compound. 
Stability studies in water in the 0–24-h time scale demonstrated that 
AuNPs-3MPS@4 was the most stable conjugate with release <10 %. All 
the systems were screened against PC-3 and HCT-116 cell lines. Selective 
anticancer effect on HCT-116 cell line was obtained in case of AuNPs- 
3MPS-1. Despite similar IC50 values, the AuNPs-3MPS@Se compounds 
allowed to obtain 50 % of cell growth inhibition with lower amount of Se 
compounds compared to unloaded compounds or free AuNPs-3MPS. 
Different cytotoxic effect can be ascribed to the exposure of Se atoms 
as supported by SR-XPS studies. Results of this study demonstrated that 

Fig. 6. XPS spectrum of AuNPs-3MPS@3 at a) Se3d and b) N1s core level.  

Table 1 
IC50 (μg/mL) values obtained from MTT assay on PC-3 and HCT-116 cell lines.   

IC50 (μg/mL)  

PC-3 cell line HCT-116 cell line 

Compound 1 3.9 ± 0.7 3.1 ± 0.6 
Compound 2 3.1 ± 0.4 7.5 ± 0.1 
Compound 3 10.2 ± 0.7 >100 
Compound 4 9.7 ± 0.1 3.2 ± 0.9 
AuNPs-1 >100 >100 
AuNPs-3 >100 >100 
AuNPs-3MPS-1 >100 62 ± 10 
AuNPs-3MPS@1 6.0 ± 0.5 5.5 ± 0.3 
AuNPs-3MPS@3 4.2 ± 0.5 3.6 ± 0.2 
AuNPs-3MPS@4 8 ± 1 4.9 ± 0.8  
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AuNPs represent a suitable platform to influence the in vitro response of 
the organoselenium compounds. 
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[14] D. Ungor, I. Dékány, E. Csapó, Reduction of tetrachloroaurate(III) ions with 
bioligands: role of the thiol and amine functional groups on the structure and 
optical features of gold nanohybrid systems, Nanomaterials 9 (2019) 1229, https:// 
doi.org/10.3390/nano9091229. 

[15] E. Pensa, E. Corte, M.H. Fonticelli, G. Benítez, A. Rubert, R.C. Salvarezza, The 
chemistry of the sulfur-gold interface: in search of a unified model, Acc. Chem. Res. 
45 (2012) 1183–1192, https://doi.org/10.1021/ar200260p. 

[16] K. Priyadarsini, B.G. Singh, P.P. Phadnis, K.C. Barick, P.A. Hassan, Nanoparticle 
conjugates of selenium compounds: preparation, characterisation and electron 
transfer reactions, Chem. Proc. 2 (2020) 24, https://doi.org/10.3390/ECCS2020- 
07545. 

[17] T. Li, F. Li, W. Xiang, Y. Yi, Y. Chen, L. Cheng, Z. Liu, H. Xu, Selenium-containing 
amphiphiles reduced and stabilized gold nanoparticles: kill cancer cells via reactive 
oxygen species, ACS Appl. Mater. Interfaces 8 (2016) 22106–22112, https://doi. 
org/10.1021/acsami.6b08282. 

[18] P.A. Tsuji, D. Santesmasses, B.J. Lee, V.N. Gladyshev, D.L. Hatfield, Historical roles 
of selenium and selenoproteins in health and development: the good, the bad and 
the ugly, Int. J. Mol. Sci. 23 (2022) 5, https://doi.org/10.3390/ijms23010005. 

[19] H. Chuai, S.-Q. Zhang, H. Bai, J. Li, Y. Wang, J.S.E. Wen, J. Zhang, M. Xin, Small 
molecule selenium-containing compounds: recent development and therapeutic 
applications, Eur. J. Med. Chem. 223 (2021), 113621, https://doi.org/10.1016/j. 
ejmech.2021.113621. 

[20] D. Radomska, R. Czarnomysy, D. Radomski, K. Bielawski, Selenium compounds as 
novel potential anticancer agents, Int. J. Mol. Sci. 22 (2021) 1–27, https://doi.org/ 
10.3390/ijms22031009. 

[21] S.J. Kim, M.C. Choi, J.M. Park, A.S. Chung, Antitumor effects of selenium, Int. J. 
Mol. Sci. 22 (2021) 0, https://doi.org/10.3390/ijms22210000. 

[22] V. Gandin, P. Khalkar, J. Braude, A.P. Fernandes, Organic selenium compounds as 
potential chemotherapeutic agents for T improved cancer treatment, Free Rad. 
Biol. Med. 127 (2018) 80–97, https://doi.org/10.1016/j. 
freeradbiomed.2018.05.001. 
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