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A B S T R A C T

Silver (Ag) and gold (Au) nanoparticles (NPs) are largely employed in many different fields and are typically 
synthesized through chemical methods, involving reduction reactions, which can result in the production of 
hazardous compounds harmful to both human health and the environment. As a response to these concerns, 
there is an increasing interest in developing more environmentally friendly approaches for their synthesis. In this 
study, we analysed the cytotoxic response of human cells exposed to Ag and Au NPs, produced via alternative 
routes: the Lee-Meisel and the Turkevich chemical methods, and the biogenic method using tea extract. Ag and 
Au NPs were synthesized to achieve high NP concentrations and ensure the stability of the NP suspension over 
time. We assessed the effects of these NPs on two different lung cell lines, one normal (HBEC3-KT) and one 
tumoral (A549) since the cellular response to NPs may vary depending on the tumoral status of the cells.

The results evidenced a higher cytotoxicity of Ag than Au NPs, irrespective of the synthesis method and 
consistent with silver’s reported toxic properties. At 2 μg/mL, both biogenic and chemical Ag NPs showed 
minimal toxicity but at 5 μg/mL and above, biogenic Ag NPs exhibited greater cytotoxicity towards normal cells 
compared to cancer cells, distinguishing them from their chemical counterparts. Notably, long-term clonogenic 
assays revealed that biogenic Ag NPs affected the proliferation ability of cancer cells at lower concentrations than 
chemical Ag NPs. Biogenic Au NPs maintained minimal toxicity in both normal and cancer cells, similarly to 
chemically synthesized NPs, even at the highest concentration tested, highlighting the high biocompatibility of 
Au NPs. Our results show that biogenic synthesis using the tea extract is efficient to synthesize Ag NPs with 
potential anticancer or antimicrobial applications and Au NPs suitable for drug delivery.

1. Introduction

Nanobiotechnology represents a cutting-edge field at the intersection 
of nanotechnology and biotechnology, offering unprecedented oppor
tunities for various applications in medicine, agriculture, environmental 
remediation and beyond. Among the diverse nanomaterials explored, 
metallic nanoparticles (NPs), particularly silver and gold, have garnered 
significant attention due to their unique optical, electrical, and catalytic 
properties [1–4]. These NPs exhibit remarkable potential in biomedical 
imaging, drug delivery, sensing and antimicrobial applications, among 
others [1,5–10].

However, the conventional methods for synthesizing metal NPs often 
involve the use of hazardous chemicals and harsh reaction conditions, 
raising concerns about their adverse effects on human health and the 

environment [11]. Therefore, there is a growing imperative to develop 
greener synthesis approaches that minimize the use of toxic reagents, 
energy consumption, and waste generation while maintaining the 
desired NPs properties [6,12]. In this context, the request for environ
mentally benign synthesis methods for silver (Ag) and gold (Au) NPs 
(NPs) has become paramount. Green synthesis strategies involve the 
utilization of biocompatible and renewable resources such as plant, 
extracts, yeast, microorganism, and biopolymers as reducing, capping 
and stabilizing agents [6,11]. These methods offer several advantages, 
including cost-effectiveness and biocompatibility, while simultaneously 
reducing the ecological footprint associated with NPs production [1].

Considering the pressing need for sustainable solutions in nano
technology, and in view of potential applications of these systems in 
biomedicine, this work aims to evaluate the cytotoxicity of Ag and Au 
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NPs synthesized by a biogenic approach in comparison to conventional 
chemical methods, specifically the well-known Lee-Meisel and Turke
vich approach [13–15]. In particular, the reduction of Ag+ and Au3+

species was evaluated by the two alternative routes. For the biogenic 
synthesis, black tea infusion was chosen as the biogenic agent due to its 
easy availability and its content of molecules with antioxidant, anti
bacterial and antiviral activities represented by polyphenols [16,17] The 
biogenic syntheses were optimized to obtain high NPs concentrations 
and to ensure the stability of the NPs suspensions over time. The 
chemical synthesis was performed following two well-known protocols: 
The Lee-Meisel method for Ag NPs and the Turkevich one for Au NPs 
[14,15]. We compared the two-synthesis different approaches and 
evaluated any differences from both chemical and biological perspec
tives. Considering the possible Ag NPs and Au NPs application in the 
biomedical field we analysed and compared the cytotoxicity of bio
genically and chemically synthesized NPs in human cells of the respi
ratory tract [18].

2. Materials and methods

2.1. Chemical synthesis of colloidal silver and gold NPs

The reagents we used were silver nitrate (AgNO3 from Sigma- 
Aldrich) and tetra chloroauric acid (HAuCl4) as a precursor salt and 
trisodium citrate (C6H5Na3O7•2H2O from Sigma-Aldrich) as reducing 
and capping agent. The colloidal silver and gold NPs were prepared 
through the chemical reduction methods respectively described by Lee 
and Meisel [14] and Turkevich [15]. All the reagent solutions were 
prepared with Milli-Q deionized water. For NPs synthesis, 100 mL of 2.5 
mM AgNO3 and 100 mL of 2.5 mM HAuCl4 were each heated, separately, 
in a beaker. When the temperature was close to the boiling point, to each 
solution, 10 mL of 1 % C6H5Na3O7 were carefully added drop by drop. 
The process was carried on applying a vigorous stirring to ensure the 
increased interaction of the reagents. The reactions were stopped once 
the colour change was observed, from colourless to light yellow for Ag 
NPs suspension and to dark red for Au NPs suspension. The reduced 
silver (Ag0) and gold (Au0) form, both, Ag NPs and Au NPs with citrate 
attached to the surface and dispersed in aqueous medium [19] form the 
colloidal suspension; these were studied from the viewpoint of physical 
characteristics and biological effects.

2.2. Biogenic synthesis of colloidal silver and gold NPs

We used black tea leaves (Lipton, Yellow Label) as reducing and 
capping agent. All the reagents solutions were prepared with Milli-Q 
deionized water. Black tea infusion was obtained by infusion for 15 
min at room temperature (RT) of black tea leaves (1.75 g) in 300 mL 
Milli-Q deionized water and subsequent gravity filtration. Filtration was 
performed using Macherey-Nagel filter paper with a pore size of 16 μm. 
For NPs synthesis, 100 mL of 2.5 mM of AgNO3 and of HAucl4 were 
dissolved, separately, in a beaker. Biogenic colloidal Ag was obtained at 
RT by adding to 100 mL of AgNO3 salt precursor 10 mL of black tea drop 
by drop. Unlike the biogenic synthesis of Ag NPs, the biogenic Au NPs 
occurred at 40 ◦C: once the temperature reached 40 ◦C, an additional 
100 mL of tea infusion was added drop by drop to the 100 mL of pre
cursor salt. Both syntheses were interrupted once the colour change to 
yellow-brown and dark-red occurred, respectively, for the Ag and Au 
NPs.

2.3. UV–Vis

UV–Vis spectroscopy was employed to analyze the optical properties 
of Ag NPs and Au NPs, revealing characteristic absorption peaks giving 
an idea about NPs formation, size, and shape. The UV–Vis spectroscopy 
measurement was performed using an Agilent Varian Cary 50 UV–Vis 
spectrophotometer (Department of Chemistry, University of Padua) in 

the range of 300–900 nm, using glass cuvettes.

2.4. Transmission electron microscopy

Transmission electron microscopy (TEM) analyses were performed 
using the FEI Tecnai G2 microscope (FEI Company, Hillsboro, OR, USA), 
operating at 100 kV and equipped with a side-mounted camera Olympus 
Veleta and a bottom-mounted camera TVIPS F114. For this analysis, a 
drop of each NP suspension (~1 mg/mL) was deposited onto standard 
carbon-coated copper grids (200-mesh) and dimensional analysis of NPs 
from TEM images was performed by using the Image J software.

2.5. Dynamic Light Scattering

Dynamic light scattering (DLS) was utilized to determine NPs hy
drodynamic diameters in solution, providing insights into their stability 
and aggregation behavior. These measurements were conducted at the 
Department of Chemistry, University of Padua, using the DLS Zetasizer 
Nano S instrument (Malvern Panalytical). The same instrument has been 
utilized to determine Zeta Potential of the colloidal suspension which 
measure the surface charge indicating the suspension stability. Hydro
dynamic particle diameters were obtained from cumulant fit of the 
autocorrelation functions at 178◦ scattering angle. Size measurements 
were performed at 37 ◦C. DLS measurements were performed in phos
phate buffered saline (PBS) solution and in cell culture medium, with or 
without 3 % of fetal bovine serum (FBS), because the electric double 
layer produced by the highly negative surface charge of the NPs hampers 
reliable measurements in pure water.

2.6. Cell lines

The experiments were performed using two different human cell 
lines derived from the respiratory tract, normal hTERT-immortalized 
epithelial cells from bronchus (HBEC3-KT, ATCC® n. CRL-4051™) 
and alveolar type 2 lung adenocarcinoma cells (A549, ATCC CCL- 
185™). The morphology of these cell lines is adherent, and the doubling 
time is 20 h for HBEC3-KT and 24 h for A549. HBEC3-KT cells were 
cultured in PneumaCult™-Ex Plus Medium supplemented with Hydro
cortisone Stock Solution (STEMCELL Technologies, Canada). The A549 
cells were cultured in Ham’s F12-K Nutrient Mixture (Life Technologies, 
ThermoFisher Scientific, Waltham, MA, USA) supplemented with 10 % 
heat-inactivated FBS (Gibco, ThermoFisher Scientific, Waltham, MA, 
USA) and antibiotics (38 units/mL streptomycin; 100 units/mL peni
cillin G, Life Technologies, ThermoFisher Scientific, Waltham, MA, 
USA). For cell growth in 2D, the cells were grown in T75 cm2 flasks 
(FALCON) maintained at 37 ◦C in a humidified atmosphere of 95 % air 
and 5 % CO2 and properly sub-cultured to maintain the exponential 
growth. For cell growth in 3D, A549 and HBEC3-KT cells were seeded in 
complete medium in low attachment spheroid culture plates (Nunclon™ 
Sphera™ 96-Well ThermoFisher Scientific, Waltham, MA, USA) and 
cultured for 7–9 days.

2.7. Cell treatments with silver and gold NPs

Cells were properly seeded in culture dishes in complete culture 
medium and 24 h later were incubated with suspensions of chemically 
and biogenically synthesized Ag and Au NPs. Immediately before use, 
the NP suspensions were sonicated for 10 min using a tip Q125 Soni
cator® ultrasonic processor (QSONICA SONICATORS, Newtown, Con
necticut, USA), and sterilized by filtration with 0.22 μM. The desired NP 
concentrations were achieved by diluting stock solutions in Pneuma
Cult™-Ex Plus Medium (serum-free), supplemented with Hydrocorti
sone Stock Solution for HBEC3-KT cells, and in F12k medium with 3 % 
FBS for A549 cells. The low concentration of serum counteracts particle 
aggregation driven by serum proteins but does not affect cell viability for 
24 h, as previously reported [20]. Control cells were subjected to the 
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same treatments except for NP incubation.

2.8. Analysis of cellular uptake of silver and gold NPs

A549 (1x106) and HBEC3-KT (0.7 x106) cells were seeded in 60 × 15 
mm culture dishes and, after 24 h, were incubated for 24 h with 
chemically and biogenically synthesized Ag NPs (5 μg/mL) and Au NPs 
(20 μg/mL). At the end of incubation time cells were fixed in 2.5 % 
glutaraldehyde in 0.1 M sodium cacodylate buffer as previously reported 
[21]. Then, samples were post-fixed with a mixture of 1 % osmium te
troxide and 1 % potassium ferrocyanide in 0.1 M sodium cacodylate 
buffer for 1 h at 4 ◦C, dehydrated in ethanol from 25 % to 100 % (thrice) 
for 10 min each step, and finally included in epoxy resin. The samples 
were sectioned with an Ultrotome V ultramicrotome (LKB instruments, 
Victoria, TX, USA). Thin sections (80− 100 nm) were counterstained 
with uranyl acetate and lead citrate and then observed at TEM. Images 
were captured with a Veleta (Olympus Soft Imaging System) digital 
camera.

2.9. Assessment of cell viability

A549 and HBEC3-KT cells were seeded in triplicate in 96-well plates 
(5 x 103 cells/well) in a complete culture medium. After 24 h, cells were 
incubated for 24 h with increasing concentrations of chemically and 
biogenically synthesized Ag NPs (0, 2, 5, 10, 15 μg/mL) and Au NPs (0, 
10, 20, 40, 60, 80 μg/mL), and then assayed for cell viability by the 
CellTiter 96® Aqueous One Solution Cell Proliferation Assay (Promega, 
Madison, WI, USA) as previously reported [20–23]. Briefly, the culture 
medium was removed, and the cells were incubated for 45 min in the 
dark with 20 μL of the MTS ((3-(4,5-dimethylthiazol-2-yl)-5-(3-carbox
ymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt) reagent 
diluted in 100 μL of serum free medium. The absorbance of the formazan 
product was measured at 490 nm with a microplate reader (Spectramax 
190, Molecular Device, San Jose, CA, USA). Cell viability was deter
mined by comparing the absorbance values of NP-treated cells vs. un
treated control cells that were considered 100 %.

2.10. Colony forming assay

A549 (0.35x106) and HBEC3-KT (0.2x106) cells were plated in 35 ×
10 mm culture dishes and allowed to attach for 24 h, then, chemical and 
biogenic Ag and Au NPs were diluted to appropriate concentrations and 
applied to the cells. At the end of incubation, cells were detached, 
counted, and seeded in triplicate in dishes of 60 × 15 mm, each con
taining 300 cells in 5 mL of complete medium, after performing two 
dilutions of 1:10 each. The seeded cells were allowed to grow in the 
incubator for 7 days. Subsequently, the colonies were coloured with 
crystal violet in 100 % methanol (Sigma-Aldrich, St. Louis, MO, USA), 
and colonies of ≥50 cells were counted to determine the cloning effi
ciency (CE) as the proportion of cells that formed colonies to the total 
number of cells plated, expressed in percentage [20,24]. The following 
concentrations of NPs were used to assess the clonal forming ability of 
NP-treated cells: 0, 2, 5 and 10 μg/mL for Ag NPs and 0, 40 and 80 
μg/mL for Au NPs.

2.11. Live/dead assay

The viability of A549 and HBEC3-KT cells treated with Ag NPs and 
Au NPs was assessed using the LIVE/DEAD™ Viability/Cytotoxicity Kit 
(Invitrogen, ThermoFisher Scientific, Eugene OR, USA) [22]. Cells were 
plated in amount of 2x103 cells/well in a 96-well plate and 24 h later 
were treated with NPs for 24 h. At the end of incubation time cells were 
washed twice with phosphate-buffered saline (PBS) and incubated for 
45 min at room temperature in the dark with a solution containing the 
cell permeant calcein acetoxymethyl ester (calcein-AM, 2 μM), nonflu
orescent, and cell impermeant ethidium homodimer-1 (EthD-1, 4 μM). 

This assay differentiates viable cells by detecting intracellular esterase 
activity: live cells convert the cell-permeant calcein acetoxymethyl ester 
into fluorescent calcein, emitting green fluorescence. In contrast, dead 
cells are stained with ethidium homodimer I, which penetrates cells with 
compromised membranes and binds to nucleic acids, producing a strong 
red fluorescence indicative of cell death. Fluorescence was measured 
with the TECAN Spark fluorimeter (Tecan Life Science) using the 
appropriate excitation and emission filters (ex/em ~495 nm/~515 nm 
for calcein; ex/em ~495 nm/~635 nm for EthD-1). As a positive con
trol, some wells were incubated with 70 % methanol for 30 min. Addi
tionally, in some wells, no cells were seeded; instead, 100 μL of 1X PBS 
and 100 μL of the two-colour staining solution were added as blanks. The 
percentage of live and dead cells was calculated by comparing the 
fluorescence values of NP-treated vs. untreated cells that were consid
ered as 100 %.

2.12. Apoptosis assays

The induction of apoptosis was assessed by a fluorometric assay to 
determine the presence of activated Caspase-3 (Caspase-3 Assay Kit, 
Abcam®). This test is based on the detection of green fluorescence (ex/ 
em ~ 400 nm/505 nm) produced by the cleavage of the DEVD-AFC 
substrate (7-amino-4-trifluoromethyl coumarin) into AFC by Caspase- 
3, an effector caspase involved in the apoptotic cascade. HBEC3-KT 
cells were seeded in a flat-bottom 96-well plate at a concentration of 
2000 cells per well in 200 μL of their growth medium and allowed to 
proliferate for 24 h. The cells were then incubated for 24 h with 5 μg/mL 
of chemically and biologically synthesized Ag NPs. After incubation, the 
medium was removed from the wells and transferred to 1.5 mL micro
tubes, while 30 μL of growth medium was added to the wells containing 
the cells to prevent them from drying out. The 1.5 mL microtubes were 
centrifuged at 200 RCF for 10 min, and the supernatant was discarded. 
Any pelleted material was resuspended in 20 μL of cold lysis buffer and 
returned to the wells. The plate was incubated on ice for 10 min. Then, 
20 μL of 2X Reaction Buffer containing 10 mM DTT was added to each 
well. Finally, 1.5 μL of the Caspase-3 substrate was added to achieve a 
final concentration of approximately 40 μM per well. The plate was 
incubated at 37 ◦C with 5 % CO2, protected from light, for 2 h. Fluo
rescence (ex/em ~ 400 nm/505 nm) was measured using a TECAN 
Spark fluorimeter (Tecan Life Science). The obtained values were 
normalized by subtracting the blank values.

Apoptotic cells were identified by their fragmented morphology of 
their nuclei stained with DAPI (4′,6-diamidino-2-phenylindole). HBEC3- 
KT cells (0.4 x 106) were seeded in 60 × 15 mm culture dishes and 24 h 
later were incubated for 24 h with chemical and biogenic Ag NPs at 
concentrations of 2 μg/mL, 5 μg/mL, and 10 μg/mL. At the end of in
cubation time the cells were detached and processed as previously re
ported [20] and then observed under a LeicaDM4000 fluorescent 
microscope (Leica Microsystems, Wetzlar, Germany).

2.13. Cytotoxicity assay in 3D-cultured cells

A549 and HBEC3-KT cells were seeded in U-bottom 96-well plates 
(Nunclon™ Sphera™ 96-Well, ThermoFisher Scientific, Waltham, MA, 
USA)) at initial concentrations of 500, 1000, and 2000 cells/well in 200 
μL of their respective growth media. The surface coating of pre-treated 
wells prevents protein adsorption and cell adhesion to the well bot
tom, minimizing cell adhesion and promoting the assembly of 3D 
structures. Spheroid formation and growth were assessed using an op
tical microscope at 48 h, 4 days, and 7 days. The LIVE/DEAD™ 
Viability/Cytotoxicity Kit (Invitrogen, ThermoFisher Scientific, Eugene 
OR, USA) was used to qualitatively assess the cytotoxicity induced by 
24-h incubation with Ag and Au NPs on A549 and HBEC3-KT spheroids. 
On the seventh day post-seeding, 140 μL of growth medium was 
removed from each well, and the spheroids were incubated with 
chemically and biologically synthesized Ag and Au NPs at a 
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Fig. 1. Characterization of Ag and Au NPs synthesized by chemical or biogenic reduction. A, E) UV–Vis spectra of Ag and Au NPs obtained by chemical (C) and 
biogenic (B) reduction. B, F) Trasmission electron micrographs (TEM) of NP suspensions. Scale bars are 100 nm. C, G) Hydrodynamic diameter distribution by DLS 
measurement. D, H) Surface charge of the different nanoparticles evaluated through Zeta potential analysis.
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concentration of 15 μg/mL regarding the former and of 80 μg/mL for the 
latter. The desired NP concentrations were achieved by diluting stock 
solutions in PneumaCult™-Ex Plus Medium (serum-free), supplemented 
with Hydrocortisone Stock Solution for HBEC3-KT and F12k medium 
with 3 % FBS for A549, reaching a final volume of 140 μL. After 24 h of 
incubation, the medium was completely removed, and the LIVE/DEAD 
assay was performed. The medium was completely removed from the 
wells, the spheroids were washed with 1X sterile PBS, and then incu
bated with 150 μL of the dye solution with final concentrations of 2 μM 
calcein AM and 4 μM EthD-1. The plate was incubated for 40 min at RT 
in the dark. For HBEC3-KT spheroids, considering their smaller size, the 
medium removal and PBS washing were performed with a prior 
centrifugation at 200 RCF for approximately 1 min (Hermle Labor
Technik GmbH-Z 233 MK) thus facilitating complete medium removal 
without accidental aspiration of the spheroids. The spheroids were then 
visualized using a LEICA DM14000 inverted fluorescence microscope. 
As a control for dead cells, some spheroids were incubated with 70 % 
methanol for 30 min, followed by removal of the methanol, washing 
with 1X sterile PBS, and incubation with the dye solution.

2.14. Statistical analysis

Data are reported as means ± standard deviation (S.D.) or standard 
error (S.E.). The differences between groups were evaluated by two- 
tailed, unpaired Student’s t-test and differences with a p-value <0.05 
were considered significant.

3. Results

3.1. Characterization of chemical and biogenic Ag and Au NPs

The freshly obtained aqueous colloidal suspensions of chemically 
and biogenic Ag and Au NPs (Ag C; Ag B; Au B; Au C) were first char
acterized by UV–Vis spectra to determine the correct NPs formation 
(Fig. 1 A). Ag NPs show maximum absorption from 400 to 500 nm while 
Au NPs are from 500 to 600 nm, as already reported in literature [25]. 
Transmission electron microscopy (TEM) micrographs further evi
denced the presence of spherical monodispersed NPs (Fig. 1 B) with an 
average size of 30.3 ± 19.8 nm for Ag C NPs, 7.3 ± 5.4 nm for Ag B NPs, 
37.8 ± 11 nm for Au C NPs and 18.3 ± 4.9 nm for Au B NPs. Dynamic 
Light Scattering (DLS) analysis was performed to determine the hydro
dynamic diameter of the NPs [26,27] (Fig. 1C). As expected, the hy
drodynamic diameters obtained by DLS (Table 1) were higher than the 
core sizes measured by TEM, due to the contribution of the solvation 
layer and possible surface-bound biomolecules or stabilizing agents. In 
addition, DLS generally provides a volume-weighted average, which 
may emphasize the contribution of larger aggregates if present, whereas 
TEM offers direct visualization of the dry nanoparticle core, often 
resulting in smaller and more defined size distributions [28]. In addition 
to size measurements, Zeta potential analysis was conducted to evaluate 

Table 1 
DLS characterization of colloidal formulations of NPs.

Sample DH (nm) PDI Intercept Zeta Potential (mV)

Ag C 32.39 ± 0.22 0.524 ± 0.008 0.79 ± 0.001 − 48.6 ± 1.18
Ag B 48.62 ± 0.26 0.289 ± 0.002 0.90 ± 0.001 − 23.1 ± 0.92
Au C 28.88 ± 0.54 0.484 ± 0.005 0.82 ± 0.001 − 49.3 ± 0.57
Au B 37.29 ± 0.25 0.439 ± 0.028 0.84 ± 0.001 − 20.9 ± 0.40

Values of hydrodynamic diameter (DH), polydispersity index (PDI) and zeta 
potential obtained by DLS for the chemical and biogenic silver (Ag C; Ag B) and 
gold (Au C; Au B) NPs.

Fig. 2. Cell viability in lung cells incubated with chemical and biogenic Ag and Au NPs. Cell viability was assessed by MTS assay in HBEC3-KT and A549 cells 
incubated for 24 h with Ag NPs (0–15 μg/mL) and Au NPs (0–80 μg/mL) synthesized by chemical (Ag C; Au C) and biogenic methods (Ag B; Au B). Cells treated with 
water (H2O) contained the same volume of water as the highest tested dose and served as a control to assess the effects attributable solely to the water used to 
suspend the NPs. Data are presented as mean ± S.E. from 3 ≤ n ≤ 5 independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001, Student’s t-test) carried out on 
3–5 different lots of freshly synthesized NPs.
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the surface charge of the NPs. The results showed a highly negative Zeta 
potential (Ag C: 48.6 mV; Au C: 49.3 mV; Ag B: 23.1 mV; Au B: 20.9 mV; 
Fig. 1D–H, Table 1), which indicates moderate stability in suspension 
due to electrostatic repulsion [29]. These characterization results 
confirmed that the colloidal suspensions of NPs were suitably sized and 
stable for further cytotoxicity testing.

3.2. Viability of lung cells exposed to chemically and biogenically 
synthesized NPs

We assessed the impact of chemically and biogenically synthesized 
Ag and Au NPs on the viability of normal immortalized bronchial cells 
(HBEC3-KT) and lung adenocarcinoma cells (A549). Cells were cultured 
in monolayers and exposed to increasing concentrations of NPs colloidal 
suspensions for 24 h. Following this exposure period, cell viability was 
assessed by MTS assay. Fig. 2 A shows that Ag NPs at 2 μg/mL did not 
exhibit toxicity in either cell line, regardless of the synthesis method, 
however, higher concentrations of NPs affected cell viability differently 
between the two cell lines. At a concentration of 5 μg/mL, biogenic but 
not chemical Ag NPs, significantly decreased cell viability of HBEC3-KT 
cells to 68 % (p < 0.01). As the concentration increased, the viability of 
HBEC3-KT cells was completely compromised by Ag B NPs, whereas Ag 

C NPs led to a more moderate, but significant, decrease in viability to 74 
% (p < 0.05) at 10 μg/mL and to 38 % (p < 0.01) at 15 μg/mL. The 
effects of Ag NPs were generally less toxic to A549 cancer cells, with 
more than 80 % of the cells remaining viable up to 15 μg/mL for both NP 
suspensions (Fig. 2 B).

Au NP formulations showed minimal cytotoxicity in both cell lines, 
with cell viability remaining at approximately 95 % with either chemical 
or biogenic NPs, even at the highest concentration tested (Fig. 2C and 
D).

3.3. Intracellular uptake of chemical and biogenic Ag and Au NPs

To assess whether the observed cytotoxicity was a result of nano
particle internalization, we examined the intracellular uptake of Ag and 
Au NPs in HBEC3-KT and A549 cells after 24 h of incubation. TEM 
analysis provided clear evidence that both chemical and biogenic Ag and 
Au NPs were effectively internalized by both cell types in membrane- 
bound vesicles (Fig. 3). This finding suggests that the cytotoxic effects 
observed in our previous experiments are likely due to the presence of 
NPs within the cells, rather than interactions limited to the cell surface.

Fig. 3. Cellular uptake of Ag and Au NPs synthesized by chemical and biogenic reduction. TEM images of HBEC3-KT and A549 cells incubated for 24 h with Ag NPs 
(5 μg/mL) or Au NPs (20 μg/mL) obtained by chemical (C) and biogenic (B) synthesis. The intracellular localization of NPs is indicated by arrows pointing black 
electron-dense spots.
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3.4. Cytotoxicity of Ag and Au NPs synthesized by chemical and biogenic 
reduction

We next evaluated the cytotoxicity of Ag and Au NPs in HBEC3-KT 
and A549 cell lines using the Live/dead assay which revealed distinct 
patterns of toxicity between the two cell types and NP formulations. 
Cells were exposed for 24 h to NPs 5, 10, and 15 μg/mL, but not to 2 μg/ 
mL since this concentration did not affect cell viability with MTS assay. 
In normal HBEC3-KT cells, Ag B NPs 5 μg/mL significantly reduced cell 
viability to 57 % (p < 0.05), while at the same concentration Ag C NPs 
were no cytotoxic (Fig. 4A and B). At 10 μg/mL, both formulations 
decreased significantly cell viability, with Ag B NPs causing a more se
vere reduction (10 % viable and 90 % dead cells, p < 0.001) compared to 
Ag C NPs (47 % viable and 53 % dead cells, p < 0.01). At 15 μg/mL, cell 
death reached 92 % and 79 %, respectively for Ag B and Ag C NPs (p <
0.001). In A549 cancer cells both chemical and biogenic Ag NPs did not 
induce cell death, as the fraction of dead cells was 16–18 % across all 
concentrations like untreated control cells (Fig. 4C and D). Only Ag B 
NPs at 15 μg/mL induced the death in 24 % of cells, but this increase was 
not significant. To investigate if cell death in HBEC3-KT cells occurred 
by apoptosis, we assessed caspase-3 activation after 24-h exposure to 5 
and 10 μg/mL of Ag NPs. At 5 μg/mL, both NP types increased caspase-3 
activation, with biogenic NPs showing a significant increase (p < 0.01). 
At 10 μg/mL, caspase-3 remained activated in cells exposed to chemical 
NPs but decreased in cells treated with biogenic NPs, consistent with the 
high level of cell death (90 %) observed in the live/dead assay and the 
presence of numerous apoptotic bodies (Fig. 5 B). Consistent with the 
low level of cell death observed in the live/dead assay, caspase-3 

activation was not detected in A549 cells exposed to Ag NPs at con
centrations of 5 and 10 μg/mL for 24 h (Fig. 5C). Regarding Au NPs, both 
chemical and biogenic formulations showed little toxicity in both cell 
lines, being live cells 80–90 % after 24-h incubation (Fig. 6).

3.5. Late effects of chemical and biogenic Ag and Au NPs on cell 
proliferation ability

We further investigated the potential of different NP formulations to 
cause perturbations at the single-cell level by measuring clonogenic 
survival in cells treated for 24 h with Ag NPs (2, 5, 10 μg/mL) or with Au 
NPs (40 and 80 μg/mL). At 2 μg/mL, both chemical and biogenic Ag NPs 
had no effect on clonogenic survival in HBEC3-KT and A549 cells 
(Fig. 7A and B). At 5 μg/mL, chemical Ag NPs maintained high clono
genic survival (96 % in HBEC3-KT, 99 % in A549), while biogenic Ag 
NPs significantly reduced survival to 75 % in HBEC3-KT (p < 0.05) and 
64 % in A549 (p < 0.001). At 10 μg/mL, chemical Ag NPs further 
reduced survival to 77 % in HBEC3-KT (p < 0.05) and 64 % in A549 (p <
0.001). Biogenic Ag NPs at this concentration completely prevented 
HBEC3-KT cell survival since no viable HBEC3-KT cells were recovered 
after the treatment, while 63 % of A549 cells survived (p < 0.01). These 
results demonstrate that Ag NPs, particularly the biogenic ones, can 
significantly impact single-cell survival at higher concentrations, in both 
cell lines. In contrast, Au NPs exhibited minimal effects on clonogenic 
survival, even at high concentrations, further supporting their lower 
toxicity profile. Au NPs at 40 μg/mL, neither chemical nor biogenic, 
affected clonal forming ability in either cell line. At 80 μg/mL, chemical 
Au NPs maintained approximately 90 % clonogenic survival in both cell 

Fig. 4. Cytotoxicity of Ag NPs synthesized by chemical and biogenic reduction. Live/Dead® viability/cytotoxicity assay in HBEC3-KT and A549 cells after 24 h of 
incubation with Ag NPs synthesized via chemical reduction (Ag C) or biogenic reduction (Ag B). The fraction of live and dead HBEC3-KT cells (A) and A549 cells (C) 
has been determined by fluorimetric analysis. Data are presented as means ± S.D. from three independent experiments performed in 96-microplate wells and 
analysed by a fluorescence microplate reader (*p < 0.05, **p < 0.01, ***p < 0.001, Student’s t-test). Representative fluorescence microscopy images of Ag NPs- 
exposed HBEC3-KT cells (B) and A549 cells (D) stained with calcein AM (green, live cells) and ethidium homodimer-1 (red, dead cells). Cells treated with 70 % 
methanol for 30 min represent the positive control for death induction. Scale bars: 100 μm. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)

Fig. 5. Induction of apoptosis in HBEC3-KT cells exposed to chemical and biogenic Ag NPs. A) Activation of caspase-3 was measured by fluorimetric analyses 24 h 
after incubation with chemical (Ag C) and biogenic (Ag B) NPs at concentrations of 5 and 10 μg/mL and in untreated controls (0 μg/mL). The fluorescence intensity 
data are presented as fold-increase of NP-treated over relative untreated control cells (mean ± S.D. from three independent experiments, **p < 0.01, Student’s t-test). 
B) Representative images of nuclear DAPI staining with apoptotic cells indicated by white arrows.
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lines, whereas biogenic Au NPs slightly reduced survival to 76 % in 
HBEC3-KT and 81 % in A549 cells (p < 0.05, Fig. 7C and D). As shown in 
Fig. 8, the comparison of cell survival derived from the different assays 
evidence that short-term enzymatic assays are less sensitive compared to 
the long-term assay in estimating the toxic effects of NPs.

3.6. Cytotoxicity of chemical and biogenic Ag and Au NPs towards 
cellular spheroids

We tested the effects of chemical and biogenic NPs on seven-day-old 
spheroids of HBEC3-KT and A549 cells incubated for 24 h with the 
highest concentrations of Ag and Au NPs (respectively 15 μg/mL and 80 
μg/mL). At the end of NPs incubation, spheroids were subjected to the 
Live/dead assay and observed under a fluorescence microscope. Most 
cells were viable across all conditions, as visible by the green fluores
cence in individual spheroids (Fig. 9). Few dead cells (in red) were 
observed at the periphery of HBEC3-KT spheroids treated with Ag NPs of 
both formulations, and with Au B NPs. Notably, the red fluorescence is 
visible in ungrouped cells, being HBEC3-KT spheroids small, multiple 
and easily fragmentable. A549 spheroids showed predominantly viable 
cells after all incubations, except for few dead cells detected at the pe
riphery of spheroids incubated with Ag B NPs.

4. Discussion

The shift towards biogenic synthesis of metallic NPs necessitates a 
thorough understanding of their biocompatibility and cytotoxicity [30]. 
The characterization of chemically and biogenically synthesized Ag and 
Au NPs confirmed their successful synthesis and stability, enabling 
reliable biological assessments. UV–Vis spectroscopy outlined the ex
pected surface plasmon resonance (SPR) peaks, confirming the forma
tion of Ag and Au NPs, with slightly broader absorption bands for Ag 
NPs, indicating potential shape variations or aggregation [31–33]. TEM 
analysis demonstrated however that all NPs were spherical and not 
aggregated, and that biogenic NPs were smaller than their chemically 
synthesized counterparts (Fig. 1B–F). Nevertheless, DLS measurements 
indicated higher hydrodynamic diameters, indicating that the different 
coating influences the particle surface in solution [34]. Zeta potential 
analysis showed a higher negative charge for chemical NPs (approxi
mately − 50 mV) respect to biogenic NPs (about − 20 mV). This negative 
charge generates electrostatic repulsion that counteracts aggregation 
and improves NP stability, but as known it may also influence their 
cellular uptake [35–37], although a hydrodynamic size range between 
10 and 60 nm is the most favorable for cellular uptake regardless of zeta 
potential and NP composition [38].In evaluating the impact of Ag and 
Au NPs on lung cell viability, Ag NPs, either chemically or biogenically 
synthesized, resulted more toxic than Au NPs, aligning with the silver’s 
toxic properties [5,30]. Notably, Ag NPs induced more toxicity in 
normal cells (HBEC3-KT) than in cancer cells (A549), and for normal 
cells, biogenic Ag NPs resulted more toxic than chemical ones. Starting 
at 5 μg/mL, biogenic Ag NPs reduced cell viability to 68 %, while 
chemical Ag NPs showed no effect at this concentration (Fig. 2 A). At 
higher concentrations, the viability of HBEC3-KT cells was drastically 
reduced, falling below 10 %, whereas that of cells incubated with 
chemical Ag NPs progressively declined, reaching 74 % and 38 % with 
respectively 10 and 15 μg/mL of chemical Ag NPs. The enhanced cyto
toxicity of biogenic Ag NPs is likely due to their smaller size, which can 
lead to increased cellular uptake and more pronounced detrimental 

effects. In contrast, chemically synthesized Ag NPs resulted less toxic, 
potentially due to their larger size and stabilizing citrate coating, which 
may reduce cellular interactions [35]. Au NPs, regardless of synthesis 
method, exhibited minimal cytotoxicity for both HBEC3-KT and A549 
cells, even at the highest concentrations tested (Fig. 2C and D). The 
intracellular uptake analysis confirmed that both chemical and biogenic 
colloidal suspensions of Ag and Au NPs were effectively internalized by 
HBEC3-KT and A549 cells (Fig. 3). This suggests that the observed 
cytotoxicity of Ag NPs, was mainly driven by intracellular interaction 
rather than cell surface interactions. Moreover, the minimal toxicity 
observed from Au NPs correlated with their verified cellular uptake. 
Live/dead and apoptosis experiments provided further mechanistic in
sights into Ag NP-induced cytotoxicity. Normal HBEC3-KT cells showed 
higher levels of cell death when incubated with Ag NPs, especially those 
biogenic (Fig. 4). The fraction of dead cells caused by Ag B and Ag C was 
respectively 43 % and 16 % (at 5 μg/mL), 90 % and 53 % (at 10 μg/mL), 
92 % and 79 % (at 15 μg/mL). In contrast, cancer A549 cells treated with 
both formulations of Ag NPs showed a proportion of dead cells com
parable to that of control untreated cells (16–18 %), except for a little 
increase, not significant, at the highest concentration of Ag B NPs. 
Further analysis indicated that cell death of HBEC3-KT cells occurred by 
an apoptotic mechanism as evidenced by the activation of caspase-3 
activation, whose increase was significant for Ag B NPs (Fig. 5). 
Conversely to Ag NPs, Au NPs did not induce cell death in both 
HBEC3-KT and A549 cells (Fig. 6), confirming their biocompatibility 
[39]. The different level of Ag NPs cytotoxicity observed between the 
normal and cancer cells came evident from the results of MTS and 
live/dead assays. As known these assays determine cell viability based 
on biochemical and physical characteristics of cells, such as enzymatic 
activities and plasma membrane integrity that may still occur in 
cell-cycle arrested cells or early apoptotic cells, and that can underes
timate the effects of NP treatments. To have a valuable measure of 
cytotoxicity we investigated the proliferation ability of cells by per
forming the clonogenic assay which is particularly sensitive since it 
directly measures the ability of individual NP-treated cells to form col
onies of daughter cells [40,41], providing a reliable assessment of their 
proliferative potential over a 7–10 days period post-treatment. Such 
assay revealed a significant reduction in the proliferation capacity of 
A549 cells incubated with Ag NPs that was not evidenced by the 
short-term MTS and live/dead assays. Specifically, when incubated with 
biogenic Ag NPs 5 μg/mL, A549 cells significantly decreased their clo
nogenic survival to 64 % in contrast to a cell survival of 95–100 %, 
measured respectively with the MTS assay and the Live/Dead assay 
(Fig. 8). Similarly, the clonogenic survival of A549 cells incubated with 
Ag NPs 10 μg/mL, either chemical or biogenic, was 64 % when assessed 
by clonogenic assay, and above 80 % when assessed by short-term as
says. Conversely, the data of clonogenic survival of HBEC3-KT cells were 
in accordance with those determined by short-term assays, with the only 
exception at 10 μg/mL for the Live/dead assay. These results highlight 
the importance of the testing strategy and cell type in assessing the 
toxicity of NPs, as previously reported [20]. The higher cytotoxicity of 
biogenic Ag NPs towards normal HBEC3-KT cells compared to cancer 
A549 cells, as demonstrated by both short- and long-term assays, is 
related to physiological differences between the malignant and 
non-malignant states. These differences include metabolic activity, 
proliferation rate, oxidative stress response, gene expression alterations, 
that ultimately can influence cell death [42–45] Due to their heightened 
metabolic activity, cancer cells tend to have higher ROS levels than 

Fig. 6. Cytotoxicity of Au NPs synthesized by chemical and biogenic reduction. Live/Dead® viability/cytotoxicity assay in HBEC3-KT and A549 cells after 24 h of 
incubation with Au NPs synthesized via chemical reduction (Au C) and biogenic reduction (Au B). The fraction of live and dead HBEC3-KT cells (A) and A549 cells (C) 
has been determined by fluorimetric analysis. Data are presented as means ± S.D. from three independent experiments performed in 96-microplate wells and 
analysed by a fluorescence microplate reader (*p < 0.05, **p < 0.01, ***p < 0.001, Student’s t-test). Representative fluorescence microscopy images of HBEC3-KT 
cells (B) and A549 cells (D) stained with calcein AM (green, live cells) and ethidium homodimer-1 (red, dead cells). Cells treated with 70 % methanol for 30 min 
represent the positive control for death induction. Scale bars: 100 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.)
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normal cells, therefore cell death induction in cancer cells requires the 
exceed of their ROS threshold by specifically targeting antioxidant 
proteins [46]. A549 cells proved to be less susceptible to oxidative stress 
than normal cells [20,42] which may contribute to their resistance 
against cytotoxicity induced by NPs of various origins, and high doses of 
ionizing radiation [24,47,48].

Gold NPs, in contrast to silver ones, showed similar results across the 

different assays, including the clonogenic one which confirmed a cell 
survival above 75 % with both type of formulations even at the highest 
tested dose (Fig. 7C and D), supporting the high biocompatibility of Au 
NPs. These findings agree with previous studies highlighting how NP- 
induced cytotoxicity is influenced by NP characteristics, cell type, and 
assay type used to assess cytotoxicity [20,49]. NP size has been identi
fied as a key factor influencing cytotoxicity, with smaller NPs generally 

Fig. 7. Colony forming ability of HBEC3-KT and A549 cells incubated with chemical and biogenic NPs. Cells were incubated for 24 h with chemical and biogenic Ag 
NPs (0-2-5-10 μg/mL), or Au NPs (0-40-80 μg/mL) and the values of cloning efficiency (CE) were used to calculate clonogenic cell survival, expressed as the per
centage of the CE of NP-treated cells over that of untreated control cells (100 %). Data report means ± S.E. from independent experiments (3 ≤ n ≤ 5), each 
conducted in triplicate (*p < 0.05, **p < 0.01, ***p < 0.001, Student’s t-test). HBEC3-KT cells incubated with Ag NPs (A); A549 cells incubated with Ag NPs (B); 
HBEC3-KT cells incubated with Au NPs (C); A549 cells incubated with Au NPs (D). Representative images of clones derived from cells incubated for 24 h with Ag and 
Au NPs are shown. Note: At 10 μg/mL of biogenic Ag NPs, no viable HBEC3-KT cells were recovered, preventing the performance of the clonogenic assay.
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exhibiting higher toxicity compared to larger NPs [50–52]. Ag NPs of 
approximately 60 nm in diameter induced significant cytotoxicity in 
A549 cells at 50 μg/mL [53], whereas in the same cells, smaller NPs of 
10–15 nm in diameter showed toxic effects at concentrations as low as 
10 μg/mL [54]. Our findings support the notion that biogenically syn
thesized Ag NPs, that have a smaller average size (~7 nm) exhibit 
greater cytotoxicity than their chemically synthesized counterparts, 
which have a larger average size (~30 nm). Among the Au NPs only the 
biogenic ones slightly impacted the clonogenic survival of both cell 
types at the highest concentration tested (80 μg/mL), denoting their low 
cytotoxicity. Most studies have evaluated the cytotoxicity of Au NPs 
against cancer cells, and biosynthesized Au NPs have demonstrated 
varying levels of toxicity in A549 cells across different studies. Abdallah 
et al. [55] reported no toxicity within a concentration range of 0–150 
μg/mL. However, Uboldi et al. [56] observed slight toxicity at approx
imately 140 μg/mL. In contrast, Anandan [57] found that bio
synthesized Au NPs reduced A549 cell viability by 50 % at 100 μg/mL, 
with initial signs of toxicity evident as early as 40 μg/mL. These dispa
rate findings highlight the variability in cytotoxic effects of bio
synthesized Au NPs, which may be attributed to differences in synthesis 
methods, particle characteristics (i.e. size, zeta potential, surface 
chemistry), and/or experimental conditions. Our results align with other 
reports, where smaller Au NPs (5 nm) exhibited more pronounced toxic 
effects compared to larger particles (50 nm) at the same concentration in 
HBEC3-KT [58]. This size-dependent toxicity has also been demon
strated in HeLa cells, where smaller NPs (4.8 nm) reduced cell viability 
to 50 % at 50 μg/mL, while larger NPs (46.6 nm) resulted in 90 % 
viability at the same concentration [59]. The difference in toxicity 

observed between the biogenic and chemically synthesized Au NPs used 
in this study may be attributed to the smaller size of the biogenic par
ticles compared to the chemically synthesized ones (respectively 18.3 ±
4.9 and 37.8 ± 11 nm).

Finally, the evaluation of NP effects in cellular spheroids confirmed 
the differential cytotoxicity of Ag and Au NPs observed in monolayer 
cultures. In general, the high concentration of NPs tested little impacted 
on cell viability of HBEC3-KT and A549 spheroids (Fig. 9). Low levels of 
cell death were observed at the periphery of HBEC3-KT and A549 
spheroids incubated with biogenic Ag NPs following interactions with 
the outermost cells than the middle or core ones. Chemically synthesized 
Ag NPs induced a similar effect in HBEC3-KT spheroids but had a weaker 
impact on A549 spheroids. The observed differences could be attributed 
to the normal and cancer status of cells forming the spheroids, with 
normal cells more susceptible than cancer cells to cell death induction by 
NPs. Moreover, NPs may have less efficient penetration into the multi
cellular layers of spheroids than in monolayer cultures, potentially 
requiring higher concentrations to induce toxicity. Exposure of spher
oids to Au NPs revealed no dead cells on the outer layer of either cell 
line’s spheroids, despite the abundance of visible NPs on the cells, 
further supporting their biocompatibility.

The limitations of the proposed protocol are mainly attributed to the 
novelty of the proposed biogenic approach which needs to be optimized 
and standardized in terms of involved experimental parameters to better 
control size and shape of NPs. Moreover, further studies are necessary to 
explore the impact of such metallic NPs in in vivo human/animal bio
logical systems with a three-dimensional tissue organization, focusing 
on cellular uptake, biodistribution, tissue inflammation and 

Fig. 8. Cell survival determined by MTS, Live/dead and clonogenic assays in HBEC3-KT and A549 cells incubated with chemical and biogenic Ag and Au NPs. The 
data, derived from assays carried out on 3–5 different batches of freshly synthesized NPs, are expressed as the proportion of NP-treated vs. untreated control cells 
expressed in percentage (*p < 0.05, **p < 0.01, ***p < 0.001, Student’s t-test).
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genotoxicity.

5. Conclusions

This study presents experimental evidence that biogenic Ag NPs 
exhibit stronger cytotoxic effects than chemically synthesized Ag NPs, 
suggesting their potential for antimicrobial or anticancer applications. 
Conversely, the low toxicity of biogenic Au NPs indicates their suit
ability for biomedical applications requiring high biocompatibility. 
Notably, our research uncovered a higher sensitivity of normal cells 
compared to cancer cells towards Ag NP toxicity. This crucial observa
tion emphasises the need for comprehensive and strategic testing pro
tocols in evaluating the safety and therapeutic potential of these NPs 
across various biomedical fields.
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[37] K. Öztürk, M. Kaplan, S. Çalış, Effects of nanoparticle size, shape, and zeta potential 
on drug delivery, Int. J. Pharm. 666 (2024) 124799, https://doi.org/10.1016/j. 
ijpharm.2024.124799.

[38] P. Sabourian, G. Yazdani, S.S. Ashraf, M. Frounchi, S. Mashayekhan, S. Kiani, 
A. Kakkar, Effect of physico-chemical properties of nanoparticles on their 
intracellular uptake, Int. J. Mol. Sci. 21 (21) (2020) 8019, https://doi.org/ 
10.3390/ijms21218019.
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