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Capping drives the behavior, dissolution and (eco)
toxicity of silver nanoparticles towards
microorganisms and mammalian cellst
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Surface coating plays a fundamental role in driving silver nanoparticle (AgNP) toxicity towards cells, but no
clarity exists on the mechanism behind it. AQNPs with two different capping agents, citrate and L-cysteine
(citLcys) and sodium-3-mercapto-1-propanesulfonate (3MPS), developed as sensors for metal ions in water
(e.g., Hg() and Ni(n), were investigated in terms of (eco)toxicity towards bacteria (Escherichia coli),
microalgae (Raphidocelis subcapitata and Phaeodactylum tricornutum) and mammalian cells (Hela and
L929). After 72 h of incubation, Ag ion dissolution in algal media was negligible (<1% of nominal AgNP
concentration) for both batches. Suspension in protein-rich media showed the formation of a protein
corona around AgNPcitLcys as opposed to AgNP3MPS, which was confirmed by dynamic light scattering
(DLS) analysis, transmission electron microscopy (TEM) and one-dimensional polyacrylamide gel
electrophoresis (1D-PAGE). Low toxicity was observed for both AgNPs towards microalgae (=5 mg L™) and
E. coli (=256 mg L) and no effect was observed on Hela and L929 cells. However, the responses suggest
that citLcys coating might trigger the onset of a nano-size related toxicity as opposed to 3MPS, whose
toxicity mainly relies on dissolution. Our findings show how surface coating rules AgNP interaction with
biomolecules and drives AgNP (eco)toxicity towards cells, thus influencing exposure outcome.
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Environmental significance

Surface capping strongly conditions nanosilver behavior in media with different compositions. Given the wide variety of conditions encountered by silver
nanoparticles in experimental settings, the mechanisms involved in the onset of toxicity are easily misread. The comparison of differently capped silver
nanoparticles on cells and unicellular microorganisms, each living and growing in a different environment, gives useful insights into the understanding of
the role played by surface capping in defining nanosilver (eco)toxicity. The design of adequate capping can significantly reduce the risks to humans and
the environment while maintaining unaltered properties of the nanomaterial itself. More attention should be spent on thinking nanosilver capping in order
to meet safety and sustainability by design requirements for safer next-generation nanomaterials.

1. Introduction

Over the last decades, nanomaterials are at the leading edge
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of the rapidly developing field of nanotechnology. Their
unique size-dependent properties make these materials
irreplaceable in many areas, including catalysis, imaging,
medical  applications,  energy-based  research, and
environmental applications as nanoremediation.' ™

In this framework, nanotechnology-based solutions, in
particular silver nanoparticles (AgNPs or nanosilver), have
recently emerged as promising candidates. AgNPs are easily
synthesized and functionalized, cost-effective, and display
enhanced broad-range antimicrobial properties against
bacteria, fungi, and viruses." Furthermore, more
functionalities that induce specific properties have recently
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been introduced onto AgNP surface; this can be exploited in
the field of environmental protection to induce hydrophilic
features and selective interaction with water pollutants and/
or antibacterial activity.”™®

However, the massive production and use of nano-
enabled products containing AgNPs have caused their
release in sewage waters and, consequently, in the resulting
sludge and treated waters,” with predicted environmental
concentrations (PECs) for surface waters in the range of ng
L7".'"" Many strains of microalgae and bacteria have been
shown to be affected by AgNP exposure’*'® with effective
concentrations ranging from pug L' to mg L.
Microorganisms are the basic constituents of aquatic food
webs and play a central role in ecosystem regulation and
balance.'” Shifts in microbial communities upon exposure
to AgNPs have been recently documented with potential
effects on nutrient cycle processes, for example by
inhibiting nitrification."”

It is well known that the toxicity of AgNPs is closely related
to the dissolution and subsequent release of Ag ions
(Ag").">'®1% Besides, direct physical interactions between
AgNPs and the surface/membrane of microorganism also give
rise to some toxic effects."®*° Such interactions -closely
depend on the target microorganism, the time of exposure,
as well as the binding strength between AgNPs and the
organism's surface/membrane. This, in turn, relies on AgNP
features, such as size, shape, surface coating and charge, as
well as any other transformation occurring upon AgNP
suspension in aqueous media, whose properties affect NP
behaviour and fate (e.g:, salinity and organic molecules such
as proteins and sugars).”'>*

In particular, the surface properties of AgNPs have a
crucial role as they influence both physical (aggregation,
affinity for biomolecules, etc.) and chemical (dissolution,
reactivity,  etc.)  transformations.  Although
impairments of cellular functions have been reported upon
the exposure to AgNPs, the majority of studies often lack in
providing detailed information about NP behaviour and
modification in exposure media, which are key elements in
understanding nano-bio-interactions, mode of action (MoA)
and apical (eco)toxicity.

Herein, we seek to shed more light on the role of AgNP
coatings on the (eco)toxicity towards unicellular
microorganisms and mammalian cells. To this aim, two types
of AgNPs, one functionalized with citrate and t-cysteine
(AgNPcitLeys) and the other one with sodium-3-mercapto-1-
propanesulfonate (AgNP3MPS), both developed as sensors for
metal ions (i.e., mercury and nickel) in water media, were
fully characterized in different exposure media and
tested.”*” Unicellular microorganisms, such as Gram-
negative bacteria Escherichia coli, freshwater microalgae
Raphidocelis subcapitata and marine microalgae
Phaeodactylum tricornutum and mammalian cells (HeLa,
1929), were selected for investigating the mechanism of (eco)
toxicity along with transformation occurring in exposure
media and bio-nano-interactions.

several
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2. Materials and methods
2.1. Materials

Reagents and solvents of analytical grade were purchased
from Sigma-Aldrich (St. Louis, MO) and used without further
purification: silver nitrate (AgNO;, 99.9% pure), sodium
citrate (NazCeHs0-, citr, 99% pure), i-cysteine (C3H,NO,S,
97% pure), 3-mercapto-1-propanesulfonic acid sodium salt
(C3H,S,03Na, 98% pure) and sodium borohydride (NaBH,,
99.9% pure).

E. coli JM 109 (Gram-negative bacterial strain, biosafety
level 1) was purchased from Leibniz Institute DSMZ -
German Collection of Microorganisms and Cell Cultures
(Braunschweig, Germany). HeLa (human cervix carcinoma,
ATCC®-CCL-2) and L1929 (murine fibroblast from
subcutaneous connective tissue; ATCC®-CCL-1TM) cell lines
were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA). LB broth (cod. no. L3022) and
Dulbecco's modified Eagle's medium (DMEM) were from
Merck Life Science S.r.l. (Milan, Italy). AlamarBlue Cell
Viability Assay® was purchased from Life Technologies Italia
(Monza, Italy).

R. subcapitata (freshwater microalga) was obtained from
the Italian Institute for Environmental Protection and
Research (ISPRA) and cultured in TG201 medium (Table S17).
P. tricornutum (marine microalga) was obtained from the
Regional Agency for Environmental Protection of Tuscany
(ARPAT) and cultured in F/2 medium, (Table S17).

2.2. AgNP synthesis

AgNPcitLeys were synthesized according to Prosposito
et al® and Berteld et al®® Briefly, 10 mL of citrate
solution (0.01 M in deionized water (dH,O)), 25 mL of
L-cysteine solution (0.002 M in dH,0) and 2.5 mL of silver
nitrate (AgNO;z) solution (0.05 M in dH,0) were
sequentially added in a 100 mL flask under stirring. The
mixture was degassed with argon for 10 min, then 4 mL
of sodium borohydride (NaBH,) solution (0.016 g in 4 mL
of dH,0) were added. The mixture was allowed to react at
room temperature (r.t.) for 2 h, and then the brown
solution was collected.

AgNP3MPS were synthesized with slight changes from
the previous literature.>”*® Briefly, NaBH, (0.0151 g in 100
mL of dH,O, solution A) was cooled to 3 °C under
vigorous stirring. A 10 mL aliquot was withdrawn from
solution A and used to dissolve 0.2 g of 3MPS (solution
B). The solution of AgNO; (solution C) was prepared at a
concentration of 2 mM (0.0342 g in 100 mL of dH,0). A
volume of 6 ml of solution C was added into solution A
at approximately one drop per second. A volume of 11 pL
of solution B was injected and the magnetic stirring was
suddenly stopped. Solutions were centrifuged at 13000
rpm for 20 min (twice) and resuspended in dH,O. The
obtained AgNPcitLcys and AgNP3MPS were stored at 4 °C
until use.

This journal is © The Royal Society of Chemistry 2024
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2.3. AgNP characterization

2.3.1. Physico-chemical characterization of AgNPs. AgNPs
(100 mg L") were suspended in Milli-Q water, microalgae
culture media (TG201 for R. subcapitata and F/2 for P.
tricornutum), E. coli growth medium (LB), and HeLa L929
culture medium (cDMEM) (for media composition, please
refer to Table S1f). The hydrodynamic diameter (Dy, nm),
polydispersity index (PDI), and {-potential ({», mV) of
AgNPcitLeys and AgNP3MPS suspensions were measured by
Dynamic Light Scattering (DLS) and laser Doppler micro-
electrophoresis using a Zetasizer Nano (ZS90, Malvern, Italy),
fitted with a 5 mW HeNe laser (1 = 633 nm) and a scattering
angle of 173°. Measurements were run in triplicate and
carried out at 25 °C.

2.3.2. Structural characterization of AgNPs. Transmission
Electron Microscopy (TEM) of the same AgNPcitLeys and
AgNP3MPS suspensions (Milli-Q water, TG201, F/2, cDMEM
and LB medium) was also performed. For protein-free media
(Milli-Q water, TG201 and F/2), images were obtained with a
Philips Morgagni 268 D electronics at 80 KV, equipped with a
MegaView II CCD camera, at 10 mg L™ of AgNPcitLcys and
50 mg L' of AgNP3MPS, respectively, the latter to capture
smaller sizes.

The formation of a protein corona upon incubation with
protein-rich media (LB and c¢DMEM) was inspected by
incubating AgNPs at 37 °C for 120 min in 2 mL of LB or
cDMEM (final concentration: 0.5 g AgNPs L™"). Samples were
then centrifuged at 1.6 x 10g for 20 min, and pellets were
washed 3 times with PBS. Samples were resuspended in 1 mL
PBS and investigated by TEM (Tecnai G2 Spirit (FEI)).

2.3.3. Ag ion release. Ag ion (Ag") release from AgNPcitLcys
and AgNP3MPS was determined in TG201 and F/2
suspensions at 60 mg L™ and in LB broth at 256 mg L™". For
Ag' release tests in microalgae culture media, AgNPs were
kept at 21 °C and continuous illumination (4500 lux) for 72
h; when in LB broth, AgNPs were kept at 37 °C in the dark
for 24 h. In both conditions, AgNP suspensions were mixed
by manual shaking once a day. From each suspension, an
aliquot was taken at two different time points (i.e., 1 h and
24 or 72 h post incubation) and centrifuged (5000g for 40
min) using a 3 kDa cut-off filter device (Amicon Ultra-15 mL,
Millipore, USA). Eluates were further processed for Ag
quantification by inductively coupled plasma-mass
spectrometry (ICP-MS) using the PerkinElmer NexION 350
spectrometer (Waltham, MA, USA). Ag was also measured in
media (TG201, F/2, and LB) and media supplemented with
AgNO; (7 pg L™"). The analytical accuracy was checked by
comparing the certified and measured Ag concentration in
the standard reference material SRM 1643e (Institute of
Standards and Technology, NIST), while the analytical
precision was evaluated through the percentage relative
standard deviation (% RSD) of five replicate analyses of each
water sample.

2.3.4. Protein corona isolation and one-dimensional
polyacrylamide gel electrophoresis (1D-PAGE). To investigate

This journal is © The Royal Society of Chemistry 2024
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the formation of protein corona in exposed media,
AgNPcitLeys and AgNP3MPS were incubated at 37 °C for 120
min in 2 mL of LB or cDMEM (final concentration: 0.5 g
AgNPs L™'). Next, samples were centrifuged at 1.6 x 10%¢ for
20 min, then pellets were washed 3 times with PBS. LB and
¢cDMEM were run in parallel to rule out eventual protein
pelleting in the absence of AgNPs. Supernatants were
discarded and the pellets solubilized in 60 pL of extraction
buffer (50 mM HEPES pH 7.4, 1 mM PMSF, 2 pg mL*
leupeptin, 2 ug mL™" aprotinin, 1 ug mL™" pepstatin, 1% (v/v)
Triton X-100).>°

For 1D-PAGE, proteins were diluted in Laemmli buffer and
boiled for 5 min, loaded in a 4-15% Mini-PROTEAN® TGX™
Gel precast polyacrylamide gel (Bio-Rad Laboratories), and
run for =60 min at 130 V. Next, gels were washed in dH,O (3
times), then stained with Bio-Safe Coomassie Stain, and
imaged using a Gel Doc™ EZ System and Image Lab Software
4.0 (Bio-Rad Laboratories).

2.4. (Eco)toxicity assessment

2.4.1. Bacteria. The in vitro antibacterial activity of
AgNPcitLeys and AgNP3MPS against rapidly growing aerobic
bacteria was assessed according to the EN ISO 20776-1:2020
norm.*°

E. coli bacteria were pre-cultured overnight at 37 °C in 5
mL of LB broth under shaking at 130 rpm, until reaching an
optical density (ODgoonm) Of =1, corresponding to =10’
bacteria per mL. The bacterial suspension was next diluted to
a concentration of ~10° bacteria per mL and 50 uL mixed
with 50 pL of AgNPcitLcys and AgNP3MPS suspensions at
various concentrations into separate wells of a 96-multiwell
plate (n = 3 wells/concentration/AgNP type) at 37 °C for 24 h.
AgNPcitLecys and AgNP3MPS  suspensions at final
concentrations ranging from 0.06 to 250 mg L™ (2-fold serial
dilution) were used to assess the antibacterial activity.
Bacteria inoculated in 50 pL of LB were used as negative
controls of bacterial growth ("CTRL, n = 3), while bacteria
inoculated with AgNO; at different concentrations were used
as the positive control ("CTRL).

The antibacterial efficacy was evaluated after 24 h
incubation by means of the turbidity method (i.e., ODgoonm
measurements)*"*> using a GENios Plus spectrophotometer
(Tecan, Milan, Italy). For each AgNP concentration, the
antibacterial efficiency was calculated as follows.

Antibacterial activity (%)
=(1- (ODGOOnm,sample/ODGOOnm,CTRL)) x 100.

2.4.2. Microalgae. Algal toxicity tests were performed using
the freshwater microalga R. subcapitata and the marine
microalga P. tricornutum following standardized protocols
OECD 201 2011.**** Microalgae were cultured in TG201
medium (R. subcapitata), prepared using Milli-Q water as the
dilution water, and F/2 medium (P. tricornutum), prepared
using filtered (0.45 pm) natural seawater (NSW) as the
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dilution water and maintained in axenic exponential growth
conditions at 18 + 1 °C with a 16/8 h light-dark cycle
photoperiod in a growth chamber.

Toxicity tests (72 h) were carried out in modified growth
media to limit the amount of chelating agents (i.e., EDTA),
following recommendations for heavy metal toxicity
testing.*>® The final EDTA concentration in test media was
50 ug L' in TG201 and 800 pg L' in F/2, which were
previously optimized to ensure the optimal growth of both
algae.

Algae were pre-cultured for 72 h before running the assay
and maintained at 21 + 1 °C and continuous illumination at
4500 lux. Tests were carried out in 24-multi-well plates with a
2 mL capacity for each well. Initial algal concentration in
toxicity tests was 1 x 10" cells per mL and exposure
concentrations of AgNPcitLcys and AgNP3MPS were 0, 1, 5,
10, 15, 30, and 60 mg L', while for AgNO;, different
concentrations were chosen based on species-specific
sensitivity: 0, 1, 3, 5, 7, 10, and 100 pg L™" for R. subcapitata
and 0, 1, 5, 10, 50, 100, 500, and 1000 pg L™ for P.
tricornutum. AgNO; was used as a positive control. Three
replicates for each exposure concentration were set. R.
subcapitata multi-well plates were placed over an orbital
shaker at 50 rpm to reduce algal settling and enable gas
exchanges. Every test was repeated three times. After 72 h,
algae were fixed with a 1:1 (v/v) Lugol/ethanol solution, and
cell number was estimated both by counting under an optical
microscope (Olympus BX51, 40x) equipped with an improved
Neubauer chamber and utilizing an automated cell counter
(LUNA 1I, Logos Biosystems) for R. subcapitata. Microalgae
concentration (cells mL™"), growth rate (), and growth
inhibition (Ini) compared to the control were determined.

2.4.3. Mammalian cells. To assess the in vitro cytotoxicity
of AgNPs to HeLa and L929 cell lines, indirect cytotoxicity
tests were performed according to the ISO 10993-5 standard
norm.””

Briefly, mycoplasma-free HeLa and L929 cell lines were
cultured in ¢cDMEM in a humidified atmosphere under a
constant supply of 5% CO, and at 37 °C (hereinafter referred
to as standard culture conditions).

Cells were seeded in 96-multiwell plates at a density of 10
cells per well in 100 pL of cDMEM and incubated in standard
culture conditions for 24 h. Afterward, the medium of each
well was replaced with 100 pL per well of AgNPcitLcys-,
AgNP3MPS-  or  AgNO;-containing  medium  (AgNP
concentrations ranging from 0.06 mg L™ to 250 mg L") and
further incubated for 24 h in standard culture conditions.
Cells cultured in cDMEM were used as negative controls of
cytotoxicity (CTRL ), while cells cultured in AgNO; and 0.5%
phenol solution in ¢cDMEM served as positive controls of
cytotoxicity (CTRL"). Tests were performed in triplicate.

Following 24 h-incubation, the cell viability was assessed
using AlamarBlue cell viability assay (Life Technologies Italia,
Monza, Italy). Briefly, the medium was replaced with 100 uL
of cDMEM containing 10 pL of 10x resazurin dye solution.
Cells were incubated in standard culture conditions for 2 h
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and the fluorescence of the medium was read using a Synergy
H1 spectrophotometer (BioTek, Italy) (Aex = 540 nm; Aoy, = 595
nm). The viability of CTRL™ was assigned as 100%, and the
cytotoxicity was calculated according to the following
equation

Cytotoxicity (%) = 100% - Viability (%)
=(1- (FAgNPs/FCTRL’)) %100

where F is the recorded fluorescence.

2.5. Statistical analyses

Statistical analyses were carried out with GraphPad version 8
(GraphPad Software, La Jolla, CA, USA). ECs, values were
calculated using non-linear regression analysis, while
statistical significance between mean values was calculated
with a non-parametric test (Kruskal-Wallis test). Significance
was retained when p < 0.05. Data are expressed as mean +
standard deviation (SD). Experiments were performed at least
in triplicate.

3. Results and discussion

3.1. AgNPs behavior and interaction with media components

As shown by DLS data (Table 1), in Milli-Q water AgNP3MPS
showed an average small nominal size (Dy = 2 + 1 nm) while
AgNPcitLeys are one order of magnitude larger (Dyy = 12.5 + 1
nm) (Table 1 and Fig. S1t), also confirmed by TEM images
(Fig. 1a and b). Both AgNPcitLcys and AgNP3MPS resulted
negatively charged with a ¢ of = —-42 mV and ~-33 mV
(Table 1) in agreement with our previous findings.>*?®

The physicochemical features of AgNPs were strongly
affected by the chemical composition of the suspension
media. In this study, we employed media largely differing in
salinity (TG201 < F/2), osmolality (TG201 < LB < cDMEM <
F/2) and conductivity (TG201 < LB < ¢cDMEM < F/2) (Table
S2t), which indeed played a role in influencing the AgNPs
behaviour. AgNPcitLcys Dy were found to be linearly
influenced by salinity in TG201 and F/2, increasing the
aggregation along with ionic strength (Table 1). {p values
confirm such observations as they approach neutrality with
increasing salinity. In LB and ¢cDMEM media, both Dy and
(-potential values fall in between those obtained for algal
media, highlighting the influence of the increased osmolality
and conductivity on AgNPcitLcys behaviour.

AgNP3MPS behaviour differs from that of AgNPcitLcys. In
fact, while the different salinity of TG201 and F/2 still affect
aggregation and stability, the higher osmolality and
conductivity of LB and ¢cDMEM do not seem to translate into
enhanced aggregation, with Dy values comparable to those
obtained for the freshwater algal medium (TG201). However,
as suggested by the PDI and {p values, together with Dy
values obtained from intensity (Table S31), AgNP3MPS
suspension stability is partially affected by the increased
complexity of LB and ¢cDMEM, compared to TG201, which
probably results in two size populations: fewer big aggregates

This journal is © The Royal Society of Chemistry 2024
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Table 1 Hydrodynamic diameter (D), polydispersity index (PDI), and {-potential ((p) of AgNPcitLcys and AgNP3MPS resuspended at a concentration of
100 mg L™ in different media: Milli-Q water, freshwater algal medium (TG201), bacterial medium (LB), cellular medium (cDMEM), and marine water algal
medium (F/2). Hydrodynamic diameter values are reported as volume, as described in several studies on metal nanoparticles.>*** Tests were carried out

at 25 °C. Data are shown as mean + SD

AgNPcitLcys AgNP3MPS

Milli-Q TG201 LB cDMEM F/2 Milli-Q TG201 LB cDMEM F/2
Dy (nm) volume 1251 17 £ 14 671 + 4 450 + 20 862 £ 26 2+1 5+£2 7+9 7+1 204 +2
PDI 0.3 0.3 0.1 0.3 0.3 0.4 0.6 0.4 0.5 0.6
Cp (mV) —42+2 -25+0.3 -13+0.3 -9.8 £ 0.5 0.4 +2 -33 +2.8 -37+3 -7.6 £0.5 -9.6+1 -6+3

(300-400 nm) and many small aggregates/single particles
(20-30, 2-3 nm), as also suggested by DLS size distribution
graphs (Fig. S17).

As the TEM images show (Fig. 1), for both AgNPs, larger
aggregates are formed in F/2 (40 %o) (Fig. 1e and f), while
TG201 caused a limited increase in Dy (Fig. 1c and d).

Dissolution also was affected by the suspension media, as
previously observed for AgNPcitLcys.** In algal media only, a
very low amount of Ag was released from both AgNPcitLcys
and AgNP3MPS (<1% of nominal AgNP concentration)
(Table 2), especially if compared to other AgNP batches.**"**
Such a phenomenon can be ascribed to the specific coatings
(citLeys or 3MPS) that might affect Ag dissolution rate. In
agreement with the literature,"* we found that the higher the
salinity of water media, the greater the Ag release. Both
AgNPs showed the maximum release in F/2, with 0.83% and
0.16% of nominal AgNP concentration for AgNPcitLcys and

AgNPcitLcys

Fig. 1 TEM images of AgNPcitLcys and AgNP3MPS in Milli-Q water (a
and b), TG201 (c and d) and F/2 (e and f).

This journal is © The Royal Society of Chemistry 2024

AgNP3MPS, respectively. Ag release increased with incubation
time (from 1 to 72 h), except for AgNPcitLeys in the TG201
medium, where the dissolution rate was very low and showed
a slight decrease between time points (1-72 h). This
phenomenon might be attributed to a partial adhesion of Ag
ions to the walls of the plastic tube in which the solutions
were kept for 72 h under constant shaking, in agreement
with Malysheva et al.,'® or to an interaction of the (very few)
released ions with the citLcys coating.

A different scenario was found for protein-rich media.
Because of the complexity of such media, some criticalities
have arisen for the evaluation of Ag release using the selected
separation protocol (3 kDa filtration). This was first noted for
LB medium; therefore, the analysis was not performed in
cDMEM.

In fact, after 1 h of incubation in LB medium only, a small
yet detectable amount of Ag was measured for both AgNPs
(0.027% and 0.0025% of nominal AgNP concentrations for,
respectively, AgNPcitLcys and AgNP3MPS) (Table 2). However,
after 24 h of incubation, the Ag concentration drastically
decreased to values close to zero for both AgNPs.

Indeed, LB is a nutrient-rich microbial broth containing
peptides, aminoacids, and carbohydrates (Table S17),
including tryptone (i.e., a mix of peptides generated by the
enzymatic digestion of casein) and yeast extract. The method
used to separate AgNPs from the aqueous solution prior to
Ag analysis requires a filtration step through a 3 kDa
membrane filter. The adoption of this method was made
necessary by the AgNPs' small size and was selected, as
opposed to centrifugation, to ensure the total removal of
AgNPs. Since metal analysis requires the addition of HNO; to
the samples prior to measurement, even a small amount of
AgNP left in solution after centrifugation would completely
impair the purpose of the analysis. However, some
components of LB medium might be able bind and seize
metal ions®® and, if retained by the filter, would reduce the
amount of Ag in solution, as observed. The data of Ag
recovery (Table S4f), obtained by adding AgNO; to LB
medium in the absence of AgNPs, support such hypothesis
showing a total removal of Ag upon filtration, as opposed to
alga media. The fact that AgNP dissolution in LB medium
appears to decrease with increasing incubation time might
be ascribed to the kinetic of dissolution/bonding with
biomolecules, which might take more than 1 h to reach
equilibrium.
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Table 2 Total Ag (ug L) measured after incubation (1 and 72 h for microalgae and 1 and 24 h for bacteria) and filtration of 60 mg L™ of AgNPcitLcys
or AgNP3MPS in TG201 and F/2 and of 256 mg L™ of AgNPcitLcys or AGNP3MPS in the LB medium

Medium
AgNPcitLeys TG201 (60 mg L)

LB (256 mg L")

F/2 (60 mg L")
AgNP3MPS TG201 (60 mg L)

LB (256 mg L)
F/2 (60 mg L")

Two options, which might also simultaneously occur, were
selected to describe such findings: (i) dissolved Ag ions are
bonded by free peptides and carbohydrates of LB medium,
which are retained during filtration, and/or (ii) free peptides
and carbohydrates of LB medium directly bind to AgNPs,
forming the so-called protein corona and reducing (or
preventing) AgNP dissolution. NP interaction with
biomolecules, resulting in the formation of a protein-corona,
is well documented in the literature, also for other type of
NPs.**™*® The adsorption of proteins on the surface of AgNPs
can modify their surface properties and, therefore, their
biological identity can be substantially altered after
suspension in protein-rich media.*®"® According to this, one-
dimensional polyacrylamide gel electrophoresis (1D-PAGE)
was performed after AgNPs incubation in protein-rich growth
media, LB and cDMEM. The selected procedure allows for
the detection of the “hard corona”, the layer of biomolecules
that are tightly bound to NP surface, while the “soft corona”,
more loosely bound, was presumably washed away.*”

Interestingly, 1D-PAGE revealed the formation of a hard
corona around AgNPcitLeys after incubation in both protein-
rich media, while no biomolecules formed a stable bond with
AgNP3MPS (Fig. 3). This was confirmed by TEM

AgNPcitlcys

Fig. 2 TEM images of AgNPcitLcys (a and c) and AgNP3MPS (b and d)
after incubation in the LB medium (a and b) and cDMEM (c and d) for 2 h,
centrifugation, and washing 3 times in PBS. Arrows indicate the protein
corona formed onto AgNPcitLcys upon incubation in protein-rich media.
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1h 24/72 h
2.08 + 0.06 (0.0034%) 1.33 + 0.1 (0.0022%)
70.59 + 1.57 (0.027%) 1.64 + 0.05 (0.00064%)
239.01 + 1.83 (0.4%) 500.75 + 14.5 (0.83%)
11.01 + 0.12 (0.018%) 18.42 + 0.62 (0.03%)
6.49 + 0.14 (0.0025%) 0.61 + 0.07 (0.00024%)
59.15 + 0.98 (0.1%) 95.16 + 2.87 (0.16%)

(Fig. 2a and b), showing AgNPcitLcys being embedded into a
polymeric matrix, as opposed to AgNP3MPS (Fig. 2¢ and d),
which appeared to be free from the bonded biomolecules/
matrix.

Corona formation after AgNP suspension in protein-rich
media is widely reported in the literature,”* > but fewer data
are available about the lack of a stable interaction with
medium elements, leading to the absence of a protein
corona. Protein-NP interaction is driven by intermolecular
forces occurring at the bio-nano interface and is virtually
influenced by an enormous number of variables, such as NP
surface curvature and the relative amount of B-sheets and
a-helices in encountered proteins.”*>® The abundance of
citrate molecules as AgNP coating, for instance, was shown to
promote protein adsorption, while their replacement with
alkanethiol molecules ((11-mercaptoundecyl)hexa(ethylene
glycol)) substantially increased the resistance to protein
adsorption.””

Overall, our observations disclose how the surface capping
drives the AgNPs' aggregation behaviour in water media, the
release of Ag ions and the potential of AgNPs to interact with
biomolecules, potentially affecting their biological effect.

3.2. AgNPs (eco)toxicity towards microorganisms and
mammalian cells

The (eco)toxicity of AgNPcitLecys and AgNP3MPS was
evaluated against unicellular microorganisms, such as Gram-
negative bacteria (E. coli), freshwater (R. subcapitata) and
marine (P. tricornutum) microalgae, and against mammalian
cells of human (HeLa) and murine (L929) origin.

As depicted in Fig. 4, AgNPs functionalized with citLcys
possess good antibacterial activity against Gram-negative E.
coli  (=50% bacterial growth inhibition) only at
concentrations >256 mg L™'. Conversely, AgNP3MPS did not
affect bacterial growth at any concentration tested (up to 256
mg L'). As expected, AgNO; showed total inhibition of
growth already at 8 mg L' (Fig. S31) and an EC;, ~ 4.43 mg
L' (Table 3).

Both AgNPs showed a lower toxicity to E. coli compared to
that reported in the literature.”®*® In particular, the small
size as that of AgNP3MPS (<3 nm) is known to represent a
key element for antibacterial potential as it allows a greater
interaction with cells, which is a trigger to the onset of
toxicity.”® In fact, the usually high antimicrobial potential of

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 1D-PAGE of the protein fraction of the protein corona recovered from AgNPs exposed to different media.

AgNPs towards E. coli stands in their direct interaction with
the bacterial wall, causing disturbances in charge
distribution and a loss of membrane integrity.'® This results
in the formation of holes in the bacterial outer membrane,
causing the entrance of AgNPs with consequent oxidation
and dissolution inside the cytoplasm.'®?° Therefore, based
on our findings on the low E. coli toxicity, we can speculate
that a reduced (or absent) interaction between both
AgNP3MPS and AgNPcitLeys and bacteria occurred.

The formation of a protein corona around the AgNPcitLcys
might have reduced the direct interaction with bacterial cells,
allowing the onset of toxicity only at very high concentrations
(256 mg L™"). Conversely, the coating of AgNP3MPS could be
responsible for the absence of E. coli toxicity by determining
a reduced/absent interaction with bacterial cells. Medium
components might as well be playing a role by bonding
released Ag ions, reducing their bioavailability and toxicity.
Hence, both citLcys and 3MPS coatings, probably as a result
of different mechanisms, determined a low antibacterial
activity of the AgNPs.

E. coli

Antibacterial Activity (%)

o . B
0 00601302505 1 2 4 8 16 32 64 128 256
mg/L
W AgNPcitLcys @ AgNP3MPS
Fig. 4 Comparative antibacterial activity (%) of AgNPcitLcys (black
bars) and AgNP3MPS (grey bars) against E. coli. Data are expressed as
mean * SD (n = 3).

This journal is © The Royal Society of Chemistry 2024

A different trend was observed for microalgae, even
between freshwater and marine species (Fig. 5). Indeed, the
freshwater R. subcapitata showed higher sensitivity to both
AgNPs compared to the marine P. tricornutum, already at
lower exposure concentrations (1-5 mg L'). It is worth
noting that these concentration are still quite high if
compared to predicted environmental concentrations (PECs)
for AgNP in surface waters (1-100 ug L™).'>'" AgNP3MPS
resulted to be the most toxic for R. subcapitata, with a linear
increase in growth inhibition up to more than 80% (60 mg
L™"), while AgNPcitLcys were less toxic, reaching a maximum
inhibition of 38.6% (60 mg L) compared to the control.
Conversely, P. tricornutum did not show toxic effects up to 60
mg L™ of both AgNPs. Similarly, AgNO,; showed higher
toxicity to R. subcapitata (ECso = 6.74 ug Ag L") compared to
P. tricornutum (ECs, > 1 mg Ag L") (Fig. S37).

Besides a higher sensitivity of R subcapitata to Ag
exposure, the chemistry of exposure media probably also
played a role in the observed difference in ecotoxicity, by
influencing Ag speciation. In fact, the high salinity of F/2 (P.
tricornutum growth medium) and the presence of natural
organic matter (NOM) likely caused the reduction of
bioavailable Ag by (i) formation of Cl-Ag complexes and (ii)
bonding of Ag ions to NOM macromolecules, rich in SH-
groups.**®® On the other hand, TG201 (R. subcapitata growth
medium), having very few dissolved salts and no NOM,
offered no mitigation against Ag ion toxicity. In both cases,
the observed toxicity for AgNPcitLcys and AgNP3MPS towards
microalgae is low if compared to literature data,">®*®* as
already shown for only AgNPcitLcys.>**>%°

However, dissolved Ag might not be the only factor
involved in the effects of AgNP towards microalgae. In fact, if
we consider algal growth inhibition percentages together with
AgNP dissolution data, we can see that the effects of
AgNP3MPS can be predicted based on dissolved Ag levels:

Environ. Sci.: Nano
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Table 3 ECsq values calculated for R. subcapitata, P. tricornutum, and E. coli exposed to AgNPcitLcys, AQNP3MPS and AgNO3

ECso R. subcapitata P. tricornutum E. coli HeLa L929

AgNPcitLeys >60 mg L™ >60 mg L™ >256 mg L™ >256 mg L™ >256 mg L™
AgNP3MPS 7.57 mg L™ (CI 95% 6.5-8.61) >60 mg L™ >256 mg L™ >256 mg L™ >256 mg L™
AgNO; 6.74 pg L™* (CI 95% 6.18-7.36) >1mgL™" 4.43 mg L™ 3.79 mg mL™" 7.45 mg mL ™"

18.42 ug Ag L' caused an 80% inhibition of growth in R.
subcapitata while no effect is observed in P. ¢ricornutum for a
95.16 ug L of dissolved Ag, as expected based on AgNO,
exposure (Fig. S31). Instead, the inhibition of growth caused
by AgNPcitLeys does not seem to follow a rationale based on
dissolution percentage: a 38.6% inhibition of growth of R.
subcapitata was observed at a dissolved Ag value of 1.33 pg
L™, too low to explain such toxicity. On the other hand, no
effect is observed for P. tricornutum at a dissolved Ag value of
500 pg L', which would be enough to cause an inhibition
based on AgNO; ecotoxicity data.

Such discrepancies suggest that AgNPcitLeys and
AgNP3MPS act differently towards algal cells, with AgNP3MPS
toxicity being more closely related to dissolution compared to
AgNPcitLeys, whose effects seem to be influenced by other
factors. Since the citLcys coating can drive the interaction
with biomolecules, it also might enhance the interaction with
algal cells, possibly leading to AgNP internalization. Hence,
AgNP toxicity towards microalgae is not solely caused by ion
release but can also be directly influenced by the coating
type.

To further investigate AgNP effect on different cell types
and exposure media, we tested two different mammalian cell
lines, namely, HeLa and L929 cells, from human and murine
origin. Interestingly, the cytotoxic effects of AgNPcitLcys and
AgNP3MPS on HeLa and L929 cells were low-to-negligible as
lower than 30% at all tested concentrations (Fig. 6).
According to the ISO 10993-5 (ref. 37) standard norm, both
AgNPcitLeys and AgNP3MPS were far from being toxic on
mammalian cells. Conversely, as expected, AgNO; displayed a
concentration-dependent cytotoxicity, resulting in effective
concentrations of 4 mg L™ and 8 mg L™* for L929 and HeLa
cells, respectively. Again, our findings show a lower toxicity of

a) b

R. subcapitata P. tricornutum

100
80 - % 1
60 30
40 20

20 *

Growth inhibition compared to control (%)

0.1 1 5 10 15 30 60
mg/L

01 1 5 10 15 30 60
mg/L

@  Growth inhibition compared to control (%)

W AgNPcitLcys AgNP3MPS

Fig. 5 Comparative growth inhibition rate evaluated on a) R.
subcapitata and b) P. tricornutum upon exposure to AgNPcitLcys
(black bars) and AQNP3MPS (grey bars) for 72 h. Data are expressed as
mean * SD (n = 3). Columns marked with * are statistically different
from the control (p < 0.05).
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AgNPcitLeys and AgNP3MPS compared to the literature,*® %
suggesting a protective role of both capping types also for
mammalian cells. For instance, in the study by Pem et al.,*
AgNPs with a cysteine coating (Cys-AgNPs) significantly
reduced L929 cell viability starting from 10 mg L™*, while no
toxicity was observed in this study up to 256 mg L for
AgNPcitLeys. The formation of the protein corona around
AgNPcitLeys probably contributes to the lower toxicity
observed as it could be reducing (or impede) cellular uptake,
different from what observed by Pem et al.®® for Cys-AgNPs.

3.3. The role of the coating

Surface functionalization plays a key role for AgNP
applications, especially those involving environmental
protection. Often, multiple functionalizing molecules are
introduced onto the surface of the nanosilver to induce
different capacities, such as hydrophilicity and, at the same
time, high selectivity or antibacterial activity. In this case,
AgNPcitLeys and AgNP3MPS present, respectively, a double

a)
HelLa cells
100
_ 901
3
> 30
2
g 2
B
10 {
0 TI f i I: [I I I I
0 00601302505 1 2 4 8 16 32 64 128 256
mg/L
b)
L929 cells
100
. 901
X
> 30
8
x
g 20
s

10

OHL.:.-IJ] |

Sl

0 0.06 0.13 0.25 0.5 1 2 4 8 16 128 256
mg/L
B AgNPcitLcys O AgNP3MPS

Fig. 6 Comparative cytotoxicity of AgNPcitLcys (black bars) and
AgNP3MPS (grey bars) evaluated on a) Hela and b) L929 cell lines.
AgNPcitLcys and AgNP3MPS were incubated with cells for 24 h. Data
are expressed as mean * SD. Statistical analysis showed no significant
differences between treatments and controls (p > 0.05).
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functionalization with a hydrophilic agent (cit) and a
molecule that induces selectivity for Hg(u) (Lcys), and a
capping agent that guarantees both hydrophilicity and
selectivity for Ni(u) (3MPS). This translates not only into
different chemical-physical properties, as seen in the
previous paragraphs, but also into different biological effects.

In summary, only R. subcapitata suffered the exposure to
both AgNPs, AgNP3MPS more than AgNPcitLcys, while E. coli
experienced a low toxicity and only upon exposure to high
AgNPcitLeys concentrations (256 mg L7'). The results
obtained for E. coli were unexpected since the smaller size
and the absence of a protein corona made AgNP3MPS the
best candidate for a higher antimicrobial activity."®>’
However, if the 3MPS coating would not encourage the
interaction with cells, the only antimicrobial mechanism left
for AgNP3MPs would be the release of Ag ions. In this
scenario, the absence of toxicity of AgNP3MPS towards both
E. coli and mammalian cells could be explained with Ag ion
bonding by proteins and polysaccharides of the growth
media. At the same time, this is confirmed by what is seen
for R. subcapitata where, in the absence of macromolecules
able to seize Ag ions, AgNP3MPS result in toxicity. Conversely,
since AgNPcitLeys reduce R. subcapitata growth even with a
dissolution close to zero, we can hypothesize that the citLcys
coating encourages the interaction with cells, leading to the
onset of a nano-size related toxicity. Where the nano-size is
lost due to aggregation, as in F/2 medium, or AgNPcitLcys
surface is altered by corona formation, as in LB and cDMEM
media, the exposure outcome is different: no effect is seen
for P. tricornutum, also thanks to its siliceous cell wall, and a
low-to-no toxicity is observed for E. coli and mammalian cells,
whose direct interaction with AgNPcitLeys is hindered (or
lowered) by the protein corona.

4. Conclusions

Our study aimed at comparing the (eco)toxicity of differently
coated AgNPs towards unicellular organisms, such as
bacteria, freshwater and marine microalgae, and mammalian
cell-lines, of human and murine origin. The citLcys coating
reduced AgNP dissolution, promoted the interaction with
macromolecules and much likely drove AgNP affinity for algal
surface, suggesting the occurrence of a nano-size-related
ecotoxicity. On the other hand, 3MPS coating allowed a
higher degree of AgNP dissolution and caused no interaction
with macromolecules, resulting in a higher ecotoxicity when
mitigating factors for Ag bioavailability (e.g., Cl ions or
macromolecules) were absent. Our findings show how
surface capping rules AgNP interaction with biomolecules,
driving the AgNP ability to establish an interaction with cells,
influencing the exposure outcome.
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