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determine the most favorable conformation based on the binding energies of silver ions with chitin and to
elucidate the underlying mechanisms of their interaction. The results indicate an ionic effect dependent on the
ion state, with simulations revealing that Ag®* ions have the potential to cause significant deformation of the
chitin structure. Furthermore, this study evaluated the behavior of AgNPs using nauplii of A. salina instar I,

assessing both mortality rates and cell damage. Toxicity of AgNPs was observed in A. salina at concentrations of
50 and 100 ppm within a timeframe of 24-48 h. The toxicity of AgNPs can be attributed to their interaction with
the cuticle and subsequent modification of the chitin structure through the binding of ionic silver. Light mi-
croscopy (LM) analysis confirmed the presence of AgNPs in the cuticle, while confocal laser scanning microscopy
(CLSM) revealed cellular damage. In addition, this research offers new perspectives on the toxicity mechanism of
AgNPs by introducing a novel model that explores the interaction of silver ions with the cuticle of A. salina. These
insights are derived from a combination of atomistic models and ecotoxicology assays.
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1. Introduction

The development of nanotechnology was possible due to the devel-
opment, innovation and commercialization of products with desirable
characteristics in different areas (Meyer et al., 2009). In addition, de-
velopments in the field of nanotechnology have allowed the design and
use of nanomaterials in a variety of products, such as cosmetics, elec-
tronic devices, pharmaceuticals and biomedical products, and water
filters (Jin et al., 2010). Thus, nanoparticles (NPs) have been inserted in
many technological applications (Adams et al., 2014) and it is a reality
in many consumables that meet the societal needs. Currently, NPs have
been used for various applications in different areas such as medicine
(Alexiou, 2022; Yang et al., 2023), cosmetics (Mascarenhas-Melo et al.,
2023), environmental remediation (Papolu and Bhogi, 2023), engi-
neering (Ghadirian et al., 2023) and solar energy (Khairul Azri et al.,
2023).

Increased demand for new products incorporating NPs raise concerns
about human health and impact on ecosystems (Geisler-Lee et al., 2013;
Tosco and Sethi, 2018), that inevitably reach the environment causing
bioaccumulation (Ates et al., 2013). The NPs are contaminants that have
unique physicochemical characteristics related to their surface area,
energy quantum confinement (Christian et al., 2008), shape, surface
coating and net charges (Mcgillicuddy et al., 2017) thus resulting in
different fates and behaviors in the environment with various toxicity
effects on biological organisms (Auffan et al., 2010; Lee et al., 2008).
Among the main NPs described in the literature we can mention nano-
particles of graphene oxide (GO) (Rhazouani et al., 2023), selenium
(Zeng et al., 2023), nickel (Ahamed et al., 2023), titanium (Machanlou
et al., 2023), zinc (Ghouri et al., 2023) and silver (Tyagi et al., 2023).
Silver nanoparticles (AgNPs) are among the most widely used NPs in the
world due to their broad-spectrum antimicrobial activities (Mehennaoui
et al., 2021).

In addition, AgNPs can be synthesized in different forms such as
nanospheres, nanowires, nanorods, nanocubes and nanocoils (Bach-
enheimer et al., 2017). Currently, 920 tons of AgNPs are produced per
year and it is said that more than 50% of nanomaterials contain AgNPs in
their composition (Duran et al., 2019). With the increased production of
AgNPs and their applications in different products, the disposal of this
nanomaterial in the environment also increases, thereby making it
necessary to investigate its environmental impacts and risks to human
health (Eckhardt et al., 2013).

Plants, microorganisms, and animals exhibit vulnerability to the

harmful impacts of NPs, prompting numerous studies across various
species to evaluate the environmental risks associated with these
nanomaterials (Yu et al., 2013). Several studies point to the acute
toxicity of NPs in different aquatic organisms such as Algae (Zhang et al.,
2023; Maia et al., 2024), Daphnia magna (Santos-Rasera et al., 2022),
Zebra fish (Jafari et al., 2022; Krishnan et al., 2022) and A. salina (de
Paiva Pinheiro et al., 2023; Monteiro et al., 2023). The primary toxicity
of these NPs is associated with their physicochemical characteristics and
their dissolution, which can generate reactive ions and cause damage to
biological organisms (Kosa and Zaheer, 2022). In a toxicity study using
AgNPs, an increase in ROS and degradation of enzymes in A. salina was
observed within 48 h of exposure (An et al., 2019).

The toxicity of AgNPs is primarily attributed to the presence of Ag™*
ions, with AgNPs serving as a direct source of these ions, further
contributing to their toxic effects (Piccapietra et al., 2012; Xiu et al.,
2012). For instance, research has demonstrated that the dissolved form
of Ag" ions exhibits greater toxicity compared to AgNPs themselves
(Sendra et al., 2018). Within the marine environment, NPs can be
ingested by animals, particularly zooplankton, posing a significant
threat to organisms that rely on this food source for sustenance. (Ates
et al., 2020; Lacave et al., 2017). NPs that accumulate in primary con-
sumers, such as Daphnia magna and A. salina, can readily transfer
through trophic levels, eventually reaching fish or crustaceans situated
at higher positions in the food chain. Consequently, these NPs can offer a
potential risk to humans through the consumption of contaminated
aquatic organisms (Ates et al., 2020).

Artemia sp., commonly known as brine shrimp, is an invertebrate
species belonging to the zooplankton. It can be found in various loca-
tions worldwide, inhabiting lakes and saline aquatic environments
(Lavens and Sorgeloos, 1996). Due to its nutritional value, Artemia sp. is
extensively utilized as a live food source to nourish the larvae of aquatic
organisms in aquaculture practices (Sarkheil et al., 2018). Artemia’s fast
life cycle, high rate of reproduction, adaptability to laboratory condi-
tions, and low maintenance costs make it an ideal model organism for
toxicity testing purposes, including ecotoxicity assays. Its suitability as a
test subject allows researchers to study the potential toxic effects of
substances and assess their impact on aquatic ecosystems (Nunes et al.,
2006; Manfra et al., 2014). The reliability and validity of ecotoxico-
logical tests utilizing A. salina have been substantiated through
numerous studies involving various stressors, such as NPs (Rekulapally
et al.,, 2019), chemical compounds (Morgana et al., 2018), pesticides
(Cruzeiro et al., 2017), and pharmaceutical substances (Nunes et al.,
2006). These investigations have confirmed the effectiveness of A. salina
as a model organism for assessing the potential ecological impact and
toxicity of these stressors.

A. salina possesses a cuticle that covers its body, and during its
developmental stages, the molting process initiates. This process en-
compasses an intricate series of biochemical and cellular events (Warner
and Matheson, 1998). The molting process in A. salina takes place
approximately 15-19 times throughout its life cycle, with the specific
number of molts being influenced by the environmental conditions in
which the organism resides (Anderson, 1967; Weisz, 1946). The cuticle
is mainly composed of chitin (Zhang et al., 2021) and the interaction of
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AgNPs with A. salina can modify the chitin structure thus causing
toxicity as we will discuss.

The importance of employing combining classical toxicology assays
with computational quantum-chemical calculations and molecular
simulations, can offers a deeper understanding of the molecular-level
interactions of nanomaterial and biological structures (Margiotta and
Fonseca Guerra, 2021; Pontes et al., 2021), becomes evident their role
and potential within the study of toxicity pathways (Santiago et al.,
2020; Pontes et al., 2023). However, investigations related to mecha-
nisms of interaction of chitin structure of Artemia cuticle and nano-
structured Ag particles remain unclear. Also, quantum chemical
methods play a crucial role in unraveling the intricate network of mo-
lecular associations, contributing to better understanding the potential
toxicity mechanisms associated with the interaction of Ag ions with
chitin.

In this sense, the present study aimed to investigate the A. salina
nauplii instar I - acute ecotoxicity tests using AgNPs in different con-
centrations with an emphasis on mortality and cell damage. Addition-
ally, the types of chemical interactions of Ag ions (Ag®, Ag™, Ag?", and
Ag>") with chitin were investigated using a theoretical approach. In
order to clarify the interaction between Ag ions and chitin structure, a
computational study by applying quantum-chemical calculations were
performed. Such findings may help understand the toxicity pathway and
interaction mechanisms. We are proposing a model for understanding
interaction mechanisms of AgNPs with the chitin structure.

2. Material and methods
2.1. Synthesis and characterization of AgNPs

The synthesis of silver nanoparticles (AgNPs) involved the citrate
reduction method, with stabilization achieved using chitosan. The pro-
cedure consisted of adding 12 mL of a 15,000 mg/L silver nitrate solu-
tion and 1.5 mL of a 2% w/v chitosan propionate solution to 184 mL of
deionized water. The mixture was vigorously stirred with a magnetic
stirrer and heated to 100 °C. Then, a 2% w/v sodium citrate solution was
added drop by drop (3.6 mL). After 5 min, 10 drops of a 1:1 v/v nitric
acid solution were introduced. After an additional 1 min, the system was
cooled in an ice bath until it reached room temperature. The size dis-
tribution and zeta potential of the colloidal silver nanoparticles were
measured using a Nano ZS Zetasizer System (Malvern Instruments), with
nine measurements taken for obtaining mean values. The absorption
spectra of the colloidal nanoparticles were recorded using a Specord 250
spectrophotometer (Analytik Jena) with quartz cells of 1 cm optical path
length. No dilution of the sample occurred prior to analysis. Surface
analysis and determination of the silver nanoparticle diameter were
performed using scanning electron microscopy (Quanta FEG 450 FEI)
and transmission electron microscopy (JEOL 1011), respectively.

2.2. Test organism

A. salina cysts were procured from an aquaculture store located in
Fortaleza, Ceard - Brazil. The dehydrated cysts were stored at a tem-
perature of 4 °C and were utilized in all experimental procedures. The
nauplii of instar I (24 and 48 h post-hatching) were obtained following
the method outlined by Garaventa et al. (2010). In brief, 500 mg of cysts
were incubated for 24 h at a temperature of 28 °C, under a light-dark
cycle of 16 h of light and 8 h of darkness, while continuously aerating
the cyst suspension in artificial seawater (ASW) with a salinity of 30%.
The hatched nauplii were segregated from the unhatched cysts based on
their positive phototaxis and were subsequently transferred into beakers
containing ASW using a Pasteur pipette.

2.3. Acute toxicity test of AgNPs in A. salina

Acute exposure was conducted on nauplii instar I for 24 and 48 h
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according to (Johari et al., 2019) and Organization for Economic
Cooperation and Development, OECD 202 testing guidelines (OECD,
2004). In summary, the study involved administering four different test
concentrations (12.5, 25, 50, and 100 ppm) of AgNPs to nauplii at 24
and 48 h post-hatching. The negative control group was exposed to
ASW, while the positive control group was exposed to potassium di-
chromate (KoCry07) at a concentration of 5 mM. The experiment was
conducted in 24-well polystyrene microplates, with each well contain-
ing 2 mL of the respective solution. Each concentration was replicated
three times, and each replication consisted of ten newly hatched nauplii.
The room temperature was maintained at 24 °C, and a photoperiod of
12 h of darkness followed by 12 h of light was maintained. The number
of dead larvae was subsequently counted under a stereomicroscope
(Stemi 508) equipped with a ZEISS camera (Axiocam 208/202 mono).
The validity of the test was determined based on a survival rate of >90%
in the control group. (OECD, 2004).

2.4. Light microscopy (LM)

To analyze the accumulation of AgNPs, nauplii of instar I were
collected at the 48-h mark of the experiment and washed with ASW. The
nauplii were then carefully mounted on a glass slide, and images were
captured using a Primo Star light microscope equipped with an axiocam
color camera. Subsequent microscopy analyses, such as Confocal Laser
Scanning Microscopy (CLSM), were conducted to observe any notable
morphological variations resulting from acute AgNPs toxicity.

2.5. Confocal laser scanning microscopy (CLSM)

To evaluate cellular damage, acridine orange was utilized in nauplii
of instar I exposed to different concentrations of AgNPs, along with
negative control (ASW) and positive control (K3Cry07). In brief, A. salina
organisms were transferred to 24-well polystyrene microplates, with
each well containing 3 mL of the respective solution. Then, 500 pL of
acridine orange at a concentration of 5 pg/mL was added to each well
and allowed to incubate for 20 min at room temperature. After incu-
bation, the A. salina organisms were washed with phosphate buffer so-
lution at pH 7.2. The stained samples were subsequently observed under
a Confocal Laser Scanning Microscopy (CLSM) using 488 nm excitation
and 532-580 nm emission wavelengths to detect any cellular damage.

2.6. Computational analysis

Chitin was computationally investigated using its respective mono-
mer N-Acetyl-p-Glucosamine as a basic model by quantum chemistry
(density functional theory) calculations. Geometry optimization and
further modifications in the structure of the monomer chitin and
respective complexes with Ag®, Ag*, AgZ*, and Ag>" ions were carried
out using the Gaussian 09 program (Boyle et al., 2007), whereas the
results are visualized by GaussView 5.0 software. Calculations,
including geometry optimization for the molecule/molecular complex
involved and electronic property calculations were carried out with the
combination of BPW91/LANL2DZ basis sets in the gas phase, in a similar
way as recommended to determine the interaction energies of organic
molecules on silver metal systems (Legge et al., 2001). To account for
the expected basis set superposition error (BSSE), which arises from the
overlapping of infinite orbitals of interacting species, the counterpoise
corrected method is employed when calculating the adsorption energies.
This correction helps to eliminate the effects of BSSE and provides more
accurate and reliable results in studying interactions between different
species (Turi and Dannenberg, 1993).

The noncovalent interaction between two molecules can be directly
computed using symmetry-adapted perturbation theory (SAPTO), that
provide the interaction energy determined without computing the total
energy of the monomers or dimers. The SAPTO calculations were per-
formed using PSI4 software (Turney et al., 2012) for evaluating the total
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interaction energies of complexes (Chitin-Ag ions). Four main de-
scriptors are used in the components of SAPTO analysis and are normally
given as: electrostatic (AEelstat), exchange (AEexch), dispersion
(AEdisp), and induction (AEind). The equation for AEint in SAPTO
analysis is given according to equation [e.q. 01]:

Agin = Agexch + Agelast + Aping + Agais [Eq.1]
In equation 01, the complexes are stabilized by the electrostatic,
dispersion, and induction components, as these processes release energy
(exothermic). The electrostatic component arises from the attractive
coulombic interactions between two opposite charges. The dispersion
component is a result of instant charge fluctuations, leading to attractive
interactions. The induction component arises from dipole-induced
dipole interactions, contributing to the overall stabilization of the
complexes.

On the other hand, the exchange component in ESAPTO acts as a
repulsive force, destabilizing the complexes. This repulsion arises from
Pauli repulsion, which occurs due to the overlapping of orbitals. The
exchange component accounts for the exclusion principle and prevents
excessive electron density overlap, ultimately leading to destabilization
of the complexes (Sajid et al., 2018).

Therefore, in order to find interatomic clashes (unfavorable in-
teractions) from chitin molecule to AgNP surface, we also apply the
empiric docking method, based on a hybrid algorithm of template-based
modeling and ab initio free docking (Yan et al., 2016). Geometry opti-
mized chitin molecule was used as ligand, and an AgNP was modeled
with 1865 atoms and a particle diameter size of 1.0 nm, using Nano-
Crystal tool (Chatzigoulas et al., 2018) and modeled nanoparticle is
presented in Fig. S1 (Supporting information).

2.7. Statistical analysis

The data obtained from the experiments were recorded daily and
presented as the mean values along with their corresponding standard
deviations for statistical analyses. The normality of the data and the
significance of the differences were evaluated using the R environment,
specifically utilizing the psych package. To assess the normality of the
data, the Shapiro-Wilk test was employed, as it is appropriate for data-
sets with a sample size (n) of less than 30. This test was performed using
the shapiro.test function in R. Additionally, the t-test was utilized to
determine the significance of differences between the means of each
treatment group (12.5, 25, 50, 100 ppm) relative to the control treat-
ment (ASW). The t-test function in R was employed for this analysis.

3. Results and discussion
3.1. Physico-chemical characterization of the AgNPs

In this study, the AgNPs utilized were stabilized with chitosan,
resulting in a positive surface charge of +40.8 mV, as determined by zeta
potential analysis. This positive charge helps prevent the agglomeration
of nanoparticles, as previously described (Edison and Sethuraman,
2012; Pontes et al., 2021). By employing stabilizers such as chitosan, the
colloidal stability of the nanoparticles was enhanced, ensuring that the
suspension remains stable for an extended period(Cedervall et al.,
2007). Nanoparticles aggregation can alter the toxicity of the nano-
particle (Ates et al., 2020; Bai et al., 2010). The size distribution of the
AgNPs was determined based on data obtained from dynamic light
scattering (DLS), along with the UV/Vis absorption spectrum. These
measurements indicated an average diameter of 15 nm for the AgNPs.
The analysis carried out by Transmission Electron Microscopy (TEM)
confirmed the presence of irregular shapes, including spherical and
ovoid surfaces as evidenced by an article previously published by our
group (De Paiva Pinheiro et al., 2020).

Similar results related to the characterization of AgNPs were
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observed by several authors (Muthukrishnan et al., 2017; Wang et al.,
2019). In another study, the AgNPs size ranged from 30 to 50 nm with a
spherical surface with a wrinkled surface (Muthukrishnan et al., 2017).
The size of the NPs, is directly associated with surface/volume and
smaller NPs are generally more toxic to biological systems as observed
by (Ates et al., 2020). Indeed, AgNPs can exhibit diverse physico-
chemical characteristics, including variations in size, shape, surface
coatings, and charges. These factors significantly influence the behavior,
fate, and potential toxic effects of AgNPs on living organisms. Differ-
ences in size can affect the stability and reactivity of AgNPs, while
variations in shape can impact their surface area and interactions with
biological systems. Surface coatings, such as chitosan or other stabi-
lizers, can alter the surface charge and interactions with cellular com-
ponents. The overall physicochemical characteristics of AgNPs play a
crucial role in determining their behavior in biological systems, their
potential for uptake by organisms, and the subsequent toxic effects they
may exert (Mcgillicuddy et al., 2017). The full characterization of the
AgNPs used in this study is reported by De Paiva Pinheiro et al. (2020)

3.2. Acute toxicity test

During the 24-h exposure of A. salina nauplii instar I to AgNPs, no
mortality was observed at the concentrations of 12.5 and 25 ppm, which
showed similar results to the negative control (ASW) (Fig. 1). However,
at higher concentrations of AgNPs (50 and 100 ppm), a significant in-
crease in mortality rate was observed for nauplii instar I at both 24 and
48 h of exposure (Fig. 1). The statistical analysis, indicated by a P-value
of less than 0.05, confirmed the significant difference between these
higher AgNPs concentrations and the negative control, as presented in
Table 1.

The similarity in results observed between the AgNPs exposure and
the study evaluating the interaction of KoCryO7 in nauplii instar I is
noteworthy (Ocaranza-Joya et al., 2019). The high mortality observed in
both cases is unexpected because at this stage, A. salina is typically
considered less sensitive to contaminants due to the incomplete devel-
opment of their mouth and gut (Sorgeloos et al., 1978). However, these
findings suggest that the tested substances, both AgNPs and KyCr20-,
may have significant toxic effects on A. salina nauplii instar I, possibly
through alternative pathways or mechanisms of toxicity that are not
solely dependent on oral ingestion. The toxicity of AgNPs may be related
to the binding of silver ions to chitin during the molting process in
A. salina that occurs between 18 and 24 h after hatching (Anderson,
1967; Freeman, 1986; Warner and Matheson, 1998). AgNPs can bind to
the chemical structure of the cuticle which is mainly composed of chitin
(Chang, 1995). In addition, structural changes in chitin caused by silver
ions binding subsequently lead to the accumulation of AgNPs in A. salina
cells thus causing toxicity.

3.3. AgNPs accumulation

All microscopy analyzes were performed for A. salina exposure of 48
h to AgNPs. The accumulation of AgNPs was examined using light mi-
croscopy (LM). When nauplii instar [ were observed in ASW, they
exhibited a translucent body without the presence of particles (Fig. 2A).
Additionally, the cells appeared turgid, as depicted (Fig. 2B). At the
concentration of 12.5 ppm, no accumulation of AgNPs was observed in
the gut of Artemia nauplii (Fig. 2C). Furthermore, there was no evidence
of cell damage in the observed cells (Fig. 2D). Similar results were
observed at the concentration of 25 ppm, where no AgNPs accumulation
was detected in the gut of Artemia nauplii (Fig. 2E) and no cell damage
was observed (Fig. 2F). At the higher concentration of 50 ppm of AgNPs,
no accumulation was observed in the gut of Artemia nauplii (Fig. 2G).
However, the accumulation of AgNPs was observed in the cuticle of the
nauplii at the same concentration (Fig. 2H). Similar results were also
observed at the concentration of 100 ppm of AgNPs, where no accu-
mulation of AgNPs was detected in the gut of the nauplii (Fig. 2I and J).
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Fig. 1. Acute toxicity of AgNPs in Artemia salina nauplii instar I and instar II within 24 h and 48 h of exposure. Mortality was observed at 24 and 48 h at AgNPs
concentrations of 50 and 100 ppm. The experiment was performed in triplicate. Mean + standard deviation (c) for all standards. Significant difference between
negative control - ASW and A. salina exposed to AgNPs are symbolized by an asterisk * (t-test, P < 0.05).

Table 1

Acute toxicity of AgNPs in A. salina nauplii instar I and percentage of individuals dead within 24 and 48 h. At this stage of development, toxicity of AgNPs was observed
at 50 ppm and 100 ppm concentrations. Mean =+ standard deviation (o) obtained from the triplicate in each treatment. The significant difference between ASW and

A. salina exposed to AgNPs is represented by asterisks * (t-test, P < 0.05).

A. salina - nauplii instar [

24 h of exposure

48 h of exposure

Treatments Mean =+ SD of living individuals P-value % Mortality Mean =+ SD of living individuals P-value % Mortality
ASW 10.0 + 0.0 - 0% 10.0 + 0.0 - 0%
K,Cr,07 0.0 £+ 0.0* P <0.01% 100% 0.0 + 0.0* P<0.01* 100%

12.5 ppm 10.0 £ 0.0 P=NA 0% 10.0 + 0.0 P=NA 0%

25 ppm 10.0 + 0.0 P=NA 0% 10.0 + 0.0 P=NA 0%

50 ppm 0.0 +0.0 P=0.01% 100% 0.0 + 0.0 P=0.01% 100%

100 ppm 0.0 £0.0 P=0.01* 100% 0.0+ 0.0 P=0.01% 100%

This can be attributed to the incomplete development of the mouth and
digestive tract at this life stage, which may limit the uptake and accu-
mulation of AgNPs in the gut (Sorgeloos et al., 1978). However, the
presence of AgNPs in the cuticle suggests that uptake and accumulation
through other pathways, such as direct contact with the external surface,
may still occur. As expected, a positive control group (K2CrpO7) pre-
sented morphological damage to the animal’s body (Fig. 2K and L).

3.4. Cell damage analysis

To evaluate the potential cellular damage induced by AgNPs in the
A. salina model, acridine orange was employed in nauplii instar I that
had been exposed to AgNPs for 48 h. The use of acridine orange in
confocal microscopy enables the identification of cells undergoing
apoptosis. Acridine orange binds to the DNA of cells undergoing
apoptosis, resulting in the emission of green fluorescence in the wave-
length range of 488-535 nm. By utilizing acridine orange in this manner,
it becomes possible to visualize and assess the presence of apoptotic cells
in the A. salina nauplii instar I population exposed to AgNPs (Dam-
as-Souza et al., 2019; Muthukrishnan et al., 2017). In the control group
(ASW), a low green fluorescent emission was observed, indicating the
preservation of cells (Fig. 3A). In contrast, the positive control group
exposed to KyCryO; exhibited strong green fluorescence emission,
indicating significant cell damage (Fig. 3B). Nauplii instar I exposed to
the low concentration of AgNPs (12.5 ppm) showed a result similar to
the ASW control group, with minimal green fluorescence emission

(Fig. 3C). At the concentration of 25 ppm, numerous fluorescent spots
were observed on the body of the Artemia nauplii, indicating potential
cellular uptake of AgNPs (Fig. 3D). Upon increasing the concentration of
AgNPs to 50 ppm, a strong green fluorescence emission was observed,
indicating significant cell damage (Fig. 3E). Similar results were
observed at the highest concentration tested, 100 ppm, indicating
cellular damage in nauplii instar I caused by AgNPs (Fig. 3F). At this
maximum concentration, a high fluorescence emission was observed,
indicating marked damage to the cells caused by the AgNPs. The greatest
damage was observed in the cells of the gut of A. salina due to the
accumulation of AgNPs (Alexiou, 2022; Yang et al., 2023). The ab-
sorption and interaction of NPs alter cellular dynamics due to the
inactivation of enzymes, degradation of lipids and binding of Ag™ to
DNA, promoting cell death. Similar result was observed by Arulvasu
et al. (2014) using AgNPs in A. salina at 12 nM concentration.

3.5. Interaction model of silver ions with the chitin

3.5.1. Geometry optimization

Here, the stabilities of chitin are compared upon complexation with
Ag ions (Ag®, Ag™, Ag®", and Ag®™). Firstly, all the possible adsorption
geometries are optimized to get the most suitable confirmation based on
the electronic energies. The most stable optimized geometric confor-
mations (given in Fig. 4A and B) are selected for detailed analysis. Fig. 4
illustrates that the Ag ions (Ag®, Ag", Ag®", and Ag3") are able to
interact with the chitin molecule. Our results reveal that Ag ions can
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Fig. 2. Optical microscopy and historresin in A. salina nauplii instar I within 48 h of exposure to AgNPs. A — Negative control (ASW); B — A. salina with intact and
turgid cells; C — No accumulation of AgNPs at a concentration of 12.5 ppm; D — Cells without damage; E — No accumulation of AgNPs was observed at 25 ppm; F —
A. salina with preserved cells, similar to the control group (ASW); G — At the concentration of 50 ppm, A. salina did not develop, presenting a high mortality rate; H —
AgNPs adhered to the cuticle of nauplii; I — A. salina submitted to a concentration of 100 ppm of AgNPs. In this concentration, a high percentage of mortality was
observed; J - Cuticle of A. salina with accumulation of AgNPs; K — Positive control (K,Cry07); L — A. salina with collapsed cells. Bars: A, G, E, G, I, and K - 200 pm; B, D,

F, H, J, and L - 20 pm.

bind the C-O-C from hexose, -NHCOCHj3 from the N-acetyl group, and
—CH,0H from the hydroxymethyl group, respectively. However, the
interaction domain is dependent on the redox state of the Ag ion, and
this changing mode of interaction might be responsible for the toxicity
behavior AgNPs to A. salina cuticle barrier. According to Fig. 4 (J-L)
results, Ag>" ion adsorption onto chitin totally deforms the structure of
the chitin molecule; this probably reveals the peculiar role of Ag®* ions
from AgNP surface and chitin interface in case of AgNPs agglomeration
around the cuticle layer in A. salina or nanoparticle ionic release from its
dissolution in the extracellular space.

The interaction parameters including, interacting atoms (Ajn¢), the
functional group of these atoms, adsorption distances (Din), and

100 ppm
F

Fig. 3. Acridine orange showing cell damage in A. salina nauplii instar I within 48 h of exposure. A — Negative control (ASW); B - Positive control (K»Cr207); C, D -
A. salina subjected to a concentration of 12.5 ppm and 25 ppm of AgNPs presented low emission of the fluorophyll; E, F — At the concentration of 50 ppm and 100
ppm, high emission of the fluorophile was observed, indicating cell damage. Bar: 200 pm.

adsorption energies (Ejp) are given in Table 2A. The adsorption energy
describes the physisorption or chemisorption nature of interactions be-
tween Ag ions and chitin. The interaction energy (Eip) trend of studied
complexes is Ag®*-chitin (i) —39.62 eV (—913.72 keal/mol 1) > Ag>*-
chitin (ii) —39.25 eV (—905.13 kcal/mol 1) > Ag®*-chitin (iii) —39.08
eV (—901.25 keal/mol ™) > Ag®"-chitin (i) —14.14 eV (—326.10 kcal/
mol™!) > Ag?*-chitin (ii) and Ag®*-chitin (iii) —13.88 eV (—320.04
keal/mol™1) > Ag " -chitin (ii) —2.943 eV (—67.87 keal/mol™1) > Ag ™
-chitin (iii) —2.912 eV (-67.16 kcal/mol ™) > Ag T _chitin (i) —2.752 eV
(—63.46 keal/mol 1) > Ag®-chitin (i) —0.253 eV (—5.84 kcal/mol 1) >
Ag®-chitin (ii) and Ag°-chitin (iii) —0.243 eV (—5.61 kcal/mol™!). The
lowest intermolecular distances (Djy;) are observed for Ag0—012 and Ag
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Fig. 4. - A - Optimized structure for the monomer of chitin at BPW91/LANL2DZ basis level of theory in the gas phase. Inset in green represents the most favorable Ag
ions bind region of chitin molecule; B - Optimized structures for the monomer of chitin complexed with Ag’, Ag™, Ag?*, and Ag®>" at BPW91/LANL2DZ basis level of

theory in the gas phase.

T .01, with a distance of 1965 A, and the highest intermolecular dis-
tances are presented by Ag chitin (ii), Ag® chitin (iii) and
Ag®*chitin (iii) with Oy, respectively.

Interaction energy results reveal that the mechanisms involved
adsorption of Ag ions with chitin are considered to be physisorption
(Sarfaraz et al., 2022). The interaction energy in physisorption must be
less than <~1 eV and it has been extensively reported in the literature

(Asif et al., 2021). Small interaction energy (eV) values observed in our
results strongly suggest that all studied Ag ions are physisorbed onto
chitin molecules in the cuticular layer of A. salina. Additionally, these
higher interaction energies observed for Ag®' ions corroborate our
proposed hypothesis of potential disruption of the cuticle layer through
structural deformation of the chitin molecule. The interaction of Ag>*
ions with chitin leads to significant structural deformation of the chitin
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Table 2

- A - The results of the most stable optimized complexes of chitin bonded with
Ag®, Ag™, Ag®", and Ag>" ions at BPW91/LANL2DZ basis level of theory in the
gas phase; B - Tabular data of HOMO LUMO energies for the most stable opti-
mized complexes of chitin bonded with Ag®, Ag*, Ag®*, and Ag®' ions at
BPW91/LANL2DZ basis level of theory in the gas phase.

A
Complex Aint Functional group Dine (A) Eint (kcal/mol 1)
Ag®-chitin (i) Ag®-04 N-acetyl 2.237 —5.84
Ag®-chitin (ii) Ag-0, Hexose 2.248 —5.61

Ag®-chitin (iii) Ag’-0;, Alcohol 1.965 -5.61
Ag*-chitin (i) Agt-O14 N-acetyl 2.237 —63.46
Ag"-chitin (ii) Ag™-0, Hexose 2.248 —67.87
Ag*-chitin (iii) Ag™-0, Alcohol 1.965 —67.16
Ag?*-chitin (i) Ag®"-014  N-acetyl 2.491 —-326.10
Ag?*-chitin (ii) Ag?>*-0;,  Alcohol 2.915 —320.04
Ag®*-chitin (iii) ~ Ag?"™-O;»  Alcohol 2.640 —320.04
Ag®*-chitin (i) Ag®"-014  N-acetyl 2.134 -913.72
Ag>*-chitin (i) Ag®*-015  Alcohol 2.639 —905.13
Ag®*-chitin (iii)  Ag®"-0;2  Alcohol 2.640 —901.25

B

Complex HOMO (eV) LUMO (eV) Egap (eV)
AgP-chitin (i) -3.01797 —0.78313 —2.23484
AgP-chitin (ii) —3.78178 —0.84762 —-2.93416
AgP-chitin (iii) —3.78151 —0.84789 —2.93362
Ag*-chitin (i) —8.55405 —7.4882 ~1.06585
Ag*-chitin (ii) -9.10426 —6.35595 —2.74831
Ag*-chitin (iif) —8.27677 —6.97772 —1.29905
Ag**-chitin (i) -13.0733 —9.97446 —3.09879
Ag**-chitin (if) ~13.6139 -10.1198 —3.49416
Ag?*-chitin (ii) —~13.6139 -10.1198 —3.49416
Ag**-chitin (i) -16.7693 —14.4934 —2.27593
Ag>*-chitin (if) -16.2501 —~13.3802 —2.86994
Ag®*-chitin (iii) —16.2861 —~13.6972 —2.58885

molecule, indicating a specific and notable mode of interaction that
might be linked to repulsive forces and the potential disruption of the
cuticle layer, a key point inferred from our study. We observed that the
induction and dispersion forces also contribute to the stability of the Ag
ions-chitin complexes.

The energy gap between the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) is funda-
mental in understanding the chemical reactivity and stability of Ag ion-
chiton complex. The energy gap difference between the HOMO and
LUMO for Ag ions-chitin monomer complexes of BPW91/LANL2DZ basis
sets level is presented in Table 2B. The energy of the smaller band space
gap of Ag'-chitin (i) and Ag'-chitin (iii) suggest an increase in the
reactive nature and stability, which also corroborates with our findings
of stable interaction of Ag * ions with 04 and O15 from N-acetyl and
alcohol functional groups in chitin molecule, respectively. On the other
hand, the energy of higher band space of AgZ*-chitin (ii) and Ag>*-chitin
(iii) reveals a decrease in the reactive nature and stability, suggesting
that these bonds may evidence unfavorable interactions. Additionally,
the electronic transitions HOMO and LUMO involving chitin and Ag ions
interactions are presented in Figure S2 (Supporting information) for
illustrating the specific sites of interaction within the chitin structure for
each Ag ion, for chitin complexes with Ago, Agt, Angr and AgsJr ions,
respectively. Also, we emphasized the importance of these transitions,
specifically in relation to the adsorption values, by explaining how these
energy gaps represent the reactive nature and stability of the in-
teractions between Ag ions and distinct functional groups within the
chitin molecule. This relationship between the transitions and adsorp-
tion values is pivotal, as a smaller energy gap generally signifies
heightened reactivity. Therefore, these transitions directly impact the
adsorption behavior by providing a molecular-level insight into the af-
finity and stability of Ag ions with specific molecular sites within the
chitin structure, influencing their adsorption capacities and behaviors
within the chitin matrix.

Chemosphere 347 (2024) 140673

3.5.2. SAPTO analysis

Symmetry-adapted perturbation theory (SAPTO) analysis is utilized
to quantitatively assess and comprehend the interactions between chitin
and Ag ions. SAPTO analysis involves four key components that
contribute to the interaction energy. This analytical approach serves as a
valuable tool in gaining insights into the physical nature of non-covalent
bonding, providing a detailed understanding of the interactions between
chitin and Ag ions (Khan et al., 2020). The attraction between Ag ions
and chitin that stabilizes the complexes is attributed to the exothermic
nature of the electrostatic, induction, and dispersion components.
However, the exchange component is endothermic, reflecting the
repulsive forces and the unstable nature of the complexes (Sarfaraz
et al., 2022). Thus, our results in the contribution of SAPTO components
for Ago—chitin complex toward total AEgapro (Fig. 5A), illustrate that the
electrostatic component dominates in the complexes among the three
intermolecular interactions of Ag0 with chitin (Ag0—014, AgO—Oz,
AgO—Olz) which values are —28.42, —32.97, and —32.96 kcal/mol ™!
respectively. The AEg is crucial in stabilizing complexes, while AEgych
component is responsible for destabilizing the complexes (Asif et al.,
2021; Sarfaraz et al., 2022). The induction component also contributes
significantly to the stability of Ag’-chitin complexes, as electrostatic
interaction does.

The overall order of contribution of SAPTO components for Ag™-
chitin complex toward total AEgapro presents the following trend AEgjs
> AEpg > AEpig. Fig. 5A (B). These SAPTO component values suggest
that the electrostatic component plays a major role as stabilizing factor
for Ag'-chitin complexes, which presents attractive forces between
interacting components i.e., Ag" and chitin. The trend of total AEsapro
for Ag * -chitin complexes shows an acceptable agreement with the
interaction energy results. The contribution of the induction component
also contributes significantly to the stability of Ag*-chitin complexes.
The exchange part (AEgxch) of SAPTO analysis is revealing the existence
of repulsive force between the filled orbitals of two interacting compo-
nents, with a major contribution for Ag® and Ag * ions. These repulsive
forces could act on AgNP surface, due to the metallic silver nature of the
nanostructure and the release of Ag ions (Forini et al., 2022; Mezacasa
et al., 2020). On the other hand, the induction component dominates in
the complexes among the three intermolecular interactions of Ag>* and
Ag>* ions with chitin, followed by the electrostatic component Fig. 5A
(C, D), whereas the exchange component is a less dominant contribu-
tion, as compared with A%and Ag * ions bonded with chitin, towards the
total SAPTO, respectively. Finally, the general trend of total SAPTO
interaction energies is as follow: Ag®* chitin (ii) > Ag> chitin (iii) >
Ag®*chitin (i) > Ag?* ~chitin (iii) > Ag?" chitin (ii) > Ag?" chitin (ii)
> Ag T ~chitin (ii) > Ag * ~chitin (iii) > Ag © ~chitin (i) > Ag®chitin (i)
> Ag%chitin (ii) > Ag®~chitin (iii).

3.5.3. Ab initio free docking of chitin onto the AgNP surface

Molecular docking is a powerful computational tool wherein the
interaction between the ligand and its binding site, or
ligand-nanoparticle complex can be studied at the atomistic level (Meng
etal., 2012; Narayan et al., 2022; Pontes et al., 2021; Yadav et al., 2018).
The adsorption of chitin molecules on the AgNP surfaces was predicted
by docking simulation Fig. 5B (A, B). We used AgNPs without the chi-
tosan coating in the simulation because the chitosan polymer has a
chemical structure similar to chitin, not interfering with the binding
sites. The chitin molecules could interact with AgNP surface. Based on
the docking results, the most stable pose conformation of the chitin
molecule was considered to study its interaction and orientation on the
AgNP surfaces. During the simulation, it was observed that the chitin
monomer did not present any clashes, but in polymeric form, non-polar
hydrogen from OH in —CH,—OH presented a strong clash with Ag?* ions
on the AgNP surface, and Ag" clashed with the oxygen from C-O-C
Fig. 5B (C, D). Furthermore, our docking results also corroborate with
DFT calculations Fig. 5B (E), and showed interactions with Ago, Agt,
Ag?* and Ag®" ions, respectively, for the pose with the highest docking
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Fig. 5. - A - Graphical decomposition representation of the contribution SAPTO energies components in the most stable optimized complexes of chitin bonded with
Ag® Ag*, Ag®*, and Ag®* ions; B - (A - Trimeric chitin oligomer attached to a silver nanoparticle; B - detailed view of the AgNP surface; C, D - Ag ions at AgNP surface
clashed with the oxygen and hydrogen of the chitin molecule; E — Pose with the highest score in docking analysis, corroborate with ionic type insight; F - proposed

regions of AgNP interaction with the chitin network).

score. As expected, simulations showed the potential toxicity pathway of
AgNP onto the cuticle barrier through the chitin interface. In general,
our findings suggest that AgNPs can modify the structure and function of
chitin molecules Fig. 5B (F).

4. Conclusions

The present study investigates the interaction between AgNPs and
A. salina through a combination of toxicology assays and atomistic
modeling. The results indicate that AgNPs at concentrations of 50 and
100 ppm exhibited toxicity towards nauplii instar I after 24 h of expo-
sure. The toxicity mechanisms of AgNPs in A. salina appear to be asso-
ciated with the binding of AgNP surface and Ag ions at the chitin
interface on the cuticular layer. Quantum chemistry calculations suggest
that the toxicity is influenced by the ion state of silver (Ag°, Ag™, Ag>™,
and Ag®* ions), with Ag®* ions causing significant structural deforma-
tion of chitin. The binding mechanism of Ag ions to chitin occurs due to
multiple types of chemical interactions. For instance, the interactions
between Ag ions and chitin are primarily characterized as physisorption
mechanisms. This interaction type refers to relatively weak, non-
covalent interactions between the Ag ions and specific sites within the
chitin molecule. This is indicated by the low interaction energy values
observed in our study, typically <1 eV, affirming the non-covalent na-
ture of the interactions. Also, the electrostatic component, was evi-
denced by SAPTO analysis, plays a significant role in stabilizing the
complexes. It highlights the attraction between charged species (Ag
ions) and specific sites (such as -O12 and -014) in the chitin molecule.
These interactions are responsible for the binding of Ag ions to various
functional groups within the chitin molecule, such as C-O-C from hex-
ose, -NHCOCH3 from the N-acetyl group, and —CH20H from the
hydroxymethyl group. The specific nature of the interaction domain is
influenced by the redox state of the Ag ions, suggesting a dependence on
the Ag ion’s oxidation state. Furthermore, the molecular docking sim-
ulations depicted the potential interaction of chitin with AgNP surfaces,
elucidating the feasibility of interactions between the chitin monomer
and the Ag ions present on the AgNP surfaces. The structural changes in
chitin facilitate the diffusion of AgNPs through the cuticle and their
subsequent accumulation within A. salina cells. This accumulation leads
to cellular damage, as evidenced by confocal laser scanning microscopy.
Overall, this study provides a comprehensive understanding of the
toxicity mechanisms of AgNPs in A. salina, using it as a model organism,
and these novel findings have potential implications for other chitin-
based animals.
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