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ARTICLE INFO ABSTRACT

Handling Editor: Adrian Covaci Food security and sustainable development of agriculture has been a key challenge for decades. To support this,
nanotechnology in the agricultural sectors increases productivity and food security, while leaving complex

Keywords: environmental negative impacts including pollution of the human food chains by nanoparticles. Here we model

Nano-agriculture the effects of silver nanoparticles (Ag-NPs) in a food chain consisting of soil-grown lettuce Lactuca sativa and snail

Biomagnification

Achatina fulica. Soil-grown lettuce were exposed to sulfurized Ag-NPs via root or metallic Ag-NPs via leaves
before fed to snails. We discover an important biomagnification of silver in snails sourced from plant root uptake,
with trophic transfer factors of 2.0-5.9 in soft tissues. NPs shifts from original size (55-68 nm) toward much
smaller size (17-26 nm) in snails. Trophic transfer of Ag-NPs reprograms the global metabolic profile by down-
regulating or up-regulating metabolites for up to 0.25- or 4.20- fold, respectively, relative to the control. These
metabolites control osmoregulation, phospholipid, energy, and amino acid metabolism in snails, reflecting
molecular pathways of biomagnification and pontential adverse biological effects on lower trophic levels.
Consumption of these Ag-NP contaminated snails causes non-carcinogenic effects on human health. Global public
health risks decrease by 72% under foliar Ag-NP application in agriculture or through a reduction in the con-
sumption of snails sourced from root application. The latter strategy is at the expense of domestic economic
losses in food security of $177.3 and $58.3 million annually for countries such as Nigeria and Cameroon. Foliar
Ag-NP application in nano-agriculture has lower hazard quotient risks on public health than root application to
ensure global food safety, as brought forward by the United Nations Sustainable Development Goals.

Metabolism
Human health
Food safety

1. Introduction climate events and the coronavirus disease (COVID-19) pandemic
exacerbate the threats to global food security (Hasegawa et al., 2021;

Nearly 2 billion people suffer from hidden hunger micronutrient de- Laborde et al., 2021). As such, sustainable agricultural development is of
ficiencies while 795 million people face malnutrition worldwide (Food global concern and a priority of national and global organizations. This

and Agriculture Organization of the United Nations, 2019). Extreme is illustrated in the Sustainable Development Goals (SDGs) of United
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Nations, including food security and sustainable agriculture (#2), sus-
tainable consumption and production patterns (#12) and sustainable
use of terrestrial ecosystems (#15) (United Nations, 2015). Nanotech-
nology makes substantial contributions in agricultural sustainability.
For example, NPs increase nutrient-use efficiency, target specific plant
tissues or pests, and improve soil structure and health (Hofmann et al.,
2020; Wang et al., 2020; White and Gardea-Torresdey, 2018). However,
it also has spurred both public and regulatory concerns due to potential
adverse environmental and human health effects (Gilbertson et al.,
2020; Lombi et al., 2019). Notably, because of direct and indirect in-
teractions of nanoparticles (NPs) with target and non-target organisms,
including plants, pests and humans, in the complex agricultural systems,
we far from understand the environmental safety and human health
risks of intentional NP application in agricultural practices (Dang et al.,
2021; Hofmann et al., 2020; Pang et al., 2017). There is an urgent need
to address this barrier to achieve true win-win solutions, in which
improvement of agricultural production, enhancement of environmental
sustainability and minimization of negative human health can be ach-
ieved synergistically (Lowry et al., 2019).

NPs undergo numerous and dynamic physical, chemical and bio-
logical transformation in soils and plants. These transformations may
alter the original particle properties designed for specific function,
leading to different bioavailability and toxicity in food chains (Dang
etal., 2021). For example, antifungal and bactericidal NPs such as silver-
based NPs (Ag-NPs) are estimated to be 0.1-2.2 ng kg ™! in soils, but tend
to increase upon nano-agriculture practices (Hauser and Nowack, 2021).
They sulfurize in soil and rhizosphere, resulting in metallic Ag-NPs
entering the terrestrial food chains via plant leaves and sulfurized Ag-
NPs in plant root (Larue et al., 2014; Pradas del Real et al., 2016;
Stegemeier et al., 2015). Root uptake of silver sulfide NPs is more
feasible for trophic transfer to herbivores relative to foliar uptake of
metallic Ag-NPs (Dang et al., 2019). Even for foliar exposure, NPs
internalized by plant leaves exhibit greater bioavailability during tro-
phic transfer than those adsorbed on the leaves (Judy et al., 2012; Ma
et al., 2018). Moreover, hazardous effects of accumulated Ag-NPs in
edible portions of plants are documented for non-target predators
leading to locomotion inhibition of springtails and snail feeding (Kwak
and An 2016; Wu et al., 2021). However, a cohesive understanding of
the relevance of these phenotypical observations and underlying
mechanisms of action remains unclear. The lack of knowledge, in turn,
hampers the identification of biomarkers of non-target predators used as
early warning systems of ecosystem services.

Here, we address a longstanding challenge of assessing trophic
transfer and the associated unintended impacts after Ag-NP application
in agriculture. We hypothesize that Ag-NP application routes (foliar vs.
root application) and initial Ag species (Ag-NPs vs. Ag(I)) would be the
drivers of NP impacts in a lettuce-snail food chain. We first evaluate how
Ag-NPs transform during trophic transfer using single-particle induc-
tively coupled plasma mass spectrometry. We then reveal unexpected
effects on snails using high-throughput metabolome, and identify the
most important driver(s) of Ag-NP metabolite distinctions. In particular,
the systemic responses of snails to Ag-NP trophic transfer are compared
with Ag(I). We further evaluate the impacts of Ag-NP accumulation in
snails on global health and food security using Monte Carlo simulation.
After examining human hazard quotient risks from snail consumption,
we find that foliar application of Ag-NPs is a better practice than root
application in nano-agriculture to minimize hazard quotient risks and
economic loss.

2. Material and methods
2.1. Nanoparticle characterization
Polyvinylpyrrolidone (PVP)-coated Ag-NPs, one of the most widely

used metallic Ag-NPs, was purchased as powder from Emperor Nano
Material Co., Ltd (Nanjing, China). NP suspensions (100 pg mL ™}, pH 6.0
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+ 0.1) were prepared by dispersing the powder in ultrapure water fol-
lowed by ultrasonication for 20 min prior to the experiments. The di-
ameters and zeta potential of metallic Ag-NPs in ultrapure water were
determined by transmission electron microscopy (JEOL JEM-2100,
Japan) and Nano ZS (Zen 3600, Malvern, Australia), respectively.

2.2. Soil preparation

Surface sandy loam soil (0 — 20 cm depth) was collected from a
pristine area in Yichang County, Hubei Province, China. A portion of air-
dried soil without Ag addition was sieved through a 1.0-mm mesh and
its physicochemical properties were characterized (Table S1). Other
portions were sieved through a 4.0-mm mesh and spiked with Ag either
in the form of metallic Ag-NP powder (500 and 1,000 pg g~ 1) or AgNO;
powder (50 pg g~ 1). The spiked soil was thoroughly mixed, manually
shaken, moistened with ultrapure water to 70% of the water holding
capacity and aged in the dark at 25 °C. After aging for 28 days, the NPs in
soil were directly examined using transmission electron microscopy and
their elemental composition was determined using energy dispersive X-
ray spectroscopy (TEM-EDS, Hitachi HT-7700, Japan) without NP
isolation.

2.3. Lettuce exposure

Lettuce (Lactuca sativa) seeds were surface-sterilized with 1% NaClO
for 30 min, and swelled in ultrapure water for 30 min. They were then
germinated on a moistened filter in a petri dish in the dark at 18 + 1 °C
and 75% relative humidity for 2 weeks, followed by another 2 weeks in
Hoagland solution in a climate chamber with a light: dark cycle of 16: 8
h at 20 + 1 °C and 70% relative humidity. Afterwards, uniform seedlings
were transferred to 24 pots (20-cm diameter x 15-cm height, each filled
with 1.5 kg soil) for 7-d exposure in eight different ways: Ag-NP accu-
mulation via foliar or root uptake (4 groups, Foliar/NPjq, Foliar/NPy;gp,
Root/NPjoy, and Root/NPy;gh), Ag(I) accumulation via foliar or root
uptake (2 groups, Foliar/Ag(I) and Root/Ag(I)) and the control (2
groups, Foliar/Control and Root/Control). The experimental design and
exposure doses of all the treatments are provided in Table S2. Each
treatment was replicated in triplicate.

For foliar uptake, lettuce was grown in Ag-free soil and carefully
sprayed four times per day with a total of 100 mL of freshly prepared
PVP-coated metallic Ag-NP suspension (1 or 10 pg mL 1) or AgNOs (0.1
pg mL™Y) using acid-washed aerosol sprayers. Silver concentrations
were comparable to these used for plant pathogens (Kim et al. 2008).
The pots were covered with aluminum foil to avoid soil contamination
during foliar spraying and separated from each other to avoid cross-
contamination. As for root uptake, lettuce was exposed to Ag-NPs
(500 or 1,000 pg g~ 1) or AgNO3 (50 pg g~1). Because Ag-NPs exhibi-
ted greater phytoavailability via foliar exposure than root exposure (Li
et al., 2017), high concentrations of Ag-NPs were used in soils to ensure
similar silver accumulation in lettuce between exposure pathways. Sil-
ver concentrations were in the range of those typically used to assess the
fate and toxicity of Ag-NPs (Cox et al., 2016) and those in the biosolids
(Ma et al., 2014; Wang et al., 2018), but likely much higher than those
expected in soils (Hauser and Nowack, 2021).

After 7-day exposure, the lettuce leaves were harvested, washed
sequentially with flowing ultrapure water, 10 mM of HNO3 and 10 mM
of freshly prepared L-cysteine and finally with ultrapure water to
remove the loosely bound Ag-NPs/Ag(I) (Li et al., 2020). This washing
method removed 82.6 + 2.2% of the total Ag from the leaf surfaces. The
subsamples were frozen-dried for total Ag analysis, and the fresh leaves
were fed to snails.

2.4. Trophic transfer

The snails (Achatina fulica) originated from a farm in Zhejiang
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Province, China and were acclimated for 2 weeks under laboratory-
controlled conditions (25 °C, 16: 8 h light: dark, 85% relative humidi-
ty) before feeding on Ag-NP contaminated lettuce leaves. The trophic
transfer experiment was designed as a 7-day exposure in which four
groups of snails (Achatina fulica) were fed lettuce exposed to Ag-NPs via
leaves or roots, two groups were fed lettuce exposed to Ag(l) via leaves
or roots, and another two groups were fed Ag-free lettuce. Each group of
snails was established with triplicate samples, and each triplicate con-
sisted of four snails (10.9 + 1.2 g). Lettuce leaves were cut into small
sections of ca. 1 cm? to ensure homogeneous Ag levels and supplied ad
libitum. Leaves was renewed every other day and the feces were removed
daily.

On day 7, the snails were rinsed and depurated for > 48 h until Ag
was undetectable in the feces. Snails were euthanized, dissected at 4 °C,
and the tissues were stored at — 70 °C until further analysis. Tissues for
histopathology and the Nuclear Magnetic Resonance (NMR) analysis
were freshly prepared.

2.5. Total silver determination

Total Ag in plant and snail tissues was analyzed using inductively
coupled plasma mass spectrometry (ICP-MS, NexION 300, PerkinElmer,
USA). Before ICP-MS measurement, Ag-NPs and AgNO3 suspensions
were digested in a concentrated HNOs at a ratio of 1: 10 (v: v); freeze-
dried biological tissues were digested in a 4: 1 (v: v) mixture of HNO3
and Hy0o, followed by microwave treatment for 90 min at 300 °C (Ethos
one, Milestone, Italy). Certified reference materials of citrus leaf (GBW
10020, Chinese Academy of Geophysical Sciences, China) and lobster
hepatopancreas (LUTS-1, National Research Council Canada) were
concurrently digested. The total mass of Ag-NPs suspensions was
monitored, and the recovery was 93 + 3% after acid digestion. Silver
recovery from the reference materials was 109 + 7% and 93 + 6%,
respectively.

2.6. Size distribution of Ag-NPs within snails

To isolate Ag-NPs from the snail gastrointestine and foot, these tis-
sues were digested using 20% tetramethylammonium hydroxide
(TMAH) (Gray et al., 2013). Briefly, 0.5 g of tissue was homogenized
mechanically at 4 °C (28,000 rpm, 360 W; Ningbo Scientz Biotech-
nology, Ltd.), digested with TMAH (20% v/v, 10 mL) at 30 °C for 12 h
and then allowed to settle for 1 h. The supernatant was diluted with
ultrapure water prior to single-particle ICP-MS analysis (spICP-MS,
Agilent 7900, Agilent Technologies, USA). As no reference material, i.e.,
biota tissues with known particle size of Ag-NPs is available, spiked
recovery experiments were performed. Commercial reference materials
of PVP-coated metallic Ag-NPs (30 and 70 nm, Nanocomposix, USA)
were spiked in snail tissues and digested concurrently. TMAH digestion
did not influence the particle size distribution of NPs (Fig. S1). Size
detection limit of spICP-MS is 15 nm. Operational parameters and
detailed information on spICP-MS analysis are summarized in Table S3
and Supplementary Text S1.

2.7. Histopathology and 'H NMR analysis

Snail hepatopancreas, kidney and gastrointestine tissues were pro-
cessed for histological examination (Eclipse E600, Nikon, Japan).
Simultaneously, snail hepatopancreas and kidney, which were targets
for Ag-NPs and displayed similar Ag concentrations across treatments,
were analyzed using 'H NMR spectroscopy. The 'H NMR spectra data
were pre-processed using Bruker Topspin 3.0 software (Bruker GmbH,
Karlsruhe, Germany). Metabolites were identified using Chenomx NMR
Suit 7.7 (Chenomx Inc., Edmonton, Canada). Biological pathway anal-
ysis was performed using MetaboAnalyst 2.0. The impact value
threshold calculated for pathway identification was 0.8. Biological
networks coupling pathways of nano-specific metabolism are

Environment International 176 (2023) 107990

constructed using the metabolic database in Foliar/NPy;gnh and Root/
NPhigh groups. Further information on histopathology, NMR-based
metabolic data processing and the statistical analyses are available in
the Supplementary Text S2-3.

2.8. Health risk assessment and sensitivity analysis

Hazard quotients (HQ) is used to evaluate non-carcinogenic effects
associated with snail consumption. HQ is the ratio of daily intake of Ag
(DI, pg kg ™! BW d'1) and reference dose (RiD, pg kg ™! BW d'!) according
to the method (USEPA, 2011). Daily intake of Ag from snail consump-
tion is obtained as follows:

DI:C><CR
BW

@

Where C is silver concentration in snails (ug g~ 1); CR is per capita
consumption rate of snails (g d’l), which is collected either from a
questionnaire survey or literature (Supplementary Text S4); BW is body
weight (kg). These parameters are listed in Table S4.

Monte Carlo Simulations (MCS) was used to assess uncertainty and
model sensitivity quantitatively (Burmaster and Wilson, 1996; EFSA,
2012). Probability distributions were estimated from data sourced from
published data. Sensitivity analysis was performed to identify the rela-
tive contribution of each variable to the total variance of the estimated
hazard (HQs).

2.9. Economic loss of hazardous Ag-NP exposure

Economic impacts associated with hazardous Ag-NP exposure in
snails under root application scenario were assessed according to those
reported previously (Wu, 2007). We only estimated the economic losses
in the marketplace, while the costs of implementing the regulative
procedures was not considered.

The calculation of economic losses in trade (ELT) assumes that
countries will apply the food safety regulations to protect the entire
population from Ag-NP exposure at a hazard level (Mitchell, 2003), i.e.,
HQ > 1. The probability p; = P(HQ) > 1 was computed by running
Monte Carlo simulations on the hazard model and computing the p from
the posterior distribution.

Economic losses in international trade and in the domestic markets
are estimated by equations (2) and (3), respectively. Equation (2) fol-
lowed closely the proposal proposed by Wu (2004), and was endorsed by
the International Agency for Research on Cancer (IARC 2012), where
(p;) quantifies the reduced fraction in the imports per country.

ELT = Snail imports; X p; 2)

Where Snail imports; is measured in monetary units ($) for each indi-
vidual country i.
Economic losses in the domestic market (ELD;) is given by:

ELD; = CR; X f; X 0; X p; X ¢p X p; 3

Where CR is per capita consumption rate in kg year’l; f; is population
size (inhabitants), ¢; is the fraction of the total adult population that eat
snails, p; is the fraction of adults in the population, ®; is domestic market
price of the snails ($ kg’l).

3. Results and discussion
3.1. Ag-NP biotransformation and biomagnification

Metallic Ag-NPs had a TEM diameter of 55 + 1 nm (Fig. 1A) and a
zeta potential of —27.2 &+ 3.2 mV in ultrapure water. After aging in the
soil for 28 days, the TEM diameter of NPs increased to 68 + 2 nm, and
EDS analysis showed NPs contained silver and sulfur at a ratio of ca. 2:1
(Fig. 1B). Metallic Ag-NPs are sulfurized to silver sulfide via
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Fig. 1. Silver nanoparticle characterization. (A) Representative image of PVP-coated metallic Ag-NPs in ultrapure water for foliar application and their particle size
distribution (n = 140) as measured by transmission electron microscopy-energy dispersive X-ray spectroscopy (TEM-EDS) analysis. The Cu peaks in the EDS spectra
are due to Cu grid sample holder. (B) Representative image of NPs containing Ag and S in soil after 28-d aging and their particle size distribution (n = 43) as
measured by TEM-EDS analysis. (C) Raw signal spectra of Ag-NPs in snail foot and gastrointestine from Foliar/NPy;g, group and the control group as measured by
spICP-MS. (D) Histograms of particle size distribution of Ag-NPs in foot and gastrointestine of snails fed Ag-contaminated lettuce as measured by spICP-MS. NPy;gn
and Ag(I) represent lettuce exposure to 10 and 0.1 pg Ag mL ™! upon foliar application, and to 1,000 and 50 pg Ag g~ upon root application.

oxysulfidation reactions and/or via exchange and complexation re- hepatopancreas (0.1 — 1.7%, averagely 0.07 pg g~1) > kidney (0.03 —

actions (He et al., 2019). Sulfidation of AgNPs capped by PVP occurs 1.7%, averagely 0.05 pg g~1) (Fig. 2B-C, Fig. S2).

more difficult relative to those by citrate (Lieb et al., 2020; Liu et al., The size of Ag-NPs accumulating in snail foot and gastrointestine was

2018). smaller than that of the original applied ones (Fig. 1A-D). The appear-
Either foliar exposure to particulate Ag-NPs or root exposure to ance of smaller-sized Ag-NPs may result from the dissolution of original

sulfurized Ag-NPs resulted in significant Ag accumulation in lettuce Ag-NPs, followed by Ag biotransformation into secondary particles

leaves and in snail tissues. Leaf Ag concentrations ranged from 1.5 + 0.5 (Laloux et al., 2020; Liu et al., 2022; Miclaus et al., 2016). Interestingly,
t0 12.1 + 5.8 pg g ! (Fig. 2A). Most Ag in snails was distributed in the Ag-NPs were also observed in the snails upon trophic transfer of Ag(I)
gastrointestine (22.6 — 99.3% of total Ag amount, averagely 12.0 pug (Fig. 1D), which again confirmed the Ag transformation in planta (Li
g’l), followed by the foot (0.08 — 74.7%, averagely 3.6 ug g’l) > et al., 2017), in the consumer (Liu et al., 2012; Okada et al., 2019), or
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Fig. 2. Silver accumulation in lettuce leaves and snails. (A) Silver concentrations in the leaves of 35-d-old lettuce (the 3rd-5th leaves from lettuce apex) after 7
d exposure to Ag-NPs or Ag(I). NPyo, NPyhigh and Ag(I) represent lettuce exposure to 1, 10, and 0.1 pg Ag mL ! upon foliar application, and to 500, 1,000, and 50 pg
Ag g~ ! upon root application. Lowercase and uppercase letters indicate significant differences within foliar or root application, respectively. Silver concentrations in
(B) snail foot and (C) full soft tissues (i.e., foot and gastrointestine). Snails were fed Ag-contaminated lettuce for 7 d. Lowercase letters indicate significant differences
in Ag concentrations (P < 0.05) across treatments, and uppercase letters indicate significant differences in TTFs (P < 0.05) across treatments. Data were analyzed
using one-way ANOVA with LSD post hoc test. Data are the mean + SD (n = 3).
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both in conjunction. Where, how, and at what rates the transformation
process occurs and whether surface coating of Ag-NPs (e.g., PVP or
citrate) affects the transformation remains to be constrained. Similarly,
Daphnia magna can dramatically modify the size distribution of Au-NPs
from algae, and these nanoparticles, irrespective of initial size (10-100
nm), are of equivalent sizes in D. magna (28-38 nm), and remain almost
the same in the intestine of fish as shown by spICP-MS analysis (Monikh
et al., 2021). Biotransformation of NPs can benefit from techniques such
as synchrotron-based X-ray microanalysis to identify the chemical
speciation of the NPs and fluorescence to track intact particles. For
instance, XANES analysis show that >85% of Ce(IV) is reduced to Ce(III)
in digestive gland of snails consuming lettuce leaves via foliar exposure
to CeO,-NPs (Ma et al., 2018). In addition, the in vivo dissolution kinetics
of algae-derived Ag-NPs are visualized in the gut of Daphnia magna using
aggregation-induced emission fluorogen coated Ag-NPs (Yan and Wang,
2021). Achatina fulica is one of the most commonly consumed snails
(Toader-Williams and Golubkina, 2009). Trophic transfer factors (TTFs)
of Ag-NPs in snail foot and its full soft tissues (i.e., foot and gastro-
intestine) were at least 5 folds higher than those of Ag(l) (Fig. S3),
highlighting the unique and high bioaccumulation of Ag-NPs. Further-
more, the calculated TTFs of Ag-NPs following root application were >1,
indicating biomagnification through terrestrial food web (Fig. S3).

3.2. Global metabolome enables deeper biological understanding of Ag-
NP trophic transfer

Trophic transfer has significant effects on snail’s histopathology and
global metabolic profile (Fig. 3). Hepatopancreas and kidney were tar-
gets for AgNPs, and displayed similar Ag concentrations between NPy;gh
and Ag(I) groups, allowing for a direct comparison of the metabolic
profiles (See Foliar/NPpjgp, vs. Foliar/Ag(I) and Root/NPyp;gh vs. Root/Ag
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(I) in Fig. $2). 'H NMR spectroscopy of the hepatopancreas and kidney
identified 28 and 38 metabolites, respectively (Fig. S4). After adjusting
for confounding effects of shifts in the control, the univariate analysis
further demonstrated considerable changes in hepatopancreas metabo-
lites. These included 11 (7 up- and 4 down-regulated) in the Foliar/
NPypgh treatment; 6 (1 up- and 5 down-regulated) in the Root/NPpjgn
treatment; 9 (all down-regulated) in the Foliar/Ag(I) treatment and 14
(11 up- and 3 down-regulated) in the Root/Ag(I) treatment (Fig. 3B). In
the kidney, the total number of metabolites were 10 (5 up- and 5 down-
regulated) in the Foliar/NPyign treatment; 14 (7 up- and 7 down-
regulated) in the Root/NPyg, treatment; 13 (4 up- and 9 down-
regulated) in the Foliar/Ag(I) treatment; and 16 (10 up- and 6 down-
regulated) in the Root/Ag(l) treatment (Fig. 3B). We mainly concen-
trate on metabolites in the hepatopancreas as the conclusions obtained
from the hepatopancreas are also valid in the kidney.

The metabolites recognized from the global metabolome analysis of
hepatopancreas differed between NP and Ag(I) groups (Fig. 3B).
Although each application route led to comparable Ag burdens in the
hepatopancreas between Ag(I) and NPs groups during trophic transfer
(Foliar/NPy;gh vs. Foliar/Ag(I) and Root/NPp;g, vs. Root/Ag(D); Fig. S2),
only few common metabolites such as succinate (down-regulated),
glycine (down-regulated) and glucose (up-regulated) were shared,
indicating shared common metabolic features between Ag(I) and NPs
(Fig. 3B). Moreover, more metabolic variations were observed for NPs
(e.g., putrescine, phosphocholine, N-acetylcyteine, maltose, lactate,
glycine, glutamate, glucose, choline, betaine and alanine). Likewise,
principal component analysis showed that the metabolites differed be-
tween Ag-NP and Ag(I) groups (Fig. 3C). These metabolite differences
may reflect the complicated in vivo interaction of silver, derived from
NPs- or Ag(I)- exposed lettuce, within biological systems. For example,
biomolecular corona formation on Ag-NP surfaces may slow the
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Fig. 3. Histological and metabolic responses of snails in responses to trophically available Ag. (A) Hematoxylin and eosin (H&E, x200) analysis showed histological
damages. In the control (images 1, 6, 11 and 16), epithelium (EP), submucosa (SM), mucosae (M), circular muscle (CM), longitudinal muscle (LM), lobule (L),
connective tissues (CT), basal lamina (BL), hepatopancreas cells (HC), vacuoles (V), collecting tubule (CLT), corpuscle (C) and tubulointerstitium (T) are indicated by
yellow arrows. Red arrows indicate cellular edema and partial abscess (image 3) and inflammatory edema of the submucosa (images 4 and 5). Black arrows indicate
dilated and darkly stained nuclei (images 2, 9 and 10), cellular edema (image 3), abnormal goblet cells (images 4 and 5), erosions and ulceration of intestinal mucosal
epithelial cells (images 7 and 8), pseudo-lobules and cell necrosis (images 12, 13 and 14) and interstitial fibrosis (image 19). (B) Significantly changed metabolites in
exposed snails relative to the controls. The color codes (red: up-regulated; blue: down-regulated) indicate the log, (fold) change. Significant differences were assessed
using a parametric Student’s t-test with a correction according to the Benjamini-Hochberg method. *P < 0.05, P < 0.01, ""P < 0.001. (C) Scores of orthogonal
signal correction-partial least squares-discriminant analysis (OSC-PLS-DA) of the metabolites across treatments. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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dissolution via promoting the sulfidation processes, and thus has po-
tential implications for toxic effects (Miclaus et al., 2016). This illus-
trates the importance of evaluating the in vivo fate of silver to elucidate
the distinct metabolite responses of trophically transferred Ag in nano-
particulate and ionic form. Nevertheless, the metabolism variations of
NPs are partly from the released Ag(I) and partially due to their nano-
scale physicochemical properties.

Fig. 4A summarizes the metabolic pathways upon Ag-NP trophic
transfer. The consumption of lettuce exposed to Ag-NPs via either leaves
or roots leads to a notable shift in snail energetic, osmoregulatory,
phospholipid and amino acid metabolism. For example, the down-
regulation of succinate implies the inhibition of the tricarboxylic acid
(TCA) cycle, the central metabolic pathway linking the most metabolic
pathways (e.g., glycolysis, gluconeogenesis, fatty acid metabolism and
amino acid metabolism) (Horton et al., 1994). In parallel, the up-
regulation of glucose indicates the compensation of cellular energy
shortage via glycolysis to increase the adenosine trisphosphate (ATP)
availability. Likewise, energy metabolism mode shifts from oxidative
phosphorylation to glycolysis in tumor and non-tumor cells, upon direct
exposure to metallic Ag-NPs (Chen et al., 2014). These metabolites
shared by all Ag-NP groups support hazard identification of Ag-NP tro-
phic transfer, allowing the identification of biomarkers for early detec-
tion of histopathology including cell membrane lesions and
inflammation (Fig. 3A). Because the metabolome is dynamic, the extent
to which these metabolites relate to histological outcome merits further
investigation.

The metabolite profiles upon Ag-NP trophic transfer depend on the
application route (Fig. 4A). The low conservation of responses across
application routes highlights different modes of action of Ag-NPs during
trophic transfer. For example, the up-regulation of glucose is coupled
with the down-regulation of alanine, suggesting a Ag-NP-induced
imbalance of the glucose-alanine cycle in snails consuming lettuce
exposed to high level of Ag-NPs via root (Fig. 3B and Fig. 4A) (Sousa
et al., 2016). However, up-regulation of glucose is associated with the
breakdown of maltose in snails consuming lettuce exposed to high level
of Ag-NPs through leaves (Fig. 3B and Fig. 4A). The low conservation of
metabolic responses across application routes reflects the differences in
Ag-NP transformation in the environment and food chain. For instance,
metallic Ag-NPs are transformed as AgCl-NPs, Ag-glutathione or remain
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as metallic Ag-NPs within plants upon foliar application (Larue et al.,
2014), while metallic Ag-NPs sulfurize in soils before plant uptake
(Fig. 1B) (Li et al., 2020). Thus, those metabolites present exclusively in
one application pathway allow limited extrapolation for other pathway.
This illustrates the need to take the application routes of Ag-NPs at the
entry of the food chain into account in agro-nanotechnology.

3.3. Driver of metabolic shift in snails

The observed molecular distinctions among treatments are the result
of a combined effect of application routes and pristine Ag species (Ag-
NPs or Ag(I)). In the hepatopancreas, this interaction was responsible for
the overall variability in hepatopancreas (23%, P = 0.001) (Fig. 4B) and
kidney (8.4%, P = 0.03) metabolites (Fig. 4C). Note that natural un-
controlled factors (e.g., biological variation among snails) (Smilde et al.
2005) dominated the overall variability in metabolites in the hepato-
pancreas (residuals > 73%, Fig. 4B) and in the kidney (residuals > 84%,
Fig. 4C). The high proportion of metabolic backgrounds, therefore,
should be taken into account in comparative environmental metab-
olome studies (Schweiger et al., 2014). Nevertheless, the ANOVA-ASCA
analysis allowed a dissection of the combinatorial effect of metabolite
backgrounds and designed environmental factors (i.e., pristine Ag spe-
cies and plant uptake pathways), and revealed that the interaction of Ag
species and plant uptake pathways imposes a stronger force in the
metabolic features than does the single factor. Consequently, the failure
to account for both the application routes and pristine Ag species in
analysis of the trophic transfer of Ag-NPs leads to biased conclusions
regarding the environmental impact of Ag-NPs.

3.4. Risks to global health and food security

A focus on the consequences of Ag-NP biomagnification following
root application for global public health is of particular interest. Global
snail trade provides a direct pathway studying Ag flows. Southern and
Western Europe, Northern African countries, China and Republic of
Korea represented over 99% of the total Ag flows (Fig. S7, Table S5). The
largest Ag flow occurred between Spain and Morocco (15 — 153 kg Ag
year™!) with the latter being the largest European market supplier of
snails. China is the main importing market of snails in Asia, and Ag was

Scores plot for uptake pathway x Ag species Uptake pathway x Ag species scores on PC1
) 3

A = 00
5 200
s D100
0 Ar
AgNPs 8 £ o0
P2L8LLR2° Cell membrane g oo
S5 O Foliar/Ag(l)
_____ — & o A FoliaNP, | o0
@ 0 Root/Ag(l}
00000000 S 0 4 RootNP, | 300
Glycolysis G -600-400-200 O 200 400 600
< Foliar application ~ Root application
Glucose 1 g PC1(100%)
1l 2 Contributions of plant uptake pathway and initial Ag species to the total variation
P o Gl 6-ok - - : 2
Lipid 1 Protein synthesis/degration 2 Factor Percentage of total variation P value
Linid A T Plant uptake pathway 2.3% 0.63
pi Fr L1 lvi'i' Acidosis Initial Ag species 2.1% 0.71
. Uptake pathway x Ag species 23.1% 0.001
Ph lipi l <
ospiio Pig Pvruvate/ ) @ Residuals 72.7% —
Cholineff y &3 Cc ) .
1 Ay N"l‘ Scores plot for uptake pathway x Ag species Uptake pathway x Ag species scores on PC1
Phosphocholinet Acetyl CoA. Acetylcholine< Cholinef4 — Uracil

Acetate

S

Citrate  Mitochondria

A

Scores PC1
s
5

o

iﬁﬁez m
\?‘0‘ ‘ N
:E J ;

§ -10{°
- GSH+ Glycine 5]
= Glutamate< veinel = 0/ O FoliarfAg(l) 40
i 50 I / 1+n Histiding A FoliariNP,
: Z f a-Ketoglytarat: -30 O RootiAg(l} 50
Isoleucine Malate ~ TCA * Putrescine f T A RootNP,,, ‘
Glycine Succinyl CoA y 5 =200 -100 O 100 ' - -
e e cerotetycne bW Metabolite Change g PC1(100.00%) Foliar application Root application
/5 Bly " t \ ‘ T # Contributions of plant uptake pathway and initial Ag species to the total variation
1 istidine ] TyrosineA i Betaine | M} Hepatopancreas Foliar /NPy, TN
- I 1 1 Factor Percentage of total variation P value
t " ll"‘b e ’Nphleh Plant uptake pathway 4.6% 0.26
Phenylalanine V4 Kidney Foliar /NPy, Initial Ag species 3.1% 0.56
¥4 Kidney Root NPy, Uptake pathway x Ag species 8.4% 0.03
Residuals 84.0% =
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mainly from Senegal (1.0 — 9.9 kg Ag year 1), Republic of Korea (0.2 —
2.2kg Ag year 1), Canada (0.2 - 1.8 kg Ag year 1) and Mauritania (0.2 -
1.6 kg Ag year 1) (Table S5). In particular, the lowest Ag flow occurred
in snails sourced from Foliar/NP),,, lettuce among all Ag-NP groups.

We assessed the hazard quotients (HQ) of Ag-NPs, which reflect non-
carcinogenic effects associated with snail intake. The HQ was the highest
in Nigeria (>1 upon root application), where the per capita consumption
rate was extraordinarily high (Fig. 5, Table S4). In contrast, the HQ for
the populations with low (France and Italy) and medium (Spain, China,
Portugal, and Cameroon) consumption rates are <1. For the most
exposed individuals (90th percentile) within each population under root
application scenario, HQ was above 1 in Cameroon and Nigeria, fol-
lowed by Portugal, Spain and China (Table S6). This is raising a concern
for human health risks caused by the global use of Ag-NP application in
agricultural practices. Nevertheless, it is clear that the health risk of Ag-
NPs under root application scenario is always higher than that under
foliar application scenario. This is important since we approach the
development of a sustainable nano-agriculture that balance costs and
benefits while not affecting public health.

3.5. Mitigation strategies for sustainable nano-agriculture

To meet growing global snail demands and ensure food security
while minimizing health risks, we consider two potential mitigation
strategies. Central to these mitigation strategies was a recognition of the
sensitivity of human health risks to Ag concentrations and consumption
rates (Table S7). In the first scenario, nano-agriculture was restricted to
foliar Ag-NP application and the Ag concentrations in snails decreased
(Fig. 2C and Fig. S2). HQ in Nigeria was anticipated to drop by 72%
(NPjow) and 52% (NPpgn), respectively, as compared to the root appli-
cation (Table S4). The second scenario was a reduction in the con-
sumption of snails sourced from root application. For instance,
consumption reduction under root application by 66% in Nigeria (i.e.,
from 24.70 to 8.40 g d™1) decreased the HQ by 72% (refer the data for
Nigeria and Cameroon in Table S4). This strategy would have almost the
same reductions in HQ as in the first scenario for foliar Ag-NP applica-
tion. Yet, the consumption reduction strategy had a large effect on do-
mestic economic losses from domestic trade due to lower consumption
rates, being $177.3 and $58.3 million per year for Nigeria and
Cameroon, respectively (Table S8). The threat to silver biomagnification
sourced from root application has profound consequences for losses in
snail biomass for consumption. The impacts of Ag-NP at hazardous level
(HQ > 1) for Nigeria and Cameroon on international trade were mini-
mal, because Nigeria repots no international trade of snails, while
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Cameroon has a loss of $1,700 per year (Table S8). Since the con-
sumption reduction strategy has economical limits, foliar application
strategy is the priority to minimize both environment and human im-
pacts. This enables regulatory bodies to implement relevant safe
guidelines on the use of silver nanoparticles in agricultural sectors.

4. Conclusion

This study provides evidence of food chain contamination by root
application of Ag-NPs in nano-enabled agriculture that has unintended
consequences for ecosystem services, adverse biological effects, food
security and human health. Such effects are the result of a series of
events, including silver biomagnification along the lettuce-snail food
chain, metabolic shifts in snails and hazard quotient risks associated
with snail consumption. We stress that although there are safety-related
barriers to commercialization of nano-agrochemicals (Hofmann et al.,
2020), these challenges could be surmounted by identifying potential
nano-specific biomarkers and promising application approaches.

We discern the complex structure of metabolism to uncover the
driver, which dictates the response of metabolic network to Ag-NP tro-
phic transfer. We are currently at an early state of testing new bio-
markers and long-term follow-up studies necessitate the identification of
metabolites that relate to chronic ecosystem dysfunction. Adoption of
these nanospecific biomarkers derived from metabolomics into routine
assays could be a major step towards a risk-prevention-based paradigm
to minimize unintentional consequences of Ag-NPs on ecosystem ser-
vice. This also facilitates safe-by-design development of Ag-NPs and co-
optimization of both safe and desired functionality of nano-
agrochemicals and nanosensors in food (United Nations, 2015).

The results indicate that improper application approach of nano-
agrochemicals (i.e., root application of Ag-NPs) may come with haz-
ard quotient risks and thereby preventing nanotechnology from
contributing significantly to global food security and safety and
obstructing future sustainable development. Our scenarios suggest that,
globally, foliar application of Ag-NPs has lower hazard quotient risks
than root application on public health. Despite the data here represent
lettuce production, a similar approach is applicable to other crops such
as chili, radish, soybean and rice, in which foliar Ag-NP application is
less phytotoxic and less accumulative in their edible portions, as
compared to root application (Danget al., 2019; Li et al., 2017). Future
research needs to consider all life-cycle stages of organisms to develop
nanoagri-food techniques to minimize unintended consequences
including shifts to non-target organisms (Avellan et al., 2021; Gilbertson
et al., 2020).
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The systems-level trade-off analysis identify potential nanospecific
biomarkers reflecting promising alternative for sustainable use of nano-
agrochemicals. As more data become available, it enables a holistic and
rigorous analysis of environmental trade-offs and further refines the
opportunity space for the design and use of nano-enabled solutions. Our
findings, together with the other barriers to the implementation of nano-
agriculture technologies (Gilbertson et al., 2020; Hofmann et al., 2020)
and consumer perceptions, highlight the importance of shifting towards
sustainable nano-agriculture strategies to ensure global health and sus-
tainability through the UN Sustainable Development Goals.
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Appendix A. Supplementary data

Additional methods (Text S1-S4), including single particle induc-
tively coupled plasma mass spectrometry Analysis, histological exami-
nation, metabolic data processing and statistical analysis, and survey of
per capital consumption rate of snails; additional data (Fig. S1-S7,
Table S1-89), including Ag-NP characteristics, silver accumulation in
snail tissues and trophic transfer factors, typical 'H NMR spectra of
metabolites in snail tissues, OSC-PLS-DA of the metabolic profiles from
snail kidney and hepatopancreas, global trade flows of snails and silver,
soil properties, experimental design for lettuce exposure, spICP-MS pa-
rameters, public hazard quotients, model sensitivity to input uncertainty
of hazard quotients, economic loss associated with hazard Ag-NP
exposure, and permuted P values for the ANOVA simultaneous compo-
nent analysis, are provided in the Supporting Information. Supplemen-
tary data to this article can be found online at https://doi.org/10.1016/j
.envint.2023.107990.
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