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The increasing use of silver nanoparticles (AgNPs)  pristine LC-MS/MS
g . ah AAJAJA
in consumer products has led to concerns about potential health ~ AgNPs :
risks after oral exposure as a result of the transformation and == | AA-CoA
absorption in the gastrointestinal tract (GIT). However, the [ § ..'" ] :
intricate condition of the GIT poses challenges in understanding l Toxdcl -— PE-A-O-OH
the fate and toxicity of AgNPs as they traverse from the mouth to SodetS ovalisld i
the rectum. For an in-depth understanding of the nanobio A%ﬁpz Metabolomics ROS
interactions, we employed a simulated digestion model to analysis

investigate alterations in the physicochemical properties of

AgNPs in vitro. Meanwhile, we investigated the underlying
toxicological mechanisms of digested AgNPs in enterocytes g o
through metabolomics analysis. In contrast to route means that

primarily apply salt solutions to mimic dietary digestion, this in

vitro model is a semidynamic sequential digestion system that includes artificial oral, gastric, and intestinal fluids, which are similar to
those under physiological conditions including electrolytes, enzymes, bile, pH, and time of digestion. Our results suggest that the
formation of Ag—Cl and Ag—S species within the simulated digestion model can lead to an increase in the size of digested AgNPs
and that the acidic condition promotes the release of Ag* from particles. More critically, the presence of digestive enzymes and high
concentrations of salt enhances the uptake of Ag by human colon enterocytes, ultimately promoting ROS generation and
exacerbating cytotoxicity. Metabolomics analysis further reveals that the sequentially digested AgNPs may disorder lipid metabolism,
including the biosynthesis of unsaturated fatty acids and arachidonic acid metabolism, thus increasing the possibility of ferroptosis
activation in enterocytes. These findings offer significant insights into the fate and potential adverse effects of AgNPs in the GIT,
providing important implications for assessing the health risks of AgNPs via oral exposure.

Generation of ferroptosis

g

silver nanoparticles, oral exposure, gastrointestinal tract, cytotoxicity, toxicological mechanism

and the chronic oral exposure to AgNPs damaged the epithelial
cell microvilli and increased numbers of goblet cells in the

Silver nanoparticles (AgNPs) have been widely utilized in
intestine, suggesting that AgNPs may disorder the intestinal

consumer products and medical applications because of their

excellent broad-spectrum antibacterial, antiviral, and antifungal immune microenvironment.””"* The accumulation of AgNPs
properties.l For example, AgNPs have been applied as food in the intestine can causes inflammation, through damaging the
additives or inner coating for various food storage containers, epithelial barrier and activating immune cells. This leads to
such as plastic bags or boxes, to prolong the shelf life of food.”” their infiltration in the intestinal lining, the activation of
It is estimated that the usage of AgNPs in food products can transcription factors like nuclear factor kappa B (NF-xB), and
lead to an uptake of Ag up to 0.02 mg kg™' body weight per the release of inflammatory substances such as cytokines and
day.” In particular, some Ag-containing products, such as plush chemokines.'®'” Recent studies reported that the oral

toys, breast milk storage bags, and sippy cups, may bring
potential risks to children.’ For instance, Mackevica et al.
found that breast milk pack contained approximately 31.2 mg _
Ag/ kg.6 Quadros et al. determined a release of 0.93—24.3 mg April 15, 2024 Htiingumncs M
Ag/kg from sippy cup products to juice.’ Therefore, oral June 5, 2024 i
ingestion is considered as a primary way of exposure to AgNPs June 7, 2024
for the public. June 25, 2024
Numerous animal studies have demonstrated that AgNPs
could be found in the intestine after being orally ingested,7_11

exposure of AgNPs can also induce disturbances in the gut
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microbiota.'®'? Ultimately, these events will contribute to the
development or worsening of various gut diseases, such as
inflammatory bowel diseases (IBDs, such as Crohn’s disease
and ulcerative colitis).”*™** Although the toxic effects of
AgNPs in the gastrointestinal tract (GIT) have been
confirmed, the gastrointestinal fate of AgNPs, including
transformation and subsequent cellular interactions, remains
not well understood, which is of key importance to assess their
health risks.”*~>* Consequently, an in vitro digestive simulation
is necessary to specifically explore the correlation between the
transformation and toxicity of AgNPs during gastrointestinal
digestion.

Many studies focused on using salt solutions as gastro-
intestinal simulants to explore the transformation of AgNPs in
the GIT. For example, Mwilu et al. applied a synthetic human
stomach fluid for exploring the transformation of AgNPs,
showing that digested AgNPs tended to aggregate and release
Ag", potentially affecting the toxicity of AgNPs.”® Abdelkhaliq
et al. revealed that in vitro digested AgNPs influenced their
dissolution properties and u_/ptake/ association with the Caco-
2/HT29-MTX monolayer.”” However, there are still many
knowledge gaps regarding the behaviors of AgNPs differing in
salt solutions, digestive enzymes, and bile salts upon their toxic
effects toward enterocytes, and the underlying toxicological
mechanisms. Recently, an in vitro digestion model has been
developed and recommended by the international INFOGEST
network composed of multidisciplinary experts from over 35
countries.”® This model employs a semidynamic simulation
approach to mimic the digestive processes of the human GIT
using constant ratios of substrates to enzymes and electrolytes,
as well as constant pH values for each digestion phase. By
adhering to experimental conditions based on physiological
data, this method approximates in vitro equivalents effectively,
making it well-suited for mechanistic studies. On the other
side, metabolomics has been widely used as a toxicological
approach enabling comprehensive profiling of metabolites
within cells and tissues in response to stressors.”” But, there is
only one study focusing on the effect of digested AgNPs on
fecal fermentation using an in vitro digestion model with
untargeted metabolomics analysis.”® Therefore, understanding
the metabolic perturbations induced by sequentially digested
AgNPs in the GIT can provide more insights into their
toxicological mechanisms.

In this study, to explore the transformation and toxic effects
of AgNPs in conditions close to the real GIT, we first
developed an in vitro digestion model with simulated digestive
fluids based on a standard protocol to characterize the
transformation of AgNPs in the presence or absence of
digestive enzymes. Afterwards, we investigated the cytotoxicity
of sequentially digested AgNPs in enterocytes and the potential
toxicological mechanisms through metabolomics analysis. By
integrating chemical and biological changes, we aim to unveil
the fate and cytotoxicity of AgNPs in the GIT.

Citrate-capped AgNPs were synthesized via a chemical reduction
method using sodium borohydride (NaBH,) as a reducing agent and
trisodium citrate as a stabilizing agent, as previously reported.’’ In
detail, 75 mL trisodium citrate solution (1% (w/v), 99.5%, Beijing
Solarbio Science & Technology, China, No. $8220) was heated to 70
°C and then mixed with 1.7 mL AgNO; solution (1% (w/v),
Sinopharm Chemical Reagent, China, No. CFSR-10018464) followed
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by rapid addition of 2 mL freshly prepared NaBH, solution (0.1% (w/
v), 98%, Sinopharm Chemical Reagent, China, No. 80115865). The
mixture was stirred for 1 h at 70 °C and then cooled to room
temperature with continuous stirring and addition of deionized H,O
to reach a volume of 100 mL to obtain the seed solution.
Subsequently, 2 mL of 1% (w/v) trisodium citrate solution was
added into 80 mL of deionized H,O and boiled for 15 min. The
resulting solution was vigorously stirred and mixed with 10.0 mL of
seed solution and 1.7 mL of 1% (w/v) AgNOj solution. The mixture
was stirred for an additional hour under reflux conditions and then
cooled to room temperature. After being centrifuged using ultra-
filtration centrifugal tubes (Sartorius, MWCO: 30 kDa, Germany, No.
VS1STR22) at 1000 g/min for 10 min and washed with deionized
H,O three times, the obtained AgNPs were resuspended in deionized
H,O and stored at 4 °C.

In vitro simulated digestion of AgNPs was performed according to a
previous method.”> The solutions of 1.25X concentration for
simulated salivary fluid (SSF), simulated gastric fluid (SGF), and
simulated intestinal fluid (SIF) were prepared by mixing the stock
solutions (Table 1). The prepared solutions can be stored at —20 °C

Table 1. Preparation of Simulated Digestive Fluids for the
Oral, Gastric, and Intestinal Phase

SIF
SSF (pH 7) SGF (pH3) (pH 7)
millili-
ters of
milliliters of ~ milliliters of ~ stock
stock added  stock added  added
to prepare to prepare  to pre-
10 mL 20 mL pare
chemicals concentrations (1.25%) (1.25%) 20 mL
(1.25%)
(s/L) M) (uL) (uL) (uL)
KCl1 37.3 0.5 377.5 345 340
KH,PO, 68 0.5 92.5 45 40
NaHCO, 84 1 170 625 2125
NaCl 117 2 590 480
MgCl,(H,0)6 30.5 0.15 12.5 20 SS
(NH,),CO4 48 0.5 1S 25
HClI 6 2258 65 35
CaCL(H,0),"  44.1 0.3 0.625 025 2

?CaCl,(H,0), was added immediately before digestion.

for 1 year or 2—5 °C for approximately 1 month. Before use, the
necessary quantities of enzymes and Ca®* solution would be added
and finally diluted to a 1X concentration of the digestion fluids.

Figure 1 depicts an overview and flow diagram detailing the sequential
digestion of AgNPs through a simulated semidynamic in vitro method,
which was presented based on an international consensus developed
by the COST INFOGEST network.> It is a static digestion method
employing constant ratios of meals to digestive fluids and a constant
pH at each phase of digestion. With this approach, samples undergo
sequential oral, gastric, and intestinal digestion, with parameters such
as electrolytes, enzymes, bile, pH, and time of digestion being based
on available physiological data. According to the standardized
protocol and dosages of AgNPs used in animal experiments,**>° a
concentration of 1 mg/mL AgNPs was used in the simulated
semidynamic in vitro model. The details about sequential digestion of
AgNPs at respective phases are presented as follows:

2.3.1. Oral Phase. Pristine AgNPs (1 mL, 1 mg/mL, pAgNPs)
were added into 1.25%X 0.8 mL of SSF along with CaClL,(H,0), (0.3
M, S uL) and deionized water (195 L) to reach a final volume of 2
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Figure 1. Overview and flow diagram of sequential digestion of AgNPs using a simulated in vitro semidynamic model with simulated salivary fluid
(SSF), simulated gastric fluid (SGF), and simulated intestinal fluid (SIF).

Table 2. A Typical Sequential Digestion of Pristine AgNPs Using the Simulated Semidynamic In Vitro Protocol

1 mL AgNPs

input digestion phase oral (SSF) gastric (SGF) intestinal (SIF)
AgNPs or digesta AgNPs 2 mL from the oral phase 4 mL from the gastric phase
1.25% electrolyte stock solutions (mL) 0.8 1.6 1.6
CaCL(H,0), (0.3 M) (uL) 5 1 8
enzymes a-amylase pepsin lipase trypsin bile salts
enzyme activity 75 U/mL 2000 U/mL 60 U/mL 100 U/mL 10 mM
volume of enzyme/bile to be added (mL) 0.15 0.133 0.096 1 0.6
H,0 (mL) 0.18 0.09 0.632
HCI (S M) for pH adj. (mL) 0.08
NaOH (5 M) for pH adj. (mL) 0.16
final volume (mL) 2 4 8

mL (Table 2). a-Amylase was added to this reaction at 75 U/mL.
Then, the digestion of AgNPs in this mixture was carried out for 2
min at 37 °C at pH 7.0.

2.3.2. Gastric Phase. Subsequently, 1.6 mL of 1.25X SGF with or
without the inclusion of enzymes (2000 U/mL of pepsin and 60 U/
mL of lipase) was added into the 2 mL oral digesta followed by the
addition of 1 yL CaCl,(H,0), (0.3 M). The pH was then adjusted to
3.0 with diluted HCI solution, and deionized water was subsequently
added to achieve a final volume of 4 mL. This digestion was
performed at 37 °C for 2 h in a water bath.

2.3.3. Intestinal Phase. A 1.6 mL portion of 1.25X SIF with or
without the addition of 100 U/mL of trypsin and 10 mM of bile salts
was added to 4 mL of gastric digesta. Subsequently, 1 uL
CaCl,(H,0), solution (0.3 M) was added into the mixture, and
diluted NaOH solution was utilized to adjust the pH to 7.0, with a
final volume of 8 mL. This mixture was incubated at 37 °C for 3 h.

All enzymes used in the digestion phase were prepared with the
corresponding SSF, SGF, or SIF stock solution. The digested AgNPs
without enzymes were named stAgNPs (enzymes—), whereas those
with enzymes were referred to as estAgNPs (enzymes+). The
sediments obtained from the final digestion phase were centrifuged at
20,000 g/min for 10 min and washed three times with deionized
water under the same conditions. Finally, the digested AgNPs were
resuspended in deionized H,O for the subsequent experiments.

The morphology and particle size of pristine AgNPs (pAgNPs),
stAgNPs, and estAgNPs were determined using a transmission
electron microscopy (TEM, JEM-2100F, JEOL, Japan). Briefly, a
volume of 10 yL suspension was dropped onto a copper mesh (200
mesh, carbon film, China Mirror Science Instrument, China), left to
dry completely, and observed at a magnification of 60,000X. Bright
field images were acquired with TEM operating at a 200 kV
accelerating voltage. Energy dispersive spectroscopy (EDS) mapping
of pAgNDs, stAgNDPs, and estAgNPs was performed on the same
microscope equipped with an Oxford Ultim Max system (Oxford,
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UK). The diameter of the nanoparticles was measured using the
software Nano Measurer 1.2.5.

The spectra of pAgNPs, stAgNPs, and estAgNPs were recorded using
a DU-800 UV—vis spectrophotometer (Beckman, USA) within the
wavelength range of 300 to 700 nm in deionized water.

The hydrodynamic diameter and zeta potential of AgNPs were
determined through dynamic light scattering (DLS) using a Nanosizer
(NS90, Malvern, UK). Before each measurement, the samples were
diluted to approximately SO ug/mL with deionized water.

Human colon epithelial cell line, Caco-2, was obtained from the
American Type Culture Collection (ATCC, Manassas, USA). Cells
were cultured in Dulbecco’s modified Eagle medium (DMEM, Gibco,
New York, USA) supplemented with 10% (v/v) fetal bovine serum
(FBS, Invitrogen, Chicago, USA) and 1% (v/v) penicillin/
streptomycin (Gibco, New York, USA) in a humidified atmosphere
with 5% (v/v) CO, atmosphere at 37 °C. After reaching ~80%
confluence, cells were subcultured by washing three times with PBS
(Solarbio, Beijing, China) and detaching by 0.25% (v/v) trypsin
(Solarbio, Beijing, China).

The cytotoxicity of AgNPs was determined by using the CCK-8
reagent (Dojindo, Tokyo, Japan). In details, cells were seeded in a 96-
well plate at a density of 1 X 10* cells per well. After overnight
incubation at 37 °C, the culture medium was supplemented with
AgNPs at concentrations of 0, 5, 10, 20, or 40 pug/mL. After being
exposed for 24 h, the culture medium containing AgNPs was
removed, and cells were washed three times with PBS. Then, 10% (v/
v) of stock CCK-8 reagent in FBS-free culture medium was added to
each well and incubated for 2 h. Finally, the OD,5, value was
measured using a microplate reader (TECAN, Infinite 200 pro,
Switzerland).
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Figure 2. Transformation of AgNPs through in vitro gastrointestinal digestion. (A—C) TEM-EDS mapping of pAgNPs, stAgNPs, and estAgNPs.
Scale bar: 100 nm. (D—F) Absorption spectra and photographs of pAgNPs, stAgNPs, and estAgNPs in deionized water.
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20, or 40 pg/mL) of pAgNPs, stAgNPs, or estAgNPs. After 24 h, cells
were washed three times with PBS and then digested with 1 mL of
digestion solution containing nitric acid and hydrogen peroxide at a
ratio of 3:1. After being digested at room temperature for 12 h,
samples were diluted with 5% HNOj; for ICP-MS measurement. At
the same time, cells exposed in parallel were used to determine the
protein concentration with the BCA kit (PC0020, Solarbio, China),
which were subsequently used to normalize the Ag/protein ratios.

Cells were seeded in a 96-well plate at a density of 1 X 10* cells per
well and incubated overnight. After removing the culture medium,
cells were exposed to AgNPs at concentrations of 0, 10, 20, or 40 ug/
mL for 24 h. Subsequently, the culture medium containing AgNPs
was removed, and the cells were washed with PBS for three times.
The cells were then incubated with 100 L of a 5 yM DCFH-DA
solution (Solarbio, Beijing, China, CA1410) for 30 min in the dark.
As the positive control, 1% of hydrogen peroxide (H,0,) solution was
used. Finally, the fluorescent intensity was determined with the
microplate reader (TECAN, Infinite 200 pro, Switzerland) at
excitation/emission wavelengths of 488/520 nm, respectively.

Cells were seeded in a 10 cm Petri dish at a density of 2 X 10° cells
per dish. After being incubated overnight, cells were exposed to
pAgNPs, stAgNPs, or estAgNPs at a concentration of 0 or 20 yg/mL,
respectively. After 24 h, cells were collected with a sterile scraper and

2.10.1. Quantification of pAgNPs, stAgNPs, and estAgNPs. centrifuged at IOOQg for 3 mh} followed by three washes. Then, 300
A volume of 50 uL of freshly prepared pAgNPs or sequentially ML.of methanol (Flshe.r Chemical, US.A) was added to the cell pellets,
digested stAgNPs or estAgNPs was mixed with 950 yL of digestion which were ther} sonicated for $ min (350 W’ QSONICA, QS00,
solution containing nitric acid (Sinopharm, China) and hydrogen USA) and centrifuged at 12’900 rpm for 10 min. Subsequently, %00
peroxide (Sinopharm, China) at a ratio of 3:1 to reach a final volume ML of the‘sup ernatant was 1‘ntroduced to LC-MS/MS (V'anqu'lsh,
of 1 mL. Following a 12 h digestion at room temperature, 100 uL of Thermo Fisher, USA) anal?fs.ls. For the LC-MS/MS quantlﬁcatlol},
the resulting solution was diluted to 4 mL and then analyzed using the chromatographic conditions were as follows: chromatographic

ICP-MS (Agilent 8800, USA) for quantification. column: Waters HSS T03 1.7 pm 2.1 X 100 mm (Watefs, USA),
2.10.2. Silver ion (Ag*) Release of Sequentially Digested column temperature: 40 °C, mobile phase A: 0.1% formic acid (Fisher
AgNPs through Different Phases. A volume of 1 mL of stAgNPs Chemical, USA), mobile phase B: methanol, and flow rate: 0.3 mL/
or estAgNPs at the end of each digestion phase (oral, gastric, and min. The mass spectrometry conditions were as follows: primary mass
intestinal) was added to the centrifugation filter (Millipore, MWCO: spectrometry parameters: resolution: 70,000, AGC target: le6,
10 kDa, Shanghai, China) and ultrafiltrated at 3000 g/min for S min. maximum IT: SO ms, scan range: 150 to 1500 m/z; secondary mass
Then, 100 uL filtrate was collected and diluted to 4 mL using 5% spectrometry parameters: resolution: 17,500, AGC target: leS5,
HNO; solution for ICP-MS analysis. Pristine AgNPs, which were not maximum IT: 50 ms, TopN: 10, and NCE/stepped NCE: 10, 30,
subjected to sequential digestion and underwent the same 55. The obtained mass spectra were searched and matched to
centrifugation procedure as the aforementioned samples, were utilized determine the relative content of the molecules. The main process
as the control. included (1) conversion of the raw data obtained by LC—MS into
2.10.3. Cellular Ag after Being Exposed to pAgNPs, ABF format through the Analysis Base File Converter software (ver
stAgNPs, or estAgNPs. Cells were seeded in six-well plates at a 4.48); (2) importation of the ABF format file into MS-DIAL 4.70°°
density of 3 X 10° cells per well and allowed to adhere for 8 h. (MS-DIAL: data independent MS/MS deconvolution for compre-
Subsequently, cells were exposed to different concentrations (0, 10, hensive metabolome analysis; the software performed preprocessing,
330 https://doi.org/10.1021/acsnanoscienceau.4c00012
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Figure 3. Release of Ag'from AgNPs during sequential digestion and cytotoxicity in enterocytes. (A) Release of Ag* from stAgNPs and estAgNPs
at each stage of digestion determined with ICP-MS (n = 6). (B) Release of Ag* from pAgNPs, stAgNPs, and estAgNPs in deionized water over 120
h (n = 6). (C) Cell viability after being exposed to pAgNPs, stAgNPs, and estAgNPs at 0, S, 10, 20, and 40 ug/mL for 24 h (n = 3). (D) ROS
generation induced by pAgNPs, stAgNPs, and estAgNPs (n = 5). Caco-2 cells treated with 1% H,0, are used as the positive control. (E) Ag in cells
after being exposed to pAgNPs, stAgNPs, and estAgNPs at 0, 10, 20, and 40 ug/mL for 24 h (n = 3). The symbol “*” indicates a P value < 0.05
compared to pAgNPs, whereas the symbol “#” indicates a P value < 0.0S compared to the “Ctr]” group.

including peak extraction, noise removal, deconvolution, and peak
alignment, and exported a three-dimensional data matrix (original
data matrix) in CSV format); and (3) comparison of the extracted
peak information and full database search using MassBank, Respect,
and GNPS. This matrix included information such as sample details,
retention time, mass-to-charge ratio, and mass spectrum response
intensity (peak area). The final substance information obtained after
database search and matching included average Rt (min), average Mz,
metabolite name, adduct type, reference m/z, formula, ontology, MS1
isotope, MSMS spectrum, etc.

All data were expressed as the mean =+ the standard deviation (SD).
Statistical analysis was conducted by the Statistical Package for the
Social Sciences (SPSS), version 18.0 (SPSS Inc., Chicago, IL, USA).
The difference between the single treated group and the control group
was determined using an independent f test. The significance of the
mean difference for two or more treated groups relative to the control
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group was analyzed by a one-way analysis of variance (ANOVA) test.
P < 0.05 was considered statistically significant.

To investigate the transformation of AgNPs throughout the
oral, gastric, and intestinal phases, pAgNPs were treated using
the in vitro gastrointestinal digestion model without or with
digestive enzymes, resulting in the formation of stAgNPs
(enzyme—) and estAgNPs (enzyme+). The diameter of
pAgNPs was determined to be 23.14 + 3.83 nm (Figure
S1). After sequential digestion, stAgNPs and estAgNPs
exhibited a tendency to aggregate into larger particles with
the size of 85.78 & 31.90 and 100.17 + 33.57 nm, respectively.
Similarly, the hydrodynamic diameter of stAgNPs and

https://doi.org/10.1021/acsnanoscienceau.4c00012
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estAgNPs was determined to be 183.98 + 22.58 and 302.45 +
46.57 nm, confirming the significant aggregation of pAgNPs
(Figure S2). Furthermore, we performed elemental mapping to
examine the chemical composition of the pAgNPs, stAgNDPs,
and estAgNPs. TEM-EDS images show that stAgNPs have an
obvious colocalization of Ag and Cl, whereas Ag coexists with
Cl and S in estAgNPs (Figure 2 and Figure S2). The presence
of CI” in the electrolytes is expected to lead to the formation of
Ag—Cl species.” It is reported that Cl” in the aqueous phase
can facilitate the aggregation of AgNPs through reducing the
electrostatic repulsion between particles.”” On the other side,
digestive enzymes in the GIT may form protein corona on the
particles,”® which may alter the tendency of AgNPs to
aggregate, which in turn changes the physicochemical
properties of AgNPs. As observed, the colloidal solution of
pAgNPs exhibits an orange color, displaying a distinct
plasmonic peak at the wavelength of 397 nm, which
experienced a blueshift to 322 nm for stAgNPs and 331 nm
for estAgNDPs after sequential digestion, suggesting a significant
transformation of AgNPs during digestion. Additionally,
obvious sedimentation was observed for estAgNPs (the
green arrow in Figure 2F), indicating that the electrolytes
and enzymes induced complicated structural changes of
AgNPs. Taken together, in vitro digestion can promote
AgNPs to undergo complex chemical and biological trans-
formations, which are crucial for assessing the toxicity of
AgNPs in vivo.

332

The sequentially digested AgNPs underwent significant
alterations in particle size, zeta potential, and structure, but
the dissolution of AgNPs at different phases in the GIT
remains a mystery due to variations in pH, enzymes, and other
components.'”"" To unveil the possible mechanisms, the
supernatants obtained at the end of each phase during
digestion were gathered and subjected to analysis of the
release of Ag" from AgNPs with ICP-MS. As shown in Figure
3A, compared with pAgNPs, both stAgNPs and estAgNPs had
more Ag' release in three digestion phases, especially in SGF
(pH 3) and SIF (pH 7). Previous studies showed that, in acidic
solutions, oxidation dissolution may occur on the surface of
AgNPs, resulting in the release of Ang.39 Alternatively, digestive
enzymes such as a-amylase, gastric pepsin, gastric lipase, and
pancreatic trypsin can interact with AgNPs, driven by
hydrophobic and electrostatic interactions, thereby stabilizing
or destabilizing the particles.””**™* Tt can explain why
estAgNPs had less Ag" release compared to that of stAgNPs
in three digestive phases (7.29 vs 10.47% in the oral phase,
21.58 vs 33.73% in the gastric phase, and 24.37 vs 26.62% in
the intestinal phase). These findings also suggest that the
gastric and intestinal conditions serve as the primary sites for
the digestion of AgNPs in the GIT, which is markedly
influenced by the acidic condition, ions, and enzymes in
digestive fluids.**® Moreover, there was a sustained release of
nearly 20% Ag" over a period of 120 h for stAgNPs, whereas
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that for estAgNPs and pAgNPs is less than 10 and 5%,
respectively (Figure 3B).

Numerous studies have demonstrated that the cytotoxicity
of AgNPs primarily comes from the release of Ag" dissolved
from particles.”’ Thus, to reveal the cytotoxicity of sequentially
digested AgNPs in enterocytes, Caco-2 cells were employed.
As depicted in Figure 3C, the cell viability of pAgNPs,
stAgNPs, and estAgNPs declined in a dose-dependent manner.
Notably, the decrease in cell viability induced by estAgNPs was
slightly higher than that of stAgNPs and pAgNPs, especially at
a concentration of 40 pg/mL. Additionally, we also observed
that ROS generation induced by all three types of AgNPs
exhibited a dose-dependent increase. The highest level of ROS
caused by estAgNPs is nearly two times higher than that of
pAgNPs at a concentration of 40 ug/mL (Figure 3D). These
findings were consistent with the cellular uptake of AgNPs
(Figure 3E). The uptake of Ag in cells treated with pAgNPs,
stAgNPs, and estAgNPs also exhibited a dose-dependent
increase, with the highest uptake observed in estAgNPs-treated
cells followed by stAgNPs and pAgNPs. The Ag content in
estAgNPs-treated cells was 6.58 ng/ug protein, which is higher
than that of pAgNPs and stAgNPs, suggesting that estAgNPs
were more readily taken up by Caco-2 cells. Previous studies
have revealed that the cytotoxicity of AgNPs can be affected by
their surface coating, Ag" release, and cellular uptake.48’49 Our
results suggest that particle aggregation may be another
important factor contributing to the cytotoxicity of AgNPs in
the GIT, as there is less Ag* release from estAgNPs compared
to that from pAgNPs and stAgNPs. Moreover, the protein
corona formed on AgNPs may alter their interactions with
cells.*” Previous studies using gastrointestinal fluids to incubate
AgNPs for in vitro cell experiments also demonstrated that
near-neutral pH and high concentrations of salt increased the
release of Ag" from AgNPs, consequently enhancing their
cellular uptake.SI’52 In addition, bile salt in the GIT was found
to potentially disrupt the tight structure of monolayer Caco-2

333

cells (e.g, reduction of TEER and ROS production, in
consistent with our cytotoxicity tests), resulting in an
imbalance in energy metabolism and redox homeostasis in
Caco-2 cells.” It may be attributed to metabolic dysfunction
via numerous enzymes such as PLA2 (phospholipase A2),
COX (cyclooxygenase), PKC (protein kinase), ERK 1/2
(extracellular signal-regulated kinase 1/2), PI 3 K (phospha-
tidylinositol 3-kinase), p38 MAPK (p38 mitogen-activated
protein kinase), MLCK (myosin light-chain kinase), NADH
dehydrogenase, and XO (xanthine oxidase).>> However, the
specific cellular uptake and resulting cytotoxicity need to be
further elucidated. Overall, during the in vitro sequential
digestion process, AgNPs tend to aggregate, and the presence
of digestive enzymes and high concentrations of salt increases
the cellular uptake of Ag, ultimately leading to the elevated
ROS generation and cytotoxicity.

To comprehensively reveal the toxicological mechanisms of
sequentially digested AgNPs in enterocytes, the profiles of
differentially changed metabolites (DCMs) were determined
through metabolomics analysis. The score plots of PCA show a
clear separation between cells treated with AgNPs (pAgNPs,
stAgNPs, and estAgNPs) and untreated cells (Figure 4A). The
first two principal components (PC1 and PC2) of metabolites
accounted for 43.8% and 11.5% of the total metabolites,
respectively, indicating a large degree of variance in the
metabolites between cells treated with AgNPs (pAgNPs,
stAgNPs, and estAgNPs) and untreated cells. In addition,
there is a significant separation between cells treated with
AgNPs (pAgNPs, stAgNPs, and estAgNPs) and untreated
cells, in consistent with the PCA results (Figure 4B). The
clustering heatmap shows that sequentially digested AgNPs
(stAgNPs and estAgNPs) enhanced and repressed the
production of some metabolites in Caco-2 cells compared
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with pAgNPs and untreated cells. Meanwhile, the estAgNPs-
treated cells induced altercations of some metabolites in a way
comparable with that of stAgNPs. In summary, the cluster
heatmap demonstrates dramatic differences in the metabolite
profiles of enterocytes treated with AgNPs of different types.
Furthermore, KEGG enrichment analysis was performed to
further investigate the pathways or biological processes
resulting from the sequentially digested AgNPs. For the
pAgNPs vs control group, only the pathway of “pyrimidine
metabolism” was significantly enriched (P < 0.05) (Figure
S3C). Recent studies suggest its important role in cellular
processes induced by AgNPs, such as energy metabolism, cell
proliferation, and growth.”* Notably, stAgNPs and estAgNPs
induced significant metabolic alterations, mainly associated
with the “biosynthesis of unsaturated fatty acids”, “central
carbon metabolism in cancer”, the “AMPXK signaling pathway”,
the “biosynthesis of amino acids”, “nicotinate and nicotinamide
metabolism”, and “ferroptosis”. It implies that pAgNPs, after
sequential digestion in the GIT, can disturb various metabolic
processes, including lipid metabolism, metabolic pathway, and
cell survival. Furthermore, we also compared the pathway
alteration of DCMs between pAgNPs, stAgNPs, and estAgNPs
(Figure 4C). For the stAgNP vs pAgNP group, DCMs mainly
enrich in the “biosynthesis of unsaturated fatty acids”,
suggesting significant alterations in metabolic pathways
associated with lipid metabolism in response to stAgNPs.
Regarding the estAgNP vs pAgNP group, besides the above
pathway, more significant pathways are enriched, including the
“cGMP-PKG signaling pathway”, the “sphingolipid signaling
pathway”, the “sphingolipid metabolism”, “ferroptosis”, and
“apoptosis”. Additionally, we found that the “metabolic
pathways”, “aldosterone-regulated sodium reabsorption”, and
“necroptosis” were enriched in the estAgNP vs stAgNP group.
These findings were consistent with the above results,
confirming that the biological process induced by sequentially
digested AgNPs was more significant than that of pAgNPs. As
reported, ROS can affect fatty acid anabolism and unsaturated
fatty acid synthesis by oxidizing lipids and regulating fatty acid
synthase activity which in turn directly or indirectly activate
ferroptosis.”

To clarify the mechanisms of cytotoxicity induced by
sequentially digested AgNPs, we specifically analyzed the
abundance of DCMs enriched in these pathways and depicted
their pathway map. Regarding the biosynthesis of unsaturated
fatty acids (UFAs) (Figure SA), sequentially digested
estAgNPs primarily caused a remarkable upregulation of
adrenic acid, linoleic acid, and eicosapentaenoic acid than
pAgNPs. Adrenic acid (AdA, 22:4) is the one of the
representative species of the omega-6 series of polyunsaturated
fatty acids, mainly formed through a two-carbon chain
elongation of arachidonic acid (ARA) or through elongation
and desaturation of linoleic acid.*® In addition, eicosapentae-
noic acid (EPA, 20:S) is an omega-3 fatty acid, which can be
converted by a portion of absorbed alpha-linolenic acid.
Linolenic acid and alpha-linolenic acid are essential fatty acids
in the human body, and both of them can be converted into
each other. As shown in Figure SA, we observed an elevated
level of linoleic acid. These findings indicate that sequentially
digested Ag NPs, especially estAgNPs, can disorder the lipid
metabolism, leading to an increase of ARA and EPA mediated
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linolenic acid. It has been reported that EPA is a beneficial fatty
acid that can alleviate and regulate inflammation.”” Never-
theless, the high degree of unsaturation of AdA renders it
vulnerable to oxidation, leading to the formation of lipid
peroxides and subsequently increasing the risk of ferroptosis.>®
Ferroptosis is a form of regulated cell death characterized by
the iron-dependent accumulation of lipid peroxides to lethal
levels.”” Ubidecarenone-10 CoQ10, an important intracellular
antioxidant, is involved in scavenging free radicals and
attenuating oxidative stress, thereby inhibiting the onset of
ferroptosis.”’ As shown in Figure 5B, CoQ10 was significantly
altered by stAgNPs and estAgNPs compared with pAgNPs,
indicating the potential occurrence of ferroptosis. However,
our result demonstrated the increase of both CoQ10 and ROS,
indicating the imbalance of the antioxidant system or impaired
mitochondrial function. Therefore, further studies are neces-
sary to understand the underlying mechanism and take
correspondinég measures to restore the intracellular redox
homeostasis.” Another important initiation of ferroptosis is
arachidonic acid (AA), which is a polyunsaturated omega-6
fatty acid 20:4, present in the phospholipids (especially
phosphatidylethanolamine, phosphatidylcholine, and phospha-
tidylinositides) of cell membranes.”” AA released after cell
activation is catalyzed by acyl-coenzyme A synthetases long-
chain isoform (ACSL) metabolized into various bioactive lipid
mediators involved in ferroptosis.”> Notably, AA can be
catalyzed by cyclooxygenase (COX) to form a transitional
epoxy precursor, which is then converted to thromboxane B2
(TxB2) by TxB2 synthase and prostaglandin F2alpha (PGF2a)
by PGF2a synthase, involving the regulation of cell biological
process. In Figure SC, we found that TxB2 and PGF2a were
highly elevated almost dozens of times compared to pAgNPs,
suggesting the disorder of AA metabolism. In summary,
sequentially digested AgNPs mainly manifested in the disorder
of lipid metabolism and disruption of the ferroptosis pathway
via the regulation of AdA- and AA-related metabolites. These
metabolomic alterations are closely related with the
physicochemical properties of three types of AgNPs. The
size- and surface-dependent uptake of nanoparticles encom-
passed with gastrointestinal enzymes and salts, mediated by
endocytosis, might exacerbate the cytotoxicity of the nano-
particles by affecting their metabolic pathways.”*™®” These
findings provide valuable information for understanding the
toxicological mechanism of AgNPs in the GIT.

In summary, we investigated the physicochemical changes in
the sequential digestion of AgNPs and analyzed their
cytotoxicity in enterocytes through metabolomics analysis.
Specifically, our results indicate that AgNPs, throughout an in
vitro sequential digestion from the oral, gastric, and intestinal
phases, tended to aggregate and form a larger size because of
Ag—Cl and Ag-S interactions. However, under acidic
conditions, sequentially digested AgNPs were prone to dissolve
and release Ag’. And the presence of digestive enzymes and
high concentrations of salt increases the cellular uptake of Ag,
ultimately leading to more ROS generation and disordered
lipid metabolism. The disorder of unsaturated fatty acid
metabolism and alteration of CoQ10 may activate ferroptosis
in AgNP-treated cells. Our study reveals the physicochemical
alterations of sequential digested AgNPs through in vitro
simulation of gastrointestinal digestion and the resulting
metabolomic profiles in enterocytes, which closely mimic the
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real GIT conditions, which is helpful to understand the health
risks of AgNPs ingested orally.

All other data supporting the findings of this study are available
within the article and the Supporting Information files.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.4c00012.
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