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ABSTRACT. Nanotechnology is an attractive and challenging science
focused on the materials at nanoscale level and their employment in a wide
variety of applications. Its applications in (nano)medicine are constrained
due to the main concerns in understanding and predicting the behavior of
nanoparticles (NPs) in complex biological fluids. The properties of NPs can
be strongly influenced by the surrounding conditions, such as pH and
composition, in terms of aggregation status, chemical reactivity and surface
chemistry. In this regard, this review intents to provide some insight into the
performance of complex biological fluids associated with nanomaterials. In
particular, the behavior of AgNPs and AuNPs in simulated biological fluids
that must be addressed to develop an appropriate system for medical
applications, from a chemical perspective, mostly related to the physico-
chemical characteristics of NPs and simulated biological fluids and their
possible interactions (mechanisms) was considered. Furthermore, the fate
of AgNPs and AuNPs during the gastrointestinal transit from an in vivo
experimental perspective, as well as their potential impact on gut microbiota
was also systematized.
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INTRODUCTION

The metal oxide and metal-based nanomaterials can be considered
a fast-growing area due to their wide applications, including (hano)medicine,
where nanotechnology has shown a lot of potential in therapeutics and
diagnostics. Additionally, Ag and Au are prospective candidates for diagnosis
and drug delivery [1]. The physico-chemical characteristics of nanomaterials
(i.e. small size, large surface area to volume ratio and surface energy) can
result in toxicological effects, when nanomaterials enter into biological
systems through the adsorption and dissolution, modifying the structure of
various macromolecules.

Despite a general acceptance that NPs are persistent as bulk, small
nanoparticles (NPs) are normally slightly unstable and short-lived due to their
high surface energy. Consequently, there is an increasing concern about the
risk of possible pollution and diseases caused by nanomaterials during
manufacturing or use. In aqueous solutions, this type of NPs can aggregate,
dissolve or remain suspended as single particles depending on the
environmental conditions such as pH, ionic strength, temperature, presence
of organic matter, etc. [2].

The physico-chemical characteristics of nanomaterials under various
conditions are a critical step in order to understand the possible (toxic) effect
on the human health and environment. Though, the toxic effect can be higher
for nanomaterials, since they can easily penetrate the cell membrane and
deliver metal ions in high quantities because of their high surface area [3].
Among various physico-chemical properties of the NPs, the size plays a
major role on their solubility in biological media. In this regard, the critical size
of NPs is considered 20-30 nm, where they exhibit distinct properties which
are absent in case of larger particles with the same chemical composition.
The particles tend to reduce their surface energy due to the Gibbs-Thomson
effect and consequently, the smaller NPs which own a high surface energy
are more reactive and dissolve faster [4].

The full understanding of the behavior of NPs in biological fluids helps
to check their biological effects and supports the design of suitable NPs for
the desired goal. The NPs used for implantation purpose needs to be bio-
persistent, the NPs designed to release ions should be biodegradable, while
the NPs administered as contrast agents are preferred to cleared out rather
than accumulating inside the body [5]. The in vivo experimental data for NPs
ingestion should be also considered, in light of elucidating their impact on the
gastrointestinal microbiota. To assess the interaction of NPs with the gut
microbiome, a better understanding of the ecology, physiology of microorganisms
and physico-chemical properties of NPs is needed. The characteristics of NPs
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(size, surface chemistry and charge), pH, type of meal and their nutritional
characteristics, enzymatic activities, mucosal secretion or host microbiota can
affect the fate and bioavailability of NPs during the gastrointestinal transit [6].

This review systematizes the key factors of AQNPs and AuNPs and
simulated biological fluids that must be considered to develop a suitable
system for medical applications, mainly: (i) physico-chemical characteristics
of NPs and simulated biological fluids; (ii) possible interactions between NPs
and simulated biological fluids, (iii) the control and change of these
characteristics for biomedical applications and (iv) the potential impact of NPs
to the gastrointestinal microbiota.

RESULTS AND DISCUSSION

Behavior of hanoparticles in simulated biological fluids and their
impact on the gut microbiota

The study of dissolution behavior of NPs offers valuable information on
their interactions with the biological and environmental surroundings. If the
particles release ions at a fast rate, their short-term toxic effect will be similar
to that of the dissolved ions, while if the particles release ions at a slow rate,
those particles may cause long-term effects in humans [7, 8]. Therefore, the
dissolution rate of NPs is a key factor for the assessment of their possible toxic
effects. The released ions join in competing reactions, their mobility is high and
their concentration is low, the system outlying from the saturation point and,
consequently, the NPs tend towards complete dissolution. However, if during
the dissolution process, the concentration of available ions brings the system
to saturation, the ions will dissolve more slowly.

In terms of in vivo experiments, the behavior of NPs in the
gastrointestinal environment must also study in the presence of more than
100 trillion microorganisms of human commensal microbes [9, 10]. The
human gastrointestinal tract (GIT) is colonized by various species of bacteria,
viruses, fungi, archaea and protozoans termed gut microbiota [11]. About
90% of bacteria are belonging to the phyla Firmicutes and Bacteroidetes,
while other 10% species are from the phyla Proteobacteria, Verrucomicrobia,
Actinobacteria, Fusobacteria and Cyanobacteria [12]. The microbial
communities play an essential role in the development and differentiation of the
intestinal epithelium, contribute to digestion and fermentation of indigestible
polysaccharides, produce vitamins, support the host immune defense against
pathogens [13] and play an important role in maintaining long-term intestinal
hemostasis [14]. The studies on germ-free mice and piglets showed that the
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absence of any intestinal flora, leads to underdevelopment of intestinal
epithelium in mice or aberrant epithelial surface which causes passage of
harmful luminal microorganisms, microbial toxins or foreign antigens [15].

Gut microbiome is a dynamic system that changes depending on
factors such as the age, the dietary habits, [16] geographic environment [17]
the use of drugs including antibiotics [11, 18] or in response to the disease
[19]. Due to the interaction with the environment and external factors, the
human microbiota can register imbalances named dysbiosis [20]. The dysbiosis
occurs when Firmicutes/Bacteroidetes (F/B) ratio, which indicates the health
status of the GIT becomes unbalanced [21], and has been associated with
the development of inflammatory bowel disease (IBD) [22], irritable bowel
syndrome (IBS) [23], cardiovascular diseases [24], neurodegenerative disorders
[25], kidney stones [26] or metabolic diseases including obesity and diabetes
[27]. Many causes of dysbiosis have been associated with various products
and supplements containing NPs. The widespread application of NPs increases
the direct human ingestion and access to the host GIT and microbiota [28].
It has been shown that AQNPs accumulate in the stomach, duodenum, ileum,
jejunum and colon, with potential negative impact on the gut microbiome and
human health [28]. In this context, understanding the microbial communities
and their behavior in the presence of NPs is essential to fully assess the
potential impact on the human body [29].

Silver nanoparticles

Due to their antibacterial properties, the AgNPs are used in many
scientific designs and developments, they enter into the human body or the
environment either accidentally or purposefully. The brought biological
effects or potential toxicity of AgQNPs are highly dependent on their colloidal
(aggregation) and chemical (interaction with protein) stability [30].

The specific bactericidal mechanism of Ag is not fully understood, but
could result from the interaction of Ag* ions with enzymes or generation of
free radicals that causes damage bacteria cell membranes [31, 32]. The U.S.
Environmental Protection Agency (EPA) suggests a reference dose (RfD) of
0.005 mg/kg/day Ag, a value based on the risk for argyria, a gray or blue-
gray discoloring of the skin [33]. The exposure of AgQNPs can take place from
drinking water, through inhalation or direct skin or organ contact. However,
there are still large gaps in understanding AgNPs toxicity [34]. The changes
of particle size, surface and charge, purposefully or due to the processing
affect the toxicity towards living organisms. In this regard, well-designed in
vitro and in vivo studies were developed to characterize the human exposure
to NPs in terms of physico-chemical nature, aggregation state, particle size,
functionalization, concentration and potential risk to humans [35].
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Generally, the analytical techniques for Ag determination are atomic
absorption spectrometry (AAS), inductively coupled plasma mass spectrometry
(ICP-MS) and inductively coupled plasma optical emission spectrometry (ICP-
OES), while the separation of AgNPs and Ag* ions is typically carried-out by
centrifugation, dialysis or ultrafiltration. The above-mentioned techniques before
the measurements demand the separation of Ag* ions from the AgNPs,
because they detect total Ag content and not its oxidation state. Also, the
above-mentioned techniques cannot distinguish between AgNPs and AgCl,
measuring only the dissolved forms of Ag [32, 36]. So, it is a critical step to
develop methods in order to differentiate between the toxicities of the metal
NPs, the dissolved metal ions and their corresponding ion complexes [32].
Although, several studies on the dissolution kinetics of AQNPs were reported, they
are difficult to be compared due to: (i) the different physico-chemical properties
of NPs (size, charge, surface functionalization) which strongly influence the
dissolution behavior, (ii) the use of various, complex dissolution media and
(iii) the released Ag* ions in solution are quickly precipitated as AgCl as
separate particles, seemingly not on the surface of the initial Ag particles;
also, the solubility product (AgCl) and the redox potential of Ag* ions strongly
depend on the initial (total) concentration [36].

The investigation of AgNPs coated with thick and sub-nanometer
range surface layers, in terms of aggregation, sedimentation and dissolution
in two biological fluids (artificial interstitial and lysosomal fluids) was conducted
to better understand their behavior after inhalation. After introducing into high
ionic strength biological fluids, the AgNPs formed aggregates and settled out,
independents of surface modification. Furthermore, single NPs and aggregated
coexisted in both studied biological media [2].

Treatment of textiles with AgNPs is one of the most commercialized
applications due to their anti-bacterial, anti-static and mothproofing properties
[37]. Beside the typical study of Ag release into the environment, recently, the
researchers have begun to emphasis on the release of Ag into biological fluids
and the potential exposure from contact with textile products. In this regard, the
used fiber treatment technique was a more dominant exposure factor comparing
to physiological properties of artificial saliva or sweat (composition, pH and
temperature) [38]. Regarding a possible acting mechanism, the textiles
treated with AgNPs release primarily Ag in ionic form when in contact with
biological fluids such as sweat, saliva and urine. Although, the product must
release sufficient Ag* ions to assure efficiency, while the release rate should
not pose a dermal or environmental exposure hazard [34]. Hence, the influence
of fiber treatment technique is important because, in the absence of acceptable
limits for dermal exposure to Ag, it indicates that the obtaining techniques
could be tailored to control Ag* ion release in order to ensure the product
efficacy and diminish the human and environmental exposure [38].
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The skin surface fluids and barrier integrity are relevant characteristics
when assessing the potential exposure from textiles. Several studies reported
that from the physico-chemical characteristics of artificial sweat, NaCl and
pH have a minor influence on Ag release (ionic and particulate) from a textile
[37, 39]; furthermore, Ag is easily absorbed from suspension through abraded
skin compared to intact skin [40].

The Ag release increased with the increase of the exposure time, with
a quite different behavior under different pH values, i.e. sub-micrometer
particles and ionic forms in acid perspiration solution, SL1 (pH=3), mostly Ag*
ions in alkaline perspiration solution, SL2 (pH=8) and NPs in salt perspiration
solution SL3 (pH=8), despite partial aggregation. Moreover, the acidic pH
caused the fastest release rate and greatest Ag release [37]. A possible release
mechanism was suggested in each case, as follows: (/) acid SL-1, the relatively
stable dissolved Ag resulted from the aggregation of the particles, while
some of them dissolved into the Ag* ions, (i) alkaline SL-2, the surface oxide
increased, the unstable AgO being transformed into Ag* ions in the solution
and (iif) SL-3, the AgNPs in neutral aqueous solution is relatively stable and
only partially converted into an ionic state [37]. The exposure risk of AGQNPs
was higher in the simulated salt conditions, which indicates that AQNPs may
release into in the salt perspiration condition and could further enter the body
and the environment.

Generally, the citrate-coated AgNPs are the most popular Ag colloids
for various applications, the citrate acting as reducing agent and a stabilizer by
decorating the negatively charged patrticles [41]. In this regard, the Ag dissolution
in cell culture medium (DMEM) measured using a simple localized surface
plasmon resonance (LSPR) UV-visible absorbance measurement, highlighted
a fractional dissolution of different polymer-coated AgNPs (citrate, dextran,
poly(vinylpyrrolidone)/ PVP and poly(ethyleneglycol)/ PEG). The dissolution
increased at high AgNPs concentrations and PEG coatings, but decreased
considerably in case of higher molecular weight coatings. The used absorbance
method was recommended as optimal to measure the amount of Ag remained
in AgNPs, considering that AgClI do not display a LPSR absorbance [32].

The dissolution kinetics of AgNPs (300 and 600 ug/L) in quarter-
strength Hoagland medium revealed a directly relationship between the particle
size and concentration, and the Ag release rate. As expected, smaller particles
were found to dissolve faster and the used kinetic model using hard sphere
theory to define the Ag* ions release fitted well the experimental data [41].
Furthermore, the AgNPs dissolved faster in biological media with low pH
(gastric acid) comparing to pseudo-extracellular fluid and strongly interacted
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with thiol- and selenide-containing biomolecules [42]. Loza et al. also confirmed
that thiol-containing compounds (cysteine) can block the particle surface and
prevent the dissolution, while the organic molecules complexate the Ag* ions
and accelerate the dissolution. Reducing sugars (glucose) decreased, but do
not totally avoid the oxidative dissolution of Ag [36].

A very interesting study reported that AgNPs did not present any
bactericidal effect when E. coliwere cultivated under strictly anaerobic conditions,
meaning no dissolution of the NPs taken place [43]. The surface coatings usually
improve the dispersion of NPs, but can also display an acute effect on the solubility
of NPsy. For example, when AgNPs are coated with 11-mercaptoundecanoic
acid, a thiolated ligand with stronger affinity to the metal surface than Na citrate,
no significant decrease in the absorption intensity up to 48 h incubation was
remarked [44]. The in vivo and in vitro behavior of NPs suspended in a fluid
can be influenced through the dispersion state or interactions at the surface,
resulting in the formation of coatings around NPs.

From the product that contains, AQNPs reach the human body, most
often, by oral ingestion and pass through the GIT. The biochemical composition
of mouth, stomach and intestine environment can affect the AgNPs bioavailability
and toxicological properties [45]. Studies performed on rats and mice using
9 and 10 mg/kg bw/d AgNPs with 28 days exposure time and 14, 20 and 110
nm particle size, revealed no significant alteration in the caecal microbiota
composition [46, 47]. A longer exposure of rats for 13 weeks at 9, 18 and
36 mg/kg bw/d concentration with 10, 75 and 110 nm size AgNPs showed an
increase of Bacteroidetes species and pathogenic gram-negative bacteria, and
decrease of Firmicutes, Lactobacillus and Bifidobacterium in ileac microbial
populations [48]. Therefore, the doses of exposure and particle sizes are
influencing factors on host gene expression [48]. The intestinal microbiota
displayed to 1 ug/mL AgNPs in vitro batch fermentation models inoculated
with human faecal matter and the probiotic Bacillus subtilis (BS) revealed that the
core bacterial community was not affected but the relative abundance of
Firmicutes species was increased and Bacteroidetes species decreased instead.
Without BS, single treated AgNPs induces functional differences in cell motility,
translation, transport, and xenobiotics degradation [49].

A shifted Firmicutes/Bacteroidetes (F/B) ratio has been observed in
the rats and mice microbiota at 2.5 or 3.6 mg/kg bw/d AgNPs for 7 days or
2 weeks [28, 50] leading to the conclusion that the shape of AgNPs may
cause an alteration of the microbiota [50]. A 28 days experiment with mice
orally exposed to food pellets supplemented with 0, 460 or 4600 ppb AgNPs
(Mg Ag NP/Kkg pellet) revealed microbial alterations in the gut and a shift in
the F/B ratio in the fecal microbiota [51]. It was showed that AgNPs treatment
reduced Bacteroides species and increased the Coprococcus, Lactobacillus
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and Blautia taxons [51]. Disturbance in these bacterial populations were
observed in the case of obese individuals [52]. Interestingly, the identical
exposure of mice to the AgNPs supplemented pellets aged during 4 or 8
months has small or no effect on the F/B ratio due to the Ag sulfidation
occurring in this matrix [51]. Another in vitro investigation performed with 33
bacterial strains isolated from a healthy human donor stool has evaluated the
effects of ANPs on the microbial communities [53]. The exposure of the
bacterial community to 0 to 200 mg/L AgNPs concentrations for 48 h determined
a negative impact on the microbial consortium with significant reduction in
culture-generated gas production and changes in fatty acid methyl ester
profiles [53]. Negative effects were observed in the community structure even
at the lowest concentrations, with increasing abundance of species such as
Raoultella sp. and of E. coli which are involved in different pathology or which
facilitates the growth of pathogenic bacteria [53].

Even if the complete mechanisms of AgNPs interaction with the intestinal
microbiota is not well understood, some studies suggested that alterations of
the microbial taxons are explained by the release of Ag* ions [54], composition,
size, shape surface charge, capping agent used (poly(diallyldimethylammonium)-
coated AgNPs, biogenic-Ag and oleate-AgNPs [55] or by forming reactive
oxygen species [56].

Gold nanoparticles

The growing interest in AuUNPs due to their singular physico-chemical
properties, high biocompatibility and opportunity to tailor the size and shape
resulted in many applications in the fields of catalysis, imaging, nanophotonics,
nanomagnetic, nanoelectronic devices, biosensors, chemical sensors and
drug delivery. Among all the properties, the size stability and a good dispersion
are required for a high therapeutical performance [57].

The physico-chemical properties of the orally ingested AUNPs are strongly
influenced by the composition (pH, salts and enzymes) of gastrointestinal fluid,
resulting in unexpected biological outcomes. Recently, some studies reported
the biodistribution and accumulation of AuNPs in cell lines and murine
models, and the factors that influence their toxicity have been linked to their
surface charge and functionalization, size and shape [8, 58]. The dissolution
behavior of AuNPs in simulated biological systems (i.e. artificial alveolar fluid,
weak hydrochloric acid for gastric conditions, ammonium acetate solution for
neutral lung fluids) depended mainly on the physico-chemical characteristics
of both particles and simulated model (pH and ionic strength) [59].

74



BEHAVIOR OF SILVER AND GOLD NANOPARTICLES IN SIMULATED BIOLOGICAL FLUIDS ...

Beside the characteristics of simulated biological media, the surface
charge and functionalization, size and shape of AUNPs can noticeably influence
the dissolution of AuNPs [8, 60]. In this regard, the dissolution kinetics of
uncoated uncoated citrate-stabilized AuNPs (cit-AuNPs), polyethylene glycol
(PEG)-coated AuNPs functionalized with carboxylic acid (COOH-AuNPs)
and amine (NH2-AuNPs) groups were investigated in Gamble’s fluid (GF)
and phagolysosomal fluid (PSF), gastric fluid (GIF) and intestinal fluid (IF)
and blood plasma (BP). Generally, the dissolution of AUNPs in acidic media
(PSF and GIF) was greater than that in neutral or alkaline media (Gamble’s
fluid, blood plasma and intestinal fluids). The cit-AuNPs tended to aggregate
resulting in low surface area to volume ratio and low dissolution, while the
PEG-coated AuNPs were less disposed to aggregation and displayed higher
dissolution. Some possible explanations could be various ligand-promoted
processes and the high stability of the cit-AuNPs [8]. Therefore, cit-AuNPs
may cause long-term health effects because they are more (bio)durable and show
high biopersistence, meaning these NPs might resist chemical or biochemical
alteration in biological systems.

Nowadays, the use of AuNPs as therapeutic agents to treat many
autoimmune, infectious and neoplastic diseases [61] is of main interest, but
the effect of administered AUNPs on gut microbiota is very less studied and
not well understood. However, one study has shown that AuNPs with small
particle size (5 nm) coated by different agents such as citrate or PVP has
proved anti-inflammatory effect in experimental mouse colitis, reducing the
cell surface lipopolysaccharide (PLS) receptor and catalytic detoxification of
peroxynitrite and hydrogen peroxide [62].

Despite the proven anti-inflammatory effect in macrophages cells, an
adverse effect of oral administration of AuUNPs against the beneficial probiotic
genus Lactobacillus was observed in mice microbiota. At the same time,
AuNPs coated by 5 nm size tannic acid (Au-5 nm/TA-treated mice) displayed a
lower a-diversity of intestinal flora, especially a reduced F/B ratio, the two most
abundant phyla in human intestinal microbiota. Similar studies highlighted a
markedly decreased species richness of the gut microbiota in mice when
AgNPs were orally administrated [28]. Roseburia, Ruminococcaceae, and
Odoribacter which are short chain fatty acid (SCFA)-producing bacteria were
also reduced in Au-5 nm/TA-treated mice compared to the control. This
decrease in the aforementioned bacterial populations, with decreased
abundance of Firmicutes species was observed in inflammatory bowel
disease (IBD) [63]. The taxonomic Bacteroides phylum increased instead in
Au-5 nm/TA-treated mice compared to the control group. The decrease in
the abundance of Lactobacillus species responsible for the production of
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hydrogen peroxide leads to imbalances of the normal microbiota. Although,
the mechanism by which AuNPs cause the decrease of Lactobacillus probiotics
is not known, the potential of AUNPs to induce intestinal dysbiosis is obvious
[62].

Contrary to these findings, 4,6-diamino-2-pyrimidinethiol (DAPT)-coated
AuNPs applied as therapy for bacterial infection of E. coli in a 28 days oral
administration trial on mice showed positive effects against bacterial infections
with no disturbances of the intestinal microflora [64].

CONCLUSIONS

A comprehensive understanding of the behavior of nanomaterials when
they come into contact with biological fluids and systems is very important to
further progress their application in medicine. Sometimes, the balancing between
the designed function and desired safety is challenging. This review aimed to
explore the stability and chemical reactivity of AQNPs and AuNPs, as well as
the evaluation of their persistency in simulated biological fluids, from chemical
perspective. In this regard, the dissolution process of Ag and Au is strongly
influenced by various intrinsic and extrinsic factors, especially pH and existence
of strong binding ligands, being totally different in various biological media. One
important aspect is that each study referring to AgNPs should be related to its
possible chemical conversion in the experimental medium, in order to provide
a more comprehensive understanding of the potential of Ag NPs for further
medical applications. The AgNPs and AuNPs can alter the gut microbiota,
with serious potential to lead on various diseases. However, some research
reported no negative effects for both AQNPs and AuNPs. These contradictory
results may be due to the methodological variables, dose, size, coating
agent, animal model, methods, the intestinal sampling area, etc. Regarding
interaction of AUNPs with the microbiota, there is a lack of data and further
systematic research is required to fully assess their potential impact.
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