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Abstract

It has been well established that synthesis methods can cause variability in nanotoxicity studies, but here we demonstrate that environment can play a role as well.
Silver nanoparticles were dispersed in two different environmentally-obtained fresh water samples for an ecotoxicological assessment of their impact on zebrafish.
The two water sources varied in alkalinity, pH, and total hardness, and this variation impacted nanoparticle agglomeration size, uptake into the zebrafish kidneys,

inflammation and apoptosis, and the zebrafish microbiota.

Introduction

Silver nanoparticles (AgNPs) have many practical purposes in
science and medicine, thus their use has expanded exponentially over
the past decade [1]. Many laboratories are attempting to synthesize
different sizes, shapes, and compositions of AgNPs to develop useful
medical devices or novel antimicrobials [1,2]. However, the toxicity of
AgNPs is just beginning to be understood. AgNPs can be toxic at high
doses, but they tend to dissociate into Ag* ions even at lower doses,
and these ions are capable of interacting with many cellular structures,
especially proteins, causing cellular dysfunction [2]. AgNPs have been
demonstrated to interact with many types of cells: animal, bacterial,
fungal, protozoal, and plant; and often internalize into the cells to
elicit their effects as ions [1,3]. They can induce reactive oxygen species
(ROS), alter mitochondrial function, interfere with ATP synthesis, and
interact with transcription factors to impair cell signaling [2-4]. These
effects result in the non-specific cell death of both prokaryotic and
eukaryotic cells [3].

The volume of AgNPs being synthesized today creates an
environmental pollution concern [1]. The failure to regulate
manufacturing and consumer waste disposal can lead to incidental
or purposeful administration of AgNPs into the environment, which
ultimately end up interacting with organisms in the aquatic ecosystem
[1]. AgNPs can be highly toxic to aquatic organisms due to the same
mechanisms of toxicity for terrestrial species [3]. Marine invertebrates
and small fish make good indicators of aquatic toxicity due to their
small size and high-degree of susceptibility to environmental pollutants
[3,5]. Zebrafish (Danio rerio) are a model organism for aquatic studies
since the amount of available materials and data on these fish make
them efficient for streamlining ecotoxicological testing [5].
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Single exposures of 10 nm AgNPs at non-toxic doses are sufficient to
disturb the normal physiology of zebrafish following an intramuscular
injection [6]. However, zebrafish are not naturally injected by AgNPs,
but would likely absorb them through their gills or skin. Here we wanted
to determine if the zebrafish are capable of internalizing low doses of
AgNPs from various natural water sources, and if those internalized
AgNPs impacted cellular function. Zebrafish were placed into two
different natural water sources that were exposed to 5 micrograms per
milliliter (ug/mL) of 40 nm AgNPs and their inflammatory response,
caspase activity, and core microbiome were assessed for changes in the
presence of a low dose administration of AgNPs.

Methods

Water sources

Two environmental freshwater sources were used for comparing
the effects of silver nanoparticles on zebrafish. Water was collected
from the Bosque River in the City Park of Stephenville, Texas, and
from a pond at the local high school in Stephenville, TX. The water
chemistry was compared using a 6-in-1 aquarium test strip (Tetra
Melle, Germany) before initiating the experiments, and the total
hardness, total alkalinity, and pH were much greater in the river water
than in the pond water (Table 1). These water samples were used for the
experiments described below.
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Table 1. Comparison of water chemistry between the river and pond water sources

River Pond
Nitrate (mg/L) <20 <20
Nitrite (mg/L) 0.5 0
Total Hardness (ppm) 300 150
Chlorine (ppm) 0.5 0.5
Total alkalinity (ppm) 300 180
pH 8.4 7.4

Table 2. Zebrafish mortality following a 24-hour exposure to river and pond water with or
without 5 pg/mL of 40 nm AgNPs

Fish inoculated Fish survived

River-AgNP 16 16 (100%)
River+AgNP 16 12 (75%)
Pond-AgNP 16 16 (100%)
Pond+AgNP 16 16 (100%)

Fish exposures

Zebrafish were purchased and shipped from Doctor Foster and
Smith (Rhinelander, WI) and were housed in an aquarium with 26°C
water, 14/10-hour light/dark cycles, fed once daily. Twenty-four hours
before nanoparticle exposure, the fish were moved to sterile containers
with holes in the lids, 2 fish per container, with 25 mL of either river
or pond water to acclimate (n=32 per water source). Following the
acclimation period, biopure 40 nm AgNPs (nanoComposix, San
Diego, CA) were added to half of the sterile containers of both pond
and river water with fish (n=16 per water source) at 5 micrograms per
mL and were stirred in with a sterile pipet tip. The fish were placed
into an incubator at 26 °C for 24 hours. The physical health of the fish
was assessed, which indicated that 4 fish died in the river water with
AgNPs, but no distress was observed in any of the other groups (Table
2). The fish were euthanized in an ice slush and were necropsied for
their organs for use in the subsequent experiments. All procedures
were approved by the TSU IACUC AUP030614.

Nanoparticle characterization

To understand the state of the nanoparticles in the environmental
water samples, dynamic light scattering (DLS) and UV-Vis
spectroscopy were performed on the nanoparticles in the river and
pond water samples as well as those that were added to deionized water
or the aquarium housing water in the same concentration (5 ug/mL) for
comparison. One mL of each water sample was removed and analyzed
using a Zetasizer Nano-ZS (Malvern Instruments, United Kingdom) to
determine the size of the nanoparticles, and a NanoDrop 2000 UV-Vis
spectrometer (Thermo Fisher Scientific, Waltham, MA) to determine
particle integrity.

Silver levels

Kidneys were extracted from 4 fish per treatment. The kidney tissue
was homogenized and processed for inductively coupled plasma mass
spectrometry (ICP-MS) as per previously described methods [6].

Gene expression

RNA was isolated from 4 fish per treatment using the Aurum
Total RNA mini kit (Biorad, Hercules, CA) with optional DNase
treatment, and quantified using the Qubit RNA HS Assay kit (Thermo
Fisher Scientific, Waltham, MA) on a Qubit fluorometer. cDNA was
synthesized from 100 ng of total RNA using the iScript cDNA synthesis
kit (Biorad, Hercules, CA). Quantitative PCR analysis was performed
on the pro-inflammatory cytokines (interleukin-1 beta (IL-1p),
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interleukin-6 (IL-6), and tumor necrosis factor alpha (TNF-a)) and
caspases 6 and 9 using a previously described technique and primers
[6]. The critical point was determined via the software on the Roche
480 lightcycler (Basel, Switzerland) following 40 amplification cycles.
The pond water samples were compared with and without AgNPs,
with the nanoparticle-free pond water serving as a control. The river
water samples were compared with and without AgNPs, with the
nanoparticle-free river water serving as a control. The fold change was
calculated using the previously described delta-delta Ct method [7].

Microbial Community Analysis

DNA was extracted from the intestines and the skin from the left
side of the fish between the pectoral and caudal fins using a previously
described technique [8]. Bacterial communities were amplified
with primers 341F 5-CCTACGGGNGGCWGCAG-3’ and 805R
(GACTACHVGGGTATCTAATCC) that target bacterial V3 and V4
regions of the 16S ribosomal RNA locus [9]. Paired-end sequence data
were generated on an Illumina MiSeq instrument using v3 600 cycle
kits (Illumina, San Diego, CA), with dual 6 bp dual index sequences
attached to each amplicon during indexing PCR as described in the
Mumina 16S Metagenomic Sequencing Library Preparation protocol
[10]. PCR conditions included initial denaturation at 95 °C for 3 min,
amplification with 35 cycles of: 95 °C for 10s, 55 °C for 30s and 72
°C for 30s. The raw sequencing reads were processed with QIIME
and USEARCH software [11,12]. Sequence tags were compared to the
Greengenes 13.8 reference sequence database [13] using UCLUST [12]
in order to pick referenced-based Operational Taxonomic Units (OTUs)
at 97% similarity and taxonomy assignment was carried out with RDP
[14]. Random subsampling of sequences from each sample without
replacement was done to provide even measures of microbial alpha- and
beta-diversity and to have equal sequencing depth (854 sequences/sample)
for the production of all figures, tables, and statistical analyses.

Statistical analyses

DLS, ICP-MS, and qRT-PCR levels were compared experimental
(with AgNPs) to control (no AgNPs) using a Student’s t-test
(significance occurring at P<0.05). Microbial community shifts
following nanoparticle treatments were determined using unweighted
unifrac distance matrices [15]. Sequence counts of taxonomic groupings
were compared between samples with non-parametric t-tests, while
Chaol species richness and Shannon species diversity metrics were
compared between samples using t-tests.

Results
Agglomeration of AgNPs

The AgNPs purchased had a mean diameter of 40 + 4 nm according
to the manufacturer and only a slight increase in size was observed in
deionized (DI) H,O according to DLS measurements, with a mean size
of 48.8 +/- 0.1 (Figure 1). A much greater agglomeration effect was
observed when the AgNPs were added to the river or pond water with
mean sizes of 188 +/- 9.4 and 248 +/- 81.6, respectively (Figure 1).

Stability of AgNPs

UV-Vis spectroscopy illustrated a characteristic peak around the
wavelength of 410 nm, confirming that AgNPs were in the exposed
water samples, but not in the water where no silver was added (Figure
2). A breakdown in the peak was observed when AgNPs were added to
other water samples besides deionized H20, suggesting an instability of
the nanoparticles in these environmental water samples leading to Ag*
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Figure 1. Size of AgNPs in solution. 50 micrograms per milliliter of 40 nm AgNPs were
added to 1 mL of river, pond, or deionized (control) water, and dynamic light scattering was
used to determine the average size in solution. *indicates P < 0.001
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Figure 2. Confirmation of silver peak. A UV-Vis spectrum was analyzed for each
water sample with and without the addition of 5 micrograms/mL of 40 nm AgNPs. The
characteristic silver peak at 410 nm was observed in all samples that had the addition of
AgNPs and was absent in all control samples

ion dissociation, especially in the pond and aquarium water samples
(Figure 2). The Ag peak measured at 1.2 absorbance units (AU) for
those AgNPs dissolved in the deionized H,0, whereas those dissolved
in the pond and river waters had AU measurements of 0.4 and 0.9,
respectively (Figure 2).

Uptake of AgNPs

Since the kidneys are involved in the filtration of the blood, and
they were observed to be a major target of AgNPs in a previous study
[6], we examined the amount of silver that entered the kidney following
environmental exposure to 40 nm AgNPs. There was no detectable
silver in the kidneys of untreated fish (data not shown), but in the fish
exposed to AgNPs in river water or pond water had 250 +/- 3.47 ng and
75 +/- 0.52 ng of silver, respectively, as determined through ICP-MS of
processed kidneys (Figure 3).

Gene expression changes by AgNPs

There was little change in the pro-inflammatory cytokine gene
expression in the kidneys of the fish from the river water samples
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between the control river and Ag-treated river, with the exception of a
slight, but significant, decline in TNFa expression (Figure 4). There was
also no increase in caspase 9 gene expression in the AgNP treated fish
in the river water (Figure 4). However, there was a significant 15.86-
fold (+/- 4.35) increase in caspase 6 expression in the Ag-river fish
compared to the fish in the control river water (Figure 4).

Addition of AgNPs to the pond water significantly increased the
expression of both interleukins (IL)-1 and -6 in the fish kidneys, with
a 7.05 (+/- 2.09) and 8.09 (+/-2.41)-fold increases, respectively, over
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Figure 3. Silver levels in the kidneys of the zebrafish. ICP-MS was used to measure
the amount of silver detectable in the kidneys of exposed zebrafish. There was no silver
detected in the kidneys of zebrafish that did not receive AgNP treatment
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Figure 4. qPCR detection of gene expression in the kidneys of exposed and control fish. A
comparison of inflammatory gene expression, and the expression of pro-apoptotic caspase
genes were measured using reverse transcriptase qPCR to determine the impact of 40 nm
AgNPs in the pond water (A) and river water (B). The control waters were normalized to
1, and the fold change following AgNP exposure was determined using the delta-delta Ct
method compared to similar control water with * indicating a significant upregulation and
# a significant downregulation of gene expression (P < 0.05)
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control (Figure 4). The caspase 9 gene was also activated in the AgNP-
exposed fish in the pond water, with a significant increase of 4.73-fold
(+/- 1.04) in the AgNP fish over the pond water control (Figure 4).
There were no significant changes in the expression of the TNFalpha
or caspase 6 genes in the kidneys of the AgNP-treated pond water fish
compared to the fish from the control pond water (Figure 4).

Microbiota changes by AgNPs

Following quality filtering and removal of chimeric and singleton
sequences, there were 487,314 sequences remaining in the dataset that
were assigned to 894 OTUs at 97% similarity. The OTUs represented
16 different bacterial phyla. The dominant phyla from pond samples
were Proteobacteria (50% of sequences), Firmicutes (22%), and
Actinobacteria (24%), while the dominant phyla from river samples
were Proteobacteria (58%), Firmicutes (10%), Bacteriodetes (9%), and
Actinobacteria (17%) (Figure 5). After addition of AgNPs to zebrafish
in pond water, the relative abundance of Actinobacteria decreased from
34% to 15%, while Proteobacteria increased in relative abundance from
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Figure 5. Microbial phyla from the skin and intestines of zebrafish. A comparison of
bacterial phyla was performed using NGS to determine the impact of 40 nm AgNPs in the
pond water (A) and river water (B). The AgNP exposed waters were compared only with
their control with * indicating a significant change in microbial phyla (P < 0.05)
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30% to 66% (nonparametric t-test, P<0.05 and P<0.02, respectively),
(Figure 5A). Much of the increase in Proteobacteria following AgNP
treatment was due to expansion of the genus Acidovorax from 10% to
34% of total sequence count (non-parametric t-test P < 0.03). While
exposure to AgNPs changed the community composition, it did not
significantly alter the Shannon species diversity index or Chaol species
richness measures. There were no significant changes in the bacterial
flora between the control and AgNP groups from fish in the river water
(Figure 5B).

Discussion

Although nanotechnology is an exciting field of research with many
promising benefits, there has been some concern about environmental
exposure following synthesis and use [16]. It is not well understood
how stable the AgNPs are in the environment, and whether they remain
complexed to soil particulates or accumulate in biological systems [16].
Due to salinity impacts it is estimated that freshwater fish are more
susceptible to AgNP toxicology [17], but as demonstrated here there
can be variation in the reactivity of AgNPs in freshwater. It has been
previously demonstrated that dispersion media dramatically impacts
AgNP stability [18]. Salts in the solution, pH, and other impurities can
impact the rate of agglomeration, thus impacting size, as well as the
dissolution of nanoparticles into silver ions [18]. However, little has
shown how these changes impact uptake into a host system and overall
toxicity. Here we used two different environmental water sources and
compared the impacts of the environmental water chemistry on AgNPs
compared to nanoparticles dispersed in deionized H,0. The differences
in the water chemistry impacted the AgNPs, which contributed to a
differential toxicity observed in zebrafish exposed to the two water sources.

Using a commercial water chemistry strip, it was determined that
the water from a local river and a local pond had many differences,
and these differences impacted the AgNP stability and toxicity. When
40 nm Biopure AgNP nanoparticles were added to the river water
for 24 hours, the size increased to 188 +/- 9.4 nm and the 410 UV-
Vis peak declined from 1.2 to 0.89 absorbance units (AU), suggesting
an agglomeration and dissolution of the nanoparticle into silver ions.
Following a 24-hour exposure of river water to AgNPs, 16 zebrafish
were added to the water for 24 hours. After the 24-hours 4 of the
zebrafish died, resulting in a 75% survival. The particles were more
stable in the pond water, and no fish died. There is a discrepancy in
studies regarding the lethality of AgNPs in aquatic organisms [16],
and these discrepancies are likely largely due to water chemistry. ICP-
MS indicated that there was 250 +/- 3.47 ng of silver in the kidneys
of the fish, which was not characterized as ions or intact particles.
Although the gills are often hypothesized as being the point of AgNP
entry [19,20], the kidneys were selected for toxicity measurements
since they were demonstrated in a previous publication to have been
a site for AgNP accumulation [6], which makes sense since they are
involved in filtration and excretion. In response to the silver exposure,
a 15.86 +/- 4.35 upregulation of the caspase 6 gene was observed, and
a 1.6 +/- 0.25 fold decrease in TNF-alpha gene expression occurred.
Upregulation of caspase 6 indicates an apoptotic response [21], but
since caspase 9 was not upregulated it is not likely due to mitochondrial
dysfunction [22]. Direct activation of caspase 6 is most often due to
extrinsic factors such as DNA damage or death ligands binding to
extracellular death domains [23]. The decline in TNF-alpha production
suggests that the immune system is being modulated and could
implicate poor macrophage function [23]. In addition to a cellular
host impact, a change in the microbiota of the zebrafish was observed
following 24-hour exposure to AgNP-treated river water. There were
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increases in the percentage of Actinobacteria and Bacteriodetes, and
a decrease in Firmicutes and other non-dominant phyla, although
none of these changes were statistically significant. Greater than 80%
of vertebrate gastrointestinal (GI) microbiota is from species found
within three phyla: Actinbacteria, Bacteroidetes, and Firmicutes [24].
Actinobacteria are one of the largest bacterial phyla found ubiquitously
throughout the aquatic ecosystem [25]. They include both pathogens
and GI commensals, such as the Bifidobacterium spp [25]. Although it
is hard to discern any contributions due to the diversity of this phylum
and the lack of significance, an increase in pathogenic bacteria or a
disruption of GI microbiota can both lead to increased susceptibility
to toxic compounds. Bacteroidetes and Firmicutes are frequently
associated with being GI commensals, and their ratios can impact
overall GI health [24]. A decreased Firmicutes:Bacteroidetes ratio
(increased Bacteroidetes, increased Firmicutes) is indicative of weight
loss [24], which too can cause an exacerbation of toxicology.

The pond water was obtained from a small, stand-alone pond
with no stream or river influx. There were negligible nitrates and no
detectable nitrites. The hardness was half that of the river (150 ppm)
and the total alkalinity was nearly half that of the river (180 ppm).
These factors contributed to the lower pH of 7.4. The chlorine level
was the same of 0.5 ppm. When 40 nm Biopure AgNPs were added to
the pond water for 24-hours, it resulted in a slightly larger and more
variable particle size than that of the river (247.8 +/- 81.6 nm). The
UV-Vis 410 nm peak was also more affected in this water source as
the AU dropped to 0.39 indicating even more dissolution into ions.
After the 24-hour incubation, 16 zebrafish were added to the water
samples, but this time an 100% survival rate was observed. Again, the
kidneys were utilized for silver uptake and toxicology assessment. Only
75 +/- 0.52 ng of silver was detected in the kidney of the pond fish,
which is markedly lower than the fish that were in the AgNP-exposed
river water. Inflammation was observed in the kidneys of the pond
water AgNP fish with upregulation of both IL-1beta and IL-6 gene
expression, suggesting that possibly an immune response is beneficial
at preventing silver toxicity. An upregulation in caspase gene activity
was also observed, but this time in caspase 9, which suggests an intrinsic
activation of apoptosis through mitochondrial dysfunction [22]. For
the fish in the pond water samples, a significant difference in microbial
flora of the fish was observed between the silver and non-silver treated
pond water samples (Figure 5A). There was a significant increase in
the bacterial phylum Proteobacteria, and a significant decrease in
Actinobacteria (Figure 5A). Proteobacteria are comprised largely of
pathogenic bacteria, which could perhaps be activating the immune
response for clearance of both the bacteria and the nanoparticles [25].
However, it is far more likely that the silver nanoparticles are killing
off some of the fish’s normal microbiota, leaving it vulnerable to
inhabitation by normal Proteobacteria members of the pond water and
sediment [25]. The genera that demonstrated significant increases in
the AgNP-treated pond water were Stenotrophomonas, Pseudomonas,
Citrobacter, Variovorax, and Sphingomonas, all of which are found
in soils or associated with plants [26]. This sample was suspected to
dissolve into more silver ions, and other environmental toxicity studies
have demonstrated a shift to a predominant Gram negative bacterial
population, such as the Proteobacteria, following exposure to ionic
liquids [27].

Most initial studies on AgNP toxicity were performed in rodents,
but more recently researchers have begun to examine the effects on
aquatic models, such as the zebrafish [16]. Zebrafish studies conclude
that the synthesis methods, water chemistry, and overall ionic strength
are some of the most important factors influencing environmental
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toxicology [28]. Here we demonstrate the importance of water
chemistry on the uptake, toxicity, and microbial impact of AgNPs,
and conclude that more studies need to be addressing the overall
environmental impacts of these particles since they are being utilized
in more consumer products and will likely end up in environmental
waters in higher concentrations.
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