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Introduction
The wide-ranging antibacterial, antiviral, and antifungal properties 

of silver nanoparticles (AgNPs) along with their intrinsic catalytic 
and optical signatures make these the most popular and commonly 
used engineered nanoparticles in biomedical applications, cosmetics, 
clothing, sporting goods, electronics, and of particular significance 
to this investigation, water purification units, in addition to many 
other nano-consumer products [1-3]. Currently, ~400 products are 
imbued with engineered AgNPs, comprising more than 51% of all 
marketed nano-based consumer products [4]. Given these widespread 
applications, intentional or accidental release of AgNPs to the 
environment represents a potential toxicity risk to a wide variety of 
organisms at many trophic levels [5]. It is known that aquatic and soil 
microbial communities and their metabolic activities are negatively 
affected after exposure to AgNPs [6-8]. However, there has been little 
exploration of the impact of AgNPs on the microbiota associated 
with living organisms. Of special interest is the effect on the human 
microbiota considering the range of consumer goods that could lead to 
exposure through routes such as inhalation, ingestion or direct contact.

The human intestinal microbiota is a diverse microbial ecosystem, 
with 1014 intestinal microbes belonging to more than 1000 different 
species, carrying out metabolic activities that directly influence human 
health and disease [9,10]. The majority (~99%) of these bacterial species 
fall into four major phyla, including the Gram negative Bacteroidetes 
and the mostly Gram positive Firmicutes (together representing 90% of 
the gut bacterial species), as well as Proteobacteria and Actinobacteria 
[11,12]. Reflecting their environment, common human gut genera 
are either anaerobic (Bifidobacterium, Clostridium, Bacteroides, and 
Eubacterium) or facultatively anaerobic (Escherichia, Enterococcus, 
Streptococcus, and Klebsiella) [13]. The taxonomic and phylogenetic 
composition of these communities can differ among individuals 
[14]. An intestinal bacterial mixture, “RePOOPulate”, is a therapeutic 
ecosystem comprised of 33 different isolates derived from a healthy 
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Abstract
The widespread use of silver nanoparticles (AgNPs) has prompted studies on different species and at various 

trophic levels, however, little is known about possible toxicological impacts on their corresponding microbiota. Here the 
effects of AgNPs on a defined bacterial community established from the collected stool of a healthy donor have been 
investigated. The anaerobic consortium was exposed to several concentrations (0 – 200 mg/L) of AgNPs (capped; 10 
nm) for 48 h. Nanosilver had a negative impact on the bacterial community as evidenced by a significant reduction 
(~22%) in culture-generated gas production at the two highest AgNP concentrations compared to controls, as well as 
significant (p<0.05) changes in fatty acid methyl ester profiles even at the lowest concentration. DNA analysis confirmed 
these observations showing a shift in the community structure as demonstrated by cluster analysis of PCR-denaturing 
gradient gel electrophoresis (DGGE) profiles, as well by phylogenetic distributions obtained from 454 pyrotag 16S 
rRNA gene sequencing. The bacterial assemblage was significantly (p<0.01) different in the AgNP- treatment groups 
compared to controls. As expected, ionic silver (AgCl; 25-200 mg/L) was also antibacterial, as shown by all four 
assessment methods, but its effects were distinct from the AgNP-mediated changes. Thus, nano size-dependent 
impacts were evident. Taken together, these experiments suggest that AgNP ingestion, either deliberate or inadvertent, 
could have negative consequences on our intestinal microbiota.

human donor [15] that holds promise as a simplified, defined proxy for 
a healthy gut microbial ecosystem, allowing experimental control and 
reproducibility [16].

In the fruitfly, Drosophila melanogaster, experimental dietary 
exposure to AgNPs resulted in the increased midgut abundance of Gram 
positive genera, chiefly Lactobacillus, at the expense of Gram negative 
genera such as Sphingdomonas and Rhizobiales, relative to untreated 
or Ag microparticle-treated controls [17]. This shift in the midgut 
community was correlated with a reduction in developmental success. To 
our knowledge, however, the impact of AgNPs on the human intestinal 
microbiota has not yet been reported. Although it is possible that some 
human ingestion of AgNPs might occur subsequent to aquatic or soil 
contamination, we suspect that it is more likely that exposure would be a 
consequence of the deliberate addition of nanosilver to cosmetics, foods 
and beverages, in water purifiers, as well as the consumption of silver as 
an alternative medicine [1,18,19]. Here we have modeled such exposure 
by using “RePOOPulate” as a simplified representation of the human 
gut microbiota in batch anaerobic fermentation. Polyvinylpyrrolidone 
(PVP) capped AgNPs were used, as well as ionic silver controls, and 
across a range of exposure concentrations. We hypothesized that both 
ionic silver and nanosilver could perturb this microbial community 
and that there would be a nanosize-dependent impact. We further 
postulated that if the effect on gut bacteria was significant, then toxicity 
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could be monitored by a suite of assays including respiration, fatty acid 
methyl esters (FAME), denaturing gradient gel electrophoresis (DGGE) 
fingerprinting, and DNA sequence analysis. Such analyses could then 
suggest that deliberate or inadvertent silver exposure, including AgNPs, 
could result in changes to the gut microbiota, with unknown impacts 
on overall human health.

Materials and Methods
Preparation of the human microbiota and culture medium

A synthetic stool mixture of 33 different isolates was prepared by 
extensive culture as described in detail by Petrof et al. [15]. Briefly, 
isolates were cultured on fastidious anaerobe agar under anaerobic 
conditions (90% N2, 5% CO2, 5% H2) and subsequently formulated 
into a predetermined ratio (in 100 mL 0.9% normal saline) to ~3.5×109 
colony-forming units/mL. This microbial ecosystem therapeutic 
bacterial suspension was placed in an air-tight double-sealed container 
at 4°C and used within 2-3 h of preparation. Autoclaved medium for 
batch culture experiments was prepared based on a recipe designed for 
continuous culture of the human distal gut ecosystem [20]. The cultured 
synthetic stool mixture is hereafter designated as microbial ecosystem 
therapeutic-1 (MET-1).

Characterization of silver and control materials

An aqueous suspension of PVP-capped AgNPs was purchased 
from nanoComposix (San Diego, CA; DAG1964). The manufacturer 
reported particle sizes of 10.6 ± 1.7 nm diameter and a nominal stock 
concentration of 1.0 mg/mL. Our characterization of the AgNPs was 
accomplished through dynamic light scattering (DLS), zeta potential 
and number-based size distributions, respectively, using a Malvern 
Zetasizer (Malvern Instruments Ltd., UK). Stock suspensions of AgNPs 
were further size verified by transmission electron microscopy (TEM; 
Hitachi H-7000, Japan). Particle suspensions of AgNPs in the culture 
medium at the final concentrations of 25, 100 and 200 mg/L were also 
confirmed for size using TEM. The actual 107Ag concentration of the 
stock AgNP suspension was measured by inductively coupled plasma-
mass spectrometry (ICP-MS; XSeries II; Thermo Scientific, Germany), 
as described [2], using indium (115In) as the internal standard. The ICP-
MS instrument was optimized by Plasmalab software using a 5 µg/L 
tuning solution of In and Ag. The procedural limit of detection for 107Ag 
was 0.01 µg/L. An aqueous suspension of PVP (100 µg/mL) purchased 
from nanoComposix (San Diego, CA; DAC1446) was also used as a 
control for the capping agent.

To prepare the ionic silver controls, the AgCl suspension procedure 
was based on Choi et al. [21] with several modifications. Briefly, 
crystalline AgNO3 and NaCl (both Fisher Scientific) solutions of 140 
mM and 280 mM, respectively, were made separately by dissolving in 
MilliQ-water. Aliquots of 1000 mg/L silver chloride (AgCl) suspension 
were then freshly prepared by vortexing (~1000 rpm) the AgNO3 and 
NaCl solutions (1 mL each) with MilliQ-water (18 mL). The NaCl 
concentration was twice that of AgNO3 in order to ensure that AgCl was 
completely complexed with no residual silver ion (Ag+) present in the 
colloidal suspension. The final concentration of AgCl was determined 
by confirmatory ICP-MS, as described [6].

Experimental exposures

For each treatment, MET-1 inocula were added to sterile growth 
medium (1:10 dilution) in sterile glass serum bottles (50 mL; Sigma 
Aldrich), to a final volume of 5 mL, under anaerobic conditions. 
Triplicate cultures of each of four treatment groups consisted of 25, 100 

and 200 mg/L of AgNPs or AgCl, 2.5, 10 and 20 mg/L PVP suspensions, 
as well as control cultures, which were not amended with either Ag or 
PVP. Since, to our knowledge, there has been no study of AgNPs and 
human intestinal microbiota; the AgNP concentrations selected were 
based on other studies concerned with the effects of AgNP on anaerobic 
pathogenic bacteria [22-24]. We further reasoned that our experiments 
were of a short-term duration and not chronic exposures, and thus we 
wanted to include the highest concentrations to model possible in vivo 
bioaccumulation. Finally, nanosilver water purification units likely 
leach nanoparticles, based on the wide estimates of release (1-45%) 
from different fiber types containing ~0.02-21 mg/g silver [25]. The 
PVP doses were chosen as the corresponding concentrations for the 
amounts used to cap the AgNPs. The inoculated serum bottles were 
placed at 37°C in a Ruskin anaerobic chamber (The Baker Co., Sanford, 
USA) containing a suitable atmosphere (90% N2, 5% CO2, 5% H2). After 
adding AgNPs, AgCl, or PVP to the stated concentrations, the serum 
bottles were closed with 20 mm sterilized rubber stoppers and secured 
using WheatonTM aluminum seals (both Fisher Scientific).The sealed 
serum bottles were then transferred to a dark room in a sealed vessel 
containing a GaspakTM EZ anaerobic gas pouch (Fisher Scientific). They 
were incubated for 48 h at 37°C while being shaken (~10 rpm) on a 
Bigbill Thermolyne shaker (Dubuque, USA).

Culture head space gas analysis
Gas generated by MET-1 under experimental conditions was 

sampled in situ using Luer-LokTM Tip BD syringes (10 mL) with 22G1 
Precision Glide® needles (both Becton Dickinson & Co, NJ) after 24 and 
48 h incubation, and immediately injected using a split-less mode into 
an Agilent Technologies 7890B Gas Chromatograph (GC; Palo Alto, 
California, USA), equipped with a stainless steel column (50 m×0.53 
mm internal diameter, 10 µm film thickness) and packed with Agilent 
J&W PoraBOND Q (Palo Alto, California, USA). The operational 
conditions were as follows: helium (He) gas carrier at 15 mL/min, 
thermal conductivity detector (TCD) at 250°C and oven temperature 
at 32°C for 5 min. Of the three major universal components of human 
flatus (CO2, H2 and N2; [24]) only two were assayed with our equipment; 
peak areas of CO2 and N2 were quantified with Agilent Technologies 
ChemStation Integration Software (Palo Alto, California, USA). It 
should be noted that because MET-1 contains no Archaea, methane 
production was not measured.

Fatty acid methyl ester (FAME) analysis
Triplicate subsamples (1 mL each) for each treatment group were 

centrifuged at 2000 xg for 10 min and the pellets stored at -80°C until 
analysis (Keystone Labs; Edmonton, Canada). Phospholipid fatty acids 
were extracted from the pellets using the MIDI Sherlock Microbial 
Identification System (Microbial ID Inc., Newark, DE, USA) as stated 
elsewhere [26]. Briefly, each pellet was saponified with 1 mL of NaOH 
in aqueous methanol (15% w/v) at 100°C for 30 min, followed by 
methylation with 2 mL HCl in aqueous methanol (54% w/v) at 80°C 
for 10 min. Subsequent extraction used 1.25 mL of hexane/methyl-tert-
butyl ether (50% v/v) for 10 min. After discarding the aqueous phase, 
the samples were washed for 5 min (3 mL of 0.3 M NaOH containing 
a few drops of saturated NaCl). The organic phase was analyzed with 
a GC equipped with an Ultra 2 column containing a flame ionization 
detector (Agilent). The resulting chromatographic peak areas were 
converted to the percentage of the total fatty acids (mol %) for each 
sample. The more abundant fatty acids (>0.15% mol %) were subjected 
to further analysis. In addition, all fatty acids were sub-grouped into 
Gram positive, Gram negative and saturated categories, as outlined 
elsewhere [27].
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DNA isolation

At the conclusion of the 48 h incubation period, samples (200 uL) 
were removed from each serum bottle for genomic DNA extraction 
using a QIAamp DNA stool mini kit (Qiagen Sciences, LLC, MD, 
USA), as described in the manufacturer’s protocol. The concentration 
and purity of the DNA was assessed by spectrophotometric analysis 
(UltrospecTM 1100 pro UV/visible Spectrophotometer; Amersham 
Biosciences Corp., USA, as well as a NanoDrop-1000; Ver.3.7.1; Thermo 
Scientific, Wilmington, USA) and by polymerase chain reaction (PCR) 
followed by agar gel electrophoresis as described below.

PCR-DGGE

Genomic DNA was used as a template for PCR amplification of 
16S ribosomal RNA (rRNA) genes using the forward primer, 341F 
(5’-CCTACGGGAGGCAGCAG) with an additional 40-nucleotide 
GC-rich sequence on the 5’-end (GC clamp) and the reverse primer, 
518R (5’- ATTACCGCGGCTGCTGG; [27]). PCR was performed 
with a 50 µL reaction mixture containing 4 µL of DNA template, 2.5 
µL of each primer (10 µM), 5 µL of 10X ViBuffer A (Vivantis), 1.5 µL 
of MgCl2 (50 mM), 0.5 µL of dNTP mix (10 mM; Thermo Scientific), 
2.5 µL of bovine serum albumin (2 mg/mL), 0.4 µL of recombinant Taq 
DNA polymerase (10 mM; Vivantis) and 31.1 µL sterile water using 
the following protocol: 5 min at 94°C denaturation, followed by a total 
of 30 cycles 94°C for 1 min, 64°C for 1 min, 72°C for 3 min, followed 
with a final extension at 72°C for 7 min. Negative controls without the 
DNA template were always included as controls. PCR amplification was 
performed in a Veriti® 96 Well Thermal Cycler (Applied Biosystems, 
Burlington, Canada). The presence and integrity of the amplified 
products were confirmed by electrophoresis in 1% (wt/vol) agarose gels 
stained with ethidium bromide and viewed on a UV transilluminator 
(Alpha Innotech, Santa Clara, USA).

Amplified 16S rRNA gene fragments were subjected to DGGE 
as described elsewhere [28] using a DGGEK-2401 System (CBC 
Scientific, Del Mar, USA). Briefly, amplified PCR products (20 µL of 
each triplicate sample for each treatment groups) were loaded onto 8% 
(w/v) polyacrylamide gels containing a urea gradient ranging from 30% 
to 60%.The gels were electrophoresed at 60°C in 1X Tris-acetate-EDTA 
(TAE) buffer; after the amplified products had entered the gels (120 V 
for 5 min), a constant voltage was applied (70 V for 20 h). Following 
electrophoresis, the gels were incubated for 30 min in 1X TAE buffer 
containing ethidium bromide (0.5 mg/L) and then rinsed with TAE 
buffer for 10-12 min. Stained gels were visualized with an Alpha 
Innotech UV transilluminator and photographed using AlphaEase® 
FC software (Version 6.0, Alpha Innotech, Santa Clara, CA, USA). 
Images of DGGE-generated rRNA profiles were analyzed with Syngene 
Genetools software (version 4.03.03, Synoptics Ltd.).

454 Pyrotag sequencing

The 454 pyrotag sequencing of MET-1 treatment groups followed 
standard protocols (MR DNA; Shallowater, TX, USA). Briefly, 
sequence corresponding to the 16S rRNA V1 to V3 hypervariable 
regions (~500 bp fragments) from each triplicate DNA sample and 
each concentration in the four treatment groups was independently 
PCR amplified with primer pairs consisting of a forward primer, 
Gray 28F (5’-TTTGATCNTGGCTCAG) and reverse primer, Gray 
519r (5’-GTNTTACNGCGGCKGCTG). A single-step PCR using 
HotStarTaq Plus Master Mix Kit (Qiagen, Valencia, CA) was initiated 
by incubating template DNA for 3 min at 94°C, and was followed by 
28 cycles of 94°C for 30s, 53°C for 40s, and 72°C for 1 min, with a 

final 5 min extension at 72°C. Amplified products were purified using 
Agencourt Ampure beads (Agencourt Bioscience Corporation, Beverly, 
USA). Amplified DNA (~500 ng) was sequenced using the Genome 
Sequencer FLX System (Roche, Nutley, USA) using titanium reagents 
as described by the manufacturer’s protocols [29]. After removing failed 
sequence reads, as well as low quality sequence and primers, any non-
bacterial reads and chimeras were removed using Black Box Chimera 
Check (B2C2) software [30,31]. Sequencing reads were subsequently 
assembled into clusters using a distributed MegaBLAST.NET algorithm 
[32] after denoising, and compared to the 16S sequences of the National 
Center for Biotechnology Information (NCBI) database library RDP 
ver 9 [33]. MegaBLAST outputs were further evaluated using .NET 
and C# analysis pipeline [29]. The bacterial identity was based on the 
percentage of the total length of each sequence aligned with the given 
library database sequence, and in comparison with the known MET-1 
sequences. The 454 pyrosequencing distributions in each treatment 
group were compared as such, or normalized using the corresponding 
total mol% fatty acids.

Statistical analysis

The impact of AgNPs, AgCl and PVP treatments on gas production, 
FAME analysis and DNA sequence were evaluated with two-way 
analysis of variance (ANOVA) using SPSS (SPSS Inc., Chicago, USA). 
Tukey’s HSD for honest significant difference post-hoc test evaluated 
significance between any two pairs of means. Hierarchical clustering of 
DGGE band profiles were based on banding patterns, and intensity was 
done using Pearson correlation coefficient and UPGMA (Unweighted 
Pair Group Method with Arithmetic Mean) methods. Multidimensional 
scaling (MDS) of the percentage of the total length of each phylogenetic 
sequence was used to reduce the bacterial composition dataset and 
compare multivariate responses to the concentrations of AgNPs, AgCl 
or PVP exposures including the control groups (no Ag or PVP) using 
SAS Ver 9.4 (SAS Institute, Inc., Cary, USA).

Results
Nanoparticle characterization

The number-based hydrodynamic size distribution (Malvern 
Zetasizer) showed that the average particle size of the AgNP stock 
suspension was ~10.87 ± 1.2 nm (Figure 1A). TEM analysis of this 
suspension also confirmed the manufacturer’s mean particle size data 
(Figure 1B). The zeta potential of –25.2 mV, again, was reasonably 
consistent with that of the supplier. Since the insoluble micron-size 
components of the culture medium precluded an accurate assessment 
of AgNP hydrodynamic size, TEM was used to show that the AgNPs 
were well dispersed in the medium in a dose-dependent manner, 
again with sizes within the range described (Figures 1C, 1D and 1E). 
Importantly, these TEM images showed that any clusters consisted of 
single NPs rather than agglomerated clumps.

Bacterial gas production in the cultures

MET-1 control cultures generated CO2, N2, and unidentified gas in 
the head space, with the total gas representing about double the culture 
volume after 48 h (Figure 2). All PVP-treatment groups showed CO2 
and N2 gas production as well as total gas volumes that were the same 
as controls, indicating that the molecule used as a capping agent for 
the AgNPs had no apparent influence on bacterial respiration. Notably 
however, total gas volume was significantly reduced (p<0.05) in all silver 
treatment groups, except at the lowest AgNP concentration. When 
MET-1 cultures included 100 and 200 mg/L AgNPs (Figure 2), the total 
head space gas was significantly reduced (p <0.05) by ~20% and with 
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CO2 reduced to ~22% of control values. Similarly, total gas volumes 
were significantly reduced by ~35% (p<0.05) in the 25-200 mg/L AgCl 
treatment groups. As with the AgNP amendments, this reduction was 
correlated with a lower production of CO2, which was significantly 
reduced (p<0.05) by 20-78% at increasing AgCl concentrations. The 
reduction in bacterial respiration was so prominent in the 200 mg/L 
AgNP and AgCl treatment groups, as well as in the 100 mg/L AgCl 
cultures, that the proportion of N2 head space gas was significantly 
increased (p< 0.05) relative to controls.

Fatty acid profiles after culture

A total of 31 different phospholipid fatty acid peaks were seen 
in chromatographs  of  MET-1 cultures. Of these, 23 dominant (> 
0.15 mol%) fatty acids were selected for comparative analysis and 
characterized into Gram negative, Gram positive, saturated and 
unnamed groups (Figure 3). Fatty acid signatures in the PVP treatment 
groups were identical to controls (Figure S1). In contrast, after the 
silver treatments, overall fatty acid profiles were strikingly different. 
For example, saturated fatty acids were significantly affected (p<0.05) 

Figure 1: Characterization of silver nanoparticles (AgNPs): A) dynamic light scattering (DLS) number-based size distribution vs. an X-axis logarithmic scale 
(diameter in nm; d.nm); B) transmission electron micrographs (TEM) image of the AgNP stock suspension; and also TEM images of AgNPs in the bacterial 
culture media at C) 25, D) 100 & E) 200 mg/L concentrations.

Figure 2: Carbon dioxide (CO2) and nitrogen (N2) gas recovered from the total gas generated by the human therapeutic intestinal bacterial communities after 48 
h exposure to silver nanoparticles (AgNPs), silver chloride (AgCl), polyvinylpyrrolidone (PVP) and control (with no Ag or PVP), where L, M and H before AgNP 
and AgCl represent 25, 100 and 200 mg/L and L, M, H before PVP represent 2.5, 10 and 20 mg/L concentrations, respectively, in the X-axis. The symbols ‘*’, ‘∇’ 
and ‘♦’ show significance differences (p<0.05) in the total gas volume, CO2 and N2, respectively, compared to the control.
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by AgNP exposure compared to the controls: capric (10:0) and stearic 
(18:0) fatty acids were reduced by 80-96% and 20-26%, respectively 
(AgNPs at 25-200 mg/L), and the most abundant saturated palmitic 
fatty acid (16:0) increased by 26- 32% (AgNPs at 200 mg/L). AgCl 
treatments had similar effects: 10:0 and 18:0 fatty acids were decreased 
by 65-90% and 30-35%, respectively (AgCl at 25-200 mg/L), and 16:0 
fatty acids increased by 13-28%, compared to controls (Figure S2). Even 
at the lowest AgNP concentration there was an impact, including fatty 
acid 20:00 (arachidic acid), which increased to 9 mol% from 1.1 mol% 
in controls (Figure 3). There were no significant differences noted in 
fatty acid signatures normally associated with Gram positive or Gram 
negative bacteria (except 16:1ω9C and 15:0 3OH in the 100 and 200 mg/L 
AgNP concentrations, respectively). In contrast, fatty acids in the AgCl-
treatment groups showed more impact with changes in Gram positive 
signature fatty acids (e.g. 15:0 anteiso and 18:1 ω9C unsaturated fatty 
acids were increased by 20-45%), and most Gram negative signatures 
were reduced by 15-100% (Figure S2). Taken together, regardless of any 
increase or decreases, the total fatty acids in MET-1 treatment groups 
were positively correlated (r=0.682; p<0.01) with changes in the total 
gas volume seen after 48 h exposure to silver, either as AgNP or AgCl, 
indicating that these two assessments were concordantly indicative of 
AgNP and AgCl-mediated toxicity.

The effect of silver treatment on PCR-DGGE profiles

MET-1 DNA analysis by DGGE showed differences in banding 
patterns and intensities in the silver and control treatment groups. In 
this regard, the PVP-treatment groups were identical to non-amended 

controls (Figure S3). After AgNP exposure, some banding groups were 
either more or less intense compared to controls (band group a1; Figure 
4), some showed little change (band group a3 and a5), and at the highest 
AgNP concentration, one (band group a2) completely disappeared. Still 
another became apparent (band group a6) that had previously been 
below the detection point. Cluster analysis showed that the DGGE 
banding profiles of the MET-1 AgNP-treatments grouped separately 
from control cultures; they differed ~26%-36% at increasing AgNP 
concentrations. DGGE results also differed in the AgCl-treatment 
groups and generally showed somewhat greater divergence from control 
patterns than even those seen after AgNP amendment. For example, 
AgCl MET-1 patterns differed up to ~42% of controls (Figure S4).

The effect of silver treatment on the phylogenetic composition

Because of distinct differences seen in respiration, fatty acids and 
DGGE patterns, DNA from each of the different triplicate MET-1 
treatment groups was sequenced. Due to possible sequencing errors, 
only those reads that had a relative abundance of ≥ 1% were used in 
the analysis; minor contributors to MET-1 were placed together as 
a single ‘Others’ group for each treatment. It should be noted that 
although the contribution of the ‘Others’ category varied somewhat 
between exposure groups, there were no significant differences between 
them, including in the controls (Figure 5). As well, regardless of the 
PVP concentration, there were no significant differences in MET-1 
phylogenetic compositions and the unamended controls (Figure S5). 
MDS analysis after PVP treatments showed a patchy distribution that 
was scattered among treatments including control (Figure 6; right 

Figure 3: Relative amounts (mol%) of extracted fatty acids in control (no AgNPs) and AgNPs treatments at 25 (L-AgNP), 100 (M-AgNP) and 200 (H-AgNP) mg/L 
concentrations, respectively. The bars represent the means of three independent fatty acid assessments and the standard errors. The fatty acids are grouped 
according to their most-frequently associated categories. Unknown lipid indicators were grouped as ‘Unnamed’. The symbol ‘*’ show significant differences 
(p<0.05) compared to the control.
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panel).

After AgNP treatments, the phylogenetic assemblages were 
significantly impacted (p<0.01) relative to controls (Figure 5), and as 
suggested by the DGGE results. The MET-1 ecosystem is dominated by a 
strict anaerobe, Bacteroides ovatus (~35%), but after AgNP amendment, 
its abundance was reduced by ~57%, while the Gram negative, Raoultella 
sp. (~23%) and Escherichia coli (6%) were increased by 28 – 46% and 
50-80%, respectively, at the various AgNP concentrations (Figure 5). 
Other anaerobes such as Roseburia faecalis (~5.5%), Eubacterium rectale 

(~5%), Roseburia intestinalis (4%) and Ruminococcus torques(~2%) were 
also significantly decreased (p<0.01) by 30-95%, 45-97%, 64-81% and 
44-70%, respectively, in the AgNP exposure groups relative to controls 
(Figure 5). MDS analysis demonstrated that AgNP treatment groups 
were distinct from controls. Although MET-1 shifted in response to 
AgNP amendment at all of the tested concentrations, the two lower 
concentration treatments grouped together and were separated from the 
highest AgNP concentration (Figure 6; left panel). Notably, the impact 
of AgNPs on the human intestinal bacteria was apparent whether or 

Figure 4: UPGMA clustering analysis using DGGE band patterns after exposure to silver nanoparticles (AgNPs) and control (with no AgNP), where L, M and H 
before AgNP represents 25, 100 and 200 mg/L concentrations, respectively. Numbers at the end of the descriptors (1, 2, 3) indicate the replicate samples. Band 
groups a1-a6 represent highlighted differences in banding pattern between controls and AgNP treatments.
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not the sequence distribution was normalized for total abundance or 
remained as a distribution percentage (Figure 5; Figure S6).

Similar, but depending on the target bacteria sometimes more 
disruptive to MET-1 than the AgNP treatments, was exposure to AgCl. 
For example, the abundance of B. ovatus and R. torques was significantly 
reduced (p<0.001) by 84% and 80%, respectively, at 25 mg/L AgCl, but 
there was no significant impact on these two bacteria at the higher 
AgCl concentrations (Figure S5). The abundance of Raoultella sp. 
and E. coli were significantly increased (p<0.01) at the lowest AgCl 
concentrations, as they were after the AgNP treatments. However, 
they significantly decreased (p<0.01; 64% and 65%, respectively) in 
the highest AgCl concentrations (Figure S5). Similar to the effects 
of AgNPs, R. faecalis, E. rectale, R. intestinalis and Acidaminococcus 
intestinalis (2.3% of controls) were significantly reduced by 91-95%, 

82-96%, 76-92% and 84-92%, respectively, after AgCl treatments. 
Distinct from AgNP effects, however, there was also a significant 
reduction (p<0.05) in the phylogenetic composition of the ‘Others’ 
group in AgCl treatments compared to the non-exposed group. Indeed, 
four anaerobes in the ‘Others’ group including Collinsella aerofaciens 
(~0.16%), Dorea longicatena (~0.2%), Eubacterium desmolans (~0.13%) 
and Ruminococcus obeum (~0.1%) appeared to be eliminated after AgCl 
exposure (Figure S6). In all, MDS analysis revealed a clear distinction in 
phylogenetic composition between control and AgCl treatments, while 
communities treated with the lowest AgCl concentration separated 
from that of the higher AgCl treatments and control, respectively 
(Figure S7). Significantly, MDS analysis showed differences between 
AgCl and AgNP treatments. This again underscores the distinction 
between the two forms of silver amendment and suggests some distinct 
nano-specific-effects.

Figure 5: Human intestinal bacterial phylogenetic composition normalized to their total fatty acid responses at the species level after 48 h exposure to 0 
(Control), 25 (L-AgNP), 100 (M-AgNP), and 200 (H-AgNP) mg/L silver nanoparticles (AgNP), respectively. Means of the triplicate samples in each treatment 
with >1% relative abundance were used for sequence identity, whereas groupings of less abundant species shown as ‘Others’. Asterisk (*) symbol represents 
significant differences (p<0.01) at species level compared to the control. Non-normalized graphs are shown in Figure S6.

Figure 6: Multidimensional scaling (MDS) plots of human intestinal bacterial community composition based on pyrosequencing after 48 h exposure to Left Panel: 
0 (Control), 25 (Low), 100 (Medium) and 200 (High) mg/L silver nanoparticles (AgNP), and Right Panel: 0 (Control), 2.5 (Low), 10 (Medium) and 20 (High) mg/L  
polyvinylpyrrolidone (PVP) concentrations, respectively. Arrows indicate the distance of the AgNP- treatment groups from the control with no Ag.
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Discussion
With the increased availability of nano-consumer products, 

including cosmetics, foods and beverage supplements, as well as water 
purifiers and the use of alternative medicines [1,18,19], there is little 
doubt that we will ingest some nanosilver. Will this exposure have an 
impact on our intestinal microbiota? The results of these experiments 
suggest that at a certain threshold concentration, it will.

Since to our knowledge, this question had not been previously 
addressed, there were few studies on which to model our experiments. 
As a result, four different assays, representing three distinct 
physiological and cellular responses were used including respiration, 
fatty acids and DNA analysis. Initially, we doubted that the monitoring 
of respiration gases over a period of only 48 h would be sensitive 
enough to detect any toxicological impact. After all, no significant effect 
on gas production was observed in anaerobic microbial communities 
after exposure to C60 fullerenes over an exposure period of a few 
months [34]. However, total gas production was significantly reduced 
in almost every experimental treatment (100-200 mg/L AgNP or 25-
200 mg/L AgCl) compared to controls (Figure 2). The lower volumes 
appeared to be correlated with a reduction in the generation of CO2, a 
fermentation product of carbohydrate metabolism. This suggests that 
silver amendment could substantially reduce the metabolic activity 
of these cultures. Interestingly, at tested AgCl concentrations > 100 
mg/L, the proportion of the measured gases remained the same as 
the starting gas concentrations. Thus, notwithstanding the depressed 
level of fermentation to CO2, there must have been some anaerobic 
respiration yielding N2 to replace the gas withdrawn by sampling. E.coli, 
which can reduce nitrite and consequently have been implicated in the 
pathology of inflammatory bowel disease [35], increased in abundance 
(50-80%) after AgNP treatments (25-200 mg/L; Figure 5), and these 
as well as other bacteria (e.g. Raoultella sp.) may have contributed to 
the maintenance of N2 at a high level. After AgCl amendments, there 
was an increase (56-191%) in the relative proportion of Parabacteroides 
distasonis (Figure S5; S8), an isolate which would also contribute to N2 
generation since it can use nitrate as a terminal electron acceptor for 
anaerobic respiration [36].

The silver-mediated reduction in gas production associated with 
lower metabolic activity, likely reflected a reduction in cell division 
[37], and this was positively correlated (r=0.68) with the total fatty 
acids recovered. Together, the FAME analysis and the respiration assay 
provided an estimate of the bacterial mass at the conclusion of the 
incubation period. Fatty acid profiles differed considerably between 
silver treatment groups and the controls.

It has been suggested that the thicker peptidoglycan layer of Gram 
positive species may act as a barrier to NPs and make these cells less 
susceptible to AgNP toxicity [17,38] and here the abundance of oleic 
acid (18:1 ω9c), a Gram positive biomarker, was not significantly 
perturbed after AgNP treatments. However, it must be noted that such 
‘signature’ assignments can only be applied with caution since stress 
can induce changes in membrane lipids [39]. Indeed, we included 
FAME analysis to test this premise; had fatty acid signatures deviated 
in the absence of a community shift, future investigators would 
know to avoid FAME analysis for AgNP toxicity tests. Gram negative 
bacteria with their thinner cell membranes could be more vulnerable 
to an AgNP-mediated increase in unsaturated fatty acids resulting in 
a disruption of membrane permeability and ultimately resulting in cell 
death [40,41]. In this regard, the most predominant Gram negative, B. 
ovatus, was reduced ~57% after AgNP treatment, compared to controls. 

AgCl treatments also resulted in changes to the pattern of fatty acid 
signatures with an increase in saturated fatty acids and a concomitant 
decrease in unsaturated Gram negative fatty acid biomarkers. However, 
not enough is known about the interaction of silver ions with consortia 
to make definite conclusions. P. distasonis, a Gram negative which 
represented ~4% of the sequences in controls, more than doubled in 
relative abundance at high AgCl concentrations. This increase was also 
reflected in the significant elevation of major fatty acids in this species 
[42] including 17:0 iso 3OH, an ‘unnamed’ fatty acid, as well as 18:1 
ω9c, ironically a ‘signature’ Gram positive marker. Thus, although 
stress can undoubtedly change fatty acid profiles in individual bacteria, 
our results indicate that fatty acid profiles coupled with respiration 
assessments may well find applicability as an efficient screening method 
for the impact of NPs on intestinal bacterial communities.

Since together these analyses indicated that there were changes in 
the MET-1 community structure, even at the lowest concentrations in 
each treatment group, it was important to determine if such differences 
were reflected in a shift in species abundance. Initially, we examined this 
using PCR-DGGE. It was not possible to identify individual species by 
the amplified rRNA gene fragments since most of the genomes in MET-
1 have similar overall GC content of around 50%, however, we noted 
variations in band intensities in both the AgNP and AgCl treatment 
groups (Figure 4; Figure S4). UPGMA clustering analysis with these 
DGGE banding patterns demonstrated that the AgNP-treatment 
groups were ~36% different that those in control, with the lower levels 
(25 and 100 mg/L AgNPs) clustering closer together and distinct from 
the 200 mg/L AgNP amendment group. UPGMA clustering analysis 
with the AgCl amendment experiments showed a dose effect with 
the lower AgCl concentration more similar to controls than at higher 
concentrations. We assume that these observed differences likely reflect 
the more active division of bacteria that were less sensitive to either 
AgNP or AgCl. It is well known that resistance to silver can be due to 
the selective growth of dominant or Ag-tolerant species with resistance 
genes [43], and such differential sensitivities to this metal have been 
seen previously in soil studies [8,44]. What is notable, however, is that 
the impact of silver, whether in the NP form or the ionic form, appeared 
to be distinct, resulting in dissimilar banding patterns.

AgNP-mediated changes in MET-1 as evidenced by PCR-DGGE 
or pyrosequencing, and subsequently assessed by clustering and MDS 
analysis, respectively, were concordant (Figures 4-6). This suggests that 
changes in the community structure for large numbers of samples, such 
as dose-dependent screens on the impact of various NPs on the human 
gut ecosystem could be achieved using gel analysis. Pyrosequencing, 
however, indicated specific targeted members of the MET-1 community. 
AgCl treatment was toxic to some MET-1 members and shifted the 
community more radically than the AgNP treatments (Figures 5 and 
S5). Nonetheless, even at the lowest concentrations of AgNP, there 
were significant reductions in the relative abundance of individual 
bacteria, either when normalized to total gases (not shown), total fatty 
acids (Figure 5), or when based on overall distributions (Figure S6). 
Although we did not use a complex fecal microbial consortium, but 
rather a defined, simplified, and highly reproducible human distal gut 
ecosystem [15], many of these microbes demonstrated differences in 
their susceptibility to AgNPs. For some of these microbes, there could 
be a negative effect of AgNPs on the overall health of the host. For 
example, the abundance of B. ovatus, which provides energy in the 
form of short-chain fatty acids and sugars that mediate immune system 
function [45,46], decreased 2-5-fold on exposure to AgNP. Equally of 
concern could be the AgNP-associated decrease in two butyrogenic 
anaerobic species, Faecalibacterium prausnitzii (13-73% reduction 
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compared to control) and Roseburia faecalis (30-95% reduction 
compared to control), which are suspected to be of benefit to their hosts 
due to their immune-modulatory and anti-inflammatory properties, 
and as well as their abilities to metabolize xenobiotics [47-50]. In regard 
to these butyrate-producing species, it is regrettable that this fatty acid 
(4:00) was below the detection limit (9:00) of our GC, and thus we 
could not further explore the influence of AgNPs on this particular 
fatty acid signature. However, the positive correlation (r=0.76) between 
total fatty acid response and bacterial phylogenetic composition, and 
the significant decrease in some of the beneficial microbes in MET-1, 
together indicate a potential deleterious impact of AgNP on the human 
intestinal microbiota.

Although interest in host-microbiota interactions and their health 
implications has been growing [51,52], the influence of AgNPs on the 
intestinal microbiota, except for a study in Drosophila [17], appears 
to be unknown. We do not yet fully understand the mechanisms of 
toxicity of AgNPs towards other microbial communities, however, 
many groups have suggested that deleterious effects are due to the 
release of silver ion (Ag+) from AgNPs [53-56]. The AgNPs used 
here (PVP-coated with a zeta potential of -25 mV) makes the release 
of substantial Ag+ unlikely (~1.8% of the total Ag was calculated in a 
previous studies [6,7,57]), with minimal losses in total concentration 
even over a 21 day exposure period [58]. Thus, toxicity was unlikely due 
to ionic silver, and this suggestion is supported by the differences seen 
after AgNP and AgCl treatments (e.g. the MDS analyses of AgCl and 
AgNP treatments). Others have attributed NP toxicity to the capping 
agent used [59], but here we saw no significant differences in PVP-
treatment groups with any of the analyses. Another popular explanation 
is that AgNP exerts toxicity by forming reactive oxygen species (ROS) 
through the interaction of AgNPs with living bacterial cells [60]. Most 
obligate anaerobic bacteria lack ROS-scavenging enzymes since their 
action generates molecular oxygen, which in turn, damages enzymes 
required for metabolic activity [61]. Thus we speculate that the MET-
1 consortium might be particularly susceptible to NP-facilitated ROS 
production. Regardless of the mechanisms and/or mode of action, 
however, all three NP-toxicity profiles, including respiration, FAME, 
and the two DNA analyses, were distinct from those obtained with 
AgCl in the present study. Importantly, these experiments have now 
demonstrated the use of a robust and consistent model system for 
the testing of consumer product NPs on the human microbiota. In 
summary, our results clearly indicate that notwithstanding the impact 
of silver, a component of the impact of silver was nano size-dependent, 
and therefore AgNP ingestion, either deliberate or inadvertent, could 
have a negative impact on our intestinal microbiota. The subsequent 
influence of this on our overall health is presently unknown.
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