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ABSTRACT

Due to continued technological development, people increasingly come in contact with engineered nanomaterials (ENMs)
that are now used in foods and many industrial applications. Many ENMs have historically been shown to possess
antimicrobial properties, which has sparked concern for how dietary nanomaterials impact gastrointestinal health via
microbial dysbiosis. We employed an in vitro Human Gut Simulator system to examine interactions of dietary nano
titanium dioxide (TiO2) with human gut microbiota. Electron microscopy indicated a close association of TiO2 particles with
bacterial cells. Addition of TiO2 to microbial communities led to a modest reduction in community density but had no
impact on community diversity and evenness. In contrast, administration of known antimicrobial silver nanoparticles (NPs)
in a control experiment resulted in a drastic reduction of population density. In both cases, communities recovered once
the addition of nanomaterials was ceased. Constrained ordination analysis of community profiles revealed that simulated
colonic region was the primary determinant of microbiota composition. Accordingly, predicted community functional
capacity and measured production of short-chain fatty acids were not changed significantly upon microbiota exposure to
TiO2. We conclude that tested TiO2 NPs have limited direct effect on human gut microbiota.
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Engineered nanomaterials (ENMs) continue to see increased use
in many applications across military, industrial, and consumer
space. The ability to produce new and increasingly complex
ENMs continues to surpass the ability to assess biomolecular
interactions of ENMs and their potential cytotoxicity. The toxic
potential of ENMs is influenced by their unique physicochemi-
cal properties, including their size, charge, geometry, surface
functionalization, and the formation and composition of pro-
tein corona around them (Gunawan et al., 2014; Hu et al., 2016).
The combination of these properties may enable increased up-
take of ENMs into the body, induction of pro-inflammatory cyto-
kines, increased apoptosis, or a higher rate of cell death (Hu
et al., 2016; Wiesenthal et al., 2011).

Exposure to ENMs occurs via respiratory, gastrointestinal, or
other epidermal routes (Basinas et al., 2018; Pietroiusti et al.,
2017). Mainstream focus for ENM-induced exposure and toxicity
has centered on the respiratory route, where acute inhalation of
ENMs results in a rapid toxicity (Bakand et al., 2012). Exposure
via the gastrointestinal route is less studied. Gastrointestinal
exposure to ENMs can occur by the ingestion of dietary products
containing ENMs (eg used as colorant, preservative, or filler) or
as a secondary exposure from the respiratory clearance of ENMs
through the mucociliary escalator (Pietroiusti et al., 2017).
Examples of foods with high titanium dioxide (TiO2) amounts
include candies and chewing gums. Among household prod-
ucts, toothpastes and some sunscreens can contain up to 10%
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of titanium by weight, and TiO2 is commonly used in white
paints and paper (Weir et al., 2013). Upon entering the body via
the gastrointestinal tract, ENMs are acidified in the stomach.
This acidification has been shown to increase ENM toxicity via
ion shedding (Pietroiusti et al., 2017). Following transfer from
the stomach into the small intestine, ENMs begin to encounter
a myriad of proteins and peptides. These range in size and
charge, and can interact with ENMs by creating coronas around
them, causing agglomeration and altering ENM charge
(Gunawan et al., 2014). Of the research conducted on gut interac-
tions with ENMs, the majority of studies focused on the direct
interactions with gut epithelial cells (Pietroiusti et al., 2017).
Little work has been conducted, however, assessing ENM inter-
actions with gut microbiota and downstream impacts on host
health.

The gut microbiota is intricately involved in host health
through the digestion of dietary fiber and other nutrients, mod-
ulation of host immune responses and gut transit, and by fight-
ing pathogenic invaders (Sekirov et al., 2010). The composition
of the microbiota can be influenced by many exogenous factors
including macronutrient content of the diet, changes in host
physiology, invasion and colonization by foreign species, use of
antibiotics, and possibly ENMs (Pietroiusti et al., 2017). In a
healthy state, the microbiota has a commensal relationship
with the host; however, this relationship can be influenced by
the factors listed above, creating a state of microbial dysbiosis
(Hollister et al., 2014). Such dysbiosis can lead to changes in fer-
mentation end products and mucin layer thickness, production
of chemicals that promote inflammation of host tissues and
cause increased intestinal permeability, and alterations of
bowel habits (Gorkiewicz and Moschen, 2018). Thus, the interac-
tions between gut microbiota and ENMs can impact host health
directly, through modification of ENMs by microbiota (increas-
ing toxicity), or indirectly through ENM-induced dysbiosis of gut
microbial communities.

Previous studies have highlighted the potential toxicity of
different ENMs using various cell and animal models, but the
findings have not been consistent among the reports
(Pietroiusti et al., 2017). For example, TiO2 particles elicited a cy-
totoxic response in colon cell culture models, however, the ef-
fect was not reproducible in alternative cultures or animal
models (Pietroiusti et al., 2017). Similarly, silver (Ag) nanopar-
ticles (NPs) elicited a toxic effect in monocultures and animals,
but this effect was not observed in the in vitro co- and tri-
cultures (van den Brule et al., 2016). The lack of consistency
could be explained by the differences in various models used. It
could also be influenced by the different interactions of micro-
bial cells with ENMs because in vivo studies that focused on
ENM biomolecular interactions were not able to separate micro-
biota effects from the direct interactions of ENMs with the host
tissues. In order to eliminate possible confounding effects of
NPs on the host physiology in turn affecting gut microbes, we
utilized a recently established in vitro Human Gut Simulator
(HGS) to study the impact of TiO2 and Ag NPs on human gut
microbiota (Agans et al., 2018). This in vitro system mimics the
environmental conditions of the human colon, but does not in-
corporate host tissues or metabolites, thus allowing us to test
direct effects of NPs on microbial populations.

MATERIALS AND METHODS

Experimental design. The design and validation of a three vessel
in vitro HGS system has been described recently (Agans et al.,
2018). Briefly, HGS system consisted of three continuously

linked fermentation vessels maintained under anaerobic atmo-
sphere, each mimicking a different region of the colon: vessel 1
simulated proximal colon, vessel 2—transverse colon, and ves-
sel 3—distal colon. The medium which closely matched food
bolus contents that reach the colon in subjects consuming typi-
cal Western diet (Agans et al. 2018) was supplied to vessel 1, and
vessel contents were moved “along the colon” in 42 ml pulses
every 2 h. The environmental conditions (temperature, pH, rela-
tive volume, and contents movement) in each vessel matched
those experimentally measured in the corresponding section of
the human gut.

Human Gut Simulator was seeded with distal gut microbiota
collected from three healthy male volunteers (27–31 years old)
with no recent history (6 months) of antibiotic or probiotic use,
and no gastrointestinal illness (Agans et al., 2018). Following a
14 day community stabilization period, TiO2 and Ag NPs were ad-
ministered at 100 mg/day dose for 7 days followed by a 7 day
“rescue” period without NP treatment (see Figure 1A).
Nanoparticles were pre-mixed in anaerobic phosphate buffered
saline (PBS) buffer and were added to vessel 1 of the HGS system
daily via syringe. Two replicate runs with TiO2 were conducted; a
single Ag NPs run was also carried out as control. Cytometric
analysis via phase contrast microscopy was performed every 48 h
to allow real-time assessment of microbial community density.

Nanoparticle characterization. Titanium dioxide (approximately
25 nm in diameter) and silver (30–50nm) NPs were obtained
from Evonik Industries and US Research Nanomaterials, respec-
tively. All NPs were measured for hydrodynamic and surface
charge in ultrapure H2O and in Western medium (omitting car-
bohydrates for NP diameter measurements) using a Malvern
Zetasizer and scanning transmission electron microscopy with
Electron Dispersive X-ray (STEM/EDX) as we described previ-
ously (West et al., 2016).

Microbial genomic DNA isolation and high throughput sequencing.
Isolation of microbial genomic DNA from HGS samples was per-
formed using ZR Fungal/Bacterial DNA Miniprep kit (Zymo
Research), as we did previously (Rigsbee et al., 2011).
Amplification of gDNA targeted the 16S rRNA gene V4 region us-
ing conserved primers (forward sequence GCCAGCMGCCGCGG
and reverse GGACTACHVGGGTWTCTAAT complementary se-
quence). Forward primers contained Ion Torrent P1 adapter se-
quence and 6–7 nucleotide barcode sequence; reverse primer
sequences included adapter A. PCR amplification was per-
formed with 25 ng of starting gDNA material and included 10
cycles of linear elongation with only the forward primer used,
followed by 25 cycles of traditional exponential PCR (Paliy and
Foy, 2011). Inclusion of linear PCR step decreased the stochastic-
ity of the first few PCR reaction steps and allowed the use of a
single PCR amplification reaction per sample. Template prepa-
ration and sequencing on Ion Torrent PGM were performed as
described (Agans et al., 2018). We obtained an average of 9742
sequences per sample. Sequence reads were processed in QIIME
(Caporaso et al., 2010). Annotation of operational taxonomic
units was performed via open reference method against
Ribosome Database Project reference database of 16S rRNA
sequences. Sequence read counts for each operational taxo-
nomic unit (OTU) were adjusted by dividing them by known or
predicted number of 16S rRNA gene copies in that organism’s
genome following a previously described approach (Rigsbee
et al., 2011). The adjusted read counts were then converted to a
sample-specific cell number based on the previously deter-
mined cell density measurements for each sample. As a result,
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Figure 1. Changes in microbial community density and composition upon nanoparticle (NP) addition. Different columns represent data for proximal, transverse, and

distal vessels of the Human Gut Simulator as shown. Nanoparticles were added daily to the base medium after taking samples on day 14 for 7 days. In the control run,

silver NPs were used instead of TiO2. A, the cell density in each vessel. B, calculations of genus level-based community diversity and evenness. C, the cumulative abun-

dances of Gram-positive and Gram-negative bacterial cells. Error bars in panels B and C represent standard deviation of measurements between two replicate runs. D,

the cumulative abundance of different bacterial classes at each time point. Abbreviations: NP, nanoparticles.
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the sum of cells of all taxa within each sample equaled the cell
density in that sample. Functional capability of microbial com-
munities was predicted using PICRUSt software as we did previ-
ously (Agans et al., 2018).

Measurements of short-chain fatty acids. Short-chain fatty acid
(SCFA) metabolites were measured in samples from days 14, 21,
and 28 of both TiO2 exposure runs. Collected samples from ves-
sel 1 were centrifuged and then filtered through 0.22 mm syringe
nylon filter. Alltech Econoshere C18 5 U column was used to
separate SCFAs on the BioRad BioLogic DuoFlow high perfor-
mance liquid chromatography (HPLC) system. The mobile phase
was 50 mM NaH2PO4 buffer (pH 2.8) with 1% acetonitrile and
was pumped at 1 ml/min. Metabolite concentrations were calcu-
lated by comparing sample peaks to standards of each SCFA
measured separately at 3, 10 , and 100 mM.

Statistical analyses. Multivariate statistical analyses were carried
out on the genus-level microbial abundance dataset following
the approaches we described previously (Paliy and Shankar,
2016). Matlab and R-based scripts were used to run all algo-
rithms. Output from PICRUSt was processed through STAMP
statistical software (Parks et al., 2014).

RESULTS

Nanoparticle Characterization
Nanoparticles range in size, shape, and charge; characteristics
which can be further modified by biological materials. Thus, we
first characterized physicochemical properties of TiO2 and Ag
NPs. Nanoparticles were dispersed in both water and HGS me-
dium and checked for hydrodynamic diameter. Both materials
exhibited a similar diameter in water, however, when dispersed
in HGS medium, TiO2 displayed a significantly larger diameter
compared with Ag NPs (Table 1). Interestingly, the charge of
each material was also relatively similar in water but different
upon dispersion in HGS medium, with Ag NPs showing greater
transition toward neutral charge than TiO2 NPs. Although TiO2

and Ag NPs appear to interact differently with HGS medium
components, their inherent physical properties were suffi-
ciently similar to enable the use of Ag NPs as control.

Nanoparticle Interactions With Human Microbiota
Human gut microbial communities were established in the HGS
system for 14 days. At that time, the microbiota was exposed to
TiO2 NPs (or Ag NPs in the control run) daily for 7 days. Cell den-
sities in each vessel were measured frequently as shown in
Figure 1A. Addition of 100 mg/day of TiO2 NPs to HGS elicited a
modest drop (19.5% on average) in community cell density.
Such effect was drastically more profound in the control run:
addition of silver NPs to the community led to a 62.0% reduction
on average in culture density (see Figure 1A). When addition of
NPs was ceased, community recovered fully within 1 day for

TiO2 NPs runs and within 5 days for the Ag NPs run, thus provid-
ing further support that NP addition was the primary cause of
community density reduction during preceding week.

In agreement with hydrodynamic diameter measurements,
electron spectroscopy revealed that TiO2 NPs formed large
agglomerates that appeared to loosely interact with microbial
cells. These TiO2 agglomerates could be often found in close
proximity to cells or immediately against a cell membrane
(Figure 2A). Silver NPs were found both within and outside
microbial cells (Figure 2B). Silver NPs were of notably smaller size
and appeared to not be aggregated. These differences in physical
interaction of TiO2 and Ag NPs might explain, at least in part, the
significantly lower effect of TiO2 NPs on community growth.

TiO2 NPs Do Not Change Microbial Community Composition
We used 16S rRNA gene sequencing to evaluate microbial com-
munity composition changes during TiO2 NPs addition. Despite
changes in overall culture densities, community diversity and
evenness remained stable throughout each run (Figure 1B). The
overall numbers of Gram-positive and Gram-negative cells fluc-
tuated little during the runs (Figure 1C), and the proportions of
microbial classes were also similar across all samples
(Figure 1D). All vessels were dominated by two microbial classes
of Clostridia and Bacteroidia, with significant numbers of
Verrucomicrobia (represented mostly by mucin-degrading ge-
nus Akkermansia) also appearing in the transverse and espe-
cially distal vessel (Agans et al., 2018). To estimate which factors
contributed to the observed microbiota structure, we carried out
a constrained canonical ordination analysis (CCA) of microbial
genus abundances using vessel type, replicate run, and NP addi-
tion as three explanatory variables (Paliy and Shankar, 2016). As
displayed in Figures 3A and B, samples were distributed in the
CCA ordination space based primarily on the vessel type and
replicate run. Vessel identity explained more than 69% of the
overall microbiota composition variability among samples. In
contrast, the presence of TiO2 NPs in the medium contributed
less than 5% to the microbiota structure differences.

Table 1. Nanoparticle characterization

Nanoparticles

Hydrodynamic Diameter (nm) Zeta Potential (mV)

Water Medium Water Medium

Titanium dioxide 789.1 6 282.3a 3668.7 6 668.5a,b �24.5 6 0.5c,d �10.8 6 1.3c,e

Silver 864.7 6 201.2 1063.5 6 521.6b �28.3 6 0.8d,f �5.6 6 1.0e,f

Data are shown as arithmetic mean 6 standard deviation. Lowercase letters denote pairs of values with statistically significant (at a¼ .01) differences based on the

two-tail t-test.

Figure 2. Visualization of the association of TiO2 and Ag nanoparticles with mi-

crobial cells. Cells and medium components are shown in grayscale.

Nanoparticles are shown as bright dots. Note different magnification scale of

the two images.
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Microbial Functionality and Fermentation Are Not Altered Upon TiO2

NP Addition
We used PICRUSt algorithm to predict microbiota functional ca-
pacities in each sample based on its community composition.
Principal components analysis (PCA) was then used to evaluate
the similarities among predicted metagenomes of all profiled
samples. As shown in Figure 3C, distribution of samples in PCA
space was also associated mostly with the vessel identity and
run number. We observed no significant differences between
the predicted metagenomes of the communities during the NP
challenge period compared with the community establishment
or rescue periods. These results are consistent with our obser-
vations that NP challenge reduced the culture density but did
not affect community members discriminately. We also mea-
sured levels of SCFA, end products of microbial fermentation, in
the same samples (Table 2). No statistically significant differen-
ces were evident for communities subjected to TiO2 NPs in com-
parison to the establishment and rescue time points.

DISCUSSION

The continued manufacturing and inclusion of ENMs in con-
sumer products make them a persistent factor in human health.
Although most of the previous focus on ENMs revolved around
acute exposures via respiratory route, much importance has
been given recently to ingested NPs due to their potential im-
pact on gut microbiota. Here, we evaluated the impact of TiO2

nanomaterial on human gut microbiota, and contrasted its ef-
fect with that of Ag NPs with well-known bactericidal properties
(Vimbela et al., 2017). When added to HGS medium, TiO2 exhib-
ited strong agglomeration compared with Ag, possibly as a re-
sult of titanium being able to interact with broad organic
species such as proteins (Loosli et al., 2015). Furthermore, TiO2

was primarily located outside the cells in close proximity to cell
walls (see Figure 2A). We can speculate that the lack of TiO2

within cells might be attributed to the generation of TiO2

agglomerates, which prevent active internalization into the
cells. The formation of such large agglomerates could also po-
tentially explain the lower toxicity of TiO2 NPs in comparison
with Ag NPs (Lin et al. 2014). In contrast, Ag NPs were found
within cells and cell debris, most likely owing to their smaller
size due to lack of agglomeration.

These differences in NP interactions were associated with
the distinct patterns of microbial community response to TiO2

and Ag NP presence in the medium. Silver drastically reduced
community density, whereas TiO2 only elicited a modest inhibi-
tory effect on microbiota (see Figure 1A). This latter effect
seemed to affect different microbial taxa similarly and did not
lead to any noticeable changes in community composition
(Figures 1 and 3). The TiO2 effect on the microbial community
might thus be indirect and can involve, for example, partial se-
questration of environmental components in NP agglomerates,
thus lowering nutrient availability in the environment (Luby
et al., 2016). Alternatively, association of TiO2 agglomerates with
cell membranes might inhibit the cell’s ability to divide or inter-
fere with the absorption of nutrients from the environment.

Potential limitations of this study included (1) the use of
in vitro HGS system that did not contain host tissues and
metabolites; (2) the assessment of microbiota functional ca-
pacities was based on metagenome predictions, and (3) we
only focused on SCFAs in our metabolite analyses. Thus, our
findings do not rule out potential alterations in the human
gut as a result of the exposure of host tissues to TiO2 NPs,
and it is also possible that there might be other functional
and metabolic changes in the microbial communities that we
have not detected.
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spect to the research, authorship, and publication of this article.

Figure 3. Analysis of community composition and predicted functional capacity. A, the output of the constrained canonical correspondence analysis (CCA). Medium

type (base or with NPs), vessel identity, and replicate run were used as explanatory variables that constrained the variability of the genus abundance dataset. The anal-

ysis of variance of the CCA output (B) depicts the relative contribution of explanatory variables to the overall variability in the microbial abundance dataset. C, the

results of the principal components analysis (PCA) of predicted metagenome-encoded microbial functions. Abbreviations: CCA, canonical correspondence analysis;

PCA, principal components analysis.

Table 2. Concentrations (mM) of short-chain fatty acids in proximal
vessel

Short-chain fatty acid Day 14 Day 21 Day 28

Acetate 100.9 6 7.8 98.4 6 16.5 89.2 6 27.8
Butyrate 121.7 6 3.1 119.0 6 3.9 119.1 6 2.3
Lactate 33.5 6 2.1 32.4 6 0.1 35.3 6 4.0
Propionate 52.6 6 2.0 48.0 6 3.4 47.9 6 1.4

Data are shown as arithmetic mean 6 standard deviation. No statistically signif-

icant (at a¼ .01) differences were found based on the two-tail t-test.
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