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Abstract

Nano-sized zinc oxide (ZnO) is present in food packaging, putting consumers at risk of ingestion.
There is little information on the amount of ZnO nanoparticles (NP) present in food packaging and
the effects of ZnO NP ingestion on intestinal function. To estimate physiologically relevant ZnO
NP exposures from food that are commonly packaged with ZnO NP, food samples were analyzed
with inductively coupled plasma mass spectrometry (ICP-MS). An /n vitro model of the small
intestine was used to investigate the effects of ZnO NP exposure. Cells were exposed to pristine
NP in culture medium and to NP subjected to an /n vitro digestion process to better reflect the
transformation that the NP undergo in the human gastrointestinal (GlI) tract. The findings show
that a physiologically relevant dose of ZnO NP can cause a significant decrease in glucose
transport, which is consistent with gene expression changes for the basolateral glucose transporter
GLUT?2. There is also evidence that the ZnO NP affect the microvilli of the intestinal cells,
therefore reducing the amount of surface area available to absorb nutrients. These results suggest
that the ingestion of ZnO NP can alter nutrient absorption in an /n vitro model of the human small
intestine.

Graphical Abstract

"Corresponding author: Gretchen J. Mahler, PO Box 6000, Binghamton, NY 13902, gmahler@binghamton.edu, (607) 777-5238.

Conflicts of Interest
There are no conflicts of interest to declare.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moreno-Olivas et al.

Keywords

Page 2

.
c.o.Dietar\an

lqﬂ. HEPH
o2

COLLAGEN BASEMENT MEMERANE

Caco-2; HT29-MTX; iron; zinc; glucose; intestinal alkaline phosphatase

1. Introduction

Nanoparticles (NP) have different properties than their bulk counterparts because of their
high surface area to volume ratio. While a 90 nm particle has less than 10% of its total atoms
on the surface, a 10 nm nanoparticle has more than 40% of its atoms on the surface (Auffan
et al., 2009). This makes nanoparticles significantly more reactive. NP have more sites
available to donate or receive electrons and therefore can interact with surrounding elements
more readily than larger particles. This unique property explains why nanotechnology has
become an integral part of society, and currently thousands of consumer products including
catalysts, paints, sunscreens, cosmetics, sprays, clothing, and food contain NP (Project on
Emerging Nanotechnologies, 2013). The widespread usage of NP in consumer products
makes ingestion likely, either unintentionally or via drinking water or the food chain.
Despite their wide use, regulations on the amount of nhanomaterials that go into consumer
products are scarce, and often consumers are unaware that nanomaterials are present in the
products they use on a daily basis (Renn and Roco, 2006). While specific food information
is becoming more transparent, this is not the case with nanomaterials added into food or
packaging that is in direct contact with food. With this in mind, researchers have studied and
demonstrated that silicon dioxide (SiOy), titanium dioxide (TiO5), and other NP leach into
food (Frohlich and Frohlich, 2016; Weir et al., 2012).

Zinc oxide (ZnO) NP are used for food packaging due to their antimicrobial properties
(Chaudhry et al., 2008; Espitia et al., 2016, 2012) and for decades ZnO has been used in the
cans of sulfur-producing foods (Alo, 1965; Hekal and Erlandson, 1981; Kalberg, 1951;
Pierce and James, 1969; Rocquet and Auburn, 1970). When the tinplate surface of the cans
reacts with sulfur released from meats and certain vegetables, a black tin sulfide stain is
formed. To avoid the unsightly stain, ZnO is used so that zinc sulfide is formed instead and
the food inside the cans remains appealing for customers (Alo, 1965; Rocquet and Auburn,
1970). Food packaging and manufacturing books, as well as patents, describe the ZnO used
in cans as “fine-particle-sized” or “finely divided precipitated ZnO,” but do not have a
comprehensive characterization of the ZnO particles or nanoparticles used. Some patents do
not state the amount of ZnO contained in cans and others state that the can enamels contain
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15% to 40% ZnO (Barret et al., 2005; Robertson, 2012; Yam, 2009). Ultimately, there is no
way for consumers to find information about the form of ZnO that is added to the cans of
foods they purchase.

There are fewer studies of Zn leaching into food when compared with other types of NP, and
therefore scientists use maximum tolerated doses in their studies or arbitrary concentrations
that are not based on exposure data (Abbott Chalew and Schwab, 2013; Chia et al., 2015;
Chia and Leong, 2016; Heng et al., 2011; Song et al., 2014; Zijno et al., 2015). In these
studies, no rationale is given as to why the authors chose to work with these concentrations
of NP. Some of the doses used are very high and realistically humans would not consume
these amounts of zinc from food. Therefore, we do not know how the consumption of ZnO
nanoparticles at physiologically realistic dosages can affect human health. The goal of this
study is to investigate the functional effects of a range of ZnO NP doses that included
physiologically realistic ZnO NP doses in an /in vitro model of the gastrointestinal (Gl) tract.

Given that absorption of nutrients and redistribution into the bloodstream occurs in the small
intestine, this is an ideal organ to model /n vitroto study the effects of NP ingestion. (Tiede
et al., 2008). There is growing evidence that different types of nanoparticles added to food
contact materials can affect the small intestine permeability, affect the healthy balance of the
gut microbiota, and induce immune responses by directly interacting with immune cells
(Groh et al., 2017). In order to model the small intestine, we used one of the most common
immortalized cells lines, Caco-2, which is a human colon adenocarcinoma cell line. This cell
line has been used extensively for the past 20 years for the development of drugs and for
other pharmacological and toxicological studies. This is because the cells can differentiate
into absorptive enterocytes that exhibit characteristics such as microvilli, tight junctions, and
nutrient transporters (Garcia-Rodriguez et al., 2018; Mahler et al., 2009a, 2009b). The co-
culture of Caco-2 cells with another immortalized cell line, HT29-MTX mucus secreting
goblet-like cells, has been shown to create a more realistic model because these cells
produce a mucus layer that completely covers the monolayer (Kumar et al., 2010; Lesuffleur
et al., 1990; Mahler et al., 2012). The inclusion of a mucus layer in NP studies is essential as
the mucus layer of the small intestine is the first line of protection for this organ (Hansson,
2012). Previous studies have shown that a mucus layer has a size-dependent effect on NP
absorption in the intestinal mucosa (Hillyer and Albrecht, 2001), and that ZnO NP have
greater mobility in mucosa and can therefore cause more pulmonary toxicity (Jachak et al.,
2012). A more recent study performed in nasal mucosal cells suggests that ZnO NP are
capable of inducing pro-inflammatory responses and DNA damage (Hackenberg et al.,
2011).

ZnO NP are amphoteric and therefore more prone to dissolution than other NP commonly
used in foods, such as TiO5, and SiO, (Tso et al., 2010). The ZnO NP may leach from the
can lining into the food, as demonstrated in a study that used propylene containers (Liu et
al., 2016). To estimate an /n vitro dose of ZnO, we purchased cans of naturally low-zinc
food from the supermarket and analyzed the food for Zn content. After determining the Zn
concentration in commercially available food, we next asked whether this amount of zinc in
the form of ZnO NP would have any effect on small intestinal function of a realistic /n vitro
model. We recreated the doses determined from food using ZnO NP and tested the effect of

Food Chem Toxicol. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moreno-Olivas et al. Page 4

ZnO NP exposure on the absorption of nutrients in our /n vitro model of the small intestine.
To our knowledge, this is the first study that has tested canned food for Zn content and used
these estimated Zn amounts to investigate more physiologically relevant dose exposure of
ZnO NP in an /n vitro model of the small intestine.

2. Materials and Methods

2.1 ZnO dose calculations

Three different brands of canned foods were purchased in the supermarket and the food
samples were removed from 3 different areas of the can: the lining, the middle, and the fluid
that accumulates at the bottom. These samples were weighed before and after freeze-drying
for 72 hours (Labconco Freezone, Marshall Scientific) and then ground into powder. A 100
mg aliquot of the food powder was placed in microcentrifuge tubes in triplicate and then
digested with 70% HNOs3. Zn concentration was measured using inductively coupled plasma
mass spectrometry (ICP-MS). The resulting amount was converted to NP per serving and
then divided by the surface area of the small intestine to determine a standard dose. To
represent a range of exposures, a medium dose was determined to be two orders of
magnitude higher than the standard (low) dose, and the high dose two orders of magnitude
higher than the medium dose, which is comparable to amounts used in similar studies
performed with Caco-2 cells (Abbott Chalew and Schwab, 2013; Chia and Leong, 2016;
Heng et al., 2011; Song et al., 2014; Zijno et al., 2015). Theses doses are referred to as low,
medium and high throughout this article.

2.2 Invitro digestion

In order to simulate more realistic conditions of NP ingestion, the 3 concentrations of NP
were subjected to a well-established /in7 vitro digestion process first described by Glahn et al.
(Glahn et al., 1998). This /n vitro digestion process contains approximate concentrations of
salts and enzymes as in the stomach and duodenum. The resulting samples were referred to
as “digested NP” and they were warmed in the water bath to 37 °C before being added to the
cell cultures. The detailed /n vitro digestion process can be found in the supplementary
information (SI).

2.3 Nanoparticle characterization

The size distributions and average C- potentials of 10 nm ZnO NP (Meliorum Technologies,
Inc., Rochester, NY) at a concentration of 0.1 mg/mL in 18 MQ deionized (DI) water were
measured with a Zetasizer Nano ZS (Malvern Instruments Inc., Southborough, MA) and the
size of the nanoparticles was confirmed using nanoparticle tracking analysis (NTA) with a
Malvern Nanosight. A drop of a suspension containing 0.1 mg/mL of ZnO NP in methanol
was added to a 400 mesh copper transmission electron microscopy (TEM) grid (Ted Pella,
Inc.) with a plastic transfer pipette and allowed to dry overnight. The same grids were used
for transmission and scanning electron microscopy (SEM) techniques (TEM, JEOL
JEM-2100F and LEO Zeiss Field Emission SEM). For the characterization of ZnO NP in
complex biological media such as Dulbecco’s Modified Eagle Medium (DMEM) containing
10% heat-inactivated fetal bovine serum (HI-FBS) and digest, TEM was used. These
complex suspensions were prepared immediately before measurement by diluting a 1mg/mL
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ZnO NP suspension to the desired concentrations: 9.7 x 1078 mg/mL, 9.7 x 10~ mg/mL and
9.7 x 1072 mg/mL for the low, medium and high concentrations, respectively. Nanoparticles
diluted in DMEM were sonicated for 30 minutes (VWR® Symphony™ Ultrasonic Cleaners,
RF-48 W, 35k Hz operation frequency), and NP diluted in digests were not sonicated but
warmed and used immediately after the previously described digestion procedure. A drop of
solution was added to an ultrathin 400 mesh copper TEM grid with a plastic transfer pipette.
The grids were allowed to air-dry overnight before TEM imaging.

2.4 Cell culture

The Caco-2 cell line was obtained from the American Type Culture Collection (Manassas,
VA, USA) at Passage 17 and used in experiments at Passage 30-45. The HT29-MTX cell
line was provided by Dr. Thecla Lesuffleur of INSERM U560 in Lille, France, at Passage 11
and used in experiments at Passage 18-33 (Lesuffleur et al., 1990). The cells were seeded
onto 8 pg/cm? collagen | coated well plates (Corning Life Sciences, Corning, NY) or
Transwells (Corning).

Cells were seeded at a ratio of 3:1 Caco-2 to HT29-MTX, respectively (Mahler et al.,
2009b). This ratio represents the ratio of enterocytes to goblet cells required to form the
characteristic mucus layer from the intestinal epithelium (Mahler et al., 2009b). Transwell
inserts (0.4 um pore size, 0.33 cm?) or 24 well plates (Corning) were coated with 8ug/cm?
rat tail type I collagen (BD Biosceinces, San Jose, CA) and cell monolayers were seeded at a
density of 100,000 cells/cm? (Transwells) or 50,000 cells/cm? (well plates). The monolayers
were maintained in high glucose Dulbecco's Modified Eagle Medium (DMEM, Thermo
Fisher Scientific, Waltham, MA USA) with 10% (v/v) heat inactivated fetal bovine serum
(HI-FBS, Thermo Fisher Scientific), which was changed every other day. All experiments
were performed after a cell growth period of 2 weeks. Monolayers were exposed to ZnO NP
suspended in DMEM or in the previously described /n vitro digestion solution for 4 hours
before additional assays were performed, these are referred to as “undigested NP” and
“digested NP” respectively throughout this article. More detailed information can be found
in the SI.

2.5 Nanoparticle Exposure

For NP exposure in Transwell inserts, 100 pL of the undigested or digested NP solutions
were added to the apical chamber, while DMEM was added to the basolateral chamber. In
the case of the 24 and 96 well plates, undigested ZnO NP suspended in DMEM were added
directly to each well and in the case of digests, the ZnO concentrations were doubled to
perform the digestions and then diluted at a 1:1 ratio in DMEM with 10% HI-FBS to result
in the desired concentration of digested ZnO NP. This was to ensure that the cells were
exposed to digested nanoparticles but also received the nutrients necessary from culture
medium. Cells were incubated with NP at 37 °C and 5% CO» on a rocking shaker
(Laboratory Instrument Model RP-50, Rockville, MD) at 6 oscillations per minute for 4
hours.
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2.6 Cell viability

Cell viability following digested or undigested NP exposure was assessed with Calcein AM/
Propidium lodide for live/dead staining (Thermo Fisher Scientific) following the protocol
described by the manufacturer (Invitrogen Molecular Probes, 2005). In addition, the cells
were imaged with a fluorescent microscope using a 10X objective (Nikon Eclipse Ti, Boston
Industries) to confirm the viability results. Detailed information can be found in the SI.

2.7 Transepithelial electrical resistance

Transepithelial electrical resistance (TEER) of the monolayers was measured before and
after a 4 hour exposure to the control, low, medium and high digested and undigested
nanoparticle concentrations with the EVOM2 and Endohm-6 chamber (World Precision
Instruments, Sarasota, FL). More information can be found in the SI.

2.8 Immunocytochemistry

Standard immunocytochemistry techniques were used to stain for the tight junction protein
occludin. The cells were fixed with 4% paraformaldehyde (PFA) in phosphate buffered
saline (PBS) at room temperature for 50 minutes. Cells were then incubated with 0.1%
Triton-X100 in PBS for 5 minutes to permeabilize, washed with PBS, and incubated with
PBS containing 5% bovine serum albumin (BSA, Rockland Immunochemicals, Inc.,
Gilbertsville, PA) on a rotating shaker for 1 hour. A mouse ant-occludin primary antibody
(Thermo Fisher Scientific) was added to the cells at a 1:100 dilution in PBS and incubated
for 2 hours, samples were then rinsed with PBS, and then Alexa Fluor 568 goat ant-mouse
secondary antibody (1:200 dilution in PBS, Thermo Fisher Scientific) was added to each
membrane and incubated for another 2 hours at room temperature in the dark. After a final
rinse with PBS, DNA was stained with DRAQS5 (1:1000 in PBS, Thermo Fisher Scientific)
for 30 minutes in the dark. After rinsing the cells with 18 MQ DI water, the membranes were
carefully cut using a razor blade and mounted on glass slides with ProLong Gold mounting
medium (Thermo Fisher Scientific). The samples were viewed with a Leica TCS SP5
confocal microscope.

2.9 58Fe and %7Zn transport

ZnO NP exposure and mineral (Fe and Zn) uptake and transport experiments were
performed in serum free, very low zinc and iron (<8 pg/L) minimum essential media
(MEM). Detailed formulation of this media can be found in Guo et al. (Guo et al., 2017).
Cells were washed with PBS and cultured in low-mineral MEM 1 day before the NP and
mineral transport experiments to deplete the cells of Zn and Fe. Iron or zinc experimental
medium was prepared using °8Fe or 67Zn stable isotopes (Isoflex, San Francisco, CA). 100
pL of the mineral transport medium was added to the apical chamber immediately after
nanoparticle exposure. After adding the mineral transport medium, cells were incubated at
37 °C and 5% CO,, for 2 hours. The cell medium from the basolateral chamber was collected
into a sterile 1.5 mL centrifuge tube and 10 pl of ultrapure HNO3 (Sigma Aldrich, =99.999%
trace metals basis) was added. Samples were stored at 4 °C until °8Fe and 67Zn and then
quantified with ICP-MS. Detailed information on ICP-MS methods was previously
described by Guo et al. (Guo et al., 2017).
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2.10 Glucose Transport

Cells were starved for 1 hour before glucose transport experiments in serum-free, glucose-
free, phenol red-free DMEM (Thermo Fisher Scientific). Glucose transport across
monolayers on Transwell permeable supports was measured using the fluorescent glucose
analog 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose (2-NBDG,
Thermo Fisher Scientific). Cells were exposed to a 100 uM solution of 2-NBDG in glucose-
and phenol red-free medium at the 3 undigested and digested NP concentrations and with an
unexposed control. Each monolayer was exposed to 100 pL exposure solution. Samples
from the basolateral chambers were taken at 10 different time points and placed in a black
96 well plate (Coring), and fluorescence was measured with a plate reader (Biotek Synergy
2, Winooski, VT) at an excitation/emission spectrum of 485/528 nm (Richter et al., 2018).

Blank wells that contained no cells were also subjected to the same treatment to ensure that
the effects were not dependent on the interactions of the NP with the porous membranes or
glucose analog. More information about experimental procedure and blank well results can
be found in Supplementary Figure 1.

2.11 Fatty acid uptake

Cellular uptake studies of free fatty acids were performed in 24 well plates (Corning) using
fluorescent BODIPY® 500/510 C1, C12 (4, 4-Difluoro-5-Methyl-4-Bora-3a, 4a-Diaza-s-
Indacene-3-Dodecanoic Acid, ThermoFisher). These are intensely fluorescent fatty acid
analogs that are metabolized in cells in a way that mimics natural lipids, making them very
effective in tracing lipid uptake (Hansen et al., 2011). Stock solutions were prepared in 5
mmol/L ethanol solution, and stored at =20 °C. Caco-2/HT29-MTX co-cultures were rinsed
after a 4 hour exposure to NP with 200 L ice cold DMEM. The fluorescent fatty acid was
added to the culture medium to obtain a final concentration of 50 pmol/L in DMEM, 200 pL
was added to each well, and the plates were placed in the incubator at 37°C and 5% CO, for
10 minutes. After 10 minutes the medium was quickly replaced with regular DMEM and the
cells were incubated for an additional hour. Fluorescence in each well was measured with a
fluorescent plate reader (Biotek Synergy 2, excitation/emission, 490/530).

2.12 Intestinal Alkaline Phosphatase (IAP) activity assay

Co-cultures were seeded into 24 well plates and exposed to all undigested and digested NP
concentrations for 4 hours. Following exposure, cells were rinsed with PBS and then 200 pL
of 18 MQ DI water was added to each well, plates were sealed using sealing film (Parafilm,
Bemis NA), and then sonicated (VWR® Symphony™ Ultrasonic Cleaners, RF-48 W, 35k
Hz operation frequency) for 5 minutes at room temperature. The cells were scraped from the
bottom of the well and the lysate of each well was placed into a separate 1.5 mL centrifuge
tubes.

A p-nitrophenyl phosphate (pNPP) solution was made by dissolving 1 Tris Buffer tablet and
1 pNPP tablet (Sigma Aldrich product T8915 and N9389, respectively) in 5 mL of 18 MQ
DI water. IAP hydrolyzes pNPP to p-nitrophenol, which turns bright yellow based on the
concentration present. A 25 uL aliquot of cell lysate solution from each tube was added to a
96-well plate. Next, 85 pL of the pNPP solution was added to the wells and the plate was
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incubated at room temperature for 1 hour wrapped in aluminum foil. The absorbance was
read on a plate reader at 405 nm. The concentration of p-nitrophenol was determined with a
standard curve. A Bradford assay (SigmaAldrich, St. Louis, MO) was performed using the
same lysates to determine the amount of cell protein in mg/mL. A bovine serum albumin
(BSA, ThermoFisher Scientific) standard curve was used to determine cell protein
concentration.

2.13 Gene expression

Real-time PCR was used to examine changes in the expression of the genes encoding for
DcytB, DMT1, HEPH, FPN1, FABP, FABP2, ZnT1, ZIP1, SGLT-1, GLUT2, IL-8, TNF-a,
and NFxB. After NP exposure, the RNA was extracted from the cells using the RNeasy
RNA extraction kit (Qiagen, Hilden, Germany). The RNA was converted to cDNA using the
iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). The resulting RNA was quantified
using the NanoDrop 2000 (Thermo Fisher Scientific) to evaluate the ratio of absorbance at
260 and 280 nm. We considered samples with a ratio ~ 2 to be pure (Wilfinger et al., 1997)
and diluted them to 30 ng/uL before converting to cDNA using the iScript cDNA synthesis
kit (Bio-Rad, Hercules, CA). RNA was loaded into a Bio-Rad T100 thermal cycler for
conversion to cDNA at a final volume of 20 pL. For real-time PCR measurements, 1 pL
cDNA was added to a mixture of SsoAdvanced Universal SYBR Green Supermix (Bio-
Rad), the corresponding primers, and water with 0.1% Diethyl pyrocarbonate (DEPC).
gPCR was carried out for 50 cycles in a Bio-Rad MJ Mini thermal cycler. Gene expression
was normalized to the expression of GADPH and compared with unexposed controls using
the 272ACt method (Livak and Schmittgen, 2001). More details about the methodology, and
the list of custom made primers (Thermo Fisher Scientific) and their sequences can be found
in Guo et al. (Guo et al., 2017) and in Supplementary Table 1.

2.14 Scanning Electron Microscopy

Caco-2/HT29-MTX co-cultures were seeded at a density of 50,000 cells/cm? and grown for
2 weeks inside 6 well plates (Corning) on sterilized microscope cover slips coated with 8
pg/cm? collagen 1. The monolayers were exposed to all undigested and digested
concentrations of ZnO NP, and fixed after 4 hours in 4% paraformaldehyde in PBS. Next the
cells were rinsed with PBS and dehydrated using an ethanol gradient (50, 75, 95,100 and
100%), transferred to hexamethyl disilizane (HMDS) and dried overnight (1:2 HMDS:
Ethanol, 2:1 HMDS: Ethanol, 100% HMDS). The cover slips were removed from the 6 well
plates and then mounted on SEM mounts (Ted Pella, Inc.), carbon coated, and viewed using
a Zeiss Supra 55 Scanning Electron Microscope (Oberkochen, Germany) at 5 keV. 3
microscope slides per concentration were made, and 3 areas per sample were analyzed,
resulting in n=9 replicates per concentration.

2.15 Statistical Analysis

In vitroresults are expressed as mean + standard deviation (SD). A one-way ANOVA with
Tukey’s post-test was used as an assessment between multiple groups. Gene expression
changes were analyzed with a two-way ANOVA with Tukey’s multiple comparison test. For
the glucose transport studies, normality of distribution was determined with a D’Agostino &
Pearson omnibus K2 test. Statistical significance was determined using a nonlinear
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regression model with replicates test for lack of fit. Out of the models tested, the quadratic
model was accepted as the best fit. Curve fits were compared using the Akaike’s Information
Criteria (AIC) from a quadratic model. Statistical analysis was performed using Graphpad
Prism 5and samples were considered significant at p<0.05.

3. Results

3.1 Zn dose calculations.

Figure 1 shows the amount of Zn in different types food canned meats and vegetables, and
the detailed data is found in Table 1 and Table 2. Table 1 shows the average Zn
concentrations per sample. Table 2 shows the hydrated and dehydrated food sample weights.
These data were used to determine the concentration of Zn per sample. If 12.6 g of hydrated
tuna results in 5.3g in dry weight, then a whole serving of tuna (112g) would weigh ~ 47g
after freeze-drying. Then by multiplying the amount of dehydrated sample times the mean
concentration of Zn found in that sample we get the total amount of Zn per serving of
canned food:

26.9mgof Zn
lkg of freezedried tuna

x0.0471kg of sample = 1.27mg Zn

For the asparagus:

66.7mgof Zn

Tkgof freeze dried mnax0.0lZZkg of sample = 0.813mg Zn

Therefore:

1.27mg Zn from a serving(one 4 oz can) of tuna
+0.813mg of Zn froma serving of asparagus
= 2.08 mg Zn per two servings of canned food .

A serving of tuna plus a serving of asparagus has ~ 200 calories according to the nutrition
labels; if a person consumes 1000 calories from canned food, this would result in a total of
~10 mg of Zn consumed from canned food. As shown in Figure 2, Zn content varies
depending on the brand as well as the location of the food within the can. It is not clear if the
variation in Zn content is due to manufacturing practices, the amount of time that the cans
have been sitting on shelves, or the conditions they have been exposed to during
transportation. This amount of Zn was recreated in the laboratory using 10 nm ZnO NP in
powder form using the radius (5nm) and the density of ZnO (5.61g/cm?) to find the weight
of each NP. To determine the amount of NP per meal Equations 1-3 were used:

V= %ﬂ(Snm)?’ =523.60nm> /NP  Equation 1:
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3 3 NP

3 -21 .3 —15
(523.60nm )(mo cm )(5610mg): 294610 Bmg o avion o
NP nm cm

1 NP

—_—) = 3.4x1015NPperserving Equation 3:
2.94x10" Pmg

One serving = (10mg)(

This amount of NP per serving was divided by the surface area of the small intestine
(2x108cm?) (DeSesso and Jacobson, 2001) resulting in 1.x10° NP/cm?2: which is the low
dose. From this dose we determined a medium dose at 1x1011 NP/cm? and a high dose at
1x1013 NP/cm?. These amounts of ZnO NP were weighed and suspended in cell media or
digest at the established concentrations for all the experiments and referred to as undigested
or digested low, medium, and high concentrations. These doses are comparable to doses
used in similar studies looking at ZnO nanoparticle toxicity in Caco-2 cells (Abbott Chalew
and Schwab, 2013; Chia and Leong, 2016; Heng et al., 2011; Song et al., 2014; Zijno et al.,
2015).

3.2 Nanoparticle Characterization

Table 3 summarizes the size of the ZnO NP analyzed by TEM, SEM Nanosight and
Zetasizer. All suspensions in this table were performed at a concentration of 0.1 mg/mL.
Despite the sonication, ZnO NP persistently aggregate in water. We used TEM to
characterize the morphology and size of NP, as well as their diffraction chemistry. Figure 2C
shows a high magnification image of a single ZnO NP where the lattice fringe can be
appreciated. The lattice fringe is defined as a periodic fringe in a TEM image formed by a
transmitted wave exiting from a crystal and a diffracted wave from one lattice plane of the
crystal (JEOL, n.d.). A more detailed measurement was performed using ImageJ, and we
found the distance between the apparent “’lines” to be ~0.25 nm (S| Fig. 2). These
measurements in the lattice fringe correspond to literature values for crystalline ZnO NP
(Yan et al., 2003), meaning that the TEM images are of high resolution and quality. After we
subjected these same NP to the /n vitro digestion process or simply suspended them in
DMEM, the ZnO were no longer found in nanoparticulate form and the Zn seemed to be
distributed throughout the sample. A dark, thick “spread” or “blob” of material can be seen
in some samples (Fig. 3D). Energy dispersive X-ray spectroscopy (EDS) confirm that these
spreads are primarily composed of C, Ca, P, Cl, and O, but they also contain 1-3% Zn. This
is evidence of the biotransformation that occurs after the NP reaches biological media,
which is in agreement with dissolution experiments performed by Reed et al. (Reed et al.,
2012) and evidence that the NP do not reach the small intestine in nanoparticulate form.

3.3 Cell Viability, Immunocytochemistry and Transepithelial Electrical Resistance.

Immunocytochemistry (ICC) was performed after °8Fe and 67Zn transport experiments at the
control and low concentrations. We observed that when only 67Zn isotope or the low
concentration of Zn was added to the cells, the tight junctions were better delineated and
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visible compared to the cells that were only treated with 58Fe isotope and were therefore Zn
deficient (Fig. 4A and B). After NP exposure, we observed a significant increase in the
TEER of all concentrations of digested NP compared to the undigested NPs (Fig. 4C). For
the cell viability study (Fig. 5C) we did not observe any significant difference between the
control undigested NP and the low and medium ZnO NP doses for both undigested and
digested NP. Only the high concentrations of ZnO NP (both undigested and digested) have a
significantly higher percentage of live cells (Fig. 5A). As shown in Live/Dead fluorescent
cell images (Fig. 6), it appears that there are more dead cells resulting from exposure to
digests when compared to cells exposed to undigested NP, but this was independent of NP
concentration. The raw fluorescence data of the viability assay (Fig. 5C) shows no
significant difference between treatments except for the high digest, in which the
fluorescence for live cells is significantly increased. The fluorescent microscope images also
confirm these results (Fig. 6). In Figure 6 we can observe that there are more dead cells (red)
in the digested NP treated cells than in the undigested NP treated cells, but overall there does
not seem to be a decrease in living cells (green).

of Zn NP on mineral and macronutrient transport.

In this study we assessed the effect of ZnO NP exposure on the absorption and transport of
several essential nutrients. Transwell inserts (Corning, 2013) were used to determine the
nutrients that were being transported from the apical to the basolateral chambers, which is
representative of the transport from the small intestine into the bloodstream in vivo.

Fe and Zn are essential nutrients necessary for many biochemical reactions in the body. In
this study, we observed a significant decrease of Fe transport at the highest doses of ZnO NP
exposure (Fig. 7A). In the case of Zn, there was a significant decrease observed at the
medium and high undigested and digested concentrations of ZnO NP compared to the
control.

The effect of the ZnO NP on macronutrient transport was also studied. Glucose transport
was significantly decreased with increasing addition of digested ZnO NP, but this effect was
not observed with the undigested ZnO NP suspended in DMEM (Fig. 7B). In the case of
lipids (another major category of macronutrient), a slight decrease was observed with the
cells that were treated with undigested ZnO NP, but the decrease was not statistically
significant (Fig. 6C).

3.5 Intestinal Alkaline Phosphatase.

IAP was decreased with the addition of undigested ZnO NP, while a slight increase was
observed in the case of cells exposed to /n vitro digested ZnO NP suspensions, but the
changes were not statistically significant. The findings are summarized in Figure 8.

3.6 Gene expression

Table 4 shows significant changes in gene expression following the addition of ZnO NP to
the /n vitro model.
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3.7 Scanning Electron Microscope

Analysis of the cell morphology using SEM demonstrated a lower cell area covered by
microvilli in the cells exposed to the highest concentration of digested ZnO NP (Fig. 9),
which was then quantified using ImageJ to measure the percent area of microvilli.
(Supplemetary Fig. 3).

4 Discussion

4.1 Zn dose calculations.

A primary goal of this study was to estimate physiologically relevant NP exposure doses, but
we cannot determine if the cans contain ZnO in nanoparticulate form because this
information is not disclosed. In addition, we cannot ascertain that all of the ZnO is coming
from the can, given that we do not know all of the steps that go into the packaging procedure
of these foods. However, the National Institutes of Health (NIH, n.d.) have published a list of
foods that are naturally high in Zn, and they primarily include seafood. In this list, tuna,
which is the food that we found to be highest in Zn, is not included. The United States
Department of Agriculture Food Composition Databases (USDA, n.d.) has a list of foods
that can be searched by a specific nutrient content. We used this database, and the reported
amounts for Zn in our studies is more than 8 times the amount listed in the database for raw
tuna. This is why we made the inference that the Zn content we found with ICP is coming
from the cans, and not from the food itself. In addition, there have been previous studies
performed looking at the amount of Zn and other minerals and metals in seafood, but none
of these found a Zn amount higher than the amount found in this study. Work done in 1995
found 16 mg/kg in canned tuna using Flame Atomic Absorption Spectroscopy (Tahan et al.,
1995). A study done by Celik et al. found that the amount of Zn in canned tuna in the
Turkish market was more than twice as high the amount we found in local supermarkets
(Celik and Oehlenschlager Jorg, 2007). Another study found that on average, fresh tuna in
the French fish markets contains 4.35 mg/kg of Zn (Guérin et al., 2011), which less than a
fifth of what we found in canned tuna in a US supermarket. All of this variation in
quantification of Zn was a motivation for us to quantify the amount of Zn using ICP for our
studies. And although we cannot determine if all of the Zn comes from the food or the can, a
consumer who ingests tuna from a can will still be exposed to this amount of Zn, and
therefore the concentration is physiologically relevant. If we consider that in addition to
canned food, a consumer could take Zn supplements that are readily available in the
supermarket, that could increase the amount of Zn consumed to more than 100 mg (“Zinc,”
n.d.).

4.2 Nanoparticle Characterization

A possible explanation of the loss of the nanoparticulate form shown in Figure 3 is that the
Zn2* is being complexed with organic compounds found in the DMEM of the undigested
suspensions and the enzymes and salts containing digested NP suspensions. Zn?* is the only
valence state that exists in living organisms (Krezel and Maret, 2016). About 10% of human
proteins use Zn for catalysis and structure, and these Zn molecules remain bound through
the protein’s lifetime, however in the case of other proteins, Zn2* binding is reversible and
dynamic, responding to the cell’s requirement for signaling, transport, regulation, storage,
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among other functions (Krezel and Maret, 2016). The mobility of these unbound Zn2* ions
has not been thoroughly studied. Zn?* has a high affinity to thiol groups present in amino
acids contained in the DMEM. This leads us to infer that complexes with amino acids are
being formed, as well as other complexes such as ZnCl, and ZnCOs. Similar predictions
were done by Reed et al. by performing a simulation using Visual MINTEQ version 3.0
using a concentration similar to our high dose in DMEM (Reed et al., 2012).

The study by Reed et al. of ZnO NP in DMEM suggested that, depending on the starting
concentration of ZnO NP, they dissolve and form complex ligands (Reed et al., 2012). This
study observed that in concentrations above 5.5x10~3mg/mL, more ZnCOj5 is formed and
less Zn2* is released, but in lower concentrations, ZnO NP fully dissolve in DMEM.
Immediate Zn2* dissolution of approximately 10 mg/mL was observed, and after 1446
hours, the Zn concentration exceeded 34 mg/mL, compared to nanopure water, which
reached only 7.4 mg/mL. Reed et al. used an excess solution of 0.1 mg/mL, which is very
close to our highest dose (0.097 mg/mL). From this study, we can infer that our highest
solutions would reach approximately 12.5 mg/mL dissolution, but not complete dissolution.
This was also observed in some of the highest DMEM and digest samples in which small
nanoparticle aggregates were found (Fig. 3). At the lower doses the NP would completely
dissolve into Zn2* in this medium according to Reed et al. (Reed et al., 2012). but more
information is needed to support this claim, since microscope techniques cannot show the
full extent of dissolution.

If the ZnO NP readily dissolve, this could mean that the Zn?* could be transported more
easily by serum proteins to which Zn could be complexed (Scott and Bradwell, 1983) and
therefore reach the bloodstream. A similar phenomenon was observed in Chung et al.(Chung
et al., 2013), where rats were exposed to different concentrations of ZnO NP, that were later
found in blood samples. Also, after being chronically exposed to several concentrations of
ZnO NP, Zn plasma levels were elevated and did not return to normal after 24 hours (Chung
et al., 2013). Zn has also been shown to accumulate in the kidney and the liver and to appear
in feces and urine after prolonged exposure, which resulted in decreased Fe levels (Bergin
and Witzmann, 2013; Srivastav et al., 2016).

4.3 Invitro digestion

It is important to consider the size-dependent effects of ZnO NP, however, the NP will very
likely undergo transformation before reaching the cells when they are dissolved in cell
culture medium, or when they undergo a digestion process. One study done in marine
organisms found that the ZnO NP formed aggregates that ended up being larger than the
non-nano ZnO in seawater (Wong et al., 2010). In terms of toxicity, ZnO NP were shown to
be more toxic to algae than to fish and crustaceans when compared with bulk ZnO, implying
that toxicity of Zn is complicated and varies by organisms. In a study done in human
monocytes, it was found that 100 nm ZnO NP induced more inflammatory responses and
decreased phagocytic capability compared to 5um particles (Sahu et al., 2014). In another
done in lung epithelial cells, results showed that no significant difference was seen in the
toxicity caused by 70nm ZnO NP compared to 420 nm ZnO NP (Lin et al., 2009).
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Reed et al. performed experiments with bulk ZnO in DMEM with BSA, and their results
show very similar dissolution to nano ZnO. This may explain why some studies have shown
that using bulk ZnO and comparing its toxicity with nano ZnO often results in similar effects
(Reed et al., 2012). To make the experiments more physiologically relevant, we subjected
the NP to an /n vitro digestion process that contained salts and enzymes present in the
stomach, and the pH was adjusted corresponding to the stages of digestion. ZnO is
amphoteric and therefore it is very reactive to pH changes, making it behave differently in
complex media. We observed this behavior when the nanoparticles appeared to dissolve after
adding the HCI to lower the pH, we were able to see a visual change in the colloidal
suspension of NP to a more clarified solution. The dissolution of the nanoparticles was later
confirmed with TEM (Fig. 3). David et al. demonstrated that a decrease in pH of only 0.15
doubles the concentration of Zn2* released in a buffered solution (David et al., 2012). Reed
et al. suggested that the addition of BSA causes higher solubility in ZnO NP likely because
of the protein corona effect (Reed et al., 2012). Our experiments show that the NP are not
likely to reach the cells in nanoparticulate form after undergoing a digestion process.

4.4 ZnO NP Effects on Cell Viability and Tight Junction Functionality.

The small intestine is formed by several types of cells joined by intercellular junctional
structures known as tight junctions (TJ) that control intestinal permeability. The majority of
these cells (80%) are absorptive enterocytes that form the intestinal epithelium
(Ulluwishewa et al., 2011).

ICC of the TJ protein occludin in addition to transepithelial electrical resistance (TEER)
measurements are well established methods for evaluating tight junction functionality and
monolayer integrity (Narai et al., 1997). An increase of permeability of the TJ is considered
a sub-lethal toxic effect given that it disrupts barrier function of the epithelium. A decrease
in permeability also allows small molecules to flow freely from the intestinal lumen into the
bloodstream (Narai et al., 1997; Ranaldi et al., 2002). TEER is an indicator of how strong
the tight junctions are, and a reduced TEER normally indicates ‘leaky’ junctions, which in
the small intestine is very detrimental and associated with diseases such as irritable bowel
syndrome and Crohn's disease (Liu et al., 2005).

Cell death is likely due to the high amount of salts and enzymes from the /n vitro digestion
components and not because of the NP, given that the highest DMEM NP concentration had
the same viability as the DMEM control (Fig. 5C). The increase in TEER is due to a
strengthening of the tight junctions caused by exposure to Zn. Previous studies with piglets
have demonstrated that supplementing the pig’s diet with a high amount of ZnO (2000mg/kg
or more) enhances occludin and other TJ proteins such as ZO-1 and increases the TEER of
the small intestine (Hu et al., 2013; Kelleher and Lénnerdal, 2006; Lind et al., 2003; Wang et
al., 2013; Zhang and Guo, 2009). It is also widely accepted that zinc deficiency will affect
the quality and strength of tight junctions, as well as delocalization of TJ proteins, but the
mechanism is not well understood. Therefore, although ZnO NP have been observed to
cause damage to certain organisms (Vandebriel and De Jong, 2012) the mechanism by which
they do so is probably not related to cellular TJ damage.
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4.5 ZnO NP Effects on Nutrient Transport

Absorption of nutrients is the single most important function of the small intestine. This
occurs by the formation of an electrochemical gradient across the apical and basolateral sites
of the monolayer that provides energy for numerous chemical reactions. We assessed the
effect of ZnO NP exposure on the absorption and transport of several essential nutrients.
Transwell inserts (Corning, 2013) were used to determine the nutrients that were being
transported from the apical to the basolateral chambers, which is representative of transport
into the bloodstream /n7 vivo, and also measured the gene expression of important cellular
transporters (summarized in Table 4). Other studies have been done to determine the effect
of ZnO NP on cell viability, ROS formation, and pro-inflammatory responses(Abbott
Chalew and Schwab, 2013; Kang et al., 2013; Setyawati et al., 2015; Zddl et al., 2003). This
is why in addition to studying the toxic effects of ZnO NP on intestinal cells, we measured
the functional effects of ZnO NP exposure, specifically the effects on micro and
macronutrient absorption.

Fe is one of the most essential minerals in the body, as well as one of the best characterized.
Fe deficiency causes anemia, which results in a lack of red blood cells and decreased oxygen
transport, and defects in iron metabolism result in serious diseases (Lind et al., 2003).
Studies have demonstrated decreased hemoglobin, ferritin levels, and Fe absorption caused
by Zn supplementation, but the mechanism is not thoroughly understood (Arredondo et al.,
2006; Eide, 2006; Espinoza et al., 2012). This study investigated the effect of ZnO NP doses
on Fe transport in the small intestine.

There was a decrease in Fe transport at the low, physiologically relevant dose, which is in
agreement with the studies showing that Zn supplementation can cause decreased Fe
absorption (Arredondo et al., 2006; Eide, 2006; Espinoza et al., 2012), however at the low
dose these changes are not statistically significant (Fig 7A). The most significantly different
treatment was the high concentration of NP in MEM, which showed approximately 75%
lower Fe transport than the untreated control (Fig. 7A). In the case of Zn, we did not observe
such dramatic differences. We also examined the gene expression of Fe transporters to
understand the changes in Fe transport caused by excess Zn. One explanation for the
observed decrease in the high dose of low-mineral MEM is that Zn2* and FeZ* can both be
transported by the divalent metal transporter 1 (DMT1) (Collins, 2006) and an excess of
Zn2* may have competitively inhibited the transport of Fe.2* Our analysis of DMT1 showed
an increase in DMT1 activity at our low digest dose, but not in the low DMEM dose. This is
most likely due to greater Zn?* jon release in digest conditions. In general, a dose dependent
increase of DMT1 was seen for our medium and high dose, which is consistent with
research that has shown that rats that have been deprived of iron highly upregulate DMT1 as
well as the duodenal cytochrome B (Dcyth) (Collins, 2006). Another study performed in
humans demonstrated that DMT1, Dcytb, and hephaestin (HEPH), which are iron
transporters, are upregulated in patients with hemochromatosis and iron deficiency (Zoller et
al., 2003). In our studies, we observed an increase in the expression of HEPH of the cells
exposed to low and medium concentrations of ZnO NP in DMEM, but it was not statistically
significant. A different study proposes that Zn supplementation causes Fe intestinal retention
by decreasing the amount of Ferroportin (FPN) (Kelleher and Lénnerdal, 2006), which
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recirculates the Fe into the bloodstream in the basolateral side of the epithelium. In this
study, we observed a decrease in FPN1 for the highest NP dose, but it was not statistically
significant.

In the case of Zn transport, the digest containing a low dose of ZnO NP resulted in
significantly higher 67Zn transport than the medium and high dose digests. As demonstrated
by Reed et al.,(Reed et al., 2012) saturated zinc concentration may cause Zn to precipitate
into ZnCO3 leaving it unavailable for cells to absorb. Gene expression shows an increase in
the Zip1l transporter protein gene expression for all doses of NP in DMEM and digests, but
this increase was not statistically significant. Zip1 is the major zinc apical transporter in the
small intestine (Eide, 2006), and it has been shown that increasing dietary zinc consumption
leads to an increase of the expression of Zip1 in the small intestine (Méndez et al., 2014).
ZnT1 has been observed to increase with rising zinc levels, which might be to avoid
excessive accumulation of zinc in the cytosol by removing zinc through the basolateral
membrane of the small intestine (Cousins and McMahon, 2000; Palmiter and Findley, 1995).
We observed that ZnT1 was significantly upregulated for the high dose in DMEM (Table 4).
Zinc excess can have effects on human health. Previous work showed that Zn and Cu readily
affect the transport of Zn, and that Fe excess can inhibit Cu uptake, but not Zn uptake. When
the 3 metals are fed together in the same ratio, Fe and Cu transport are inhibited by
approximately 40%. This suggests that zinc readily inhibits other metals when administered
in excess (Arredondo et al., 2006).

Macronutrients are needed in large amounts in the human body to provide energy for all
chemical reactions, and they are divided into carbohydrates, fats and proteins. We examined
carbohydrates because they are the most widely consumed and fats because they have the
highest caloric density. Carbohydrates are the main source of human energy and the easiest
for the intestine to absorb (Jéquier, 1994). ZnO nanoparticles decreased the absorption of
glucose, especially in the digests, in a dose-dependent manner (Fig. 7B).

There is a link between zinc deficiency and diabetes, and several studies in rats show that the
introduction of Zn alone can dramatically improve the effect of streptozotocin injection in
mice (Alkaladi et al., 2014; Chen et al., 1998). This might be because of an important role of
Zn in the insulin hormonal cascade, and there are also theories that say that Zn can act as
insulin in certain conditions, resulting in a reduction of blood glucose (O’Halloran et al.,
2013). Early studies proposed that Zn binds to the sodium-glucose transporter 1 (SGLT1)
and reduces the affinity of glucose to (SGLT) (Lyall et al., 1979; Rodriguez-Yoldi et al.,
1995; Watkins et al., 1989). Expert opinion states that inhibition of SGLT1 can reduce the
absorption of glucose in the intestine (Song et al., 2016). Our gene expression studies
revealed a decrease in SGLT1 for most treatments, but results were not statistically
significant. This is one mechanism that can explain the reduction of glucose in the cells
exposed to the digests. One of the already mentioned studies theorizes that Zn inhibits the
activity of Na*/K*-ATPase of the cells, which affects the Na dependent transport of D-
galactose (Rodriguez-Yoldi et al., 1995).

In the case of fatty acid uptake, the data show a slight decrease in fatty acid uptake, however
no statistical significant difference was observed for any of the concentrations (Fig. 7C).
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Zinc supplementation has been associated with reduced total cholesterol levels, LDL
cholesterol and triglycerides in some cases (Gunasekara et al., 2011), however the
mechanisms are not completely understood, and there is conflicting information regarding
the effect of Zn on lipid absorption in the human body (Jayawardena et al., 2012). One study
performed in Zn deficient rats showed a downregulation of transcription levels of proteins
involved in the metabolism of lipids, and an upregulation of proteins needed for fatty acid
synthesis (tom Dieck et al., 2005).

4.6 Injury and stress responses caused by ZnO NP exposure.

Scanning electron microscopy of the cell co-cultures demonstrated that higher
concentrations of digested ZnO NP caused disruption of the brush border membrane. All
digest we statistically significant decrease in surface area of microvilli when compared to
their DMEM counterparts (Sl Fig. 3). When comparing the DMEM samples to the digests
samples, there was a statistically significant decrease in the surface area covered by
microvilli in the digest-exposed samples (SI Fig. 3), which could explain the decrease in
glucose absorption.

Koeneman et al. (2010) and Guo et al. (2017 and 2018) demonstrated that exposure to TiO»
and SiO; NP resulted in a decrease in absorptive cell microvilli (Guo et al., 2018, 2017;
Koeneman et al., 2010). To our knowledge, this is the first demonstration of evidence that
suggests that digested ZnO NP may alter the microvilli in the Caco-2/HT29-MX co-cultures.
This explains some of the micro and macronutrient alterations that were observed in the data
explained previously. A decrease in the amount of microvilli decreases absorptive surface
area, which likely causes decreased uptake and transport of nutrients.

Intestinal Alkaline Phosphatase (IAP) is an enzyme that is present in the liver, bones,
kidneys and the small intestine. The main role of AP is to dephosphorylate complex ligands
from microbes and therefore keep the intestine protected, primarily from gram negative
bacteria (Goldberg et al., 2008). Other studies in Caco-2 cells reveal that IAP also has an
important role in the enhancement of tight junctions, thereby reducing permeability (Liu et
al., 2015). It is important to note that Zn deficiency has shown to cause decreased IAP
activity, which shows that along with the increased TJ functionality, that there are several
pathways of Zn protection in the small intestine (Lallés, 2014). AP can protect the intestine
from several forms of insult. When there is an injury in the intestine, AP increases to
protect the gut from incoming bacteria, and if the intestine becomes too acidic, IAP
increases the pH of the intestinal lumen by upregulating sodium bicarbonate secretion
(Mizumori et al., 2009). Although there was damage to the microvilli of the cells, our
studies did not show a significant difference in AP activity caused by the addition of ZnO
NP (Fig. 8). In addition, we observed upregulation in the proinflammatory genes TNFa and
NF«xB for the cells exposed to digests, but these were not significantly different. There was
only one pro-inflammatory response, indicated by the upregulation of IL8 at the highest
ZnO concentration in DMEM. These responses can be caused by oxidative stress (Kang et
al., 2013; Moos et al., 2011).

We should consider that ZnO NP can have negative effects in certain cells more than in
others. Work by Henley et al. have shown selective toxicity of ZnO in cancerous cells when
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compared with healthy cells (Hanley et al., 2008). In addition, earlier work by Ng et al. and
Setyawati et al. demonstrated that a cell’s genetic makeup is more determinant when
assessing toxicity of ZnO NP than the NP themselves (Ng et al., 2011; Setyawati et al.,
2013). Roselli et al. has revealed that the same Zn NP have different toxicities in bacteria
compared to human T cells (Roselli et al., 2003). Some studies suggest that ZnO can protect
the intestine from certain diseases, and that it might selectively target the harmful bacteria.
Rosselli et al. suggested that this may be due to the ZnO antimicrobial effects that can
reduce the damage in the intestine from E. coli (Roselli et al., 2003), although this would not
explain the increased tight junction functionality. Perhaps in the case of small intestine, Zn
can cause more benefit than harm, but the fact that it is readily dissolving into ions may
mean that Zn can very easily travel to parts of the body where it might not be as beneficial,
such as in the lungs (Cho et al., 2011; Jachak et al., 2012).

Perhaps the most important highlight is the challenge of complex mineral interactions in the
intestine. It seems that the balance can be very easily disturbed by simply adding too much
of one mineral compared with another. Zn is necessary for more than 300 biological
processes in the body (Roohani et al., 2013), but Fe and Cu are equally important, compete
for the same transporters, and they seem to interact in a very complex manner. We only used
the canned food doses as a reference for a potentially realistic dose. We cannot say for
certain that these are NP, this is due to the lack of information from manufacturers. The FDA
does not require manufacturers to include the amount of NP or their full characterization
profile.

Conclusions

This study highlights the importance of assessing the safety of food products that contain
NP. The first step is determining the amount of nanomaterials that are potentially leached
into the food in order to create physiologically relevant experiments that can thoroughly
assess the risk of human exposure to NP. In this study, we estimated ZnO NP doses by
measuring the amount of Zn in canned food, and determined that the ZnO NP would likely
dissolve after ingestion. We also concluded that the uptake and transport of nutrients is
affected by the amounts of zinc that may be consumed from cans. At physiologically
relevant concentrations, glucose absorption was significantly reduced after the addition of
digested NP, as well as gene expression of its basolateral transporter GLUT2. Cell microvilli
were also affected by the digested ZnO NP, reducing the surface area available for
absorption. At higher ZnO NP concentrations, pro-inflammatory responses were observed
with the upregulation of pro-inflammatory genes, and there was a decrease in iron transport.
Overall, these results show that there are significant changes caused by NP exposure in a cell
culture model of the small intestine, and that evaluating the cytotoxicity of nanoparticles in
food packaging is important for consumer safety. An /n vitro model with gut functional
assays provides a rapid method for assessing the effects of ingested NP on nutrient
absorption and enzyme function.
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Highlights:
. Digested ZnO NP significantly decreased glucose transport in an in vitro
model.
. Digested ZnO NP decreased the cellular surface area covered with microvilli.
. High doses of ZnO NP decreased Fe transport in a small intestine model.
. Pro-inflammatory gene IL8 was upregulated following exposure to high doses
of ZnO NP.

Food Chem Toxicol. Author manuscript; available in PMC 2020 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Moreno-Olivas et al.

Page 26

Zn Content in Canned Food

Asparagus Chicken Tuna Corn

Food sample

Figure 1. Zn content in canned food.
Food samples obtained from cans of food were freeze-dried and then ground to a powder. A

0.5 g aliquot of the food powder was placed into tubes and digested in HNO3 for inductively
coupled plasma mass-spectrometry (ICP-MS). Measurements were made in triplicate, mean
+ SD is shown. This data was used to formulate zinc oxide nanoparticle (ZnO NP) doses for
in vitro experiments.
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Figure 2. Zn contents based on location within the can.
Three different brands of canned food were purchased in the supermarket and the food

samples were removed from three different areas of the can: touching the lining, the center,
and the fluid that accumulates at the bottom. These samples were weighed before and after
freeze-drying for 72 hours, and then ground into powder. A 50 mg aliquot of the powder was
placed in 1.5 mL centrifuge tubes in triplicate and then digested in a heat block with 70%
HNO3 until the acid was clear with no food residue. Zn concentration was measured using
inductively coupled plasma mass spectrometry (ICP-MS). Measurements were made in
triplicate. Mean + SD is shown.
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Figure 3. Nanoparticles in methanol (A-C) and following a simulated gastric and intestinal
digestion (D-F).

A) Energy dispersive X-ray spectroscopy map of zinc oxide nanoparticles (ZnO NP)
suspended in methanol at a concentration of 0.1mg/mL. The nanoparticles are well defined
and the Zn corresponds to the size and shape of the particle in the original image. Scale bar
=200 nm. B) A ZnO NP aggregate larger than 200 nm, but the individual particles can be
easily discerned. Nanoparticles ranged between 15-23 nm in size. Scale bar = 200 nm. C) A
high magnification of a single ZnO NP in which the lattice fringe of the NP is visible. Scale
bar = 10 nm. D) Energy dispersive X-ray map of 1x1011 digested ZnO nanoparticles/mL.
The crystalline form of the NP has disappeared, and the Zn has accumulated in certain areas
of the grid, associating mainly with Ca. This is evidence that the NP dissolve in complex
solutions. Scale bar = 2 ym. E & F) Transmission Electron Microscope (TEM) views of
medium digest. Scale bar = 1pm and 200 nm, respectively.
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Figure 4. Occludin immunocytochemistry (ICC, A and B) and transepithelial electrical
resistance (TEER, C).
A) Immunocytochemistry of Caco-2/HT29-MTX monolayers maintained in low-mineral

MEM medium and supplemented with 58Fe. B) ICC of control cells maintained in low-
mineral MEM medium supplemented with 85Zn isotope. The addition of Zn improves the
definition of the tight junction protein occludin. C) Transepithelial resistance (TEER) of
cells treated with 9.7 x 1078 mg/mL undigested and digested ZnO NPs for 4 hours. Bars that
do not share any letters are significantly different according to a one-way ANOVA with
Tukey’s post test (p < 0.05). Mean + SD is shown.
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Figure 5. Cell viability after exposure to zinc oxide nanoparticles (ZnO NP).
Cells were exposed to low, medium and high doses of digested and undigested ZnO NP for 4

hours prior to the cell viability assessment. For panels A & B, data was analyzed with a one-
way ANOVA with Tukey’s multiple comparison test and data was considered significant at
p<0.05. Mean+SD is shown, n = 32. In panel C a two-way ANOVA compares the means of
each column to each other, Tukey groups are shown and data was considered significant at
p<0.05. Mean=SD is shown, n = 32. In panel C, error bars are clipped at the y-axis limit.
Low, medium and high refer to the dose of ZnO nanoparticles, where low = 9.7 x 1076
mg/mL, medium = 9.7 x 1074 mg/mL, and high = 9.7 x 1072 mg/mL.
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Figure 6. Live/Dead fluorescent images of Caco-2/HT29-MX co-cultures exposed to zinc oxide
nanoparticles (ZnO NP).

Cells were exposed to low, medium and high doses of digested or undigested ZnO NP
digests for 4 hours prior to the cell viability assessment A) Undigested Control (DMEM
+10%FBS), B) digested control, C) undigested low, D) digested low, E) undigested medium,
F) digested medium, G) undigested high, H) digested high. Low, medium and high refer to
the dose of ZnO, nanoparticles, where low = 9.7 x 1076 mg/mL, medium = 9.7 x 1074
mg/mL, and high = 9.7 x 1072 mg/mL. Digested refers to ZnO NP that were subjected to a
simulated gastric and intestinal digestion.
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Figure 7. Overview of macronutrient transport and uptake affected by zinc oxide nanoparticles
(ZnO NP).

Cells were exposed to low, medium and high doses of undigested and digested zinc oxide
nanoparticles (ZnO NP) for 4 hours prior to experiments. A) Transport of >8Fe stable isotope
and 67Zn stable isotope is representative of transport from the small intestine lumen to the
bloodstream. B) Transport of glucose is representative of transport from the small intestine
lumen to the bloodstream using a fluorescent glucose analog (2-NBDG) after addition of
undigested and digested ZnO NP. C) Fatty acid uptake after exposure to undigested and
digested ZnO. For panels A & C, data was analyzed with a one-way ANOVA with Tukey’s
multiple comparison test and data was considered significant at p<0.05. Mean£SD and
Tukey groups are shown. (A,C). In panel B curve fits (solid black lines) were compared
using the AICs from a quadratic model. Low, medium and high refer to the dose of ZnO
nanoparticles, where low = 9.7 x 1076 mg/mL, medium = 9.7 x 10~* mg/mL, and high = 9.7
x 1072 mg/mL. Digested refers to ZnO NP that were subjected to a simulated gastric and
intestinal digestion.
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Figure 8. Intestinal Alkaline Phosphatase (IAP) Activity.
IAP activity after a 4 hour exposure to undigested and digested zinc oxide nanoparticles

(ZnO NP). Bars that do not share any letters are significantly different according to a one-
way ANOVA with Tukey’s post test (p < 0.05). Mean=SD is shown, n=18. Panel A has one
error bar clipped at the y-axis limit. Low, medium and high refer to the dose of ZnO NP,
where low = 9.7 x 1076 mg/mL, medium = 9.7 x 107 mg/mL, and high = 9.7 x 1072
mg/mL. Digested refers to ZnO NP that were subjected to a simulated gastric and intestinal
digestion.
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Figure 9. Scanning electron microscope (SEM) images of Caco-2/HT29-MX co-cultures exposed
to zinc oxide nanoparticles (ZnO NP).

Cells were exposed to low, medium and high doses of undigested and digested ZnO NP for 4
hours prior to fixing with 4% paraformaldehyde. SEM images were taken of Caco-2/HT29-
MTX co-culture microvilli. A) undigested control, B) digested control, C) undigested low,
D) digested low, E) undigested medium, F) digested medium, G) undigested high, H)
digested high. Low, medium and high refer to the dose of ZnO nanoparticles, where low =
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9.7 x 1078 mg/mL, medium = 9.7 x 10™* mg/mL, and high = 9.7 x 1072 mg/mL. Digested
refers to ZnO NP that were subjected to a simulated gastric and intestinal digestion.
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Table 1.
Zn content in canned foods.

Data shown are mean + SD n=3.

Sample Average Zn Content
(mg/kg)
Asparagus 66.65 + 0.80
Chicken 32.78 £0.34
Tuna 26.87 £0.51
Corn 18.46 +0.30
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Table 2.

Weights of food samples before and after freeze-drying.

Food Hydrated Dehydrated Hydrated Dehydrated
sample weight | sample weight | Serving weight | serving weight
(9) (9) (9) (9)
Asparagus 12.4 1.2 126 12.2
Chicken 13.7 42 112 343
Tuna 12.6 53 112 47.1
Corn 10.3 2.0 125 243
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Table 3.
Zinc oxide nanoparticle (ZnO NP) characterization.

Measurements performed at a ZnO NP concentration of 0.1 mg/mL in 18 MQ deionized (DI) water and in
methanol.

Instrument  Aggregate size in  Aggregate size in  Zeta potential

18MQ DI water methanol
TEM N/A 100-400 nm N/A
SEM N/A 100-400 nm N/A
Zetasizer 130 nm N/A -29.9 mV
Nanosight 178 nm N/A N/A
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Table 4.
Overview of significant changes in gene expression following exposure to zinc oxide

nanoparticles (ZnO NP).

Fold increase in gene expression compared to control in response to undigested and digested ZnO NP
suspensions. Stars represent treatments where significant differences were found compared to untreated
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controls according to a two-way ANOVA with Tukey’s post test (p < 0.05). Heat map is based on average

values.
High AU
TREATMENT
Undigested Digested
GENE Low Medium High Low Medium High
9.7x10° | 9.7x10* | 9.7x10% | 9.7x10° | 9.7x10* [ 9.7x107
mg/ml mg/ml mg/ml mg/ml mg/ml mg/ml
#* £ ] :
DMT1 1.46+0.13 | 1.74+0.27 | 0.81£0.09
DctyB
1.00+0.07 | 0.78+0.06 | 0.72+0.03 | 1.16+0.14 | 0.89+0.11 | 0.76+0.13
FPN1
1.254+0.08 | 1.38+0.19 | 1.35+0.17 | 0.90+0.07 | 0.98+0.16 | 1.69+0.18
HEPH
1.08+0.09 | 0.90+0.20 | 0.57+0.16 | 0.80+0.12 | 0.93+0.16 | 0.58+0.12
ZIP1
1.23+0.17 | 1.38+0.18 | 1.28+0.13 | 1.31+0.22 | 1.38+0.12 | 1.00+0.17
ZnT1 B
0.88+0.08 | 0.71+0.03 WP MM 1.03+0.09 | 0.89+0.15 | 1.08+0.10
£k
GLUT2 1.85+0.44 | 1.31+£0.27 | 1.07+0.08 | 1.16+0.26 | 1.23+0.14 | 0.94+0.19
SGLT1 il |
1.32+0.22 | 0.83+0.16 | 0.64+0.06 | 0.98+0.21 | 0.86+0.14 | 0.55+0.10
Low A
FABP1 owal
1.02+0.08 | 1.15+0.18 | 0.87£0.1 | 1.13£0.13 | 0.95+0.22 | 1.28+0.16
*
HABE2 1.74+0.36 | 1.01+0.27 | 0.71+£0.14 | 0.76£0.15 | 0.71£0.09 | 0.49+0.10
TNFa
1.08+0.33 | 0.714+0.13 | 0.60+0.05 | 1.27+0.27 | 1.27+0.14 | 1.06+0.15
NFxB
1.232+0.18 | 0.834+0.17 | 0.69+0.06 | 1.22+0.22 | 1.294+0.14 | 1.05+0.18
£k
is 1.52+0.3 | 1.19+0.20 0.794+0.1 | 0.71£0.10 | 0.26+0.05
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