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Nanoscale materials derived from natural biopolymers like cellulose and chitosan have many potentially
useful agri-food and oral drug delivery applications. Because of their large and potentially bioactive surface
areas and other unigue physico-chemical properties, it is essential when evaluating their toxicological impact
to assess potential effects on the digestion and absorption of co-ingested nutrients. Here, the effects of
cellulose nanofibers (CNF), cellulose nanocrystals (CNC), and chitosan nanoparticles (Chnp) on the digestion
and absorption of carbohydrates were studied. Starch digestion was assessed by measuring maltose released
during simulated digestion of starch solutions. Glucose absorption was assessed by measuring translocation
from the resulting digestas across an in vitro transwell tri-culture model of the small intestinal epithelium
and calculating the area under the curve increase in absorbed glucose, analogous to the glycemic index. At
1% w/w, CNF and Chnp had small but significant effects (11% decrease and 14% increase, respectively) and
CNC had no effect on starch hydrolysis during simulated digestion of a 1% w/w rice starch solution. In
addition, at 2% w/w CNC had no effect on amylolysis in 1% solutions of either rice, corn, or wheat starch.
Similarly, absorption of glucose from digestas of starch solutions (i.e., from maltose), was unaffected by 1%
w/w CNF or CNC, but was slightly increased (10%, p < 0.05) by 1% Chnp, possibly due to the slightly higher
maltose concentration in the Chnp-containing digestas. In contrast, all of the test materials caused sharp
Received 12th March 2021, increases (~1.2, 1.5, and 1.6 fold for CNC, CNF, and Chnp, respectively) in absorption of glucose from
Accepted 19th July 2021 starch-free digestas spiked with free glucose at a concentration corresponding to complete hydrolysis of 1%
w/w starch. The potential for ingested cellulose and chitosan nanomaterials to increase glucose absorption
could have important health implications. Further studies are needed to elucidate the mechanisms
rsc.li/es-nano underlying the observed increases and to evaluate the potential glycemic effects in an intact in vivo system.
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Environmental significance

This article reports findings of studies on the potential effects of ingested nanocellulose and nanochitosan materials on carbohydrate digestion and absorption.
While potential applications for these materials in foods and drug delivery grow, our findings suggest their ingestion may have unwanted effects on carbohydrate
digestion and particularly on glucose absorption. Such studies provide essential guidance needed by regulators to evaluate the safety of the products that enter
our food environment. The food environment plays a major role in the food choices that people make, which in turn have important public health
consequences. Here we report in vitro findings suggesting that nanocellulose and nanochitosan materials, though not directly toxic and having only small effects
on starch digestion and bioavailability, may increase the rate of glucose translocation across the small intestinal epithelium when glucose is ingested directly
(i.e., via corn syrup in processed foods). In our in vitro small intestinal epithelium model we observed increases of 20-60% in the area under the curve (AUC) for
translocated glucose (analogous to glycemic index). The introduction of these nanomaterials to foods without further study and consideration of such potential
impacts could have a dangerous effect on the food environment, potentially exacerbating an ongoing worldwide obesity crisis and diabetes epidemic.
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Introduction

Engineered nanomaterials (ENMs) derived from natural
biopolymers, such as cellulose and chitosan, possess unique
or enhanced properties (relative to their larger-scale
counterparts) that have fueled the development of a large
and growing number of new applications for such materials
in the agri-food, healthcare, and pharmaceutical
industries."™® Cellulose-based ENMs, such as cellulose
nanofibrils (CNF) and cellulose nanocrystals (CNC), have
potential applications, as biodegradable food packaging
materials that could increase shelf life and improve product
safety, and more importantly as processed food ingredients,
at concentrations ranging from ~0.2% to 1.0% w/w, to
provide a non-caloric source of dietary fiber, or to stabilize
food emulsions and foams (e.g:, sauces, dressings, and
toppings), increase moisture retention, or improve sensory
qualities."”"® In addition, it was recently shown that ingested
CNF reduces the digestion and absorption of co-ingested fat,
suggesting a potential use for CNF in weight management."”
Chitosan-based ENMs, particularly nanoscale chitosan
particles, have demonstrated great potential as oral drug and
nutraceutical delivery platforms, likely due to their
polycationic structure at intestinal pH, and resulting
mucoadhesive and tight junction disrupting properties,
which can facilitate intestinal absorption of orally
administered small molecules and peptides.'® >’

Although bulk or micron-scale natural biopolymer and
inorganic materials have long been used and generally
regarded as safe in foods at low concentrations, because their
counterpart nanoscale materials may exhibit unique properties
and biointeractions,*®* " the safety of these nanoscale materials
cannot be assumed to be similar to that of the bulk materials,
and must be studied. Several studies have shown that ingestion
of inorganic nanoparticles, such as TiO,, SiO,, and ZnO, can
damage intestinal microvilli and impair nutrient
absorption,**™° and may cause genotoxicity, tumorigenesis,
shifts in gut microbiome, and exacerbation of experimental
colitis.**** Likewise, with natural biopolymer nanomaterials, it
is essential to understand the potential health impacts of
ingestion exposures to the nanoscale forms of these materials,
and to provide the relevant toxicological data needed by
regulators to evaluate the safety of these materials. Because
these materials have unique physico-chemical properties and
large surface areas available for potential interactions with
nutrients, digestive enzymes and chemicals, or components of
the gastrointestinal tract (GIT) mucus or epithelial cell surface,
in addition to assessing their direct toxicity, it is important to
assess the potential impact that their ingestion might have on
digestion and absorption of key nutrients.

We and others have recently published results from studies
of the in vitro and in vivo toxicology of ingested nanocellulose
nanomaterials,*®*” and of the in vitro toxicology of ingested
chitosan nanoparticles,”®> which revealed few significant
adverse effects. In our in vitro studies of nanoscale cellulose
and chitosan ENMs, a physiological three-phase (oral, gastric,
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and small intestinal) GIT digestion simulator was employed to
digest either water or standardized food model suspensions
containing the ENMs at relevant exposure concentrations, and
the final small intestinal digestas were applied to a tri-culture
small intestinal epithelium cellular model for assessment of
toxicity.****®  The tri-culture model, described and
characterized in detail by the authors in an earlier publication,
includes Caco-2 cell-derived absorptive enterocytes and
microfold (M) cells, and mucus-secreting HT29-MTX cells
representing goblet cells and providing a physiological mucus
layer.”® Exposure of the tri-cultures to digestas containing
cellulose nanocrystals (CNC) caused a slight (10%) increase in
reactive oxygen species (ROS) generation, but did not affect
cytotoxicity (LDH  release) or monolayer integrity
(transepithelial electrical resistance, TEER),"® and exposure to
digestas containing chitosan nanoparticles (Chnp) produced a
slight (10%) increase in cytotoxicity (LDH release), but did not
diminish TEER or cell viability, or increase oxidative stress
(ROS formation).”® Our in vivo studies, in which rats received
biweekly gavage treatments with CNF for five weeks, also
revealed no adverse effects. Serum chemistry, hematology, and
histological analysis of lung, liver, kidney and small intestine
identified no significant abnormalities or differences between
treatment groups.*® Our findings are consistent with the results
of other studies of such natural biopolymer nanomaterials in
the literature, and suggest that their ingestion in small
amounts poses little risk of direct toxicity.” >

Although the cellulose and chitosan nanomaterials did
not appear in our recent published studies to cause
significant direct in vitro cytotoxicity, or in vivo toxicity in the
case of CNF, there are other means by which ingested
substances can cause adverse health consequences that
would not be detected in typical toxicological studies. These
include effects on intestinal epithelial barrier function, the
gut microbiome, and nutrient digestion and absorption. For
instance, we recently reported that CNF ingestion (gavage)
altered fecal microbial diversity, specifically diminishing
populations of species that produce short chain fatty acids,
and that are linked to increased mucosal IgA production, but
had relatively little effect on the microbial metabolism, with
significant fold changes seen for only ten metabolites out of
366 measured.”® Exposure to CNF also altered expression of
epithelial cell junction genes and increased production of
cytokines that modulate proliferation of CD8 T cells, which
may represent initiation of an adaptive immune response.’*

Ingested nanomaterials also have the potential to alter
digestion or absorption of nutrients. We previously reported
that ingested nanocellulose materials can significantly reduce
the digestion and absorption of fat both in vitro and in vivo."”
Scanning electron microscopy and molecular dynamics
studies suggested that this effect was due to the coalescence
of fat droplets on CNF fibers, resulting in a reduction of
available surface area for lipase binding, as well as
sequestration of bile salts. Similar findings have also been
reported, including significant reduction of TG hydrolysis in
sunflower oil-in-water emulsions stabilized with CNC and
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whey protein, which was attributed to the bridging of
multiple fat droplets by CNCs to produce larger droplets with
reduced total available surface area.’” Several studies have
found that nanocellulose materials may also influence the
digestion of starch, as detailed in a recent review by Liu and
Kong.”® Nsor-Atindana et al. found that the presence of CNC
significantly decreased digestion and glucose release from a
protein-starch system during two stage gastric and small
intestinal digestion,”” and Ji et al reported significant
reductions in starch digestibility in the presence of CNC in a
simple enzyme-buffer system.>® The presence of CNF at 0.22
and 1.1% was reported by Liu et al. to significantly decrease
glucose production from corn starch as well as glucose
diffusion in a three phase in vitro digestion system.”
Together these studies suggest that nanocellulose may have a
potential hypoglycemic effect when ingested with starch. The
results of in vivo studies to date are somewhat conflicting.
Andrade et al reported no significant effects on blood
glucose in rats fed chow containing CNF from peach palm
residue at up to 21% by weight for 30 days.®® In contrast,
Chen et al. reported that in mice fed on a high fat and
sucrose diet (western diet), gavage treatment with wood-
derived CNF at 30 mg kg™' body weight for 6 weeks caused a
slight but significant reduction in lean body mass as well as
non-specifically decreased intestinal absorption (p-xylose
absorption) and altered glucose homeostasis.®

In the present study, we investigated the effects of both
cellulose and chitosan ENMs on the digestion of starch and
the absorption of glucose in an in vitro cellular model.
Simulated three phase (oral, gastric, and small intestinal)
digestion and a tri-culture small intestinal epithelial model
were employed to assess the effects of CNC and CNF, as well
as Chnp, on the gelatinized (cooked) starch digestion
(hydrolysis or amylolysis and release of maltose), and on
small intestinal epithelial glucose uptake and translocation.

Materials and methods

Nanomaterial fabrication and characterization

Cellulose nanofibrils (CNF) and nanocrystals (CNC).
Details of the methods used to synthesize cellulose materials
used in this study and their detailed physicochemical and
morphological characterization are described by the authors
in a separate companion manuscript.®* Briefly, fibrillar NC
materials (CNF-50 nm) were synthesized using mechanical
grinding of a wood fiber, and CNC was synthesized by
milling with sulfuric acid.

Chitosan nanoparticles. Chitosan nanoparticles (Chnp)
were fabricated and physico-chemically characterized as
previously described.®® Chitosan powder (>75% deacetylated,
50-190 kDa MW) was dissolved at 1% (w/v) chitosan in a
50% (v/v) acetic acid solution, and then electrosprayed
directly into a solution of 1% tripolyphosphate (TPP, Sigma-
Aldrich) cross-linker and 0.5% (v/v) Tween 80 (Sigma-Aldrich)
in water. Particles were collected by centrifugation at 13 000 x
g, washed three times, freeze-dried, and stored at —20 °C.
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Measurement of zeta potential. The zeta potentials ({ mV)
of pristine CNC and CNF suspensions in sterile deionized
water at 0.1 mg mL ™' were determined by electrophoretic
light scattering (ELS) using a Zetasizer Nano-ZS (Malvern
Instruments, Ltd.).

Endotoxin and sterility assessment of ENMs. ENMs were
tested for endotoxin levels wusing the EndoZyme®
recombinant factor C (rFC) assay (Hyglos, Germany)
according to manufacturer's instructions as described in
detail by the authors.®® In Brief, 10 pg mL™ suspensions of
ENMs as well as endotoxin standard dilutions and ENM
suspensions spiked with 0.5 EU (endotoxin units) per mL
were prepared in endotoxin-free water. Samples, spiked
samples, and standard dilutions were dispensed into a
prewarmed (37 °C) 96 well plate (100 pl per well) and mixed
with 100 pl assay reagent (8:1:1 ratio of assay buffer,
enzyme, and substrate). Fluorescence (Ex 380, Em 440) was
measured at ¢ = 0 and at 90 minutes. Endotoxin levels were
calculated from sample fluorescence using a standard curve
equation generated from a range of endotoxin dilutions.

Microbiological sterility of all nanomaterials used was
assessed using WHO protocol in the international
pharmacopoeia® as previously described.®>®®  Briefly,
materials were suspended at 1 mg mL™", and 1 mL of the
suspensions were added to 10 mL of fluid thioglycolate
medium at pH 6.9-7.3. The solutions were incubated at 37 °C
for 14 days and examined each day for indications of
bacterial growth. Every third day during incubation samples
of broth were spread onto tryptic soy agar plates and mixed
with potato dextrose agar and plate count agar to create pour
plates. All plates were incubated at 37 °C for 3 days and
examined for growth of bacterial and fungal colonies.

In vitro gastrointestinal digestion simulation studies. In
vitro simulated digestion was performed using a 3-phase
(oral, gastric, and small intestinal) simulator as previously
described.” An overview of the study design is shown in
Fig. 1.

Food model preparation for simulated digestion studies.
Because Chnp settles rapidly in water, dispersions of Chnp
were created by discrete (rather than continuous) sonication,
as previously described.®®®” Briefly, the critical delivered
sonication energy (DSE.), the minimum energy (J mL™)
needed to produce the smallest agglomerates, was
determined by incremental sonication and  size
characterization by dynamic light scattering (DLS) using a
Zetasizer =~ Nano ZS  (Malvern Instruments LTD,
Worcestershire, UK). A 5 mL sample of 30 mg mL™* Chnp in
deionized (DI) water was alternately sonicated (using a
calibrated sonicator with known energy output in J s™) for 30
s and vortexed for 10 s, and mean hydrodynamic diameter
(dy) measured by DLS was plotted as a function of time to
determine the minimum sonication time, and thus energy
(DSE,;), required to achieve the smallest possible dy. CNF
and CNC dispersions were created by diluting as synthesized
aqueous stock suspensions (2.5% w/w for CNF and 7.0% w/w
for CNC) in DI water and vortexing for 20 s.

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Study design. ENMs were dispersed in either a gelatinized starch or water only food model (upper left). To assess effects of the ENMs on
starch digestion, maltose produced during complete simulated oral, gastric, and small intestinal digestion was measured (lower left). To evaluate
effects of ENMs on uptake and translocation of glucose from digested starch (primarily maltose) the digestas from starch were applied to the
apical compartments of small intestinal epithelial model transwells, and total glucose in the apical and basolateral compartments were measured
over 4 hours. To determine the effects of ENMs on uptake and translocation of free glucose, the final digestas of water without starch were spiked
with glucose and applied to the transwell tricultures and apical and basolateral glucose were measured over 4 hours.

Briefly, the materials (CNC, CNF, Chnp) were dispersed at
2% (w/w) in water. 100 mL 2% (w/w) starch solution (rice, corn,
wheat) was heated until boiling, then diluted 1:1 (to 1% w/w)
in 2% (w/w) nanomaterial dispersants, vortexed for 30 seconds
to mix, and prewarmed to 37 °C in a water bath. The starch-
material mixture was then combined with an equal volume of
prewarmed (37 °C) simulated saliva fluid, and mixed by
inverting for 10 seconds, representing the oral phase. The
resulting oral digesta was then combined 1:1 with simulated
gastric fluid and incubated for two hours at 37 °C on an orbital
shaker at 200 rpm to complete the gastric phase. In the small
intestinal phase, the final gastric phase digesta was combined
with additional salts, bile extract and pancreatin solution to
simulate intestinal fluid, and incubated in an orbital shaker at
200 rpm and 37 °C for 2 hours.

Effects of cellulose and chitosan nanomaterials on starch
digestion. To evaluate possible effects of the ENMs on the
enzymatic hydrolysis and release of maltose (glucose dimers)
in the GIT, we measured free maltose and glucose produced
and calculated the percentage of the initial starch digested
during simulated digestion of gelatinized starch suspensions
with or without ENMs. The final small intestinal digestas
were dialyzed to remove solids and proteins: 0.75 mL of
digesta was transferred to a 1.5 mL 1 kD dialysis tube, which
was submerged in 15 mL of DI water in a 50 mL conical tube
and incubated for 48 h at 4 °C. Glucose and maltose in the

This journal is © The Royal Society of Chemistry 2021

dialysate were measured using a fluorometric maltose-
glucose assay kit (Sigma-Aldrich) according to the
manufacturers protocols. The method employs a-p-
glucosidase to convert maltose to two glucose monomers,
and subsequent oxidation of glucose to produce a fluorescent
product (lex = 535, dem = 587). Each dialyzed digesta sample
was measured both with and without o-p-glucosidase to
differentiate between maltose and free glucose.

Tri-culture small intestinal epithelium cell model and
treatments to assess cytotoxicity and absorption of glucose.
Small intestinal epithelial model tri-cultures were prepared as
previously described.”” In summary, Caco-2, HT29-MTX, and
Raji B cells were obtained from Sigma-Aldrich. Caco-2 and
HT29-MTX cells were grown in high-glucose DMEM
supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 10 mM HEPES buffer, 100 IU mL™" penicillin, 100 ug
mL™ streptomycin and non-essential amino acids (1/100
dilution of 100x solution, ThermoFisher). Raji B cells were
cultured in RPMI 1640 media supplemented with 10% FBS, 10
mM HEPES buffer, 100 IU mL™ penicillin and 100 pg mL™
streptomycin. For transwell inserts, Caco-2 and HT29-MTX cells
were trypsinized and resuspended in DMEM media at 3 x 10°
cells per mL and combined in a ratio of 3:1 (Caco-2:HT29-
MTX). A 1.5 mL portion of the cell mixture was seeded in the
apical chamber, and 2.5 mL of complete DMEM media was
added to the basolateral compartment of a 6 well transwell
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plate (Corning). Media was changed after four days, and
subsequently every other day, until day 15. On day 15 and 16,
the media in the basolateral compartment was replaced with
2.5 mL of a suspension of Raji B cells at a concentration of 1 x
10° cells per mL in 1:1 DMEM:RPMI complete media.
Transepithelial electrical resistance (TEER) was measured using
an EVOM2 epithelial volt/ohm meter with a Chopstick
Electrode Set (World Precision Instruments).

Cytotoxicity (LDH release), and uptake and translocation
studies using tri-cultures on transwells were initiated on day
17. Cell viability (tetrazolium salt reduction) and oxidative
stress (ROS production) studies require closed-bottom
adherent cell cultures in 96-well plates suitable for plate
reader fluorescence measurements. For these studies, Caco-2/
HT29-MTX co-cultures were prepared in 96-well plates. Raji B
cells were not used in this format, since they are suspension
feeder cells (added to the transwell basolateral compartments
to promote M-cell differentiation of some apical Caco-2 cells),
and not part of the epithelium, but could adhere to mucus,
or become incorporated in the epithelial layer, if applied
apically in closed 96-well plates. To prepare these co-cultures,
Caco-2 and HT29-MTX cells at a 3:1 ratio were seeded at a
total 3 x 10" cells per well (100 uL of cell mixture) in black-
walled, clear optical bottom plates (BD Biosciences). Media
was changed after four days, and subsequently every other
day, until day 17. Cell viability and oxidative stress
experiments performed with the 96-well plate co-cultures
were initiated on day 17.

Exposure of transwell tri-culture and 96-well plate
cocultures to digesta. The transwell inserts and 96-well plates
were rinsed with glucose-free DMEM supplemented with 10
mM HEPES buffer, 100 IU mL™ penicillin, 100 pg mL™
streptomycin and non-essential amino acids (1/100 dilution
of 100x solution, ThermoFisher), 10 mM pyruvate
(ThermoFisher). The final small intestinal digesta from
simulated digestions were combined with glucose-free DMEM
media in a ratio of 1:3, and the mixture was applied to the
cells (1.5 ml to the apical compartment for transwell inserts,
200 pl per well for 96-well plates). Apical fluid in untreated
control wells was replaced with fresh glucose-free media.
Digesta was also dispensed in a cell-free control well.
Transwell cells were incubated with digesta for 4 h. At the
end of exposure, TEER in transwells was measured as
described above, and supernatants from transwells were
collected for LDH analysis. Assessment of ROS production
and cell viability (described below) was performed after 4 h
exposures, respectively, in 96-well plates.

In vitro maltose and glucose translocation across the
small intestinal epithelium. Biokinetics of maltose and
glucose from small intestinal phase digestas was assessed
using the tri-culture model of the small intestinal epithelium
grown on transwell inserts. Unlike typical glucose uptake/
transport studies that employ fluorescent and radiolabeled
glucose analogs,®®”° since the glucose in our studies is
derived from maltose released from starch, and cannot be
labeled, it was necessary to measure uptake and transport of
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free maltose and glucose using a fluorometric assay. This in
turn required the use of glucose-free cell culture media
during the experiments to sufficiently reduce background
glucose signal to allow accurate measurement of glucose
transport. Glucose-free DMEM without serum was therefore
used in this study. However, in an initial pilot studies cells
were adversely affected by the absence of glucose, with
significant loss of tight junction integrity and viability within
a few hours without a glucose source (data not shown), and
therefore pyruvate, the end product of glycolysis, was added
to the glucose-free media as a replacement energy source.”"”>
One glucose molecule yields the equivalent of 5 ATP during
glycolysis to yield 2 molecules of pyruvate. Each molecule of
pyruvate produces the equivalent of 12.5 ATP through
oxidative decarboxylation and the reactions of the Krebs
cycle.”” Thus exogenous pyruvate should provide an adequate
replacement energy source for cells deprived of glucose.

Several concentrations of pyruvate (from 1 to 20 mM, ie., 1x
to 20x concentrations normally used in cell culture) were tested
to identify the optimal supplementation concentration during
4 h biokinetics experiment exposures. The results of these
optimization experiments are shown in Fig. S1.f After 4 hours
exposure to glucose-free medium with pyruvate, cell layer
integrity was assessed by measuring trans-epithelial electrical
resistance (TEER), cell injury and death were assessed by
measuring lactate dehydrogenase (LDH) release, and oxidative
stress was assessed by measuring reactive oxygen species (ROS)
production, as described below. Based on these optimization
study results a pyruvate concentration of 10 mM was selected
for the glucose uptake and biokinetics experiments.

Biokinetic experiments were performed on day 17. After
loading the mixtures of digesta and glucose-free medium, 150
pL fluids from apical and basolateral chambers were collected
at the time points of 0.5, 1.0, 2.0, 4.0 hours. The amount of
maltose/glucose in digesta or medium was assessed using the
maltose and glucose assay kit (Sigma-Aldrich) according to the
manufacturer's instructions. Maltose is converted to two
glucose units via o-p-glucosidase, and glucose is then oxidized,
resulting in a fluorometric (lex = 535, Aem = 587 nm) product,
proportional to the maltose present. Each sample was
measured both with and without o-p-glucosidase to
differentiate between maltose and free glucose.

To evaluate effects of the ENMs on the biokinetics of
glucose in the absence of starch (e.g., from high fructose corn
syrup or honey), we measured total glucose in the basolateral
and apical fluids of transwell tri-cultures over time as
described above after application to the apical compartment
of small intestinal digestas of water with or without test
materials at 1% w/w (but without starch) spiked with glucose
at a concentration equivalent to complete digestion of a 1%
initial starch suspension.

Glucose absorbed by cells (removed from the apical
compartment) at each time point were -calculated by
subtracting the total apical glucose at that time from the
starting total apical glucose mass. Glucose either stored or
used by cells was calculated at each time point by subtracting

This journal is © The Royal Society of Chemistry 2021
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both total apical and basolateral glucose from the initial total
apical glucose.

Cytotoxicity (lactate dehydrogenase (LDH) release).
Cytotoxicity was assessed using a triculture model of the
small intestinal epithelium grown on transwell inserts or in
96-well plates.”® Supernatants from transwells were collected
after 24 h exposures for LDH analysis, which was performed
using the Pierce LDH assay kit (Sigma Aldrich) according to
manufacturer's instructions. Untreated control wells were
used to measure spontaneous LDH release. For maximum
LDH release control wells, 150 pL of apical fluid was removed
and replaced with 150 pL 10x lysis buffer 45 minutes prior to
the end of incubation. The provided substrate was dissolved
in 11.4 mL of ultrapure water and added to 0.6 mL assay
buffer to prepare the reaction mixture. Apical fluid in each
well was pipetted to the mix and 150 puL was transferred to a
1.5 mL tube. Tubes were centrifuged at 5000 x g for 5 min,
and 50 pL of the supernatant from each tube was dispensed
in triplicate wells in a fresh 96-well plate. 50 pL of reaction
mixture was added and mixed by tapping the plate. Plates
were incubated at room temperature for 30 minutes or less
(to provide maximum difference in color between samples by
visual inspection), and 50 mL stop solution was added and
mixed by tapping. Absorbance was measured at 490 nm (4,9)
and 680 nm (Aggo)- To calculate LDH activity, Aggo values were
subtracted from measured A,9, values to correct for
instrument background. To correct for digesta background,
LDH activities from no-cell controls were subtracted from test
well LDH activities. Percent cytotoxicity was calculated by
subtracting spontaneous LDH release values from treatment
values, dividing by total LDH activity (maximum LDH activity
- spontaneous LDH activity), and multiplying by 100.

Cell viability (mitochondrial metabolic activity). Cell
viability was assessed using the PrestoBlue™ reagent (Thermo
Fisher Scientific, Inc., Waltham, MA, Cat, no. A13261).
PrestoBlue is a soluble tetrazolium salt that readily enters cells,
where it is reduced, in metabolically active (viable) cells, by
mitochondrial dehydrogenases and reductases, to an insoluble,
blue-colored, red-fluorescent formazan product. The
PrestoBlue™ viability assay was performed after 24 h exposure
to digestas, using 96-well plate co-cultures, according to
manufacturer's instructions. Briefly, cells were washed 3 times
with 200 pL per well PBS, and 100 pL of 10% PrestoBlue
reagent was added to each well. Plates were then incubated at
37 °C for 15 minutes, and fluorescence was measured at 560
nm (excitation)/590 nm (emission).

Oxidative stress (ROS production). Oxidative stress was
assessed by measuring cellular ROS accumulation after 6 h
exposure to digestas in 96-well co-cultures. ROS production
(oxidative stress) was assessed using the CellROX® green
reagent (Thermo Fisher Scientific, Inc.) according to the
manufacturer's instructions. Briefly, a 5 mM working solution
of the CellROX® green reagent was prepared from 20 mM
stock by diluting in glucose-free DMEM media without FBS.
Media was removed from test wells and replaced with 100 pL
of working solution, and plates were incubated for 30
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minutes at 37 °C. Cells were then washed 3 times with 200
pL per well PBS, and fluorescence was measured at 480 nm
(excitation)/520 nm (emission).

Statistical analysis. Statistical analysis and preparation of
graphs was performed using Prism 9.02 software (GraphPad
Software, Inc.). Comparison of groups for all measurements
were performed by one-way ANOVA with Dunnett's multiple
comparisons test.

Results
Characterization of cellulose and chitosan nanomaterials

Extensive characterization of the cellulose nanocrystals (CNC)
and cellulose nanofibrils (CNF) used in these studies has
been performed and the results previously published by the
authors.®”’* Physical and morphological characterization,
including transmission and cryo-scanning electron
microscopy (TEM and Cryo-SEM), and chemical analysis,
including inductively coupled plasma mass spectrometry
(ICP-MS), X-ray photoelectron spectroscopy (XPS), and
infrared spectroscopy (IR) of pristine as synthesized CNC and
CNF were reported by Pyrgiotakis et al®® Colloidal
characterization of CNC and CNF suspended in deionized
water and culture media by field emission SEM (FE-SEM) was
reported, along with optimization of dispersion methods and
in vitro and particle kinetics of FITC-labeled CNF in media,
by Bitounis et al.”* Detailed characterization of the chitosan
nanoparticles (Chnp) used in these studies was also
performed and previously published. Physical and
morphological characterization of pristine Chnp was reported
along with the details of its synthesis by Sampathkumar
et al® Colloidal characterization of Chnp dispersions in
water and transformations of Chnp across the GI tract during
digestion were reported by Guo et al.*®

Key property values from these previous studies are shown,
along with zeta potentials for CNF and CNC materials, which
were measured for this study, in Table S15 CNC comprised
long needle shaped particles with an average size of 270 + 90 x
25 + 9 nm and an average aspect ratio of 11.5 + 3.2. CNF
consisted of highly branched, complex, and variable
agglomerates averaging 6710 + 5611 x 64 + 29 nm in size with
an aspect ratio of 107.6 + 54.5. Chitosan nanoparticles were
roughly spherical, as observed by SEM, with an average
diameter by BET of 159.8 + 2.3 nm and an average
hydrodynamic diameter of 175.8 + 37.4 nm by DLS.®® It should
be noted that although determination of hydrodynamic
diameter by DLS is useful for roughly spherical engineered
nanomaterials (ENMs) such as Chnp, because of the large
aspect ratios of both CNC and CNF, and the highly branched
and complex structure of CNF in particular, an accurate and
meaningful measurement of hydrodynamic diameter by DLS is
not possible for those materials.

The zeta potential of Chnp in water was +20.8 + 3.01 mV.*
In contrast, both cellulose materials had negative zeta
potentials. Specifically, CNF had a moderately negative zeta
potential of -7.43 + 3.25 mV and CNC had a more strongly
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negative zeta potential of -27.4 + 1.21 mV. These zeta
potentials are consistent with the known surface chemistry of
these materials and the pK,s of the respective corresponding
primary amine (Chnp), hydroxyl (CNF), and sulfate ester
(CNC, produced by sulfuric hydrolysis) groups.

Effects of cellulose and chitosan nanomaterials on starch
digestion

To evaluate possible effects on the enzymatic hydrolysis and
release of maltose (glucose dimers), we measured free
maltose and glucose and calculated the percentage of the
initial starch digested during simulated digestion of
gelatinized starch suspensions with or without test materials
as described in the method section above. Results of these
studies are summarized in Fig. 2. At an initial concentration
of 1% w/w in 1% gelatinized rice starch suspensions, CNF
caused a slight but significant decrease (11%, p < 0.05) in
percent starch digested relative to starch only controls. Chnp,
in contrast, caused a slight but significant increase (14%, p <
0.01) in percent starch digested, whereas CNC had no
significant effect (Fig. 2a). CNC also had no effect on
digestion of 1% w/w gelatinized rice starch at either lower or
higher CNC concentrations (Fig. 2b). Similarly, CNC had no
significant effect on digestion of 1% corn or wheat starch
suspensions at 2% w/w starting food model concentration
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(Fig. 2c). Finally, neither CNF nor CNC at 2% w/w food
concentration significantly modulated digestion of rice starch
at a concentration of 5% (Fig. 2d).

Effects of cellulose and chitosan nanomaterials on
absorption of glucose from digested starch

To evaluate possible effects of the test ENMs on the biokinetics
of glucose absorption from digested starch, we measured total
glucose in the basolateral and apical fluids of transwell
intestinal epithelial tri-cultures over time after application of
small intestinal digestas of 1% rice starch suspensions with or
without test ENMs at 1% w/w starting food model
concentrations to the apical compartments. The results of
these studies are summarized in Fig. 3. Slight differences were
seen in the apical and basolateral compartment glucose curves
(Fig. 3a and c) and the calculated glucose uptake (glucose
removed from the apical compartment) curves (Fig. 3b). Most
notably, apical glucose was greater initially and at all
subsequent time points in samples containing Chnp,
consistent with the slight increase in starch digestion in the
presence of Chnp noted above. Area under the curve (AUC)
calculations of the basolateral glucose curves, which represent
an estimate of epithelial glucose translocation or physiological
absorption (analogous to the incremental area under the curve
(IAUC) of postprandial serum glucose used to determine the
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Fig. 2 Effects of cellulose and chitosan nanomaterials on digestion of starch. Percent total starch digested in the presence of ENMs a. percent
starch digested from initial 1% rice starch suspensions containing 1% ENM, b. percent starch digested from initial 1% rice starch suspensions
containing CNC at varied concentrations. c. Percent starch digested from different types of starch at 1% with and without 2% CNC d. percent
starch digested from 1% or 5% rice starch suspensions with and without 2% CNC or CNF. Error bars represent one standard deviation. Numbers

above bars represent fold change relative to blank. *p < 0.05, **p < 0.01.
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glycemic index of foods) revealed only a slight (10%, p < 0.5)
increase in glucose absorption in the presence of Chnp
(Fig. 3d), consistent with greater substrate availability as a
result of the greater apical glucose mass and thus
concentration in the presence of Chnp. None of the other
materials had any significant effects within the 4 hours time of
exposure. The calculated glucose utilization and translocation
rate curves showed some variation among treatments but were
not particularly revealing (Fig. S21).

It should be noted that at the time that digestas from starch
solutions were applied to cells, after storage of digestas at 4 °C
for 48 h, 90% of the glucose present was in the form of maltose
(Fig. S37). Immediately following digestion, maltose accounts
for 100% of total glucose. However, while we can find no
previous account of this in the literature, maltose apparently
undergoes spontaneous hydrolysis to glucose at a fairly brisk
rate, with 75% hydrolyzed in 41 days. Moreover, this rate may
depend on the presence of ENMs. Because of this, it was not
possible to analyze maltose and glucose contributions to total
glucose in the apical chambers over time, since the samples
had been stored for up to 3-4 weeks prior to analysis.

Effects of cellulose and chitosan nanomaterials on
absorption of glucose from digestas spiked with glucose

In order to isolate potential effects of the test materials on
glucose absorption, and because processed foods often include

This journal is © The Royal Society of Chemistry 2021

free glucose via added corn syrup or other sweeteners, we
studied the absorbance of glucose alone (i.e., digestas of water
spiked with glucose). Differences in the apical compartment
glucose and glucose uptake curves (Fig. 4a and b) suggest that
the presence of each of the test ENMs may have reduced the rate
of glucose uptake by the epithelium. However, the basolateral
compartment glucose (representing translocation and
physiological absorption) curves (Fig. 4c), and basolateral
glucose AUC values (analogous to glycemic index) calculated
from them (Fig. 4d) showed substantial and highly significant
increases in glucose translocation in the presence of any of the
ENMs (increases in AUC relative to blank controls of 20%, p <
0.01 for CNC, 49%, p < 0.001 for CNF, and 60%, p < 0.001 for
Chnp). Since glucose cannot leave the system, the apparent
disparity between reduced total wuptake and increased
translocation in the presence of these materials must be due to
differences in glucose utilization by the cells (i.e., cells exposed
to the test ENMs store or metabolize less glucose that control
treatment cells). Calculated glucose utilization and translocation
rate curves (Fig. S47) illustrate this decreased utilization.

In vitro toxicity of cellulose and chitosan nanomaterials in a
starchy food matrix

To assess the potential cytotoxicity of the test materials in the
presence of starch and thereby rule out the possibility that
direct cytotoxicity may have contributed to the observed effects,
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changes in transepithelial electrical resistance (TEER),
cytotoxicity (LDH release), cell viability, and reactive oxygen
species (ROS) generation in tri-culture cells after exposure to
digestas of the test ENMs in water with or without 1% rice
starch were assessed as described in method section above.
The results of these studies are summarized in Fig. 5. None of
the test materials, either with or without starch, had any
significant effects on TEER (Fig. 5a), cytotoxicity (Fig. 5b), cell
viability (Fig. 5¢), or ROS generation (Fig. 5d).

Discussion and conclusions

Although none of the materials tested had a very sizeable
effect on starch digestion, some effects and notable
differences between the effects of the different materials
tested were observed. Specifically CNF caused a slight (11%,
p < 0.05) decrease, while Chnp caused a modest increase
(14%, p < 0.01), and CNC had no effect, on starch digestion.
Although further studies would be needed to uncover the
specific mechanisms responsible for these differences, one
could speculate that the differences in surface chemistries
among these three materials might play a role. Specifically,
the predominant surface functional group of CNF is the
hydroxyl group of its glucose monomers, which would remain
protonated and wuncharged wunder all physiological
conditions, and participate in hydrogen bonding that
stabilizes interactions between adjacent glucose chains.

2562 | Environ. Sci.: Nano, 2021, 8, 2554-2568

Chnp, in addition to having many hydroxyl groups, is
decorated with the primary amine groups of its deacetylated
glucosamine monomers, which have a pK, of about 6.5, and
are thus protonated and positively charged in the acidic
conditions of the stomach (or gastric phase of digestion) but
largely deprotonated and uncharged at neutral pH (i.e., in the
food model, oral phase, and small intestinal phase). CNC, on
the other hand, being produced by acid hydrolysis, typically
with sulfuric acid, has on its surface (in addition to hydroxyl
groups) a number of acidic sulfate groups, which would be
negatively charged throughout digestion. In addition to
disrupting the hydrogen bonding of a continuous field of
hydroxyl groups, the presence of charged functional groups
could conceivably alter interactions of the biopolymers with
either the starch glucose monomer chains or with a-amylase.
A Dbetter understanding of the role of charged or other
functional groups in modulation of starch digestion could be
gained by studying the effects of a specifically engineered
chemically modified variants of biopolymer nanomaterials.
In addition, whereas 1% CNF slightly decreased digestions
of starch in a 1% starch food model, no effect was observed
with 2% CNF (with either 1% or 5% starch). This apparent
discrepancy may indicate that the observed reduction at 1%
starch is not significant, or may be due to differences in the
physical or chemical properties between a 1% and 2% CNF
suspension. A 2% CNF suspension is noticeably and
considerably more viscous than a 1% solution, which one
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might expect to reduce mobility of a-amylase and its amylose
or amylopectin substrate and thereby reduce digestion. Our
results, however, indicate the opposite - that the higher
concentration somehow restores the reduction of activity that
occurred at the lower concentration. One possibility is that at
the higher concentration a greater portion of the CNF chains
and proportion of their surface areas are interacting with
other CNF chains or monomers (e.g., via hydrogen bonding)
which may limit the effective area or number surface
hydroxyl groups available for the kind of interactions with
the substrate or other biomolecules that caused the reduction
of starch digestion at the lower concentration.

Nevertheless, the slight (11%) but significant decrease in
digestion of starch seen at 1% CNF is consistent with
findings previously reported by Liu et al.,”® and thus further
supports the idea that CNF could potentially have a
hypoglycemic or glycemia dampening effect when added to
starch-containing foods.

Whereas effects on starch digestion were relatively small
(Fig. 2), and absorption from maltose (digested starch) was
unaffected (Fig. 3), all three materials caused a substantial and
significant increase in translocation (absorption) of free
glucose (from digestion of glucose alone) at the same mass
concentration (Fig. 4). The AUC values calculated from the
in vitro transwell model in this study are analogous to the
incremental area under the curve (IAUC) values used to
represent the glycemic index of foods, which are calculated
from postprandial serum glucose measurements in human

This journal is © The Royal Society of Chemistry 2021

subjects. Since significant oral exposures to cellulose and
chitosan nanomaterials like those investigated here would
result from many of the applications for which they are being
considered, particularly their use in foods as stabilizers or
emulsifiers, the potential to increase absorption of co-ingested
glucose (e.g, from corn syrup or honey) suggested by our
findings could be problematic and deserve further study.
Additional studies are required to elucidate the
mechanism(s) underlying the observed increases in glucose
translocation in the presence of CNF, CNC, and Chnp, and
importantly to attempt to explain why the ENMs impacted
translocation of free glucose (Fig. 4) but not of maltose at the
same mass concentration (Fig. 3). It is possible that the rate-
limiting step, at the concentrations employed in these
studies, for glucose absorption from maltose is the cleavage
of maltose by enterocyte brush border maltase to form
glucose, and that at the presumably lower concentrations of
glucose produced by this activity the ENMs have no effect.
Potential mechanisms for the observed effects on free glucose
absorption, which are summarized in Fig. S5,f include: 1)
reduced viscosity and increased diffusion of glucose within
intestinal mucus or luminal fluid (small intestinal digesta);
2) increased paracellular transport due to changes in cellular
junctions; and 3) increased number or activity of enterocyte
glucose transporters, including the sodium/glucose co-
transporter, SGLT1, which mediates most of the glucose
uptake at low to moderate luminal glucose concentrations
(<~20 mM),”>”” and glucose transporter type 2 (GLUT2),
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which is believed to provide high capacity apical uptake via
facilitated transport at high luminal glucose concentrations
(>20 mM), as well as exit of glucose at the basolateral
membrane,”>”’” although the role of GLUT2 in uptake
remains controversial.”® Examination of the rheological
properties (viscosity, sheer rate) of small intestinal digestas
and artificial mucus exposed to digestas, and of the diffusion
rate of glucose in digestas and mucus will allow us to assess
the role of such changes in the observed effects. The role of
paracellular transport can be assessed by measuring glucose
translocation in the presence of inhibitors for both SGLT1
and GLUT?2 (e.g., phlorizin and phloretin, respectively), which
should eliminate all but diffusive or paracellular transport.
The relative contributions of the two transporters can be
assessed using single inhibitor treatments to disable either
SGLT1 (phlorizin) or GLUT2 (phloretin) to isolate the effects
of the other transporter.

Preformed GLUT?2 transporters are thought to be trafficked
in endosomal vesicles and inserted into the apical membrane
in response to increasing apical glucose concentrations and
uptake.”” Uptake of sodium and glucose by SGLT1 causes a
slight membrane depolarization, which is thought to activate
apical voltage-gated calcium channels (Ca, 1.3), which results
in calcium influx and cytoskeletal changes that enable the
protein trafficking and signaling that lead to GLUT2 insertion.
The enterocyte apical taste receptor T1R2/3 is also believed to
play a role by activating cytoplasmic phospholipase C 2 (PLC
B2) and protein kinase C (PKC) and thereby initiating signaling
via PIP2/IP3 that culminates in trafficking of GLUT2-containing
endosomes to and insertion of GLUT2 transporters in the
apical membrane. If we find, based on single inhibitor studies
alluded to above, that GLUT2 plays a role in the observed
effects of CNF, CNC, and Chnp on glucose transport, it may be
possible to observe insertion of GLUT2 in the apical
membranes by immunostaining and confocal microscopy. The
roles of Ca, 1.3 calcium channels, T1R2/3 taste receptors, PLC,
and PKC can then be assessed using specific inhibitors for each
target (nifedipine for Ca, 1.3, lactisole for T1R2/3, U-73112 for
PLC, and BIM-1 for PKC) for Ca, 1.3 channel, the roles of
calcium channels.

It should be noted that the concentration of starch and
glucose used in these studies, at an initial food concentration
of 1% by weight (corresponding to ~0.2 mM applied in the
final digesta to the tri-culture cells after ~1/12 dilution during
the digestion process and an additional 1/4 dilution of the final
digesta in culture medium required to maintain tri-culture cell
health during exposures), are relatively low compared to those
that might be present in a high sugar or starch meal. However,
it is not considerably lower than that present in a standardized
food model based on the American diet, which recently
developed by our lab,’® in which the total carbohydrate
concentration is ~1.8% w/w (which would correspond to ~0.36
mM applied to tri-culture cells). Even a pure starch meal (e.g.,
pasta) typically contains <20% total carbohydrates, which
would result in a ~0.72 mM total carbohydrate concentration
applied to cells in our system. Nevertheless, it is important to
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consider the influence that concentration may have in such
studies, particularly since the aforementioned insertion of
GLUT2 and subsequent GLUT2 transport is thought to be
concentration dependent, and not to occur to an appreciable
extent at glucose concentrations of less than ~20 nM in the
intestinal lumen.””

It is interesting that while all three test nanomaterials
significantly increased glucose absorption, the magnitude of
the effect was substantially greater for CNF, and particularly
for Chnp, than for CNC. Since, as discussed above, these
three materials have distinctly different surface chemistries,
we might speculate that surface functional groups play an
important role. Since CNC bears negatively charged sulfate
groups® under all conditions and had a much smaller effect
than the other materials, and because Chnp, which may carry
partially protonated and positively charged amino groups at
neutral pH,>”*%%>7%8% had the largest effect, we might
further speculate that the biopolymer nanomaterial -
nutrient, biomolecule, or cell interactions responsible for the
observed effect on glucose translocation are favored by
positively charged groups, and may involve interactions with
anionic protein residues or other biomolecules. An
understanding of the mechanism underlying the observed
effects may help to explain these differences. As with the
effects of surface chemistry on starch digestion, future
studies with specifically engineered chemically modified
variants of biopolymer nanomaterials may help to explain the
observed differences in the effects of these materials on
intestinal glucose translocation.

Together the findings reported here suggest that cellulose
and chitosan biopolymer ENMs, which are being considered
as potential food additives and excipients for nutrient
supplements and drugs by the respective industries, may
substantially increase the bioavailability of dietary glucose,
which would in turn substantially increase the effective
glycemic index of foods containing corn syrup, honey, or
other direct sources of glucose. Even a small increase in the
glycemic index of common processed foods (which often
simultaneously contain both corn syrup and a thickening or
emulsifying ingredient) that are consumed by millions of
people could have important individual and public health
implications in an obese population with a high prevalence
of diabetes and prediabetes.

As noted above, previous feeding studies in rats found
that CNF had no effect on blood glucose,*® and a subchronic
gavage study in mice revealed altered glucose homeostasis
and a slight reduction in lean body weight,®" but neither of
these subchronic studies either confirmed or ruled out
potential acute hypoglycemic or hyperglycemic effects, which
may be missed if sampling does not immediately follow
feeding (i.e., postprandial glucose), or include measurement
of persistent markers of glycemia upper excursions (e.g.,
HbA1c). Moreover these previous studies did not examine the
effects of CNF on the absorption of dietary glucose. Further
studies are needed to examine the effects of CNF on blood
glucose levels and AUCs immediately after high glucose
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feeding. If a hyperglycemic effect is confirmed then
additional studies will be needed to identify the mechanism
or mechanisms responsible.
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