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ABSTRACT: Exploitation of nature-derived materials is an
important approach to promote environmental sustainability.
Among these materials, cellulose is of particular interest due to Cyclodexiin-uncionalize
its abundance and relative ease of access. As a food ingredient, L
cellulose nanofibers (CNFs) have found interesting applications as
emulsifiers and modulators of lipid digestion and absorption. In
this report, we show that CNFs can also be modified to modulate
the bioavailability of toxins, such as pesticides, in the gastro-
intestinal tract (GIT) by forming inclusion complexes and
promoting interaction with surface hydroxyl groups. CNFs were
successfully functionalized with (2-hydroxypropyl)-f-cyclodextrin
(HPBCD) using citric acid as a crosslinker via esterification.
Functionally, the potential for pristine and functionalized CNFs
(FCNFs) to interact with a model pesticide, boscalid, was tested. Based on direct interaction studies, adsorption of boscalid
saturated at around 3.09% on CNFs and at 12.62% on FCNFs. Using an in vitro GIT simulation platform, the adsorption of boscalid
on CNFs/FCNFs was also studied. The presence of a high-fat food model was found to have a positive effect in binding boscalid in a
simulated intestinal fluid environment. In addition, FCNFs were found to have a greater effect in retarding triglyceride digestion than
CNFs (61% vs 30.6%). Overall, FCNFs were demonstrated to evoke synergistic effects of reducing fat absorption and pesticide
bioavailability through inclusion complex formation and the additional binding of the pesticide onto surface hydroxyl groups on
HPBCD. By adopting food-compatible materials and processes for production, FCNFs have the potential to be developed into a
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functional food ingredient for modulating food digestion and the uptake of toxins.

Bl INTRODUCTION

Pesticides and fungicides, such as boscalid, are widely used in
agricultural products to prevent excessive crop losses.'
Exposure to pesticides could occur through ingestion of trace
amounts of residual pesticides in food products.””* Although
regulations governing the maximum allowable residue levels of
pesticides in food have been established, the long-term and
cumulative effects of such ingestion exposures to human health
are largely unknown. The uncertainties stem from the
complexities in assessing real-world exposure scenarios in
which ingested pesticides could interact with food compounds
and the biomolecular milieu in the gastrointestinal tract (GIT)
microenvironment, thereby affecting their bioavailability and
subsequent effects. In our recent in vitro study, boscalid was
demonstrated to interact with food additives TiO, and SiO,
nanoparticles (NPs) in simulated GIT conditions, leading to
its increased absorption across the intestinal barrier.” This
emphasizes the need to understand such interactions not only
to assess the fate and toxicological profiles of the ingested
pesticides but also to devise strategies to modulate such
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interactions and facilitate the removal of ingested pesticides
from the body.

In this study, the fungicide, boscalid, was chosen as the
model pesticide due to its widespread use and long-term
residual stability in food products. In 2013, an EU-coordinated
framework helmed by the European Food Safety Authority
(EFSA) reported boscalid to be the most frequently found
pesticide in all plant products,” and its residues were reported
to be stable within the food matrices for at least 16 months.”
Considering the high utilization rate and residual prevalence in
food products, human ingestion of boscalid is a likely scenario.
Hence, developing a strategy that could prevent its uptake into
the human body in the GIT environment could have direct
benefits in reducing health risks associated with its ingestion.
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To understand the interaction of ingested boscalid with food
products along the GIT microenvironment and to devise a
strategy to modulate the interactions to eliminate the ingested
boscalid,” we employed cellulose nanofibers (CNFs). Various
engineered nanomaterials (ENMs) have been utilized in food
products to improve the appearance and storage stability of the
food products and enhance food safety and quality.”” "> For
instance, SiO, and TiO, have been used as coloring and
anticaking food additives, while CNFs and other ENMs have
been used in food packaging to increase shelf life and added
directly to the food as a source of dietary fiber."*™'® Recently,
we demonstrated CNFs’ ability as a modulator against the
digestion and absorption of fat.'” Although the exact
mechanism behind this modulation has not been entirely
understood, it was postulated that the combination of large
surface area and highly branched networks of the CNF in
suspension provided the biophysical environment to sequester
fat droplets, salts, and enzymes to reduce digestion. Extending
from that study, we hypothesize that CNFs could act as a
platform for additional functionalization to introduce specific
surface features to modulate the sequestration of pesticides
such as boscalid. To test this hypothesis, we prepared
functionalized CNFs (FCNFs) by introducing cyclodextrin
moieties which could readily form inclusion complexes with
hydrophobic molecules. Utilizing both CNFs and FCNFs, the
complex interactions between nanocellulose and boscalid in
the GIT, as well as fat in the food model, were investigated.
Our findings showcase the enhanced performance of FCNFs as
compared to CNFs in fat modulation and boscalid
sequestration, highlighting their potential as a 2-in-1 dietary
ingredient with both fat digestion reduction and pesticide
removal functionalities.

B MATERIALS AND METHODS

CNF Production. The nanocellulose materials were
prepared as described previously.'® In brief, CNFs were
prepared through mechanical grinding with an ultrafine friction
grinder (Masuko supermasscolloider small laboratory MKCA
6-2). The fibrillar materials were prepared from dried sheets
NISTRMS8495 (Sigma-Aldrich, Singapore) to obtain a stock
concentration of 2.5% w/w cellulose.

Nanocrystalline cellulose (NCC) was produced by hydrol-
ysis of the microcrystalline cellulose (MCC, Sigma-Aldrich
Singapore), as reported elsewhere.'” In brief, 1 g of MCC was
suspended in 100 mL of a 1 M ammonium persulfate (APS,
Sigma-Aldrich Singapore) solution and reacted at 60 °C for 16
h to form a white NCC suspension. After the reaction, the
suspension was collected by centrifugation (22100 RCF, 10
min) and washed with DI water at least five times to
completely remove the APS. Finally, the NCC pellet was
lyophilized and stored in a dry box at room temperature. Both
MCC and NCC were used as comparator groups in specific
surface area (SSA) measurements.

Functionalization of CNFs. The CNF was functionalized
following the previously described protocol’”*' with minor
modifications. In this method, citric acid (CA; Sigma-Aldrich,
Singapore) acts as a crosslinker to graft (2-hydroxypropyl)-f-
cyclodextrin (HPBCD, Sigma-Aldrich, Singapore) onto the
CNF surface. In brief, HPBCD (50 mg/mL) and CA (12.5
mg/mL) were dissolved in deionized (DI) water followed by
addition of 5 mg/mL of sodium phosphate monobasic
dihydrate (NaH,PO,, Sigma-Aldrich, Singapore) which serves
as a catalyst for the grafting process. The pristine CNF

suspension (standardized at 0.5% w/v, which was S mg of
CNF in 1 mL) was then centrifuged at 17000 RCF for S min,
and the excess water was decanted. 1 mL of the HPBCD/CA
solution was then added into the CNF and vortexed.
Functionalization was done by incubating the CNF suspension
in the reaction solution at 50 °C and leaving it until it was fully
dehydrated (typically 48—72 h). The dehydrated pellet was
then heat-treated at 120 °C for 1 h. The functionalization
process was terminated by cooling the samples at room
temperature. The FCNF was then rinsed with copious water to
completely remove the excess reactants, and the rinsed FCNF
was then resuspended in DI water at a fixed concentration of
0.5% w/v and stored at 4 °C for further use.

In Vitro Simulated GIT Digestion. Whipping cream with
a high fat content (35.1% w/w fat) purchased from a local
supermarket was used as a heavy cream food model, while
phosphate buffer (5 mM) was used as a fasting food model
(FFM). Five sample groups, namely, (1) boscalid in FEM, (2)
boscalid with CNFs, (3) boscalid with CNFs and cream, (4)
boscalid with FCNFs, and (5) boscalid with FCNFs and cream
were subjected to simulated digestions. The boscalid
concentration in the tested food model was fixed at 150
ppm, the highest allowable tolerance approved by the FDA
used in various food products established in Title 40 of the
Code of the Federal Regulations (40 CFR §180.589). The
CNF and FCNF concentrations were fixed at 0.75% w/w in
the food model. The fat content in the final food model was
diluted by either FFM or the CNF solution to 14% w/w of fat
content.

Simplified simulated digestion was performed using a three-
phase (mouth, stomach, and small intestine) simulation as
previously described with slight modifications.'” In brief, 10
mL of the food model was preconditioned to 37 °C in a water
bath, mixed with 10 mL of preheated (37 °C) simulated mouth
fluid (SMF, containing various salts and mucin), and incubated
at 37 °C for 2 min. The oral phase digesta was added to 20 mL
of simulated gastric fluid (SGF, containing salts and pepsin)
and incubated at 37 °C for 2 h with mild stirring. In the small
intestinal phase, the resulting gastric digesta was mixed with
simulated intestinal fluid (SIF, containing salts, bile extract,
and lipase). The pH was adjusted to 7, and the solution was
made up to 100 mL. The incubation was resumed at 37 °C for
another 2 h. For free fatty acid (FFA) quantification, the pH
was maintained at pH 7.0 by titrating with a NaOH titrant,
which was recorded as a function of time throughout the
intestinal phase. For the quantification of pesticides, the
intestinal digesta was collected at the end of the GIT
simulation. The digesta was centrifuged at 17,000 RCF for S
min, and 200 uL of the supernatant was extracted. Cold
acetone (800 uL, prechilled at —20 °C) was added to the
supernatant, vortexed, and further incubated at —20 °C for at
least 1 h to facilitate the protein precipitation. The mixture was
then centrifuged at 17,000 RCF for S min to collect the
protein-free supernatant, which was then filtered with a 0.2 um
pore size filter and analyzed by liquid chromatography coupled
with mass spectrometry (LCMS-MS) for boscalid quantifica-
tion. Detection was achieved by triple quadrupole LCMS-MS
Xevo TQ-S (Waters Milford, MA) with a BEH C18 column
(50 mm X 2.1 mm, pore size: 1.7 pm). The column
temperature was set at 30 °C, and the injection volume was
2 uL. Water with 0.1% formic acid (A) and methanol with
0.1% formic acid (B) were used as the mobile phases with
gradient elution (0 min, 66% A; 2 min, 26% A; 4 min, 10% A;
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S min, 10% A; 5.1 min, 66% A; 7 min, 66% A) with a flow rate
of 0.35 mL/min. The acquisition mode was multiple reaction
monitoring with positive ion mode: 347.1 = 309.10 transition
was used for identification (a cone voltage of 16 V and a
collision energy of 32 V), while 347.1 — 141.98 was used for
quantification (cone voltage at 16 V and collision energy at 30
V). The acquisition parameters for scan detection in the MS
system were set as follows: the desolvation gas flow at 700 L/
min, the nebulizer gas flow at 150 L/h, the desolvation
temperature at 450 °C, the capillary voltage at 2.5 kV, and the
source temperature at 150 °C.

Transmission Electron Microscopy. The CNF sample
was diluted 1000 times and deposited on a lacey carbon
transmission electron microscopy (TEM) grid (Ted Pella,
INC.). The grid was then left to air-dry. TEM (JEOL 2010
HR) was used for imaging.

Confocal Laser Scanning Microscopy. The methylene
blue (MB) adsorption was visualized by confocal laser
scanning microscopy (CLSM) (FEI CorrSight). In brief, the
nanocellulose sample was mixed with 10 pg/mL of MB for a
few minutes before removing the nonadsorbed MB. After
centrifuging, the supernatant was removed, and the sample was
replenished with fresh DI water. The nanocellulose sample was
vortexed, spread on a glass slide, and air-dried. The sample was
then covered with a cover slip and sealed with nail polish. The
samples were imaged with a 63X NA1.4 objective oil lens.

SSA Determination. The SSA was determined following
the previously described method.”” In brief, a predetermined
concentration of MB and nanocellulose was mixed and
incubated for S min. The solution was then filtered with a
PTFE membrane filter (0.2 gm pore size), and the filtrate was
collected for analysis. The collected filtrate was quantified as
the unreacted MB. A reduction in MB concentration from the
initial state was used to calculate the adsorption capacity (g),
as shown in eq 1.

_ VG -¢)
1 m (1)

where C, and C, are the respective initial and final MB
concentrations, t is the incubation time, V is the solution
volume, and m is the nanocellulose mass.

The adsorption kinetics of MB were studied following
pseudo-first-order and pseudo-second-order mathematical
models. For the pseudo-first order, the curve was plotted in
In(q. — q;) vs. time (min), where q. is the adsorption amount
at equilibrium and ¢; is the adsorption amount at time ¢. In the
case of the pseudo-second order, it was plotted in ¢/g, vs time
(min).

The Langmuir isotherm adsorption model works with an
assumption that a monolayer of adsorbate can be formed on a
surface under isothermal conditions. A simple form of the
Langmuir equation was hence derived as follows

c_¢ 1
N N, KN @)

where C is the equilibrium concentration and N, is the
number of moles of MB per gram of cellulose required for a
monolayer formation. The adsorption isotherm of cellulose
samples was analyzed using this equation, in which C/N vs C
was plotted to give the slope at 1/N,, and intercept at 1/KN/,.
The gy, was then derived from the value of the slope 1/N,.

The SSA of nanocellulose samples was determined following
the equation

X ayg X N
Ss 9rnax MB A
MW (3)

where ¢, is the maximum adsorption capacity of MB on the
sample, MW is the molecular weight of MB, ayg is the
occupied surface area of the MB molecule (197.2 A% assuming
MB is lying flat on the nanocellulose surface), and N, is the
Avogadro number (6.023 X 10> mol™").

Fourier-Transform Infrared Spectroscopy. All spectra
were collected by Fourier-transform infrared (FTIR) spectros-
copy (PerkinElmer Frontier). CNF samples were mixed with
potassium bromide (KBr) and pressed into a pellet with a
hydraulic press. The spectrum resolution was fixed at 4 cm™’,
and the sample was scanned in the wavenumber range between
600 and 4000 cm™'. A background scan was done and was
automatically subtracted by the system.

Determination of Functionalization Efficiency. The
grafting efficiency was indirectly determined through the
measurement of unreacted HPBCD and CA in the reaction
mixture following the functionalization process. In brief, at the
end of the functionalization process, the supernatant was
collected after centrifuging. The amount of HPBCD and CA in
the supernatant was assayed as described in the following
paragraphs.

The CA concentration was determined using ultrahigh-
performance liquid chromatography—electrospray ionization
mass spectroscopy (UPLC-ESI-MS). Detection was achieved
by an Agilent 6120 Series with a Zorbax RX-C8 column (150
mm X 4.6 mm, pore size: S ym). The column temperature was
set at 35 °C. Methanol with 0.1% formic acid (A) and water
with 0.1% formic acid (B) were used as the mobile phases with
gradient elution (0 min, 20% A; S min, 50% A; 6 min, 20% A)
with a flow rate of 1 mL/min. The acquisition parameters for
scan detection in the MS system were set as follows: the drying
gas flow at 12 L/min, the nebulizer pressure at 45 psig, the
drying gas temperature at 350 °C, the capillary voltage at
negative 5500 V, and the fragmentor at 90 V. The detection
was done by single-quadrupole ESI/MS with positive ion
mode. The mass-to-charge (m/z) ratio of CA was set at 193
with an [H*] adduct.

The HPBCD concentration was determined by the
phenolphthalein method,” in which phenolphthalein forms
inclusion complexes with HPBCD in a 1:1 host—guest ratio,
resulting in an inverse relation between phenolphthalein
absorbance and the amount of HPBCD in the solution. In
brief, stock solutions of phenolphthalein (4 mM, Sigma-
Aldrich) and sodium carbonate (125 mM, Sigma-Aldrich,
Singapore) were prepared in ethanol and DI water,
respectively. A reaction mixture was prepared by mixing the
phenolphthalein solution, ethanol, and sodium carbonate
solution in a 1:4:100 ratio. 10 uL of the reaction mixture
was then added to the well plate followed by the addition of 90
UL of the supernatant containing HPBCD. A calibration curve
was prepared by reacting the reaction mixture with a known
amount of HPBCD. CA, being an acidic molecule, also altered
the color and absorbance of the phenolphthalein solution.
Therefore, a CA calibration curve was also done in a similar
solution, with the absorbance of a known amount of CA
(determined in UPLC-MS) subtracted to eliminate the
interference. The absorbance of phenolphthalein was measured
with a plate reader (Infinite M200) at a 552 nm wavelength.
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Phase Solubility Studies. Phase solubility studies were
performed according to the method described by Higuchi and
Connors.”* In brief, 1 mg of boscalid was added to 0.5 mL of
5% v/v ethanol. HPBCD (0.5 mL) at different concentrations
(0—20 mM) was then added, and the mixture was left to react
for 24 h at room temperature with agitation. Upon reaching
equilibrium, the suspension was filtered through a 0.22 pm
cellulose membrane filter to remove the undissolved solid, and
the dissolved boscalid content was determined by LC—MS.
The phase solubility profiles were obtained by plotting the
solubility vs the concentration of HPBCD.

The apparent stability constant (K, also known as the
formation constant, association constant, or binding constant)
and complexation efficiency (CE) were calculated according to
the equations

K = k(1 — k)
S (4)
CE = slope _ [bos,] K xS,
1 — slope [HPBCD] (5)

where S, is the intrinsic solubility of boscalid in DI water
without HPBCD, k is the slope of the straight line, and [bos,]
is the total boscalid solubility.

Pesticide Binding Test. To test the binding of the
pesticide model, boscalid, onto the CNF and FCNF, the
pesticide was first dissolved in ethanol. Various predetermined
concentrations of boscalid were then added to 0.5% w/v of
CNFs to determine the highest binding capacity. After 5 min
of incubation, the suspension was filtered with a PTFE
membrane filter (0.2 ym), and the filtrate was collected for
LCMS- MS quantification.

Nano-Isothermal Titration Calorimetry. Nano-isother-
mal titration calorimetry (Nano-ITC) (TA Instruments) was
used to measure the association constant (K,) and dissociation
constant (K;) of the interaction between biomolecules,
namely, boscalid, palmitic acid (PA), glyceryl tripalmitate
(GTP), and HPBCD. In this study, all samples were prepared
in 5% v/v ethanol to ensure adequate solubility while
minimizing the heat of dilution. All solutions were degassed
before the titrations. The biomolecule solution was loaded into
the syringe and titrated into the cell containing a suspension of
the ligand with incremental titration of 25 injections of 2 L
aliquots. The ligand concentration in the cell was varied to
obtain desired stoichiometry. The injection interval between
successive injections was fixed at 300 s to allow sufficient
equilibration time. The stirring was set at 300 rpm to ensure
thorough mixing. Data analysis was performed using Nano-
Analyze software. The heat of dilution was subtracted from the
raw data. The thermogram was integrated peak by peak and
normalized per mole of the injectant to obtain a plot of
enthalpy change per mole of biomolecules against the mole
ratio of the biomolecule ligand.

Molecular Dynamics Simulation. The initial structures
of functionalized cellulose, cellulose, boscalid, and water
molecules were built using the Avogadro™ software. Two
systems were studied. Besides one boscalid and 50,000 water
molecules, system one and system two include one function-
alized cellulose and one unfunctionalized cellulose, respec-
tively. Both simulation boxes were 22 nm X 10 nm X 10 nm
and were packed using a random packing algorithm in
Packmol.”® The water model used in these simulations was

SPC/E,”” and the SHAKE*® algorithm was used to constrain
the bond lengths and bond angles in the water molecules. After
random packing, each box was equilibrated in the NVT
ensemble for 1 ns at a temperature of 300 K, followed by 10 ns
simulation in the NPT (300 K, 1 atm) ensemble. All the
molecular dynamics (MD) simulations were carried out within
the LAMMPS software package under periodic boundary
conditions with a 1 fs time step using Ewald, specifically
PPPM, to account for long-range electrostatics. The partial
charges on the atomic sites of all the molecules for use in the
MD simulations were determined using the 1.2*CMS
approach® which is optimized for the OPLSAA force field.
The electronic structure calculations were performed at the
HEF/6-31G* level using the Gaussian 09 software.

Electronic Structure Calculation. In this work, all density
functional theory (DFT) calculations were performed using
the GAUSSIAN 09 suite of programs. The B3LYP®" (Becke,
3-parameter, Lee—Yang—Parr) level of theory with the
Grimme dispersion correction (D3)*” was used along with
the 6-31G* basis set. The initial structure was from classical
MD simulation at 300 K and a pressure of 1 bar in the NPT
(Nose—Hover thermostat and barostat) ensemble using the
OPLSAA™ force field. The optimized geometrical structure
obtained by DFT calculation is presented in the Results and
Discussion section. The binding energy was calculated using eq
6. The independent gradient model based on Hirshfeld
partition (IGMH) was analyzed by the Multiwfn 3.8
program.

Epinding = Eap — Ea — Ep + Epgge (6)

Statistical Analysis. All quantitative data were presented
as means + standard deviation (SD). All experiments were
repeated three times with n = 3 unless otherwise stated.
Comparisons of means were done using one-way analysis of
variance (ANOVA) followed by Tukey’s posthoc testing with
Origin data analysis software. p < 0.05 was considered
statistically significant.

Bl RESULTS AND DISCUSSION

Preparation and Physicochemical and Character-
ization of FCNFs. The morphology of pristine CNFs and
FCNFs was analyzed using TEM, as shown in Figure 1a,b. The
functionalization process yielded no notable changes in the
physical appearance of CNFs as evidenced by the average fiber
diameter, which remained in the range of 30.86—32.79 nm.
The surface functionalization process is determined by the
available surface area on CNFs for HPBCD molecules to be
grafted. We therefore characterized the CNF-SSA by
measuring the amount of surrogate dye MB adsorbed onto
the CNF surface.'”””*> The adsorption of MB on CNFs was
confirmed visually by CLSM. Comparison between bright-field
and fluorescent images of MB-treated CNFs (Figure 1c,d)
shows that MB binds homogeneously and fully adsorbs on the
surface of CNFs. Accurate SSA determination hinges on the
assumption that MB adsorbs onto the CNF sample as a
monolayer.”> We therefore validated the kinetics of MB
interaction with CNFs (Table S1), in which a pseudo-second-
order adsorption model was found to be the best fit (R* >
0.99) to describe the binding of MB onto CNFs. This indicates
that MB reacted with the surface of the CNF samples by
chemical sorption, instead of the more common physisorp-
tion.'”*® The Langmuir adsorption isotherm model was noted
to be a good model to describe the adsorption of MB onto
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Figure 1. Characterization of the CNF. Representative TEM images
of the (a) CNF and (b) its corresponding FCNF comparator. Scale
bar: 500 nm (magnification 15,000%). (c) Bright-field and (d)
corresponding CLSM images showing MB (red) adsorption on the
CNF. Scale bar: 500 ym (magnification 100X). (e) SSA measurement
of the CNF group and NCC comparator group. Data are means =+
SD, n = 3, two-tailed Student’s t-test, *p < 0.0, significant between
compared groups.

CNFs, as evidenced by the good approximation of the
adsorption constants for CNFs (R*> > 0.999; Table S2),”
further validating the formation of an MB monolayer on the
CNF.

The SSA of the CNF samples was therefore calculated based
on MB adsorption (Figure le) and was determined to be 27.20
+ 4.08 m*/g (p > 0.05). This result is comparable to the SSA
value previously estimated by electron microscopy images
based on the dimensions of the CNF (34 m*/g)."”

Cyclodextrin moieties have been demonstrated to readily
form inclusion complexes with various molecules, including
pesticide and fat molecules,”® and were therefore chosen as the
functional groups to be grafted onto the CNF. Functionaliza-
tion of the CNF with HPBCD (Figure 2a) was facilitated by
the crosslinker CA in the presence of NaH,PO, as the catalyst.
The reaction was initiated with the dehydration step of the CA
to yield a monoanhydride intermediate which could rapidly
react with the hydroxyl groups on cellulose through
esterification.”” Thereafter, a second carboxylic group of CA
formed a second anhydride that reacted with a hydroxyl group
on HPBCD when the temperature was increased to 120 °C.

During the optimization process, a range of temperature
between 90 and 120 °C was tested. Increasing the reaction
temperature was found to increase the grafting efficacy as a
higher temperature provides more energy for the complete
esterification process. However, the CA turned yellowish-
brown, suggesting its degradation at elevated temperatures
(>120 °C). Therefore, 120 °C was chosen as the optimal
temperature to graft HPBCD to the CNF. The CA
concentration was observed to determine the overall
HPBCD binding efficiency on the CNF with a small amount
of CA (an initial CA concentration of 2.5 mg/mg CNF) noted
to be sufficient to confer a high grafting efficiency of HPBCD
(43.78%) onto the CNF surface. Additionally, increasing the
amount of HPBCD beyond 25 mg/mg CNF resulted in
saturation of grafting percentage and subsequent reduction of
the efficacy (data not shown). The optimum grafting condition
was achieved in a heating condition of 120 °C for 1 h with an
initial amount of 2.5 mg CA/mg CNF and 5 mg HPBCD/mg
CNF. This optimum condition yielded a grafting density of
1.56 mg CA/mg CNF (62.5% efficiency) and 2.19 mg
HPBCD/mg CNF (43.8% efficiency) as shown in Figure 2b.
We noted no significant difference in grafted CA amounts in
the presence or absence of the catalyst, suggesting that the
catalyst did not play a major role in the formation of CA—CNF
ester bonds. Similarly, mixing HPBCD with the CNF in the
absence of the catalyst yielded 0.60 mg HPBCD/mg CNF,
while addition of the catalyst in the reaction mixture only
yielded 0.37 mg HPBCD/mg CNF grafting density. HPBCD
inherently could not form a chemical bond with the hydroxyl
groups on CNF; thus, the small amount of HPBCD detected
on the CNF could be attributed to unspecific physical
adsorption and/or interaction with the minor intrinsic carboxyl
groups on the CNF. When CA reacted with HPBCD, there
was a significant improvement in the grafted density of both
CA (1.33 mg/mg CNF) and HPBCD (1.56 mg/mg CNF).
This clearly shows that there were more hydroxyl groups from
HPBCD involved in the reaction, competing with the CNF for
the carboxyl groups on CA to form HPBCD—CA and CA—
CNF ester bonds. Addition of the catalyst NaH,PO, into the
reaction mixture yielded a significant increase in the overall
grafting density on the CNF for both CA (1.56 mg/mg CNF)
and HPBCD (2.19 mg/mg CNF) moieties, suggesting the
catalyst’s role in facilitating the bond formation between
HPBCD and CA.

To further validate the functionalization, chemical changes
in the sample groups following the grafting process were
studied by FTIR spectroscopy. All tested groups, CNF, FCNF,
CNF + CA, and CNF + HBPCD, exhibited common
characteristic peaks attributable to the nanocellulose material
(Figure 2¢)."*** A characteristic peak at approximately 3300
em™" could be assigned to —OH stretching and intermolecular
hydrogen bonding in the nanocellulose material. Other
nanocellulose characteristic peaks were observed at approx-
imately 2900 cm™' (corresponding to the C—H stretching
vibration), 1640—1650 cm™" (corresponding to O—H bending
of adsorbed water molecules), 1460—1410 cm™" (correspond-
ing to the —CH, scissoring vibration), 1040—1060 cm™'
(corresponding to the C—O—C pyranose ring stretching),
and 900—894 cm™' (corresponding to the cellulosic f-
glycosidic linkage). More importantly, we noted prominent
peaks around 1734—1745 cm™ on FCNF and CA-grafted
CNF (CNF + CA) samples that were absent in the pristine
CNF sample. This peak corresponds to C=0 stretching and is
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attributable to the esterification process, further validating the
successful functionalization of HPBCD on the CNF surface.
This characteristic peak was absent in the CNF and HPBCD
reaction mixture only (CNF + HPBCD), indicating no ester
bonds being formed in the mixture.

FCNF Adsorption of the Pesticide. HPBCD is a cyclic
structure that contains a large number of hydroxyl groups on
its hydrophilic edges, providing the capacity to form inclusion
complexes with selective small molecules. Functionalization of
the CNF was facilitated by utilizing the hydroxyl groups on the
CNF surface as grafting sites for the crosslinker CA and
subsequently HPBCD moieties. Despite being utilized as a
grafting site for HPBCD, the overall hydroxyl groups in the
final FCNF are considerably higher than in the CNF due to the
contribution of the hydroxyl groups from the HPBCD
moieties. With multiple functionalities built-in, the FCNF
therefore has the ability to interact with a multitude of
biomolecules. Considering that the components including
CNFs, CA, and HPBCD are all food-compatible and can be
produced as food-grade materials, there is a potential to
develop FCNFs into a functional platform to modulate
digestion and uptake of components found in food. We
therefore hypothesized that sequestration and removal of
pesticides from the gut is one unmet need which this platform
can address.

To test this hypothesis, we analyzed the ability of the FCNF
to bind with the model pesticide, boscalid, which has been
demonstrated to form inclusion complexes with cyclodextrin.*'
The adsorption study (Figure 3a) showed that both the
pristine CNF and FCNF could interact and bind the model
pesticide. In general, the boscalid binding capacity was
observed to be significantly higher in the FCNF group (up
to 4.9-fold) compared to that in the CNF. Increasing the initial
boscalid concentration (0.0S, 0.1, and 0.2 pg boscalid/mg
nanocellulose materials) resulted in an increase in the adsorbed
amount of boscalid on nanocellulose. At the tested
concentration of 0.2 ug boscalid/mg nanocellulose, boscalid
adsorption on the CNF and FCNF was registered to be 0.356
ng boscalid/mg and 1.95 ng boscalid/mg, respectively.
Expectedly, increasing the boscalid concentration resulted in
increasing amounts being sequestered onto the CNF and
FCNF. This boscalid adsorbing capacity was saturated at 0.16
ng boscalid/mg CNF and 0.57 ng boscalid/mg FCNF when
0.2 pg boscalid/mg nanocellulose was used. Further addition
of the CNF or FCNF into the mixture did not result in a
further increase in the boscalid binding capacity of both
nanocellulose samples.

To further validate the capability of the CNF and FCNF to
bind to other model food components, a comparative binding
analysis was also conducted using thymol (Figure S1). Thymol
is a hydrophobic edible oil and has been demonstrated to
interact with cyclodextrin to form inclusion complexes.”” As
with boscalid, the FCNF exhibited a significantly higher
thymol binding capacity compared to the CNF. When thymol
was introduced at 50 ng/mg nanocellulose, FCNF bound
71.65%, while CNF bound only 37.38% of the thymol. Further
increase in the thymol concentration resulted in a decrease in
the overall thymol binding efficiency, suggesting the saturation
of binding sites at 19 ng thymol/mg CNF and 36 ng thymol/
mg FCNF when 50 ng thymol/mg nanocellulose was used.

Comparing boscalid and thymol, the binding results show
that both compounds reacted with HPBCD through different
mechanisms. Inclusion complex formation between boscalid

and HPBCD was less efficient because this took place through
passive transport due to a concentration gradient, whereas
HPBCD interaction with thymol was more active. Salvestrini et
al. used an acid-activated natural clinoptilolite as an adsorbent
for boscalid.*’ In contrast, they showed that the highest
boscalid uptake was 0.22 mmol/kg adsorbent, which is
equivalent to 76 ng boscalid/mg adsorbent. Consistent with
our data, Mukherjee et al. also showed that 18% of boscalid
(initial concentration of 8.54 ug/L) adsorbed onto the
biomixture when the soil solution was prepared in 10 g/L;
this is equivalent to 0.15 ng boscalid/mg absorbent.** On the
other hand, Celebioglu et al. demonstrated that thymol can
form an inclusion complex in 1 mg thymol/mg HPBCD,"
which shows that thymol has higher interaction with HPBCD.

Phase Solubility Studies. The solubility of boscalid was
plotted as a function of HPBCD concentration, as shown in
Figure 3b. The observed linear relationship suggests a typical
A -type profile for the boscalid-HPBCD interaction. This is
attributed to the formation of 1:1 inclusion complexes between
boscalid and HPBCD based on Higuchi and Connors’s
theory.”* The A,-type profile indicates that the solubility of
one compound increased in tandem with the increasing
concentration of the second compound and that only soluble
complexes were formed across the concentrations tested.

The apparent stability constant, also known as the formation
constant, is a measurement of the strength of the interaction
between the compounds that form a complex. The calculated
apparent stability constant of the boscalid/HPBCD complex
was 953529 M7, indicating that boscalid has a significant
tendency to enter the cavities of HPBCD. For comparison,
Wang et al. reported that the apparent stability constant of
trans-ferulic acid and HPBCD was 166.3 M~".*® Strazisar et al.
observed apparent stability constants for o-, m-, and p-coumaric
acid with 3-CD of 390, 2810, and 49,000 M, respectively.*’
Yuan et al. determined the apparent stability constant of ethyl
benzoate and HPBCD to be 9485 M™.*® All of the above-
mentioned investigations were based on phase solubility tests
and showed that the apparent stability constant of HPBCD
varied with the type of molecules. CE refers to the ratio
between complex and free HPBCD, assuming 1:1 boscalid-
HPBCD formation. The calculated CE was determined to be
4.55, indicating that approximately 4 out of every 5 HPBCD
can form inclusion complexes with boscalid.”” HPBCD has
been proven to be a good host for inclusion complex
formation, but the affinity is largely dependent on the type
of guest. It is worth noting that the driving forces that facilitate
inclusion complex formation are not yet fully identified;” thus,
the interaction mechanism between boscalid and HPBCD is
unclear. Several proposed mechanisms that are generally
accepted include the formation of hydrogen bonds and van
der Waals forces between the host and guest during
complexation, a competitive replacement of water molecules
from the host’s cavity, and the release of the CD ring
strain.”">* The affinity between the host and guest can also be
affected by many factors including hydrophobicity, structure,
size, and steric hindrance.

In Vitro Simulated GIT Digestion. In vitro digestion
studies were conducted to simulate the conditions in the GIT.
These simulations intended to demonstrate the feasibility of
combining the fat-modulating ability of CNFs'’ with the
pesticide binding capacity of FCNFs to reduce TG hydrolysis
and prevent pesticide uptake in the GIT. Figure S2 shows the
schematic of two simulated GIT studies to achieve two
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different objectives: (1) quantify the amount of adsorbed
boscalid in the FCNF complex system and (2) quantify the
amount of FFA to check the performance of CNFs and FCNFs
in the inhibition of TG hydrolysis. The GIT is a complex
environment where a plethora of substances are present in
dynamic conditions, with the potential for a multitude of
interactions between endogenous biomolecules and ingested
materials. To date, there are no in vitro digestion systems that
can fully mimic the real condition in the GIT. To generate a
preliminary understanding of the binding effects of the FCNF
in the GIT, a simplified simulated GIT model was adopted.>”

The first part of the in vitro digestion study was to
investigate the digestion of TG in the presence of CNFs and
FCNFs. In the simulated intestinal phase digestion, TG is
hydrolyzed by pancreatic lipase into FFA and glycerol. Because
the formation of FFA decreases the pH in the SIF, the amount
of NaOH required to neutralize the mixture is proportional to
the amount of TG hydrolyzed, as shown in Figure 4a.
Compared to the control group, CNFs showed significant
inhibition of TG hydrolysis (30.6% reduction). CNF
modulated the rheological properties of the mixture and
sequestered lipid droplets, lipases, and bile salts such that they
are unable to interact with each other, resulting in the
reduction of TG hydrolysis. Notably, FCNFs showed an even
more pronounced effect in reducing TG hydrolysis (61.0%),
which plateaued after 25 min. This meant that only 39.0% of
TG was converted into FFA and the rest remained as TG
which would not be absorbed by the intestine. Lipid digestion
is a process highly related to the interfacial properties, and the
surface area of lipid droplets is critical.”*° Bile salts are a type
of biosurfactant that can facilitate the solubilization of lipid
digestion in the form of mixed micelles, which allow the lipase/
colipase complex to act on the bile-coated oil droplets.”>’
Nanocellulose disrupts the interaction between bile salt and
lipid in the SIF phase, thereby reducing TG hydrolysis.
Moreover, many types of materials such as pectin, guar gum,
and cellulose have been explored as lipase inhibitors. Hansen
observed a 12—34.8% inhibition of lipase upon addition of
12.5 g/L dietary fiber in human duodenal juice.”® Restiawaty et
al. also show that surface-modified cellulose nanocrystals can
be used to immobilize lipase with a decrease in the hydrolysis

16113

of canola oil by up to 30%.>” Immobilization or inhibition of
lipases has been a strategy used to reduce lipid digestion for
the purpose of weight management. Herein, we found that
functionalizing CNFs with HPBCD (FCNFs) significantly
reduced the TG hydrolysis process.

The second objective of the in vitro digestion studies was to
investigate pesticide adsorption in simulated GIT fluids,
namely, SGF and SIF. The model pesticide, boscalid, was
added to the food model (with or without cream) which then
underwent subsequent modeled digestive phases. As shown in
Figure S2, SGF simulation was achieved by sequentially
introducing the samples through the SMF (2 min) and SGF (2
h) phases, while SIF simulation was done through the
sequential introduction of the samples through the SMF (2
min), SGF (2 h), and SIF (2 h) phases. The digesta collected
after passing through the SGF and SIF conditions was analyzed
with LC—MS/MS separately. As described above, six
conditions were tested: (1) boscalid in FEM, (2) boscalid in
the FEM with CNFs, (3) boscalid in the FFM with FCNFs,
(4) cream with boscalid, (5) cream with boscalid and CNFs,
and (6) cream with boscalid and FCNFs. The results for SGF
and SIF simulation are shown in Figure 4b.

In all samples, about 95% of boscalid was adsorbed onto
components in the SGF. This was the case even in the fasting
condition where no nanocellulose or food was added (control
group). This showed that boscalid could interact with
endogenous components present in the SGF, such as mucin
and pepsin, likely due to preferential electrostatic interactions
in the low-pH conditions. Consequently, there was no
additional modulation effect offered by the nanocellulose
platforms.

Results indicated that there was a drop in the adsorbed
amount of boscalid (Figure 4a) after going through the SIF
phase as compared to the SGF phase. In the fasting condition,
about 83% of boscalid remained adsorbed onto various
substances in the SIF, including lipase and bile salts. In the
presence of cream, the amounts of boscalid adsorbed in the
SIF remained comparable to those in the SGF, with close to
93% of the boscalid bound to various components in the SIF.
This difference could be caused by small amounts of boscalid
desorption from the pepsin in fasting conditions, while the
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boscalid that interacted with cream in SGF remained bound
until the completion of digestion in the SIF. Pepsin has an
isoelectric point at pH 2.7 and thus has a net negative charge in
the low pH range of gastric fluid.°° When pepsin enters the
intestine with a neutral pH, it undergoes deactivation, and the
protonation profile of pepsin changes. This could result in the
weakening of the electrostatic interaction between boscalid and
pepsin, which could potentially lead to the desorption of
boscalid from pepsin as it traversed from SGF to SIF. Addition
of CNFs and FCNFs did not significantly change the boscalid
adsorption profile in comparison to the fasting group or the
cream-alone group.

The introduction of the food model complicated the
conditions in the intestinal phase. The cream mainly consists
of lipids, which can be emulsified by bile salts during the

intestinal digestion phase. This emulsion could form part of a
corona on the cellulose surface, either as a soft corona that can
be removed easily or a hard corona that persists on the
nanomaterial surface.”°> The corona in the case of our
simulated GIT model could be a combination of lipids from
the cream, proteins from the enzymes, and salts present in the
system. From simulated GIT results shown in Figure 4, CNFs
and FCNFs in cream exhibited similar boscalid adsorption
efficacies but differing results in the retardation of TG
hydrolysis. DeLoid et al. suggested that nanocellulose may
bridge fat droplets together to form larger clusters, thus
reducing the available surface area for interaction.'” In
addition, the sequestration of bile salts by nanocellulose may
change the interfacial properties of the emulsion, resulting in
reduced fat digestion.'” Nanocellulose modulates lipid
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digestion, and the remaining compounds in the emulsion
determine the identity of the biomolecule corona. The result in
Figure 3a shows that boscalid can be adsorbed directly onto
the CNF/FCNF surface, and therefore, it could also be
expected to interact and become immobilized in the
biomolecular corona on the surface of the CNF/FCNF.
Considering that nanocellulose is indigestible, the boscalid
bound to the biomolecular corona on the nanocellulose surface
is expected to be excreted from the body. Compared to the
CNF, the FCNF sample was noted to offer no significant
advantage in removing boscalid within the tested food model
system. This was possibly due to the insufficient number of
inclusion complexation sites available for boscalid binding.
Based on the adsorption rate of up to 3 ng boscalid/mg FCNF
(Figure 3a), we estimated that less than 1 gmol of boscalid can
form inclusion complexes with HPBCD grafted on the FCNF.
As such, it could be expected that there would be no
observable or substantial increase in adsorption when 150 pg/
mL (~0.44 mM) boscalid was added to the simulated system.
Nonetheless, boscalid that formed inclusion complexes with
HPBCD would be expected to be excreted with the
indigestible FCNF.

Considering that the CNF and FCNF possess micron scale
lengths, it is unlikely for the boscalid bound on the CNF and
FCNF to be transported across the GIT epithelium. A more
perceivable scenario of boscalid translocation would be
facilitated by its sequestration onto FFA, which was readily
absorbed by the intestinal epithelium. As shown in Figure 4a,
the CNF was noted to remove 30.6% of FFA, while the FCNF
removed close to 61.0% of available FFA in the digesta. The
efficient removal of FFA by the CNF and FCNF, together with
the boscalid bound onto them, could therefore indirectly
contribute to the reduction of boscalid translocation. Overall,
these results suggest that the CNF and FCNF not only act as
modulators of TG hydrolysis but also binders of FFA, boscalid,
and boscalid-bound FFA and therefore play an essential role to
reduce boscalid bioavailability in the GIT.

Isothermal Titration Calorimetry Studies. To further
understand the interactions between the compounds in the
complex GIT environment, as analyzed in the GIT simulation
(i.e., boscalid, PA, GTP, and HPBCD), nano-ITC was
employed. GTP was used to represent TG, whereas PA was
used to represent FFA.**** The dissociation constant (K;) and
association constant (K,) of the five interactions were
evaluated and are listed in Table S3. In supramolecular
chemistry, it is well known that the cyclodextrin—liﬁggnd
interaction has one of the lowest affinities in biology;”” 67
therefore, a sigmoidal curve in the nano-ITC thermogram for
this interaction (Figure S3) could not be achieved. However,
the Ky can still be calculated according to the titration molar
ratio (Table S3). The data was best fitted into the sequential
two-site binding model with a confidence level above 95%.

Generally, the five types of interactions were in a similar
order of magnitude. Their K was in the kilomolar range (10*
to 10%), indicating weak interactions between the tested
compounds. The K, values were relatively high (less than
millimolar) as compared to high-affinity antibodies which
register K,s in the low nanomolar (107°) or picomolar (107'?)
range.68 According to the results, GTP showed relatively low
interaction with both boscalid and HPBCD by registering the
lowest K, values among the interaction groups. Thus, GTP was
found to be the least likely to interact with boscalid and
HPBCD if there was competition with other compounds.

HPBCD and boscalid were registered to have the highest
interaction, followed by HPBCD and PA. It is worth noting
that the abundance of compounds can also play a role in the
interactions because high concentrations of one compound can
dilute the interaction or reduce the contact surface of other
compounds. In the simulated GIT with the cream model
experiment as described in the previous section, the amounts
of TG and FFA were much higher than the concentration of
boscalid, which may affect the formation of inclusion
complexes and the microscopic interactions with the rim of
cyclodextrin.

MD Simulations. To further validate our experimental
results, we performed MD simulations to reveal the microscale
interaction mechanisms. System one studied the interaction
between 1 functionalized cellulose, 1 boscalid, and 50,000
water molecules in the simulation box (22 nm X 10 nm X 10
nm), whereas system two studied 1 cellulose, 1 boscalid, and
50,000 water molecules packed into another simulation box
with the same box size. From the MD simulations, we found
that the boscalid molecule only adhered to the surface of the
CNF surface in system two, while the boscalid molecule and
the FCNF in system one formed an inclusion complex (shown
in Figure Sc,d). Previous work has shown that the formation of
inclusion complexes can greatly enhance the stability of small
molecules.”” Thus, boscalid is difficult to desorb from the
complex, which explains why the amount of boscalid adsorbed
onto the surface of the FCNF is much higher than that
adsorbed onto the CNF. To further confirm this, we
performed electronic structure calculations using DFT on
representative clusters to compare the binding energy of a
boscalid molecule with an HPBCD functional group to the
binding energy of a boscalid molecule with a CNF surface. The
binding energy (AE) was calculated by eq 6, where E,j is the
total energy of the complex with boscalid adsorbed on the
FCNF surface and E, and Ey are the energies of isolated
boscalid and the isolated HPBCD functional group on the
FCNF cluster, respectively. The binding energy between
boscalid and the HPBCD-functionalized group is —33.14
kcal/mole, which is about 1.5 times larger than the binding
energy between the boscalid and CNF cluster (E = —21.06
kcal/mole). This result is in agreement with our experimental
observations. In addition, to better understand the unbound
interactions between boscalid molecules and the HPBCD
functional group on the FCNF surface, the independent
gradient model based on the Hirshfeld partition (IGMH)
method was applied (Figure Se,f). It clearly revealed multiple
noncovalent interactions between the boscalid molecule and
HPBCD functional group on the FCNF cluster. The
interactions between the boscalid molecule and cellulose
surface are predominated by weak van der Waals interactions
(shown in green areas in Figure 5), while there are hydrogen
bonds (shown in green to blue areas, Figure 5) between the
boscalid molecule and HPBCD functional group.

Finally, it is worth mentioning that the studies from the
authors and others on the potential toxicity of nanocellulose
are evolving, and so far, such nanoscale forms of cellulose
behave like micron-size cellulose which is currently considered
as Generally Regarded as Safe (GRAS) by the US FDA.”*™"*

B CONCLUSIONS

In this study, the CNF was successfully functionalized with
HPBCD. The ability of FCNF binding and modulation
capacity with lipids and boscalid was investigated. In a
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simulated GIT environment, the FCNF was found to have a
greater modulating effect on TG digestion compared to the
CNF. Boscalid adsorption and consequent removal were
increased in the presence of a high-fat food model. Nano-ITC
results showed that boscalid bound more strongly to the
FCNF than to the CNF. Overall, boscalid adsorbed
significantly onto lipids which are in turn sequestered onto
cellulose. The presence of both CNFs and FCNFs could
therefore mitigate fat digestion and boscalid removal from the
GIT at the same time. The FCNF has the potential to be
further developed as a multipurpose food ingredient to
modulate food digestion and mitigate toxin absorption into
the body through the GIT.
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