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The interaction between small molecules and neutral soluble dietary fiber is one of the proposed mechanisms
determining the bioavailability of these components in the small intestine. However, the weak nature of these
interactions makes it difficult to find an analytical method sensitive enough to detect them. Here, we probed the
molecular interaction between galactomannan, arabinoxylan, and f-glucan with gallic acid, cinnamic acid,
acetylsalicylic acid, and acetaminophen, using advanced analytical methods, namely isothermal titration calo-
rimetry (ITC) and in the form of gold-nanoparticles, transmission electron microscopy (TEM). The results ob-

tained from ITC analysis were fully consistent with the results obtained from TEM. In short, the interaction of
these fibers and small molecules was mainly entropically driven, hence involving hydrophobic type association
and possible conformational changes of the polysaccharide. However, the enthalpy contribution (hydrogen
interaction) is also significant, especially regarding interactions with the acetylsalicylic acid molecule.

1. Introduction

Daily consumption of dietary fibers (DFs) is inarguably one of the
most important habits that promote a healthy lifestyle. Indeed, there is
convincing evidence that dietary fiber consumption decreases the risk of
developing a multitude of chronic diseases, such as coronary heart dis-
ease, diabetes, obesity, and certain gastrointestinal diseases (Anderson
et al., 2009). There is a general acceptance among researchers that the
physiological effects of water-soluble dietary fibers are mainly driven by
their physicochemical properties such as viscosity, bulking ability, and
binding ability, as well as their fermentability (Gallaher & Schaubert,
1990; Nishinari et al., 2020; Queenan et al., 2007). Among these prop-
erties, viscosity is certainly the one most frequently considered factor for
attributing to the beneficial activities exerted by water-soluble dietary
fibers. In general, the ultimate effect of viscosity-associated mechanisms
results in an overall reduction in the bioavailability of nutritionally
relevant compounds such as bile acids, sugars and toxins (Gunness &
Gidley, 2010). For instance, in a study performed by Zacherl et al.
(2011), an in vitro simulated digestion dialysis model was developed for
the evaluation of the bile acid-retention capacity of dietary fibers such as
oat-fiber containing 44% total DF and 22% cereal mixed linkage
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B-glucan. The study showed a limited diffusion of bile acid molecules
through the dialysis membrane and reported a linear-logarithmic cor-
relation between viscosity and bile acid-retention. In the same study the
authors intentionally decreased the viscosity of oat fiber by heat-
treatment to investigate whether variation in viscosity could influence
the retention behavior (Zacherl et al., 2011). Oat fibers reduced in vis-
cosity almost halved their holding capacity, reinforcing the concept that
fiber viscosity has a significant role in determining its retention capacity.
In another study carried out by Marasca et al. (2020) the molecular
interaction between a mixture of bile salts and p-glucan extracts from oat
and barley, either in the native form or modified by partial hydrolysis or
oxidation, was performed using equilibrium dialysis methodology. This
study showed that bile acid retention was strongly dependent on fiber
viscosity, whereby more viscous samples showed an enhanced effect in
delaying the permeation of bile acids through the dialysis membrane.
Although there is experimental evidence associating the retention
capacity of soluble dietary fibers to their viscosity, it is unlikely that the
beneficial effect exerted by these macromolecules is purely and exclu-
sively the result of their rheological properties. For example, it was re-
ported by Edwards et al. (1987) that decrease in glucose response was
not solely influenced by the effect of viscosity on gastric emptying. The
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gastric emptying function was monitored in volunteers upon ingestion of
glucose-enriched guar gum, locust bean, and xanthan gum, or a com-
bination of these last two fiber solutions. The authors concluded that
reduction in gastric emptying, and thus the viscosity of the fibers may
not be the only mechanism of altered glycemic response in vivo. This
observation leads to the hypothesis that the beneficial effect exerted by
dietary fibers (retaining nutrients and other compounds from absorp-
tion) is not solely related to their viscosity but also to the specific
structure of the polysaccharide, whereby precise binding interactions on
a molecular level between fiber and target molecules may contribute
equally. However, the precise mechanism underlying these molecular
interactions still remains to be clarified. Until today, the in vitro methods
and analytical approaches proposed in literature to verify this new hy-
pothesis have usually assessed the interactions between ionic poly-
saccharides with neutral or charged ligand molecules. In these studies
the relatively strong ionic interaction is easy to detect and measure. For
example, the interaction between anthocyanins and pectin was evalu-
ated by UV-vis and saturation transfer difference (STD) NMR spectros-
copy (Fernandes et al., 2014). The results showed that hydrogen bonds
established between the hydroxyl groups of the anthocyanins and the
pectin’s galacturonic acid moieties, as well as hydrophobic contact be-
tween pectin residues and the planar surfaces of anthocyanins, were the
main molecular mechanisms underlying of interaction. Similarly, ionic
interactions could be measured between anionic polyelectrolyte carra-
geenans and a cationic amphiphilic drug using an ion-selective mem-
brane electrode (Pavli et al., 2011). The most important outcome
derived from this analysis was the discovery of cooperative mechanism
between an initial electrostatic factor between the drug and the poly-
saccharides, followed by supramolecular self-assembly interaction be-
tween different drug molecules in the vicinity of the polysaccharide,
leading to the formation of charged aggregates which interact with
sulphate ester groups of the anionic polysaccharide.

In contrast to the interactions between charged fibers and ligands,
research concerning the binding between neutral, uncharged soluble
polysaccharides and small molecules are scarce in literature. To better
understand such interactions and their relevance in nutrition, as well as
to maximize beneficial effects associated with neutral fiber consump-
tion, it is necessary to understand the binding mechanism governing
these low-affinity associations. Phenolic compounds and drugs are ex-
amples of molecules that have important beneficial and therapeutic ef-
fects on humans. On one hand, phenolic compounds have demonstrated
positive effects on human health. They can inhibit the proliferation of
tumors cells, reduce vascularization, protect neurons from oxidative
stress, stimulate vasodilation and improve insulin secretion (Kahkeshani
et al., 2019). On the other hand, the interaction between dietary fiber
and orally administered drugs could lower their therapeutic effect, if the
absorbability drug is reduced due to the interaction with the fiber.
Hence, to be able to ensure the efficacy of the drugs, it is of importance
to be able to assess such weak interactions. Therefore, in this study, we
propose a unique approach for the synthesis of neutral-soluble dietary
fiber-tethered gold nanoparticles to elucidate the possible key parame-
ters underlying the association between neutral soluble polysaccharides
with small molecules, namely galactomannan (GM), arabinoxylan (AX),
and mixed linkage cereal p-glucan (BG) with different nutritionally
relevant small molecules and drugs: gallic acid (GA), trans-cinnamic
acid (t-CA), acetylsalicylic acid (ASA), and acetaminophen (ACM).
Specifically, isothermal titration calorimetry (ITC) was employed to
screen the interaction between the small molecules and GM, AX, and BG,
allowing to determine whether a direct interaction with a target mole-
cule occurs, and to calculate essential parameters of the biomolecule-
ligand interaction, such as the binding dissociation constant (Kq), the
binding stoichiometry (N), the binding enthalpy (AH) and binding en-
tropy (AS), while also providing information on the nature of the non-
covalent forces responsible for the interaction. Moreover, thiolated fi-
bers were used for the self-assembly reaction onto the surface of gold
nanoparticles, and potential interaction was revealed using transmission
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electron microscopy TEM by monitoring the spatial arrangement of the
glyco-nanoparticles (glyco-AuNPs) before and after the addition of the
small molecule. Until today, glyco-nanoparticle (glyco-NP) functionali-
zation has only been reported with monosaccharides or short oligosac-
charides, which is not suitable for the study of the fiber polysaccharide
interactions that requires the longer polysaccharide chains. Therefore,
our strategy using glyco-NPs with tethered polysaccharide chains is
therefore novel for the interaction studies.

Given the few studies reported in literature on interaction between
neutral polysaccharides and small molecules, this research demonstrates
that the combination of nanotechnology with advanced microcalorim-
etry and microscopy techniques is a valid alternative to study the
interaction of two molecules, giving a better understanding of the mo-
lecular mechanisms that underlie these weak associations and thus
providing information on structure-function-property relationship. In
addition, this work used chemically functionalized nanoparticles with
structurally different high molecular weight polysaccharides as a flex-
ible and sensitive method for TEM interaction studies.

2. Materials and methods
2.1. Materials

Tetrachloroauric acid trihydrate (HAuCls«3H20 > 99.0%), distilled
water (DI), nitric acid (HNOs 70.0%), concentrated hydrochloric acid
(HCl, 37%), tri-sodium citrate dihydrate (NagCgHs07-2H50 > 99.0%),
sodium phosphate dibasic (NapgHPO4, 99.95%), isopropanol (i-PrOH,
>99.7%), sulfuric acid (HoSO4, ACS reagent, 95.0-98.0%), anthrone
(ACS reagent, 97.0%), borane dimethylamine complex (DMAB,
>97.0%), sodium (meta)periodate (NalO4, >99.0%), ethylene glycol
((CH20H),, ReagentPlus®, >99.0%), 4-aminophenyl disulfide (APDS,
>99.0%), acetic acid (CH3COOH, glacial, ReagentPlus ®, >99%), gallic
acid (GA, >98.0%), trans-Cinnamic acid (t-CA, >99.7%), acetylsalicylic
acid (ASA, >99.0%) and acetaminophen (ACM, analytical standard)
were purchased from Sigma-Aldrich (St. Louis, MI, USA). Deuterium
oxide (D20, 99.9%) was purchased from Cambridge Isotope Labora-
tories, Inc. (Andover, MA, USA). Guar galactomannan (GM) high vis-
cosity (Gal depleted, viscosity >10 dL/g, M,, = 350 kDa, sugar ratio Gal:
Man = 21:79 (Lot#10502 B)), wheat arabinoxylan (AX) medium vis-
cosity (viscosity 20-30 cSt, M,, = 323 kDa, sugar ratio Ara:Xyl = 38:62
(Lot#40601 A)) and oat f-glucan (BG) standard (intrinsic viscosity
1.32 dL/g, M,, = 70.6 kDa (Lot#110303 A)) was purchased from Meg-
azyme (Bray, Ireland). The monosaccharide ratio of GM and AX pro-
vided in the product specifications by Megazyme were slightly different
than those obtained through analysis by high-performance anion-ex-
change chromatography-pulsed amperometric detection (HPAEC-PAD)
after complete acid hydrolysis of the polysaccharides (Guar gal-
actomannan (GM), sugar ratio Gal:Man = 17:83 (Lot#10502 B)), wheat
arabinoxylan (AX), sugar ratio Ara:Xyl = 35:65 (Lot#40601 A)). All
aqueous solutions were prepared using Milli-Q water (Milli-Q® IQ 7000
Ultrapure Water System, Merck Millipore, Darmstadt, Germany). Dial-
ysis membranes made from regenerated cellulose with MWCO
12,000-14,000 Da (25 A; 29 mm) were supplied by SERVA (Heidelberg,
Germany). All reagents were used as received without further
purification.

2.2. Synthesis and characterization of thiol-derivatized dietary fibers

2.2.1. Partial acid hydrolysis, controlled oxidation, and conjugation with
thiol linker of GM, AX and, BG

Low dispersity (P) and molecular weight (M,,) galactomannan and
arabinoxylan were produced by a partial acid hydrolysis for 24 h and
3 h, respectively, followed by i-PrOH precipitation, as described previ-
ously (Lupo et al., 2020). For more details on the partial acid hydrolysis
protocol see supplementary information. Standard oat f-glucan was
used as received without further purification. Partially hydrolyzed
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polysaccharides (GMycy and AXycy) obtained from the acid treatment,
and standard p-glucan (BG) were reacted with NalO4, followed by a
reductive amination reaction, as described previously (Lupo et al.,
2021). The selection of the GMpycy and AXyc fractions used in the
oxidation and functionalization steps with the thiol linker was based on
the lower dispersity, better purity and higher gravimetric yield of the
fiber samples obtained after isopropanol fractionation of the hydrolyzed
polysaccharides (see Table S2 in the supplementary materials). More-
over, the lower viscosity of these fractions allowed a better filling of the
ITC sample cell and therefore a better performance of the calorimetric
polysaccharide-ligand interaction experiment. Briefly, 14.29 pM,
10.77 pM BG, and 0.94 pM of GMpy(j, BG, and AXyq solutions, respec-
tively, were prepared in water under agitation for 24 h, respectively.
After complete dissolution, all the polysaccharide solutions were treated
with 2 equiv. (with respect to the polysaccharide chains according to
their M;) of an aqueous 47 mM NalOj4 solution and reacted for 6 h in the
dark at room temperature. Then, 2 equiv. ethylene glycol were added to
quench the reaction. Afterwards, the oxidized products were purified by
dialysis against water for 12 h, precipitated with two volumes of i-PrOH
and freeze-dried for 48 h. Solid oxidized sample solutions
(GMpx(0.36 mM), AXpx (0.12 mM) and BGox (0.29 mM)) were then
reacted with 50 mM 4-aminophenyldisulfide (APDS) solution, previ-
ously prepared in water:acetic acid = 1:1. The polysaccharide and thiol-
linker solutions were stirred for 1 h at 30 °C. Thereafter, the appropriate
amount of solid dimethylamine borane was added to each of the mix-
tures at 100 mM final concentration, and the reactions were stirred
unsealed for 1 h at room temperature. Then, the solutions were resealed
and incubated for 1 h at 50 °C. All the thiolated fibers (GMsy, AXsy and
BGsy) were purified by dialysis for 48 h, freeze-dried for two nights and
stored at —20 °C in the dark. For the chemical structure of the native and
modified fiber samples see supplementary information (Fig. S1).

2.2.2. Molecular weight (M,, and My) and dispersity (D) analysis

Hydrolyzed, oxidized and thiolated fibers were analyzed for their
molecular weight and dispersity by high-performance size exclusion
chromatography (HPSEC) (OMNISEC, Malvern Panalytical Ltd., Mal-
vern, UK) following the procedure previously published (Lupo et al.,
2020). Briefly, the mobile phase consisted of a 0.1 M NaNO3 with 0.02%
NaNj3 solution. Samples were dissolved in the mobile phase at a con-
centration of 0.1% (w/v) and filtered through a 0.45 pm nylon filter
prior to injection. The system was kept at 30 °C, and 100 pL of each
sample were sequentially injected at a flow rate of 0.7 mL/min. For the
absolute molecular weight determination, a calibration was performed
using narrow molecular weight distribution polyethylene oxide (PEO-
24 K) standard using the refractive index increment (dn/dc) value of
0.144 mL/g for galactomannan, 0.132 mL/g for arabinoxylan, and
0.145 mL/g for oat B-glucan. All samples were measured in triplicate.
OMNISEC software version v.10.30 was used for data acquisition,
analysis, and reporting.

2.2.3. Monosaccharide composition of hydrolyzed GM and AX by HPAEC-
PAD

The monosaccharide ratio before and after acid treatment was
measured by high-performance anion-exchange chromatography-pulsed
amperometric detection (HPAEC-PAD) (Thermo Scientific AG, Basel,
Switzerland). A complete hydrolysis of 50 mg of dried GMy¢ and AXy
was performed in 10 mL 2 M HCI solution at 100 °C for 45 min. After
cooling to room temperature, the polysaccharide solutions were
neutralized with 5 mL 4 M NaOH and centrifuged for 15 min at
4000 rpm. The hydrolysates were diluted with water to reach a con-
centration of 10 mg/L and filtered through a 0.45 pm PTFE filter.

A ICS-5000 system was used for the analysis, and an isocratic method
was applied based on the procedure described previously (Eder et al.,
2021). Briefly, the column was operated at 26 °C using a flow rate of
1.0 mL/min and injection volumes of 10 pL. The mobile phase consisted
of two eluents: (A) 200 mM NaOH and (B) water. Specifically, 8% (A)
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and 92% (B) was run for the first 22.5 min, followed by 100% (A) for
8.5 min, and 8% (A) and 92% (B) for 8 min. For the external calibration,
the concentration of the appropriate monosaccharide standards was
within the range of 0.3-30.0 mg/L. D-Sorbitol was used as internal
standard and added at a constant concentration of 10 mg/L to each
sample and calibrant solution. The monosaccharides concentration was
quantified relative to the internal standard signal. Data processing was
carried out on Chromeleon 7 (Thermo Fischer Scientific AG, Basel,
Switzerland). All samples were measured in triplicate.

2.2.4. Proton nuclear magnetic resonance (' g NMR)

Thiolated polysaccharides were characterized using proton nuclear
magnetic resonance (*H NMR) to obtain the number of 4-aminothiolphe-
nol linkers (ATP) per polymer chain. About 20 mg of GMsy, AXgy, and
BGgy were dissolved overnight in 1.2 mL D50. An aliquot of 700 pL of
each solution was transferred into NMR tubes and analyzed by a Bruker
AVANCE III-400 spectrometer (Bruker, Ettlingen, Germany) operating
at room temperature at 400 MHz with 960 repetitive scans and an
acquisition time of 4 s. Data processing was carried out on MestReNova
14 (Mestrelab Research SL, Santiago de Compostela, Spain). For all the
polysaccharide samples the relative peak area of the anomeric proton
signals were determined by setting the area of the aromatic ring protons
(~7.4 and 6.8 ppm) equal to 2 and using the signal of residual water in
D50 at 4.79ppm as an internal chemical shift reference. To determine
the number of ATP molecules per polymer chain (n°(ATP)), slightly
different calculation and spectra-processing procedure were used for the
different fibers. For more details on the calculation procedure see sup-
plementary information.

2.3. Synthesis and characterization of glyco-gold nanoparticles (glyco-
AuNPs)

2.3.1. Synthesis of glyco-AuNPs from citrate-AuNPs and their
characterization

Glyco-gold nanoparticles (GMgy-AuNPs, AXgy-AuNPs and BGgy-
AuNPs) were prepared based on the procedure described previously
(Lupo et al., 2021). Firstly, citrate-capped gold nanoparticle (citrate-
AuNPs) were synthesized following the Turkevich method (Balasu-
bramanian et al., 2010). Briefly, 43 mg of HAuCl4+H>0 were dissolved in
100 mL water. The solution was heated to 100 °C under stirring
(800 rpm). At the boiling point, 10 mL of a freshly prepared sodium
citrate (38.8 mM) solution was quickly added (1.0 mM HAuCl4-H20
final concentration). The mixture was heated for 15 min at 90 °C under
stirring (800 rpm) within which a color change of the solution from
colorless to purple occurred. The particle solution was stirred for an
additional 20 min at 90 °C, afterward it was cooled to room temperature,
and transferred into an amber bottle.

All the glyco-nanoparticle materials (glyco-AuNPs) were synthesized
by adding into 18.8 mL of citrate-AuNPs solution 10.8 mg of the thiol-
derivatized dietary fiber sample, previously synthesized as describe in
Section 2.2.1. The mixtures were stirred for 48 h at room temperature in
the dark. Excess thiolated polysaccharides were removed from the so-
lution by washing the glyconanoparticle samples with water. Briefly, the
glyco-nanoparticles were centrifuged at 23,710 xg for 25 min, after
which the supernatant solution was discarded and replaced with 10 mL
water. After being resuspended, the glyco-AuNPs solution was centri-
fuged again, and the procedure described above was repeated two more
times. Modified nanoparticles were resuspended in 17 mL water to give
a concentration of about 8 nM Au particles.

2.3.2. UV-vis absorption, DLS and zeta potential measurements
Citrate-AuNPs and glyco-AuNPs solutions were characterized spec-
troscopically using a Cary 100 spectrophotometer (Agilent Technologies
Inc., Santa Clara, CA, USA). A total of 500 pL citrate-AuNPs or glyco-
AuNPs were diluted with 500 pL water, mixed, and placed in a 1 cm
path length disposable polystyrene cuvette. The wavelength was
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scanned from 350 nm to 700 nm and water was used as a blank. All the
measurements were performed in triplicate.

In addition, the hydrodynamic diameter (dy) and polydispersity
index (PdI) of citrate-AuNPs and glyco-AuNPs were measured by dy-
namic light scattering (DLS) using the Zetasizer Nano-ZS (Malvern In-
strument Ltd., Malvern, UK) while the net surface charge of the
nanoparticle was determined by measuring the zeta potential ({) on the
same instrument. Before analysis, 1 mL of sample solution was filtered
through a 0.45 pm PTFE filter. All measurements were performed in
triplicate.

2.3.3. Morphology and size distribution

A transmission electron microscope (FEI TalosTM F200X) operating
at 200 kV was used to study the morphology and size distribution of the
citrate- and glyco-AuNPs samples. Scanning transmission electron mi-
croscope acquisition (STEM) was used to analyses the sample in dark-
field mode (HAADF). An aliquot of about 5 pL of the sample was drop-
ped onto copper grids coated with carbon film (300 mesh). The excess
solution was removed by absorption on absorbent paper after about
1 min. The STEM images were analyzed using ImageJ software. A total
of about 300 particles were counted, and their area was measured. The
average diameter (d) of the analyzed particle samples were calculated by
the following equation

A (nm*) = 7er’ (€H)

where A is the area of a circle and r is the radius. Knowing r of the
particle, the diameter (d) was calculated as

d (nm) = re2. (2)

2.3.4. Ligand surface density

The ligand surface density was evaluated using the anthrone/H2SO4
assay (Wang et al., 2009). Calibration curves were created using
different concentrations of monosaccharide mixtures equivalent to the
Gal:Man and Ara:Xyl molar ratio of the respective galactomannan and
arabinoxylan samples, while glucose was used for p-glucan. The cali-
bration for GM, AX and BG were in the range of 12-192 pg/mL, 6-96 pg/
mL, and 1.5-24 pg/mL, respectively. Briefly, a total of 0.5 mL of each
standard solution was transferred inside an amber bottle and stored in
iced water under stirring. One mL of the freshly prepared anthrone so-
lution (100 mg of anthrone into 50 mL of concentrated HoSO4) was
added into the standard solutions. The samples were heated to 100 °C for
10 min under stirring. After that, the standard solutions were cooled in
an iced water bath and the absorbance was measured at A = 625 nm. The
blank sample consisted of 1 mL of anthrone solution in 0.5 mL water,
and the instrument was zeroed with water. All standards were measured
in triplicate.

Glyco-AuNP solutions were extensively mixed and three aliquots of
0.5 mL each were placed inside an amber bottle previously cooled in an
ice bath. The sample solutions were treated with anthrone reagent
following the same procedure described for the standard solutions, with
the exception that glyconanoparticles were reacted with the anthrone
reagent for 20 min (Turula Jr et al., 2010). The blank sample consisted of
1 mL of anthrone solution in 0.5 mL water, and the instrument was
zeroed with water. A control experiment was performed by measuring
the absorbance of Glyco-AuNPs at A = 625 nm in the absence of the
anthrone reagent. All samples were measured in triplicate.

2.4. Interaction study

2.4.1. Interaction study with ITC

An isothermal titration calorimetry (MICROCAL PEAQ-ITC, Malvern
Panalytical Ltd., Malvern, UK) was employed to measure the heat
change that occurs when partially hydrolyzed GMyc and AXyc and
standard fB-Glucan (BG) were titrated with gallic acid (GA), trans-
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cinnamic acid (t-CA), acetylsalicylic acid (ASA), and acetaminophen
(ACM). Briefly, the sample cell was loaded with 280 pL of 125 pM
GMpy(j, 125 pM BG, or 62.5 M of AXy() solution, previously prepared by
dissolution in water overnight. The titration syringe was filled with
aqueous solutions of the ligands at a concentration in the range of
0.625-1.25 mM, depending on the ligand and the polysaccharide (for
exact concentrations, see Table S1). A total volume of 40 pL of the ligand
was injected (2 pL/injection; 20 injections) in the sample cell containing
the fiber. Each injection lasted 4 s, and an interval of 150 s was kept
between injections. The experiments were conducted at 25 °C, and the
fiber solutions were constantly stirred at 750 rpm throughout the
titration experiment. Control experiments were performed under the
same experimental conditions as described above and consisting of in-
jection of ligands into the sample cell filled with water. Data analysis
and reporting were performed with MicroCal PEAQ-ITC Analysis soft-
ware using “one set of sites” fitting model to fit the measured binding
isotherms and calculate the binding stoichiometry (N), the dissociation
constant (Kq), enthalpy (AH), and entropy (AS) of the interaction.

2.4.2. Interaction study with TEM

Transmission electron microscopy (Thermo Fisher Talos F200X and
Hitachi HD-2700) operating at 200 kV was used to visualize the inter-
action study between glyco-nanoparticles (GMgy-AuNPs, AXgy-AuNPs,
and BGgy-AuNPs) and the different small molecules, namely gallic acid
(GA), trans-cinnamic acid (t-CA), acetylsalicylic acid (ASA) and acet-
aminophen (ACM). Scanning transmission electron microscope (STEM)
acquisition was used to map the sample in a high angle annular dark
field (HAADF) mode. For the experiment, 500 pL of glyco-AuNPs
(8.0 nM) were incubated with 12.5 pL of 2 mM ligand solutions in
water to have a final concentration of 50 pM ligand in each particle
solution. The solutions were incubated under shaking for 3 h at room
temperature. Afterward, 5 pL of each sample solution was placed onto a
300 mesh copper grid and the excess liquid was absorbed by paper tis-
sue. The blank sample consisted of a 500 pL glyconanoparticle solution
with 12.5 pL of water. Control experiments were conducted by sub-
jecting the citrate-AuNPs to the same conditions as described above.

3. Results and discussion

3.1. Molecular weight (M, and Mp,), dispersity (P), and monosaccharide
composition analysis

The dispersity and molecular weight of GM and AX after reaction
with hydrochloric acid and subsequent fractionation with i-PrOH were
evaluated by HPSEC to determine which of the collected polysaccharide
fractions was most appropriate for the subsequent oxidation and
reductive amination reaction. The second fraction of both fibers was the
most suitable material for our purpose, as it was obtained with a mod-
erate dispersity, and with a relatively satisfactory yield. More detailed
characterization of the fractionated material can be found in the sup-
plementary information (Table S2).

As expected, the acid-treated fibers resulted in a significantly lower
molecular weight (M,,, M;,) in comparison to the untreated samples,
while the molecular weight of standard p-Glucan provided in the
product specifications by Megazyme was confirmed (Table 1). The 6-
fold vs. 3-fold decrease in M, to obtain GMyc and AXyc, respectively
was mainly linked to the longer reaction hydrolysis time for gal-
actomannan (24 h) than that for arabinoxylan (3 h), as described in the
supplementary materials. For all the oxidized samples, a substantial
reduction of their molecular weights was observed, in agreement with
our previous publication and in line with other studies (Borjesson et al.,
2018; Lupo et al., 2021; Marasca et al., 2020). Indeed, while periodate
ion [I04] cleaves the carbon-carbon bond of vicinal diols, several
competitive reactions might occur, such as f-elimination, an over-
oxidation of the reducing end of the polysaccharide, and a hydroxyl
radical-mediated chain scission of glycosidic linkages induced by a
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Table 1

M,,, M,, and b measurements of GM, AX, and BG after 24 h acid hydrolysis fol-
lowed by i-PrOH precipitation, after oxidation with NalO4, and after reductive
amination with a thiol linker.

M,, (kDa) M, (kDa) b (M,,/Mp)

Galactomannan (GM)

Native GM GM 313+1 170 £ 2 1.80 + 0.02

Acid-treated GM GMpuq 49 +1 33+1 1.50 + 0.02

Oxidized GM GMox 28 +1 19+1 1.50 + 0.01

Thiolated GM GMgn 69+ 9 60 +£5 1.1 £0.1
Arabinoxylan (AX)

Native AX AX 321 +3 157 +£1 2.0+0.1

Acid-treated AX AXyal 106 + 2 76 £5 1.60 + 0.01

Oxidized AX AXox 86+ 6 60 + 2 1.50 + 0.06

Thiolated AX AXsp 147 £ 2 104 + 2 1.40 £ 0.01
B-Glucan (BG)

Native BG BG 65+ 1 49.0 + 0.3 1.30 £+ 0.01

Oxidized BG BGox 34+1 24+1 1.40 + 0.02

Thiolated BG BGsu 65+ 3 56+1 1.2+0.1

spontaneous decomposition of periodate in solution, leading to a
reduction of the average degree of polymerization (Vold & Christensen,
2005).

The reductive amination of the oxidized polysaccharides with 4-

1O OH a) GM,q
(o] a P
HO H
OH oy on
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aminophenyl disulfide (APDS) led to the formation of thiolated fibers
with almost twice the molecular weight than that of the corresponding
oxidized compounds, in agreement with a dimerization reaction in air,
as well as in aqueous solution of the thiol group to disulfides (Bagiyan
et al., 2003).

Monosaccharide composition and purity of acid-treated gal-
actomannan and arabinoxylan was determined by HPAEC after com-
plete hydrolysis of the samples. The galactose (Gal) to mannose (Man)
ratio was determined to be 17:83 for the untreated galactomannan (GM)
with 83% of purity, and 18:82 for acid-treated galactomannan (GMycy)
with 73% of purity, whereas the arabinose (Ara) to xylose (Xyl) ratio of
the untreated arabinoxylan sample (AX) was 35:65 with 79% of purity,
while for the acid-treated arabinoxylan (AXyqy), it was 27:73 with 69%
of purity. The reduced purity found in hydrolyzed samples is probably
moisture and not actual impurities, however it has always been taken
into account for the calculation of the concentrations. For more infor-
mation regarding the monosaccharide composition and purity of all
fractions collected during the precipitation process with i-PrOH, refer to
Table S2 in the supplementary section.
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Fig. 1. 'H NMR spectra in D,O before thiol-derivatization a) GMycj, ¢) AXyci, €) BG, and after thiol-derivatization b) GMgy; d) AXgy; f) BGgy.
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3.2. Quantification of ATP coupling efficiency of thiolated dietary fibers
via 'H NMR

An inspection of the thiolated sample 'H NMR spectra revealed the
presence of typical signals corresponding to the two protons belonging
to the aromatic ATP ring (~7.4 and 6.8 ppm), confirming the presence of
the thiol linker on the galactomannan, arabinoxylan and f-glucan
structure (Fig. 1b, d, f).

The signal H-1 of a-p-galactopyranose ring of galactomannan sample
was found at ~5.03 ppm, while the typical peak related to the H-1 of
f-D-mannopyranose ring that is usually at 4.75 ppm was overlapped
with the solvent signal. The arabinoxylan spectra showed three peaks
between 5.0 and 5.6 ppm which belong to the anomeric protons of a-L-
arabinofuranosyl residues. Specifically, the peak at 5.40 ppm refers to
the anomeric protons of the arabinose linked to the O-3 position of
xylose residues, while the two peaks at 5.30 ppm and 5.24 ppm are from
anomeric protons of arabinose residues linked to O-2 and O-3 of the
same xylose residue. In addition, the anomeric proton of a-L-arabino-
furanosyl residues linked to O-2 of the monosubstituted xylopyranosyl
unit was observed at 5.30 ppm. Thiolated p-glucan sample showed a
group of overlapped signals (a,c,d) at 4.55 ppm corresponded to protons

a) Citrate-AuNPs  b) GMg,-AuNPs
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of the (1 — 4)-linked p-b-glucopyranosyl units, while the proton (b) of
1,3-linked-p-p-glucopyranosyl unit is hidden under the solvent peak
(Colleoni-Sirghie et al., 2003; Pitkanen et al., 2009; Tamaki et al., 2010).
The number of 4-aminothiophenol tags (n°(ATP)) per polysaccharide
chain was determined by 'H NMR analysis following the calculation
procedure describe in Section 2.2.4, with n°(ATP)-GMgy = 4.5, n°(ATP)-
AXgy = 2 and n°(ATP)-BGsy = 5.1. From the number of ATP tags per
polymer chain, the percentage of modified monomeric units per poly-
saccharide chain was calculated. Specifically, a maximum modification
of 1.2%, 0.3% and 1.5% was obtained for GMsy, AXsy and BGsy,
respectively. This means that in all derivatized samples ~98-99% of the
monosaccharide units remain unchanged, making it more likely that the
fiber properties should not be much affected, and that the modification
does not influence the interactions too much. Especially considering that
the label will mostly be right on the surface of the gold when in a glyco-
AuNP, thus not very accessible compared to the rest of the chain, which
can still interact with small molecules unimpededly.

3.3. Characterization of citrate- and glyco-gold nanoparticles

Variation on the gold surface plasmon resonance absorption band
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Fig. 2. 1) Surface Plasmon Resonance absorption band (Aspr)), and TEM images of: a) Citrate-AuNPs, b) GMgy-AuNPs, ¢) AXsy-AuNPs, and d) BGsy-AuNPs. 2) Size
distribution, 3) Intensity-based DLS measurements, and 4) Zeta Potential () analysis of the same samples.



C. Lupo et al.

(Aspry) of citrate-AuNPs before and after functionalization on the gold
surface with the different thiolated fibers was measured by UV-vis
spectrometry. Before the self-assembly mechanism with the thiolated
polysaccharides, citrate-AuNPs shown a strong absorption at
Aspr) = 523 £ 1 nm. As reported in the literature, a relatively small red-
shift of the maximum Aspg) is evidence of successful functionalization
(Lala et al., 2002). Indeed, the absorption band moved its center point
from 523 & 1 nm to 532 & 1 nm, 531 & 1 nm, and 542 + 1 nm after
displacement of citrate with GMgy, AXgy, and BGgy, respectively (for
UV-Vis spectra, see Fig. S2). The morphology and size analysis of citrate-
AuNps and glyco-AuNPs was performed by TEM (Fig. 2.1). All the syn-
thesized particle samples presented a spherical appearance but with
different spatial arrangement of the particles in solution, emphasizing
the influence of the molecular weight, type, and surface density of the
linked polysaccharide on the architecture of the colloidal suspension, as
explained in the previous publication (Lupo et al., 2021).

The particle size distribution of each glyco-AuNPs (dtgy) before and
after the coupling reaction was derived from the area of the Au-cores.
While functionalization of the citrate-AuNP did not significantly
change the size distribution of the particles for the two shorter poly-
saccharides galactomannan and p-glucan (range of 19-23 nm), a clear
increase was observed for the particles functionalized with arabinoxylan
(drem [AXsy-AuNps = 36.0 nm]; Fig. 2.2 Potentially, in the latter case,
the ligand exchange mechanism is favored on gold particles with a larger
surface area, allowing the polymer chains to be more widely spaced on
the particle surface, minimizing the steric hindrance effect. In addition,
fewer polymer chains of AXgyare tailored to small AuNPs, which are
therefore poorly stabilized due to the lower coverage, leading to partial
sintering of AuNPs to a size that is stable, with sufficient chain coverage
for this size.

In addition, glyco-AuNPs were characterized by dynamic light scat-
tering and zeta potential for determining their hydrodynamic radius (dp)
and the surface charge (¢), respectively. As expected, upon functionali-
zation with the thiolated ligand, the average diameter of the particles as
well as the zeta potential increased significantly (Fig. 2.3 and .4) in
agreement with our previous publication (Lupo et al., 2021).

3.3.1. Ligand surface density of glyco-gold nanoparticles

The amount of labelled polysaccharide bound to the AuNPs core was
determined by anthrone/H»SO4 assay (Table 2). All the parameters
shown in Table 2 were calculated by considering the number average
molecular weight (M,,) of the oxidized fibers, as this number refers to the
size of a single polymer chain, whereas M, of the thiolated fibers came
from the assembly of at least two polymer chains, assuming the dimer-
ization mechanism of the thiol group to disulfide. As expected, the
coupling efficiency decreased with increasing M, of the polysaccharide,
namely 36%, 21%, and 20% for thiolated GM, BG, and AX, respectively.
The ligand-exchange reaction was disadvantaged for the longer poly-
saccharide due to higher steric hindrance and a lower diffusion rate.
However, it is important to mention that the nmol of fiber chains/ng
AuNPs added for AXsy-AuNPs were 3-fold lower than nmol of fiber
chains added for GMgy and BGgy-AuNPs, justifying the lower value of
coupling efficiency obtain for the arabinoxylan-tethered particles.

As already specified in our previous publication, the M, and D of the
linked polysaccharide might influence the spatial arrangement of the

Table 2
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particles in solution (Lupo et al., 2021). However, with this study, all the
samples had a comparable moderate dispersity, and hence only the ef-
fect of chain length could be assessed here. Smaller chains (e.g. GMgy)
react more efficiently than longer chains (AXgsy) due to the faster
diffusion and leading a higher polysaccharide chain-density on the
particles surface (37, 2, and 14 chains/AuNP for GMgy-AuNP, AXgy-
AuNP, and BGgy-AuNP, respectively.

3.4. Interaction study with small molecules

3.4.1. Interaction study with ITC

The molecular interactions between hydrolyzed galactomannan,
hydrolyzed arabinoxylan, and standard f-glucan with different small
molecules, namely gallic acid (GA), trans-cinnamic acid (¢t-CA), ace-
tylsalicylic acid (ASA), and acetaminophen (ACM) were evaluated by
ITC. No interaction was detected between any of the polysaccharides
and acetaminophen, while for all the other ligands a spontaneous
interaction was observed, since a Gibbs’ energy (AG = AH — TAS) that
was negative (AG < 0) was measured (Table 3). All the conducted ex-
periments presented a negative value of the binding enthalpy (AH),
which reflects the strength of the interaction between the molecular
partners, and generally relates to van der Waals, hydrogen bonds, and
ion pair interactions at the binding interface. The negative AH values
suggest the formation of energetically favorable exothermic non-
covalent interactions between galactomannan, arabinoxylan, f-glucan
and the small molecules (Du et al., 2016). Specifically, for all the sam-
ples, entropically-driven associations were observed (|AH| < |TAS|).
These types of associations are generally related to a combination of
hydrophobic/H-bonding interactions, loss of water molecules, and
conformational changes of the polysaccharide (Bronowska, 2011). For
all the cases shown in Table 3, the change in enthalpy upon formation of
the complex was relatively low (—0.8 kcal/mol < AH < —3.5 kcal/mol),
suggesting that the binding event was also driven by an additional
thermodynamic phenomenon called enthalpy-entropy compensation.
Entropy (AS) is a measure of the disorder of molecules in a system, and
its positive and negative values denotes the overall increase and
decrease in degrees of the freedom of the system, respectively. The total
entropy change associated with binding (AS) is a combination of
different energetic factors, namely the solvent release entropy change,
which has favorable contribution, the conformational entropy change,
that can be favorable or unfavorable depending on the degree of
freedom of the complex, and the loss of translational and rotational
degrees of freedom of the biomolecule and ligand upon complex for-
mation, which gives an unfavorable contribution. These individual
components influence the magnitude of the net entropy change, with
positive or negative entropy change contribution, favoring or disfavor-
ing the binding free energy, respectively (O’Brien et al., 2017). There-
fore, the binding reaction (AG) should address entropic unfavorable
contribution through a large gain in solvent release entropy that would
be compensated by loss of enthalpy, or favorable biomolecule-ligand
interactions that lead to a negative AH (Amzel, 2000). What can be
hypothesized for our interaction study is that through the formation of
the polysaccharide-small molecule complex, a conformational change
happens in the fiber, which limits the degree of freedom of the complex
and therefore has a detrimental impact on the entropic binding

M, and D values of the oxidized materials (GMox, AXox, and BGox)after treatment with NalO4. Amounts in nmol of thiolated polysaccharides (PSsy) per ng of AuNPs
added and per ng of AuNPs conjugated. Coupling efficiency (%) of thiolated polysaccharides expressed as the ratio between PSsy(conjugated) 8nd PSsh(added)- Number of
repeating units [RU] per AuNPs. Number of conjugated polymer chains (PSsy(conjugated)) Per AuNP.

Samples M, (kDa) b (M,,/Mn) PSsh(added) (nmol/ng AuNP) PSst(conjug.) (nmol/ng AuNP) Coupling efficiency n°RU n°PSSH(conjugated)
n°AuNP n°AuNP

GMsz-AuNP 19+1 1.5 +0.01 63 22.5 36% 4393 37

AXgy-AuNP 60 +2 1.5 £ 0.06 20 4 20% 773 2

BGgy-AuNP 24+1 1.4 £0.02 50 10.3 21% 2001 14
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Table 3
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Thermodynamic parameters of the interaction between gallic acid (GA), trans-cinnamic acid (t-CA), and acetylsalicylic acid (ASA) with hydrolyzed galactomannan
(GMycy), hydrolyzed arabinoxylan (AXyc)), and standard p-Glucan (BG), determined by ITC. Values of the constant of dissociation (K in pM), binding stoichiometry
(N), binding energy (AG in kcal/mol), binding enthalpy (AH in kcal/mol), and binding entropy (—TAS in kcal/mol) are reported. All the analysis were performed in

water.
Ligand [Ligand] (pM) Kq (uM) N AG (kcal/mol) AH (kcal/mol) —TAS (kcal/mol)
Sample Cell: 125 pM GMpyq
GA 1250 2.24 + 0.75 0.70 + 0.02 -7.71 —1.78 + 0.08 -5.93
T-CA 1750 3.71 + 0.68 1.45 + 0.02 —7.41 —0.949 + 0.02 —6.46
AsA 625 2.12 + 0.36 0.36 + 0.01 -7.74 —2.56 + 0.07 —5.18
Sample Cell: 62.5 pM AXyq
GA 800 3.99 + 0.90 1.51 + 0.03 -7.37 —1.67 + 0.06 —5.70
t-CA 1250 5.53 +£1.27 2.28 + 0.06 -7.17 —0.910 + 0.03 —6.26
AsA 1250 3.94 + 0.67 1.38 + 0.03 -7.38 -3.52 4+ 0.10 -3.86
Sample Cell: 125 yM BG
GA 625 2.02 £ 0.57 0.53 £ 0.01 -7.77 —1.24 + 0.04 —6.54
t-CA 1250 3.05 + 0.75 1.02 + 0.02 -7.53 —0.844 + 0.03 —6.68
AsA 625 2.44 + 0.59 0.34 +£0.01 —7.66 —2.97 +£0.132 —4.69

contribution, which was compensated for by an increase in the enthalpy
component.

An estimation of the affinity of the interaction between the ligand
and the biomolecule was determined by measuring the dissociation
constant (Kq). Generally, the smaller the dissociation constant, the more
tightly bound the ligand is. Specifically, dissociation constant larger
than 10~* M indicates a weak biomolecule-ligand interaction (Liu et al.,
2020). In our study all the formed complexes were on the order of
107 M (Table 3), and therefore, moderate binding interactions were
formed upon addition of the small molecules into the sample cell. A
common trend was observed for Ky values related to the interaction of
the fibers with GA, t-CA and ASA. For all the tested polysaccharides, t-CA
was the ligand with the highest binding constant (Kq = 3.7 £ 0.7 pM for
GMyc), Kq = 5.5 £ 1.3 pM for AXycj, and Kg = 3.1 + 0.8 pM for BG),
followed by GA and ASA. This suggested that t-CA had less affinity for
galactomannan, arabinoxylan and p-Glucan than GA and ASA.

Comparing the chemical structures of GA and t-CA, with GA having
three phenolic hydroxyl groups vs. none for t-CA, one can conclude that
the additional peripheral hydroxyl groups may be responsible for a
stronger and more extensive binding due the formation of intermolec-
ular hydrogen bonds between the hydroxyl groups of GA and the oxygen
atoms of the polysaccharide structure, resulting in an increase in the
favorable binding enthalpy from AHgca) = —0.95 kcal/mol to
AH(ga) = —1.78 kcal/mol for GMygy, from AH.ca) = —0.91 kcal/mol to
AHgay = —1.67 keal/mol for AXyc, and from AHg.ca) = —0.844 kecal/
mol to AH(ga) = —1.24 keal/mol for BG (Le Bourvellec et al., 2005; Phan
et al., 2015).

For all the polysaccharide-ASA interactions, more negative values of
enthalpy were measured compared to the enthalpy values obtained from
the interaction between the same polysaccharides with GA and t-CA,
indicating that for formation of polysaccharide-ASA molecular com-
plexes, the H-binding interactions are more favorable than for interac-
tion with the other two molecules (Dragan et al., 2017). The greater
negative contribution of the enthalpy component in determining the
binding energy of polysaccharide-ASA interaction might be also related
to the lower pk, value of the carboxylic acid group present in the ace-
tylsalicylic acid molecule (pk, (ASA) = 2.97) compared with that of
carboxylic acid in gallic and cinnamic acid molecules (pk, = 4.5 for
both).

It is appropriate at this point to discuss why titration of the fiber with
acetaminophen (ACM) does not produce any binding signal. The main
difference between the ACM molecule and the other ligands used is the
lack of a carboxylic acid group in its chemical structure, which could be
crucial for interaction with the polymer chains. To verify the importance
of the carboxylic acid group in determining whether the interaction
occurs or not, experimental tests of interaction between p-glucan and
propyl gallate, methyl vanillate and methyl syringate were conducted
and the results obtained were compared with the corresponding non-

esterified molecules i.e. with gallic acid, vanillic acid and syringic acid
(data not shown) (Fig. 3). Indeed, measurements with the ITC showed no
interaction between the BG polysaccharide and esterified derivatives
confirming the hypothesis that the carboxylic acid group is essential for
the interaction.

The binding stoichiometry (N), defined as the number of ligand
binding sites on the polysaccharide molecule, was evaluated (Table 3).
For all the fibers the interaction with trans-cinnamic acid (t-CA) pre-
sented the highest binding stoichiometry, with N = 1.45 + 0.02,
2.28 £+ 0.06, and 1.02 + 0.01, suggesting that the binding sites of the
different fiber molecules saturated with t-CA at a molar ratio of about 2
for the t-CA/AXyc) complex, 1 for t-CA/BG, and something in between
for the t-CA/GMyc| complex.

Within the fiber samples, AXyc) was the fiber with the highest values
of N for all the tested ligands, with N = 1.51 + 0.03, 2.28 + 0.06, and
1.38 + 0.03 for GA, t-CA, and ASA, respectively, while GMyc and BG
had comparable values of N. Apart from the M, and the size of the
polysaccharide chain the conformation of the fiber in solution, the type
of monosaccharides (hexose or pentose) and the chemical structure of
the sugar units constituting the polysaccharide chain are factors that
may potentially influence the number of sites available for interaction
with the ligand molecule. The Mark-Houwink-Sakurada relationship,
which describes the correlation between the intrinsic viscosity and
molecular weight of a polymer in solution, is a useful tool for deter-
mining its conformation in solution, based on the values assumed by the
parameter a. For a = 1.8 a rigid rod conformation is expected, when
0.5 < a < 0.8, a semi-flexible or random coil conformation is usually
assumed, and if the polymer adopts a compact conformation, o acquires
values close to 0 (Halabalova et al., 2004). Based on the results obtained
from the OMNISEC software, it was found that GMyc), AXuci, and BG
possessed an a value that fell in the region of semi-flexible or random
coil conformation, with « = 0.62 + 0.01, « = 0.78 + 0.01,
o = 0.85 + 0.02, for AXyc], GMy(y, and BG, respectively. However, with
GMHc¢ and BG leaning towards a more rigid, and less compact confor-
mation than AXyc. Therefore, the greater flexibility of the arabinose
polymer chains in solution can make arabinoxylan more prone to accept
a binding molecule than galactomannan and p-glucan. In addition, the
BG and GM chemical structure is characterized by a hexose type of
monosaccharide, whereas AX is formed by pentoside constituents. This
diversity could also explain the similar N values between BG and GM,
which differ considerably from those assumed by AX, in addition to the
most obvious cause, namely M,, with BG and GMH¢ being closest
together, with a large gap to AXyc). More information related to the ITC
interaction studies, namely the raw and fitted data, are reported in the
supplementary information (Fig. S3).

Although the technical/experimental constraints used in this study
require a reduced molecular weight sample for interaction studies, and
since we are looking for direct molecular interaction effects, and not for
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Fig. 3. Chemical structure of propyl gallate, methyl vanillate, and methyl syringate.

viscosity-related retention or gel-related entrapment, it can be assumed
that any of the interaction result found for the shorter polysaccharide
should also be conserved for the larger native samples, since the
chemical composition and structure of the processed polysaccharides is

largely conserved. Based on these observations, we can conclude that
galactomannan (M,, = 69 kDa), arabinoxylan (M,, = 106 kDa), and
B-glucan (M,, = 65 kDa) present in a food system, might partially prevent
(or slow down) the intestinal absorption of small molecules, such as

1) Citrate-AuNPs  2) GMg-AuNPs 3) AXgy-AuNPs 4) BGg-AuNPs
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Fig. 4. TEM images of citrate, GMgy, AXsy, and BGsy glyconanoparticles. The absolute concentration of each ligand in the particle samples was 50 pM. The overall
concentration of the nanoparticles in the samples remained constant (7.8 nM Au particles). Scale bar are 0.2 pm for all the images.
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gallic acid, cinnamic acid, and acetylsalicylic acid and similar com-
pounds, by interacting with them and possibly affecting their bioavail-
ability. This could be — depending on the extent of diminished
bioavailability — especially consequential for drugs such as acetylsali-
cylic acid, commonly known as Aspirin.

3.4.2. Interaction study with TEM

A visual inspection of the interaction between the polysaccharide-
coated gold nanoparticles and the ligands (GA, t-CA, ASA, ACM) was
performed by TEM (Fig. 4). To reveal potential interaction, the spatial
arrangement of the particles in solution was monitored upon addition of
the ligand molecules. The introduction of each ligand to the citrate-
AuNP material did not appear to significantly modify the arrangement
of the particles in solution, suggesting that these molecules did not
interact with the gold core (in Fig. 4, compare control 1.ato 1.b, 1.c, 1.d,
and 1.e). Conversely, when the carboxylic acids GA, t-CA, and ASA were
added to the particle solutions, a strong rearrangement of the colloidal
particles was visible. For GMgy-AuNps and AXgy-AuNPs samples, it
appeared that all three ligands could act as a bridge between the deco-
rated gold nuclei to bring them closer together, leading to highly or-
dered clustering of particles in solution. However, the addition of
acetaminophen (ACM) did not alter the spatial arrangement of all the
fiber-coated nanoparticles (Fig. 4 box e) in comparison to citrate-AuNPs
starting material, where water was added (Fig. 4 box a). This result
confirmed the outcomes found by ITC experiments, where no binding
isotherms were measured when the polysaccharides were titrated with
ACM.

As we established in our previous publication, supramolecular in-
teractions visible by TEM are favored for a lower surface density but
higher molecular weight of the ligand anchored to the particle surface.
The sample that best meet these requirements was AXgy-AuNPs, with a
M, (AXpx) = 60 kDa, and 2 polymer chains per Au core, compared to Mj,
(GMopx) = 19 kDa, and 37 polymer chains per Au core, and
M,(BGpx) = 24 kDa, with 14 polymer chains per Au core. Hence, this
explains why the spatial realignment of the particles after the addition of
the ligand molecule was the most pronounced for AXsy-AuNPs, and
therefore molecular interactions were more easily to be captured by
screening of the sample with TEM, as visible in Fig. 4. When GA was
added to the AXgy-AuNPs, an increase in the density of particles was
observed, which were highly evenly distributed (Fig. 4; 3.b), while the
addition of t-CA and ASA resulted in the formation of highly organized
nanoclusters (Fig. 4; 3.c, 3.d). These observations suggest that the AX
polymer chains bound on the surface of the gold particles interact with
GA, t-CA, and ASA, leading to a spatial re-distribution of the particles in
solution. A slightly different situation was observed for GMgy-AuNps,
where bigger agglomeration of particles was formed after addition of GA
(Fig. 4; 2.b). However, the addition of t-CA and ASA to the GM nano-
particles resulted in a similar behavior to that obtained with AXgy,

The scenario was different for the BG glyconanoparticles, when
comparing to the interactions exerted by AX. Upon incubation with GA
and ASA, TEM imagines of BG glyconanoparticles showed an overall
reduction of the gold density with formation of relatively small and
diffuse aggregates, compared to the control. As determined by ITC, for
B-glucan samples, the saturation of the polymer chain was reached at a
very low ligand to biomacromolecule ratio (see Table 3 and Fig. S3c). In
general, the lower the binding stoichiometry, the faster the substrate is
saturated with the ligand during ITC, indicating only a few interaction
sites on the polysaccharide structure, and therefore the formation of
aggregates induced by the addition of a ligand which acts as a bridge
between gold cores is unfavored as the ligand needs several anchor
points for this bridge/aggregation to be formed. A slightly different
situation was observed upon addition of t-CA to BGgy-AuNPs (Fig. 4c.4),
where indeed, larger clusters containing more particles were observed,
in agreement with the higher binding stoichiometry (N) calculated by
ITC. A validation experiment was carried out by exposing BGgy-AuNPs
to Calcofluor white under the same experimental conditions as for the
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other ligands. The specific binding of Calcofluor white to p-glucan is
very well-established (Nicholas et al., 1994), and could be also visual-
ized by TEM as large nanoparticle clusters after 3 h of incubation
(Fig. S4), validating the reliability of this method in observing molecular
interactions between two species.

4. Conclusion

In this study, two different analytical methods were used to evaluate
supramolecular interactions between soluble dietary fibers (gal-
actomannan, arabinoxylan and cereal p-glucan) and four small mole-
cules. In a first stage, ITC was successfully employed to determine the
dissociation constant (Kg), binding stoichiometry (N), enthalpy (AH),
and entropy (4S) of the interaction. From the analysis of the data set
obtained with ITC, acetaminophen (ACM) was the only small molecule
of the set of four with no detectable interaction with the different fibers.
For all other tested ligands (gallic acid (GA), trans-cinnamic acid (t-CA),
and acetylsalisylic acid (ASA)), moderate affinity (Kg ~ 107% M), and
spontaneous interactions (AG < 0) were observed. The interactions were
mainly driven by an entropic factor, presumably with hydrophobic type
associations, and possible conformational changes of the poly-
saccharide. However, the enthalpy contribution (hydrogen interaction)
is also significant, especially regarding interactions with the ASA
molecule.

The nature of the ligand greatly influenced the quality of the inter-
action; in particular, in pure aqueous solutions of fiber and small
molecule, the carboxylic group of acetylsalicylic acid (pk, = 2.97), gallic
acid and trans-cinnamic acid (pk, = 4.5) was absolutely crucial for the
formation of the complex. In addition a stronger interaction (lower Ky)
was promoted when the ligand carried hydroxyl groups, which fostered
hydrogen bonds formation with the polysaccharides. Finally, the
conformation of the dietary fiber in solution might alter the success of
the interaction. From our results appeared that more flexible molecules
promote the contact with the ligand, while more rigid polysaccharides
disfavor the interaction. However, also other factors such as the chain
length may also participate in guiding the interaction.

In the second approach, TEM was used for a visual inspection of the
samples to check the possible fiber-ligand interaction based on the
spatial rearrangement of the glyco-gold nanoparticles after addition of
the binding molecule. Specifically, supramolecular interactions visible
as highly organized particle clusters were favored for galactomannan
and arabinoxylan, when exposed to gallic acid, acetylsalicylic acid, and
trans-cinnamic acid, while acetaminophen, which showed no interaction
with ITC, also did not interfere with the order of the particles in solution.

From the results obtained from the combination of ITC and TEM
analysis, we can conclude that direct interactions at the molecular level,
which go beyond viscosity and/or gel entrapment mechanisms, exist at
least between galactomannan, arabinoxylan, p-glucan, and gallic acid,
acetylsalicylic acid, and trans-cinnamic acid. Furthermore, since the
chemical structure of these polysaccharides was largely conserved even
in the smallest M, the results achieved with these smaller fibers should
also apply to some extent in the native SDF. In conclusion, this study can
be considered a valuable analytical tool to estimate the key parameters
involved in the interaction between neutral dietary fibers and small
molecules, leading to a better understanding of the mechanism under-
lying their complexation and consequently to an optimization of their
use in food industry applications.
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