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Abstract

Mucoadhesive materials adhere persistently to mucosal surfaces. A mucoadhesive delivery system
could therefore facilitate the controlled release of drugs and optimize kiwavailability in
mucosal tissues. Polysaccharides are the most versatile class of natural polymers for transmucosal
drug delivery. We used microviscosimetry to explore the mucoadhesion of a library of
polysaccharide families with diverse structural characteristics as a first step towards the rational
design of mucoadhesive polysaccharide-based nanoformulations. Here we show that the magnitude
of deviation between the viscosity of mixed polysacchardecin solutions and the corresponding
individual stock solutions can indicate underlying molecular interactions. We found that nonlinear
monotonic curves predicted a correlation between the magnitude of interaction and the ability of
polysaccharide coils to contract in the presence of salt (i.e. chain flexibility). Charge-neutral
polysaccharides such as dextran and Streptococcus thermsatafwlysaccharide did not interact

with mucin. Synchrotron small-angle X-ray scattering (SAXS) data supported the previously
described structural features of mucin. Furthermore, high-q scattering data (i.e. sensitive to smaller
scales) revealed that when mucin is in dilute solution (presumablyart@mded conformation) in

the presence of lowAw alginate, its structure resembles that observed at higher concentrations in
the absence of alginate. This effect was less pronounced in the case bfwhalginate but the

latter influenced the bulk properties of mueitginate mixtures (e.g. hydrodynamic radius and

relative viscosity) more prominently thée low-Mw counterpart.



Figure for Table of Contents:

Wy g_\_-ggiynam,ic Vo -’-‘-UD B

High-Mw, flexible
polyanions

wydrodynamicvolume

~— A\

N

Low-Mw, stiff
polyanions

A Aromaticresidues



Introduction

The development of innovative nanomaterials for the targeted eradication of local bacterial
infections requires functional building blocks that are biodegradable, biocompatible and non-toxic,
and whose interactions with specific biological surfaces can be predicted and controlled. For
mucosal delivery, materials can be designed to facilitate either mucoadhesion or mucopeﬁetration,
but the short contact time with the gastrointestinal mucosa (8-10 h) limits the bioavailability of
orally delivered drugﬁMucoadhesive carriers therefore have the potential to prolong the controlled
release of such drugs, increasing their bioavailability and enhancing the local transmucoﬁl effect.
In contrast, mucopenetrating carriers promote drug transfer across the mucosal barrier quickly,
thereby avoiding clearance caused by rapid turnover of the superficiaﬂl&jﬁbnugh a size-
filtering mechanism regulated by mucin density determines whether carriers permeate or remain
trapped, the mucirtarrier interactionis a key parameter that determines theirEFMycosal drug
delivery vehicles that either penetrate rapidly or establish prolonged contact are difficult to develop

because little is known about the interactions between mucin and other macromidlecules.

Many natural and synthetic polymers have mucoadhesive propeiftiesigh the underlying
mechanisms are not fully understﬁﬁeveral techniques have therefore been used to study the
interactions between mucin and other materials in gels, solutions or in mucous tissues. We recently
used a panel of biophysical techniques to study the interaction between chitosan and mucin in dilute
solutions, focusing on the interacting forces and the intrinsic structure of the chitosan EI)Nener.
found that the mucoadhesive properties of chitosan were predominantly based on electrostatic
interactions between positively-charged groups on the chitosan polymer and negativgbdc
mucin, but that the molecular mass, conformation and overall flexibility of chitosan (the latter
determined by the charge density, i.e. the degree of acetylaf®m played a significant r

However, negatively-charged polysaccharides such as alqﬂ\pumi,nﬁl and poly(acrylic aci

also show mucoadhesive properties, indicating that electrostatic interactions are not solely
responsible. Mucin forms a complex macromolecular network carrying reactive functional groups
(e.g. sialic acid) and intrinsic cross-linker residues (e.g. disulfide bonds), therefore offering many
opportunities for interactions with the mucus layer including hydrogen bonding between sialic acids
and carboxylate (e.g. alginater sulfate (e.g. dextran sulfate) residues, hydrophobic interactions

with amino acids, and entanglement with hydrated, flexible polymers.

The diverse nature of polysaccharides and the lack of standardization among the techniques used to
study mucoadhesion make it difficult to draw meaningful comparisons from the scientific literature.

Some methods test for interactions directlyaatacroscopic level (e.g. by measuring the force or



time required to detach a polymer from a mucin suﬁ@d)ereas others are based on the rheology
of binary mixtures comprising different polymers in solution, allowing the synergy between two

interacting molecules to be investigated by changes in visédstigeological synergism has been

used to test the mucoadhesive properties of several pdifrieiacluding alginaﬁ and

chitosavlr‘.*1 “10ne such study revealed negative synergy (i.e. a loss of viﬁsjtyamtagonism,

when chitosan was mixed with mucin, whereas another by the same group found positive synergy
(i.e. an increase in viscos@asalso previouky reporteﬁThese discrepancies can be attributed

to different experimental conditions, particularly the chitosan concenﬁtﬁrnmucin source,
making direct comparisons challenﬂé standardized approach to the characterization of such
interactions would therefore facilitate the rational selection of polysaccharides that are suitable for
the design of mucoadhesive drug carriers.

Here we tested a series of polysaccharides differing in primary structure, molecular weigig, ch
density, conformation and (in the case of polyelectrolytes) the degree of coil contraction in the
presence of salt, reflecting their intrinsic chain flexibility. We characterized the interscti
between these polysaccharides and the soluble fraction of partially-purified porcine gastric mucin
by microviscosimetry and in the case of alginate also investigated the molecular basis of such
interactions using synchrotron small-angle X-ray scattering (SAXS). We were able to predict
correlation between the magnitude of interaction and the intrinsic contractibility of the
polysaccharide coils. SAXS data derived from mualginate mixtures at low concentrations
showed that the presence of alginate induced the formation of a structure reminiscent of higher-
concentration mucin solutions in the absence of alginate. These two behaviors may explain the

synergy detected by microviscosimetry.



Materials and methods

Preparation of mucin and polysaccharide solutions

All polysaccharides were dissolved in milliQ water overnight by gentle stirring, and each solution
was passed through a 5-um disposable filter. The pH of the final solutions was adjusted to 4.5 with
HCI or NaOH as appropriate. Two samples of pharmaceutical-grade chiteBd@*15 (Mw ~27.5

kDa, DA = 14.8% and HMC30 Mw ~17 kDa, DA = 32.4%)- were purchased from HMC
(Halle, Saale Germany). Four additional forms of chitosan with high dsegfqmlymerizatiom

were prepared from a parent sample provided by Mathani Chitosan Pvt. Ltd (Kerala, India): HDP 1
(Mw ~124 kDa, DA = 1.6%), HDP 1Mw ~122 kDa, DA = 11%), HDP 2w ~143 kDa, DA =
27.5%) and HDP 56 Mw ~266 kDa, DA = 56%). The samples were dissolved in a 5%
stoichiometric excess of HCI in ultrapure MilliQ water before filtration and pH adjustment as

above.

We obtained dextran (Dekiw ~27.4 kDa), the two Leuconostoc spp. dextran sulfate sodium salts
DexS40 Mw ~49 kDa) and DexS500 (Mw ~632 kDa), sodium carboxymethylcellulose (CMC; Mw
~462 kDa), poly(acrylic acid) (PAAMw ~2651 kDa) and Streptococcus equi hyaluronic acid
sodium salt (A; Mw ~4585 kDa) from Sigma-Aldrich (Munich Germany). Fully characterized
pectin (Pec25Mw ~59.7 kDa, degree of etherification = 25.5%) and the alginates Aldgv@0 (
~406 kDa, M/G ratio = 0.95and Algd Mw ~4 kDa, M/G ratio = 1.42) were supplied and
characterized by Danisco A/S (Tonder, Denn@lﬁ. thermophilus CRL 1190 exopolysaccharide
(Eps;Mw ~1782 kDa) was isolated and characterized as previously de%ribadthan (Xa; Mw
~625.9 kDa) and mesquite gum (M@Qw ~ 350 kDa) were samples prepared for earlier

investigationg4~| The Mw of each polysaccharide was either determined experimentally by gel

permeation chromatography/high-performance liquid chromatography (&) with
differential refractive index (DRI) multi-detection and a pullulan calibration curve or lwas#ue

values reported by the manufacturer or in previous studies (Figure 1). Porcine stomach mucin (type
lll, bound sialic acid 0.51.5%, partially-purified powder, batch no. 061M7006V) was purchased
from Sigma-Aldrich and was preparadpreviously describeﬁ.

Determination of intrinsic viscosity and “degree of contraction”

The dynamic viscosity of dilute polysaccharide solutions was measured using an AMVn automated
rolling ball microviscosimeter (Anton Paar, Ostfildern, Germany) with a programmable tube angle
based on the principle of the rolling ball time. The intrinsic viscogityn water (j]n.0) and 0.1 M

NaCl ([y]nac), both at pH 4.5, was determined as previously desﬁib‘ﬁtﬂe degree of coll

contraction was thus expressed as the following raf]a:o[[77]nact.



Preparation of polysaccharigaucin mixtures

Stock solutions of polysaccharides and mucin closely matched in terms of relative viseasiB) (

were mixed in different proportions to achieve composition ratios of the mucin mass fraction with
respect to the total mass (denoted here as f) in the intervalf frobn(i.e. only polysaccharide) to

f = 1.0 (i.e. only mucin). The mixtures were allowed to equilibrate at 37°C shaking at 400 rpm for

20 min before commencing viscosity measurements.

Viscosity of mixed solutions
The dynamic viscosity of mixed polysaccharidaicin solutions was measured as described above
and the results were expressed as relative viscogity (The deviation ofzelbetween the mixtures

and corresponding stock solutions was determined by adapting two previously-described

method§:}°|A theoretical additive line (line of no interaction) was calculated from the sum of each

individual contribution to the overall viscosity, which depended on their relative volumes at a given
f mass ratio, according to the following equation:

@) =VpdMpt+ Vm@e Nm Eq. 1

wherern ) is the additive theoretical value of relative viscosity at a given value ofi ald Ving

are the relative volumes in the mixture of polysaccharide and mucin, respectively, at a gjieen va

of f, andnp andnmare the relative viscosities of the stock solutions of polysaccharide and mucin,
respectively. The difference between the experimental valygg) Of the mixtures and the
corresponding theoretical values was then expressed as a percentage deviation from the theoretical
additive line (EQ.2):

% deviationn = (77t ¢) - Mexp ) | 1t ¢) X100 Eq.2

The integrated area under the curve (AUC) at different values of f was calculated from the sum of
the trapezoids described by the experimental % deviation and the theoretical additive line values
using Origin v8.5 (Origin Lab Corp., Northampton, MA).

Average size and zeta potential

The size distribution of mucialginate mixed solutions was determined by dynamic light scattering
with non-invasive back scattering (DLS-NIBS) at an angle of 173° with an automatic attenuator
setting. The electrophoretic mobilityd) was determined by mixed-laser Doppler electrophoresis
and phase analysis light scattering (M3-PALS). Both parameters were measured Msilvgra
Zetasizer NANO-ZS (Malvern Instruments, Worcestershire, UK) equipped with a 4 mW He/Ne

laser beam}( = 633 nm). The&-potential of the various polysaccharides was obtained from the



electrophoretic mobility(e) of the stock solutions of polysaccharides and mucin measured at pH
4.5 and 37°Cusing Henrys equation (EqQ.3):

_ (2xextxf (Ka))

37 Eq.3

ue

where fKa) is SmoluchowsKks approximation (1.5) is the dielectric constant of the dispersant

(water),and # is the viscosity of the solvent.

The size distributions of alginateucin (Alg4 and Alg400) mixtures were measured as described
above. The mucin sample (5 mg/mL) was titrated as a function of pH using an MPT-2 autotitrator
connected to a Malvern ZetasizerNano ZS (Malvern Instruments, UK). We recorded variations in
the DLS-NIBS correlation functions addpotential during titration with M and 0.1 M HCI in the

pH range #1.2.

Fluorescence quenching

Differences in the fluorescence emission spectra of mucin following the addition of different
alginate samples were measured by placing 2 ml of 0.5 mg/mL mucin solution (in acH#tate bu

pH 4.5) in a ¥1x4.5 cm quartz cell. This was the concentration required to achieve an absorbance
of ~0.1 at 295 nm. We then added 20-aliquots of 5 mg/mL Alg4 and 2.5 mg/mL Alg400 (both
prepared in acetate buffer, pH 4.5) and measured the fluoreséenee205 nm;iem = 338 nm)

using a PC-1 fluorescence spectrometer from ISS (Champaign, IL, USA). The fluorescence was
corrected for the background signal (water and alginate only) and by applying inner-filter
correction. The quenching effect of alginate on mucin was evaluated by inspecting the fluorescence
spectra and the Stern-Volmer curve/H-vs alginate concentration, wheFe and k are the

fluorescence of mucin in the presence and absence of alginate, respectively.
Synchrotron small-angle X-ray spectrometry

Synchrotron SAXS was use to characterize different concentrations of mucin (dissolved in water at
pH 4.5) in the presence and absence of Alg4 and Alg400. The measurements were carried out at the
European Synchrotron Research Facility (Grenoble, France) in beamline BM02 with the following
settings: E =16 kEv (A = 0.0785 A), samplés-detector distance 1.88 m. The collected scattering

data were calibrated against the known positions of silver behenate powder Bragg reflections. The
intensity values were corrected with respect to the relative dissolution medium (water, pH 4.5) and

the scattered intensity versugAy') was analyzed using OriginPro v8.5 software.



Results and discussion

We investigated the structwfenction relationship underlying the interactions between a series of
polysaccharides (general properties summarized in Table S1 in supporting infoyraatiothe
soluble fraction of porcine stomach mucin using two different approaches. First, we considered
solution properties such as intrinsic viscosity (in water and 0.1 M Naflapd electrophoretic
mobility (us) and we used microviscosimgtrto measure changes in the viscosivy
polysaccharidemucin mixtures of different ratios compartathe individual stock solutions. We

also considered the degree of contraction of the polysaccharide chains. Second, we used high-
brilliance synchrotron SAXS and fluorescence spectroscopy to study the mechanism of interaction
in two representative systems (Algducin and Alg406mucin), one involving a loss of viscosity

and the other a gain. The latter is observed only rarely in interactions between polysa@mhes
may therefore reflect the presence of specific linkages or polymuein interactions. Recently, it

has been documented increases in viscosity, elasticity and relaxation time, and changeS in SAN

scattering intensity, of mucin solutions upon addition of non-polysaccharide galloylated catechins

(e.g. polyphenols) due to a cross-linking effét

Characterization of the polysaccharides

Most of the polysaccharides we tested are water-soluble polymeric macromolecules whose
interactive properties therefore reflect a combination of forces that stabilize the structure of the
macromolecule by controlling electrostatic repulsive and attractive forces, hydrophobic
interpolymer interactions and the stiffness of the chain (defined by the persistence Uﬁb'@h,
Therefore, the intrinsic viscosityy], or the hydrodynamic volume occupied by the polymer chain
extrapolated at zero-concentration, correlates directly with the Mw (according to the Mark-Houwink
equation) and the local stiffness of the ionic or neutral polymer chain. Stiffer pdigsaes such

as alginate (Alg400) would thus show a higher intrinsic viscosity in water than more flexible
molecules with a similaMw, such as dextran sulfate (DexS500). The same comparison can be
made between chitosan molecules with a high degree of polymerization but a low degree of
acetylation (HDP 1) and those with a high degree of polymerization and a high degree of
acetylation (HDP 56), and between pectin (Pec25) and dextran sulfate (DexS40) as shown in
Figures 1a and 1b. Furthermore, theand conformation of the chain is controlled by the ionic
strength in solutions of charged polysacchaﬁ@ue to charge screening in the presence oM).1
NacCl, repulsive Coulombic forces have less impact on the conformation of the polymer, thus

favoring interpolymer rather than polymsolvent interactions.



The ability to adapt to environmental chasdepends on the intrinsic flexibility of the chain and its
Mw, and in most cases results in a substantial decline in the intrinsic vi%ﬂmy difference is

more pronounced in synthetic polymers than natural polﬁﬂms explaining why PAA showed

the largest f]1.0/[ 7]naciratio of 23.77, here described as tdegree of contraction” (Figure 1¢ and

1f). The ranking then continues with the higl DexS500 (10.89), the higkiw chitosan
polymers HDP 11 and HDP 27 (4.59 and 4.49, respectively), Alg400 (4.65) and HA (4.39). The
relativdy low degree of contraction observed for Xa (2.75) reflects the rigid character of this
macromolecule, which is known to undergo to ordered/disordered transition under certain
temperatureionic strength conditiorﬁ Even lower values (~ 1.pQvere observed for EPS1190

and Dex because they are not polyelectrolytes and therefore do not respond to ionic strength
variations by undergoing a conformational change. In the case of Alg 4, the low degree of
contraction (1.19) directly reflects its oligomeric nature (Mw ~4000, DP ~22).

a b C

PAA 400+==

S @ S ’&@Q Q@Q

Intrinsic viscosity in water,[n]uxq (ML/Q)

o Q& ) K o ® ®

dbr Concentration at 1, ~ 2, (g/mL) Electrophoretic mobility (11 ¢) f Degree of contraction

Figure 1. Physicochemical properties of the polysaccharides used in this investigation. PAA =
poly(acrylic acid), DexS40 = lowAw dextran sulfate, DexS500 = higw dextran sulfate, HDP 1

= highMw chitosan DA 1.6%), HDP 11 = highMw chitosan (DA 11%), HDP 27 high-Mw
chitosan (DA 27.5%), HDP 56 = higiiw chitosan (DA 56%), HCM+30 = low-Mw chitosan (DA
32.4%), HCM+15 = lowMw chitosan (DA 14.8%), Xa = xanthan, HA = hyaluronic acid, Alg 400 =
high-Mw alginate, Alg 4 = lowMw alginate, Pec 25 = pectin, CMC = carboxymethyl cellulose, MG

= mesquite gum, Dex = dextran, Eps = exopolysacch&ode S. thermophilus CRL 1190. &yiw
determined as follows:@), @ and (5 from previous woffF] @ manufactures
specifications, an@@)determined by GPC-HPLC with DRI detection. b) Intrinsic viscosity in water
(pH 4.5, 37°C). ¢) Intrinsic viscosity in 0.1 M NaCl (pH 4.5, 37°C). d) Concentration of stock



solution to achieve relative viscosity of ~2.0 in water (pH 4.5, 37°C). e) Electrophoretic mobility.
f) Degree of contraction, calculated as thiijo/[n]naciratio.

Polysaccharidemucin interactions determine viscosity synergism

Polysaccharide stock solutiong{ ~2) were mixed with mucin (8 mg/mlzye ~ 2) at different
values off (mass of mucin with respect to the total mass) and the viscosity of the mixed solutions
was determined. Figures 2a and 2b show the typical outcome of microviscosimetry experiments, i.e.
the percentage deviation of the viscosity of the mixed solutions from an additive line as a function
of f (Equations 1 and 2). The experiments yielded examples of zero deviation (no interaction),
increase in viscosity (positive synergy) and decrease in viscosity (negative synangggamism).

For example, mixtures of mucin with the neutral and highly-branched polysaccharide dextran (Dex)
in water (pH 4.5) showed no appreciable deviation from the additive line, indicating that there was
no interaction (Figure 2a). In contrast, mixtures of mucin and the negatively-charged, sulfated form
of dextran showed a substantial deviation from the additive line (Figure 2a), although the nature of
the interaction was dependent on Mw. Mixtures of mucin and lovidw DexS40 showed greater
viscosity at all f ratios tested up to ~14% at the point of maximum interaction (f = 0.4), whereas
mixtures of mucin and highiw DexS500 showed a sharp reduction in viscosity (to a minimum
value ~40% lower than the viscosity of the two stock solutions) at f = 0.9. Similar results were
observed for alginate (Figure 2b), where the Mw- polymer (Alg4) induced a slight but
significant increase in viscosity (up to ~5%) throughout the entire range of f values, whereas its
high-Mw counterpart (Alg400) showed negative synergy with a maximum at f = 0.9 (i.e. an excess

of mucin). In neither system was there any evidence of turbidity or phase separation upon standing.

When two different macromolecular species (e.g. polysaccharide and protein) are mixed in solution,
either attractive or repulsive interactions can take @é&tractive interactions can result in the
formation of a complex that either remains in solution or precipitates. Repulsive interactions can
lead to phase separation or co-solu@yn the case of associative interactions, the bulk viscosity

of dilute mixed solutions is expected to decline because there is an overall reduction in the

hydrodynamic volume of the macromolecules when they are combined, as observed in dilute mixed

solutions of mucin and chitos%r’n‘? However, in other cases, cooperative intrapolymer and

interpolymer interactions can increase the viscosity and even induce gelation, as observed in
alginatemucirﬂ xanthangalactomann and alginatepectin systen'EI Repulsive interactions

are expected to maintain the viscosity of mixed solutions at values similar to the individual stocks.
However, if the conformation of one of the molecules changes because it is excluded to

segregated phase, the viscosity of the mixture can also deviate from the expected additive line.



Under our dilute experimental conditions, polymer exclusion effects were assumed to be
negligiblﬁl and it is reasonable to postulate that the observed changes in viscosity reflected
heterotypic interactions.

Dextran is a neutral polymer that behaves in agueous solutions as a random fleﬁlhe isodlso

a compact molecule due to the presence of bra@imgl 1—6 glycosidic linkages. These
properties explain the absence of interactions with mucin, reflecting its inability of dextran to
undergo significant contraction in response to ionic strength variation (Fig. 1). This is consistent
with previous experiments studying the adsorption of dextrama orcin-modified gold-coated
quartz crystal microbalanﬁ. The interaction between polyions and water-soluble non-ionic
polysaccharides may depend oMwa threshold below which interpolymer complexes do not form,
asobserved for PAA and hydroxyethylcellul@t is unclear whether highérw dextran interacts

with mucin, but the mucoadhesive properties of dextran can be increased by introducing functional
groups that increase its hydrophobicity (e.g. methyl gr@mr) polyelectrolyte properties (e.g.

sulfate groups).
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Figure 2. Percentage deviation of the of a) mucirdextran and b) mucialginate mixtures in
water (37°C, pH 4.5) with respect to the additive line of non-interaction, based on



microviscosimetry data. Panels ¢ and d show the dependency of the AUC (integrated area under the
curve described by the points at the different f values and the addi¢ivg baseline) on the Mw

(dashed line) and charge expressed -potential for dextrans and alginates. Lines indicate the
observed trend.

Although several studies have addressed the mucoadhesion properties of dextran sulfate, the main
derivative of dextran, little is known about the underlying mechaniSveshave confirmed that
dextran sulfate interacts with mucin, as revealed by the changes in viscosity, Mw thiethe
polysaccharide plays a prominent role in this interaction.

Next we calculated the integrated area under the curve (AUC) described by the points at the
different fvalues and the additive “zero” baseline for each polysaccharide—mucin system, in order

to quantify each interaction. DexS500 had an absolute AUC value greater than that of DexS40
(although the direction of synergy was different in each case), which in turn was slightly greater

than that of neutral dextran. Figure 2c shows that the ability of dextran sulfate to interact with

mucin increases with Mw and with a more negatjy@otential (Eq. 3) and a similar trend is shown

for alginates in Figure 2d. These results support previous experiments based on dynamic light
scattering (DLS) and isothermal titration calorimetry showing that the interaction between protein

and alginate increases with increaswl\glfl

Mucin can be defined as a “gel of complexity” based on the presence of (i) numerous O-linked
glycans on threonine and serine hydroxyl groups, (ii) strong proton acceptor and donor groups in
the heavily-glycosylated region, and (iii) a cysteine-rich naked region, offering diverse
opportunities for multiple forces to combine during protpwlysaccharide interactions. There is a

pH gradient in the mucus layer of the ston@:ﬁo mucin can undergo conformational transitions
that favor either mucikmucin or polymermucin interactions under different conditions. For
example, the extended conformation is maintained by repulsive electrostatic interactions between
negatively-charged sialic and carboxylic acid residues at neutral pH, but under strongly acidic
conditions (pH < 2) theeresidues are protonated and the tertiary structure of mucin changes so that

hydrophobic regions are exposed, muaiucin interactions are favored and a sol to gel transition

occurfﬁ

Commercial mucin may not provide an accurate model for natural mucous membranes because they

have distinct rheological properﬁéjut commercial mucin yields reproducible results because

there is little batche-batch variability:4**| The soluble fraction of partially purified porcine gastric

mucin conserves the main structural properties of the molecule required for pH-dependent

conformational changes and interactions with polysaccharides (Fig. 3a) as previously déscribed

both commercial and non-commercial preparafqrﬁMucin displays a negativé-potential at




neutral pH which declines as the environment becomes more acidic, and the size of the molecule
increases until it reaches a peak at the neutrality point (pH ~2) as shown by the long#ionelax

time in Figure 3b. At lower pH values there is a decrease in size, attributed to the contraction of the
interchain complexes stabilized by protonated reslels.vvever, we did not obsenaninversion

of theC-potential to positive values.

Most of the charged polysaccharides we tested showed a greater or lesser tendency to interact with
mucin. Although the net surface charge of mucin in the pH rangéshegative (hence our choice

of pH 4.5 for testing), the neutral/charged amino acids along the mucin backbone are not uniformly
distribute(ﬁ The interaction between polyanions and mucin at pH 4.5 may be predominantly
electrostatic, involving patches of positive charge (arginine, histidine and)lysirtbe mucin

protein backbone, as previously discussed in the case of algmati interacti The AUC

results for all the polysaccharides we tested are summarized for tests in water (Fig. 4a) and in 0.1 M
NaCl (Figure 4b). The highest values were observed when the interaction was measured in water.
The presence of 0.1 M NaCl tended to suppress most of the fpalyisaccharide interactions,
although chitosarmucin interactions were preserved under these conditions, with substantial AUC
values that varied according to thlv and degree of acetylatiﬁﬂhe ability of NaClto attenuate

the putative interaction between polyanions and mucin indicates that ionic interactions play a key
role.
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Figure 3. a) Variation in the&-potential of the soluble fraction of Sigma-Aldrich partially-purified
porcine gastric mucin (5 mg/ml) during pH titration, determined using an MPT-2 autotitrator
connected to th#3-PALS/DLS-NIBS Malvern Zetasizer Nano ZS (25°C).

Previous studies have shown that mucoadhesion in the urinary bladder mucosa is reduced in the

presence of sodium, calcium and magnesium ions, with calcium ions playing the predominant



rolel*f| In the case of mucin, calcium iomdiate a highly-cooperative transition process which

promotes the agglomeration of mucin during mucin granule biogﬁsis.
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Figure 4. The interaction between mucin and polysaccharides in a) water and b) 0.1 M NaCl, both
at pH 4.5. Each interaction is expressed as the area under the curve (AUC) representing the
percentage deviatioim the viscosity values of mixed solutions with respect to the additive line

(n = 2; mean = minimum and maximum values).

In chitosarmucin systems, the components carry oppositely charged groups and electrostatic
forces are therefore prevalent, but other forces are also irﬁlwdadth can be attributed to the
particular structural features of chitoﬁiﬁ)nly a few systems showed no evidence of interaction
(EPS, dextran, MQ andMX). A loss of viscosity (negative AUC values) was observed for high-
Mw chitosan, PAA and DexS500, which also showed AUC values of the greatest magnitude.

Polysaccharide charge is a fundamental component of interactions with mucin

The electrophoretic mobilityug) and hence thé-potential of a polyion is generally a function of its

net surface electrical charge and is inversely proportional to the friction coé@:leis therefore
expected to be a function of the shape and size of the macromolecule, the nature and pH of the
solvent, and the electrolyte. The dependencg@eodn charge densithas been explained in the
context of Mannings ion condensation thecﬂ.ln the case of chitosan, there is proportionality
betweenpe and the charge density reflecting its weak charge and the absence of counter-ion
condensati Under the conditions we used to characterize itheof our polysaccharides
(concentration aiprel ~2, pH 4.5 and 37°C) thaet charge influenced the interaction between

polysaccharides and mucin. Indeed, the neuigadf dextran, PS and MQ correlated with their



poor interactions with mucin, whereas highly-charged polysaccharides with (highalues
interacted with mucin strongly. However, there was no consistent correlation between the increase
in pe and AUC. Indeed, Pec25 had the highesbut the lowest AUC among the polyanions we
tested. In contrast, the: of CMC was half that of Pec25 and they have different AUC values, yet

both interact only weakly with mucin.

EPSis an exopolysaccharide from the lactic acid bacterium Streptococcus thermophilus 1190 which
helps to prevent gastritis by protecting the stomach from inflamrﬁt'mnd preventing the
adhesion of Helicobacter pylori to the mucus I%‘Ifhe analysis of its mucoadhesive capabity
microviscosimetry contradicted immunofluorescence data in which FITC-labeled EPS1190 was
applied to sections of human gastric mucosa, reflecting differences between the soluble fraction of
porcine gastric mucin used in vitro and the native mucosal sﬁ&&ewever, the absence of
uronic acid in EPS1190 as determined by monosaccharide compaosition @alystisonfirmed by

the neutralie, suggests that (like dextran) it is not an ideal mucoadhesive candidate.

Mesquite gum (MQ) is a higMw type Il arabinogalactan, which is slightly acidic (due to the
presence of a small number of glucuronate residues), highly-branched, heterogeneous and
polydispersﬁl Dextran, MQ and EPS not only displaycommon lack of interaction with mucin,

but they also possess an almost neutral charge, a compact chain and a limited ability toircontract
response to environmental changes. This agrees with the result of an ex vivo assay on colonic tissue
which revealed that FITC-labeled dextran, arabinogalactan and citrus pectin do not interact with
mucosal tissﬁ Neutral non-interacting polymers can thus be used to coat the surface of
nanoparticles to increase their mucopenetrating properties (e.ﬁ*EG).

Higher chain flexibility enhances interactions with mucin

Although the electrical charge density determines whether or not a polysacchariddsintgiac

mucin, the unique properties of each mupimlysaccharide system, as shown by the AUC and the
optimal f ratio, suggest other polysaccharide characteristics such as the chain size, chain flexibility
the nature of the charged groups (e.gsSOOO or NHs*) and even the presence of high-affinity
structural patterns “written” in the polysaccharide primary structure, may also play a significant

role. The degree of contraction, here expressed asnthe/[[7]naci ratio, accurately reflects the
behavior of charged macromolecules in solution based on their polyelectrolyte characteristics. Such
conformational molecular adaptation is necessary for a polysaccharide to be mucoadhesive. Chain
flexibility has been suggested to maximize the formation of heterotypic contact points between the

polymer and the corresponding part of the mucin molecule, thus promoting interpenetration and



entanglemevﬂ We found that the strength of the interaction between polyanions and mucin
(represented by the AUC) depends on the degree of contraction. Figure 5a shows the curve of the
[ 7]H0/[ M]nact ratio for polyanionic polymers mixed with mucin in water (pH 4.5). The trace shows

a monotonic dependence on the absolute AUC (regardless of the direction of synergy). In general,
the AUC increases with the degree of contraction, thus the higher degree of contraction shown by
Alg400 (4.65) compared to Alg4 (1.19) and by DexS500 (10.89) compared to DexS40r(i§)9

explain the higher absolute AUC values for Alg400 and DexS500. At the bottom-left corner of the
best non-linear fit curve, Alg4, Pec25 and CMC had the lowest AUC values.
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Figure 5. Correlation between mucipolysaccharide interactions expressed as the absolute AUC
(regardless of the direction of synergy) and degree of contraction for a) polyaniongcia}ipos,
and c) neutral polysaccharides.

CMC did not have the lowest degree of contraction (3.79) but nevertheless it did not interact with
mucin under our conditions. Previous studies based on rheological synergism have shown that Na-
CMC is mucoadhesim However, our data support studies in which CMC showed only transient
adhesion to a mucosal swﬂthe least degree of rheological synergisnmucin geﬁl and the
weakest force of detachment from mucus-covered slides in saline solution, artificial gastric juice
and intestinal quiEI This discrepancy again reflects the diverse methods, conditions and
approaches used to study such interactions, differing in sensitivity, the detection process, the state

of mucin (gel or dilute solution) and the concentration and state of the dissolved polysaccharide.

In the midrange of the AU@s degree of contraction curve, Xa, Ha, DexS40 and Alg400 shared
similar values whereas DexS500 showed the highest degree of contraction and the strongest
interaction with mucin among the natural polyions. Although the more flexible, negatively-charged
polysaccharides always interacted more strongly with mucin than the low-Mw and less flexible
molecules, no further benefit was achieved at higher degrees of contraction. PAA displayed a
degree of contraction double that of DexS500 but the AUC was only 11% larger.



Neutral polysaccharides lacked the capacity to interact with mucin (Fig, 5c). In turn, positively-
charged chitosan molecules did not conform to the general pattern observed for polffigions

5b). These results confirm that mucoadhesion is based on more complex mechanisms than chain
adaptation and electrostatic interactions. Our earlier investigation of chitosan mucoadhesion
revealed that the capacity for interaction depends on the structural features of the paligkgcch

specifically theMw and degree of acetylatiop.

Although chain conformation, polymer adaptation and the various underlying interactions combine
to produce the viscosity response observed in polysacchamimén mixtures, the precise
molecular mechanisms remain unclear. Mucin and theMewAIlg4 showeda slight positive
synergy, perhaps reflecting the formation of an extended network as reported in galactemannan
xanthan mixed systerﬁ,whereas mucin and higiiw Alg400 showed negative synergy, perhaps
reflecting a heterotypic interaction based on conformational adaptation. However, the magfnitude
the synergistic increase el When mucin is mixed with Alg4 or DexS40 was much lower than that

of dilute galactomannamanthan systems. Our data are consistent with the notion that low-Mw
alginate molecules (and possibly other low-Mw polyanions) are too small to experience a significant
coil contraction and hence are less able to interact with the whole structure of mucin in the manner
of larger chains. To gain insight into this phenomenon we investigated the alginate system in

greater detail using scattering and fluorescence spectroscopy.

DLS-NIBS and synchrotron SAXS analysis confirm the molecular interaction betwaen and

alginates

DLS-NIBS measurements in mixed alginataicin systems revealed that mucin at pH 4.5 exists as
highly polydisperse colloidal species (PDI > 0.5) whose size changes according to the pH (Figure
3b). The presence of Alg4 did not appear to induce any consistent variation in the bulk size of
mucin at any of the f ratios tested, as shown by the negligible impact on the shape of the relaxation
time curves and relaxation times (Figure 6a). In contrast, the correlation function of mucin in the
presence of Alg400 at ratios < 0.4 shiftsattonger relaxation time, suggesting the formation of
larger species (Figure 6b). However, at higher f ratios, the curves resemble the pfofilesin

alone, characterized by species of lower dimensions.
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Figure 6. Normalized correlation functions versus time for a) muig4 and b) mucinAlg400
mixtures analyzed at 173° by DLS-NIBS in a Malvern Zetasizer Nano ZS (in w&@ét@). Insets
showed the extrapolated Z-Avarage size values.

A reduction in the hydrodynamic volume of the species in solution (represented by a decline in the
viscosity of Alg406-mucin at f = 0.9) was accompanied by a proportional reduction in the size of
Alg400-mucin as reported by DLS-NIBS. Previous analysis of algimatiein system$y DLS and
viscosimetﬁ revealed that the hydrodynamic radii of species formed in the mixed solutions were
smaller than those of the individual components. This is consistent with our results showing that the
overall dimensions of mucin change in the presence of Mighig400.

The detailed macromolecular structure of mucin has previously been investigated using high-
resolution scattering techniques, suab synchrotron SAX ﬁiiii SANSW static light
scattering (SLS) and Dﬁto compare the properties of mucin samples with different biological
origins and preparation methods. The cylindrical model and the more recent double-globular comb
model have therefore been used to account for the complex structure orAqueous
solutions of bovine submaxillary mucin studied by SAXS displayed an expanded chain
conformation at low concentrations (236 mg/mL) but a Gaussian chain conformation at higher
concentrations (> 7 mg/mﬁl More recent studies have addressed the impact of concentration on
the structure of mucin and the existence of a coil overlap concentration (c*), along with other
parameters as measured by a combination of SLS, DLS and rheology, concluding that c* = 1.54
mg/mL in Wateﬁl Our SAXS data (Figure 7a) revealed that mucin displays an intensity scattering
curve (i.e. I(q)vs q) characterized by a one-fractal dimension with a value of the Porod expanent (d
= -1.6) at a concentration of 3.0 mg/mL, which supports the results of previous ﬁﬁ iEsis

fractal regime has been observed in a concentration range {ZOlmg/mm At lower

concentrations (0.3 mg/mL), the scattering curve (Figure 7a) allowed us to fit the Guinteamfunc



(log I(q) vs. d, inset in Figure 7a) and to calculate a radius of gyratighRL8 + 3 nm. This is
somewhat lower than theyRalues reported for Sigma and Orthana commercial porcine stomach
mucin and for purified mucin samples, i.e—23 nm ata pH value above the sol to gel transition

point and under low salt conditicﬂﬂ
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Qg -~ 1.6 1.5 mg/mL
10%4 = 0.3 mgfmL
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Figure 7. Synchrotron SAXS scattering profiles of the soluble fraction of porcine stomach mucin
(type IllI) at a) 3 mg/mL (triangles), 1.4 mg/mL (squares) and 0.5 mg/mL (circles), anddogwliff

pH values. The inset in panel (a) shows the Guinier region of the more diluted sample extracted at q
values such that g xR 1.

The SAXS data suggest that our mucin preparation did not contain aggregates or highly-entangled
insoluble fractions as indicated in previous stlﬁmhich would have increased the value gf R

second gexponent greater tharl.6 appeared in the scattering curves of 3.0 mg/mL mucin in the
low-q range at pH 1.2 and 2.5 (Figure 7b). This agrees with similar pH-driven transitions reported
previoud;yEIIAlthough commercial mucin preparations may not undergo a sol-gel transition due to
the use of chaotropic salts and reducing agents during extraction and pur@:ﬁt'&mbserved
change in the slope at low pH values is consistent with the existence of a conformational transition
in our mucin sample. Further studies will confirm the validity of this hypothesis using other

techniques such as circular dichroism spectroscopy.



SAXS was used to gain insight into the interactions between mucin and alginate and the potential
underlying mechanisms. Figures 8ahow the scattering curves for mixtures of mucin andNow-

Alg4 at mucin concentrations of 3.0, 1.5 and 0.3 mg/mL, whereas Figures 8d-f show the
corresponding curves for mixtures of mucin and Hia- Alg400 at the same mucin
concentrations. In the case of Alg4, sufficient alginate was added to span the range(X930.1
whereas the range was narrower in the case of Alg400 (68.09. These f ratios were selected
based on our microviscosimetry data (Figure 2). In the Alg4 mixtures, slight positive)\syves
observed throughout the range of f values whereas in the Alg400 mixtures the greatest reduction in
viscosity was observed at higft ratios (cf. Figure 2). The scattering curves in Figures 8a and 8d,
corresponding to a large excess of mucin over algifiat®93 for Alg4 and f = 0.99 for Alg400)

show that the slopes of the linear fit calculated throughout the q range remain elbseadnd the

curves are almost identical to the mucin curve without alginate. These data confirm that the fractal
regime in the muciralginate mixtures persists from the mucin solution without alginate, with
mucin at the same concentration (see Figure 7a). This may reflect the fact that mucin has a more
contracted conformation at ¢ > c* ands less sensitive to structural changes in the presence of
minute amounts of alginate regardless oflve. However, at lower mucin concentrations (c ~ c*)

the scattering profile becomes reminiscent of mucin alone at a higher concentration (Figures 8b and
8e). Indeed, this effect is even more pronounced in the mixed systems with the lowest concentration
of mucin (0.3 mg/mL) in which ¢ < c* (Figures 8c and 8f). The most remarkable difference between
the two polymers is observéd the high-q range. Here, the presence of Mw-Alg4 (Figure 8c)

results in a mucin scattering profile which, in the low-q range, resembles that of mucin alone at a
low concentration, whereas in the high-g range the curve is similar to that of mucin alone at higher
concentration. Between thedistinct regionss a plateau zone with a slope of approximatély3.

The effect is less pronounced for Alg400, where the high-g region resembles mucin alone at a low
concentration. Table 2 summarizes the corresponding analysis of the Porod exponents of mucin and

mucin-alginate mixtures at the three tested concentrations.
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Figure 8. Synchrotron SAXS scattering intensity profiles in water at pH 4.5 and 25°C. a) Mucin
and mucirAlg4 (3 mg/mL mucin). b) Mucin and mueiAlg4 (1.5 mg/mL mucin). ¢) Mucin and
mucin-Alg4 (0.3 mg/mL mucin). d) Mucin and mueiAlg400 (3 mg/mL mucin). €) Mucin and
mucin-Alg400 (1.5 mg/mL mucin). f) Mucin and mueiAlg400 (0.3 mg/mL mucih

Table 2. Values of the power law-fit exponents (1(q) $°%) of synchrotron SAXS data of mucin at
different concentrations in the presence and absence of alginate throughout the whole g-range or
only in the high-g range (0.05@.1 AY).

Mucin
Alginate High-q All range
(mg/mL)

Slope R? Slope R?
3 - -1.893 0.972 -1.583  0.992
3 Alg400 -1.958 0.978 -1.586  0.989
3 Alg4 -1.944 0.976 -1.559  0.989
1.5 - * * -2.717 0.875
15 Alg400 -1.958 0.913 -1.610 0.981
1.5 Alg4 -1.873 0.970 -1.312 0.970
0.3 . * * * *
0.3 Alg400 * * -2.113  0.732
0.3 Algd -1.298 0.870 -0.641  0.819

*Power law-fit not possible



Our synchrotron SAXS data for mueglginate mixtures in solution (rather than gyehs in
previous studies) confired that lowMw Alg4 interacts with mucin, presumably involving
positively-charged patches of the protein globules (i.e. von Willebrand-like domains) without
affecting the overall expanded conformational state of mucin. Such interactions therefore do not
influence the bulk properties of the solution such as viscosity and hydrodynamic size (Figure 6).
This interpretation was previously used to explain the ability of alginate oligoMers-2-4 kDa

DP ~10-19) to competitively inhibit the interaction between high+ alginate and mucin, thus
preventing the formation & gel by occupying available positively-charged ﬁ%e formation

of more compact alginate-mucin mixed species, whose overall dimensions do not change, may

account for these results and the lack of size variation observed by DLS-NIBS.

The mucinalginate interaction under our experimental conditions was confirmed by fluorescence
spectroscopy (Fig. 9)The fluorescence emission intensity of muciniat = 339 nm declined

following the addition of small aliquots of both Alg4 and Alg400 (Fig. 9a and 9b, respectively), as
previously observed for the interaction between mucin and oxymetazoline hydrochloride, a

decongestant drﬁand in our own studies of mucin-chitosan interacﬁms.
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Figure 9. The fluorescence quenching spectra of mucin (0.5 mg/mL) at 25°C in acetate buffer (pH
4.5) following titration with a) Alg4 (0.13, 0.27, 0.40, 0.53, 0.66, 0.79, 0.91 and 1.04 uM) and b)
Alg400 (0.07, 0.13, 0.2®.26, 0.32, 0.39, 0.45 and 0.51 puM); c) Variaiiothe relative

fluorescence intensitflex= 295 nm and Aem= 338 nm) as a function of the alginate concentration.



The fluorescence quenching data provides unequivocal evidence that mucin interacts with both
alginates. The corresponding Stern-Volmer cuiffgd= vs alginate concentration) show that both
alginatemucin systems are characterized by downward curvature (Fig. 9c), which usually
represents quenching am heterogeneous prot.However, there are important differences
between the curves reflecting the differbv-dependent binding mechanisms of the two alginates.
The curve for high-Mw Alg400 is stiffer and reaches a plateau at an alginate concentration of 0.20
UM, whereas the curve for loiw Alg4 is monotonic and the quenching effect persists up to at
least 1.04 uM, the highest concentration tested. This suggests that Alg4@highsr capacity

than Alg4 for the formation of complexes with mucin, but more of the tryptophan groups in th
protein fraction becomes more exposed with Alg4 resulting in more pronounced fluorescence
quenchinﬁ This is consistent with the interpretation of our SAXS data (Figures 8c and 8f)
showing that Alg4can affect the structure of mucin at smaller length scales, probed at the high-q

end of the SAXS scattering curves.

Our microviscosimetry, scattering and spectroscopy data converge on a model of interaction
between mucin and anionic polysaccharides as a function of Mw, charge and degree ofaontracti
(Fig. 10). Mucin can be described in terms of double-globular protein regions connected by highly
glycosylated linkers. The carbohydrate residues contain functional groups (e.g. carboxylic and sialic
acidg that are negatively charged at pH > 2.5 thus maintaining the expanded conformation of
mucin by repulsive interaction, particularly in the absence of salt and at concentratiotts ¢ <
Although the overall net charge of mucin is negative, positively-charged patches are likast to ex

in the non-glycosylated globular regions containing histidine, arginine and lysine residues. These
represent potential sites for interaction with negatively-charged polysaccharides. Low-Mw and stiff
polyanions (Fig. 10aare likely to interact preferentially with these globular regions without
influencing the preferred conformation of mucin, thus having a negligible impact on bulk properties
such as size and viscosity but evident in the high-g range of the SAXS scattering curvek. In su
case, the polyanion is small enough to penetrate the globular structure of mucin, inducing the
rearrangement of the protein and exposing aromatic residues as evidenced by the pronounced
fluorescence quenching. This rearrangement may eventually favor cross-linking of mucin which is
consistent with the observed slight increase in viscosity. This hypothesis is in consonance with the
cross-linking mechanism proposed to explain the gelation of mucin in the presence of
polyphenols® In contrast, highviw polyanions are more flexible and are likely to bridge distant
sites thus influencing the conformation of mucin and favoring a reductiothe overall
hydrodynamic volume (Fig.10b). This reduces the availability of interacting sitesdtbtional

polymer molecules and also occupies multiple sites simultaneously, saturating the available sites



more quickly than lowmw polyanions and thus preventing fluorescence quenching at the early
stages of titration. Such phenomena reduce the viscosity of the mixture especialigtias
representing excess mucin. Although Mw is thought to play an important role in such interactions,

chain flexibility determines the ability of high-Mw polysaccharides to inducectimraction of

mucin.
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Figure 10. Model for the interaction between alginate and the double-globular comb structure of
mucin as a function of alginate Mw and chain flexibility.

Conclusions

The physicochemical properties of polysaccharides are diverse and their interactions with mucin
must be investigated on a cdsgease basis using standardized components and methods to avoid
experimental variations. We have carried out a systematic anafytsis mucoadhesive properties

of polysaccharides using defined experimental conditions (i.e. initial viscosity of the polysaccharide
and mucin solutions), sensitive equipment, and a combination of data from different molecular
levels, i.e. macroscopic data from microviscosimetry experiments and nanoscopic data from
scattering experiments. This allowed us to characterize rpaysaccharide interactions in detail
according to the molecular weight, charge and degree of contraction of the polysacchainde

We found that highly-charged polymers walnigh degree of contraction interacted more strongly
with mucin as shown by the substantial reduction in the viscosity of the mixture compared to the

stock solutions. This approach also distinguished among different degrees of interaction with the



fine structure of mucin, allowing us to focus on selected Nbww-and highMw alginates for more
detailed analysis. Different degrees of interference with the fine structure of mucin indicated by
opposite directions of synergy in the microviscosimetry experiments were confirmed by scattering
techniques and spectroscopy. The proposed model is an oversimplification of the complex
hierarchical supra-molecular organization of mucin and its interactions with other polyanions.
Howeverit offers a general explanation to account for the interactions of mucin and polyanions of
varying characteristics in solution. The utilization of other biophysical techniques such as quartz
crystal microbalance (QCM), spectroscopy ellipsometry, colloidal probe reflection interference
contrast microscopy, among other, will undoubtedly enable to expand the gained understanding in
to far more complex systems of mucin surfaces in gel state. Finally, our results provide a rational
approach for the selection of polysaccharides suitable for the development of mucoadhesive or

mucopenetrating carmgfor the delivery of drugs to mucosal surfaces in vivo.
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