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Abstract

We propose novel oil-in-water nanoemulsions (O/W NEs) including PEGylated surfactants and chi-
tosan, showing good biocompatibility and optimization for nasal administration of drugs or vaccines.
The transmucosal route has been shown to be ideal for a fast and efficient absorption and represents
a viable alternative when the oral administration is problematic. The critical structural features in
view of optimal encapsulation and transmucosal delivery were assessed by characterizing the NEs
with complementary scattering techniques, i.e. dynamic light scattering (DLS), small angle X-ray
(SAXS) and neutron scattering (SANS). Combined results allowed for selecting the formulations with
the best suited structural properties and in addition establishing their propensity to enter the mucus
barrier. To this scope, mucin was used as a model system and the effect of adding chitosan to NEs,
as adjuvant, was investigated. Remarkably, the presence of chitosan had a positive impact on the
diffusion of the NE particles through the mucin matrix. We can infer that chitosan-mucin interaction
induces density inhomogeneity and an increase in the pore size within the gel matrix that enhances
the PEGylated NEs mobility. The coupling of mucoadhesive and mucopenetrating agents is shown

to be a promising strategy for innovative transmucosal delivery systems.
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1. Introduction

Nanoemulsions (NEs) are colloidal systems in which the dispersed phase is in the submicron size range. In the
pharmaceutical field, the dispersing phase is generally aqueous and the dispersed phase is oily. Pharmaceuti-
cally acceptable safe emulsifying agents are available in sufficient concentration to provide stability to the
system. NEs are often designed to improve the delivery of specific active pharmaceutical ingredients by their
inclusion into different dosage forms (liquids, creams, sprays etc.) for oral, intravenous, intranasal, dermal
route administration routes, etc. [1-3]. In this way, water-insoluble drugs can be efficiently dispersed in water
because of the lipophilic nature of the discontinuous phase in oil-in-water (O/W) nanoemulsions.

In particular, intranasal administration of NEs has gained increasing interest as a non-invasive administration
option to deliver drug systematically [4-6]. Nasal epithelium is better permeable to more diverse and larger
compounds (including peptide and proteins) than the gastrointestinal (GI) tract due to the lack of gastric and
pancreatic enzymatic activity and the absence of the dilution/interaction effects occurring due to gastrointesti-
nal contents. In addition, NEs are unique vaccine adjuvants since they can elicit an enhanced immune response
when mixed with protein antigens. In fact, they are much more than inert vehicles for antigen delivery as they
foster the production of robust mucosal immunity, high serum antibodies titres and a cellular immune response
through the activation of cytokine production by the epithelial cells and the induction of dendritic cell traffick-
ing [7].

On the other hand, nasal delivery presents some limitations and barriers. Although the available area for drug
absorption is relatively large, it is still limited and not easily accessible for large doses of drug. Furthermore,
similarly to other mucosal tissues, the nasal mucosa is characterized by the presence of tight junctions and by
an abundant mucus secretion. As a consequence, the first barrier encountered by the delivered drugs is the
mucus layer. It has been reported that small, uncharged drugs can easily cross the barrier presented by the nasal
mucosa, but large, charged molecules have shown lower permeation rates [8-9]. This is principally due to the
interactions that particles and molecules can engage with mucins, the main structural components of the mucus
gel, which have the tendency to entrap particles and bind to the solutes, hindering their diffusion across the
mucus layer. Additionally, the mucociliary clearance, i.e. the continual propulsion of the mucus towards the
nasopharynx by ciliated cells, tends to remove entrapped foreign materials, including formulations, from the
nasal surface [10].

The NE efficacy, in terms of rate and extent of nasal mucosa contact time and absorption, can be enhanced by
the addition of mucoadhesive agents, such as natural biopolymers. Particularly, chitosan (CS) has been largely
used as muco-adhesive agent due to its peculiar biological and physico-chemical properties [11-14]. Its poly-
cationic nature allows for electrostatic interaction with the negatively charged mucin glycoproteins, enhances
the adhesion to the mucosa and ultimately increases the contact time of the drug formulation with the mucosal
surface, improving bioavailability. Furthermore, CS acts also as penetration enhancer through the reversible
opening of tight junctions between epithelial cells, thus promoting paracellular drug transport [15]. Therefore,
the local biological environment and the permeability of the mucosa can be modulated to ease drug permeation,

by using the proper formulation design. Several studies have been devoted to the interactions between CS and
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mucins, showing that in aqueous environment the electrostatic attraction is not the only force driving the as-
sociation between these two biomolecules, but hydrogen bonding and hydrophobic forces also contribute [16-
17]. Up to date, comprehensive studies on the mechanisms underlying mucoadhesion have been carried with
methods testing directly for interactions at a macroscopic level [18] or based on the rheological properties [19-
20]. Detailed structural studies of the interactions of muco-adhesive biopolymers with mucins at macromolec-
ular level in the bulk are still lacking. In this context, Menchicchi et al. tested a series of polysaccharides and
their interaction with partially purified porcine gastric mucin as a first step toward the rational design of mu-
coadhesive polysaccharide-based nanoformulations [21], while Haugstad et al. [22] studied the comparison of
the interactions between alginates and CS with mucins by atomic force microscopy.

Here, the mucoadhesive properties of CS and its role in modulating the diffusion of nanocarriers inside the
mucus matrix were investigated in the framework of novel O/W NE formulations designed for nasal admin-
istration. To this scope, we employed complementary scattering techniques, i.e. dynamic light scattering
(DLS), small angle X-ray (SAXS) and Neutron scattering (SANS). Scattering techniques at large-scale facili-
ties offer the unique advantage of a detailed structural inspection with high resolution over a wide range of
length scale [23], thereby allowing a deeper insight into the mechanisms of CS mucoadhesion. The interaction
of the NEs with mucin gels was investigated by comparing formulations with and without CS. Commercial
porcine purified mucin (PGM) was chosen as mucus model, although only partially reproducing the complex
composition, structure and transport properties of native mucus. In fact, the highly variable composition of
collected native mucus would prevent a reproducible interpretation of experimental results aimed at identifying
the basic carrier-mucus interactions during particle diffusion. Pig and human mucus display similarity in struc-
ture and molecular weight; mucin glycoproteins can be purified in bulk from native porcine gastric mucus and
reconstituted mucin hydrogels have been successfully established [24-25].

All the investigated NEs are formulated with a PEG coated inert surface [26] aimed at avoiding entrapment by
the mucus barrier. Moreover, CS was not chemically grafted onto the nanoparticle surface but it was used as a
mucus-modulating agent in co-association with the nanoformulation. This strategy allows bringing modifica-
tion to the mucosal barrier without requiring complex and expensive surface engineering [27]. Our results
show that CS modifies mucin-mucin interactions, while still preserving the overall architecture of the matrix.
The outcome is an increase in the pore size within the gel matrix that enhances the nanoparticle mobility across

the mucosal barrier and eventually improves functional drug therapy.

2. Materials and Methods

Commercial porcine gastric mucin (PGM type 11, bound sialic acid <1.2 %) was purchased from Sigma Aldrich
(St. Louis, USA). Chitosan (ChitoClear® FG95 LV, PRIMEX, Siglufjourdur, Iceland) was used. The TM1703
batch has a molecular weight of approx. 30 kDa, viscosity of 8 cPs at 1% wi/v in acetic acid (1% w/v), and
99% degree of deacetylation. Ph.Eur. and USP monographs compliant PEG-12 15 hydroxystearate (Solutol®

HS 15), macrogolglycerol ricinoleate (Cremophor® EL) and D-alpha-tocopheryl polyethylene glycol succinate
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(Kolliphor® TPGS) were kind gifts from BASF AG (Ludwigshafen, Germany). Sunflower oil and vitamin E
(DL-alpha-tocopherol) were purchased from A.C.E.F. S.p.A. (Fiorenzuola d’Arda, Italy). Particulate free
ultrapure water (0.055 puS/cm, TOC 1 ppb) was obtained with a Purelab Pulse Flex Ultra-pure water system
(Elga Veolia, Milan, Italy). All other reagents were of analytical grade and used as supplied.

Three CS-added NEs were prepared by a low energy emulsification method (Experimental of Appendix A).
The weight-fraction composition of the final NEs was the following: 80% CS aqueous solution, 10%

emulsifying agent, 5% sunflower oil, 5% a-tocopherol (w/w).

SAXS was performed at the beamline ID02 of the European Synchrotron (ESRF, Grenoble, France) [28], while
SANS was carried at the Laboratoire Leon Brillouin (LLB, Saclay, France) on the PACE spectrometer [29].
The detailed description of the techniques is reported in Experimental of Appendix A.

3. Results

3.1 Structure of the O/W nanoemulsions (NEs)

In the following, the structural analysis of the O/W NEs by means of SAXS is detailed. As specified in
Methods, the three formulations have a similar basic by-weight composition, and differ in the type of PEG-
conjugated emulsifier. SAXS measurements were performed in two different conditions, without and with
added CS.

3.1.1 Vitamin E TPGS-based O/W NEs

The first type of NE investigated is based on Vitamin E TPGS (Kolliphor), a non-ionic surfactant formed by
the esterification of vitamin E succinate with polyethylene glycol (PEG) 1000 (see Table A.1 in Appendix A
for the details on the chemical composition and scattering length densities (SLD) [30-31]).

TPGS is largely used as an emulsifier or as an ideal coating molecule for fabricating drug-loaded nanoparticles
with high encapsulation efficiency and cellular uptake, thus improving therapeutic effects [30]. In Fig. 1A the
scattering patterns 1(q) from 4% w/v solutions of TPGS NEs are shown, with and without added CS.
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Fig. 1. Panel A. The comparison between SAXS intensity profiles of TPGS-based O/W NEs, at ¢ = 4% w/v: CS-added
(c =0.03% w/v, squared symbols) and CS-free (open circles symbols). The solid lines represent the best fit to the spherical
core-shell model (nshen = 3) of eqgs (2) and (3) Panel B. Sketch of the NE highlighting the SLD profile (o) of the wrapping
bilayer.

At first glance, the overall structure in the two cases is similar, in agreement with the DLS results, which

indicate that the hydrodynamic size is unchanged upon the addition of CS (R ~126 nm).

The SAXS background-subtracted scattered intensity 1(q) can be expressed as:

1(0) = NV45°P(0)S(a) (1)

where N is the number of particles per unit volume V, Ap is the different in the scattering density between the
particles and the medium, P(q) and S(q) are the form factor and the structure factor, describing the shape and
interaction between particles, respectively [32-33]. In the specific case, we can safely neglect interparticle

interactions, i.e. S(q)~1, and 1(q) can be best modelled using the P(q) of a core-shell droplet, calculated

according to eq. (2) (Fig. 1A, solid lines).

n(aRe)—dRc cos(Rc) in(qRe)—aRe cos(qRe)|?
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V¢ and Vs indicate the volumes of core and shell, R. the radius of the core, Re is the external radius, and o, os
Pom are the scattering length densities of the core, shell and solvent. In our case, the shell was treated as a multi-
layered shell with uniform SLD, considering the scattering from the acyl-chain and headgroup regions

separately [34]:

ol RC<X<RC+tl
oX) = pr Retti<x<(Ret+ty)+t; ©)
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where p1 and p; refer to the head group regions on both sides of the middle hydrophobic chains (o). ti (i=1-3)
is the size of the layers. The polydispersity was only considered for the core region, using a Schulz type size
distribution [35].

The peculiar “onion-like” shape is due to the high TPGS surfactant fraction, which exceeds the minimum
amount necessary to stabilize the actual hydrophobic core (Rc~100 nm). TPGS molecules, besides surrounding
the core with a monolayer, insert their hydrophobic tails into the oil, and form an additional bilayer envelop
where a hydrophobic region (vitamin-E succinate) with a thickness of about 7 nm is sandwiched between two
layers of PEG. Its contrast profile is reported in Fig.1B [see Table A.2 of Appendix A for fit parameters].
Notably, the two PEG layers are very different. On the inner side, PEG is close-packed in a thin 1 nm crust,

while on the outer side, the PEG brush thickness is of the order of ~3 nm, compatible with the length of

5



extended highly hydrated PEG chains [36]. The detailed SAXS description of the NE particles reveals that,
despite the abundance of TPGS-emulsifier, an improved fragmentation of the oil phase could not be attained,
since TPGS forms an over-coverage of quite large particles rather than stabilizing a higher number of smaller
particles. The addition of CS to the solution does not affect the overall particle architecture and no dramatic
changes in the external shell are observed, indicating that only weak interactions are engaged between PEG
and CS chains.

3.1.2 Macrogolglycerol ricinoleate-based O/W NEs

The second formulation is based on macrogolglycerol ricinoleate (Cremophor EL), a non-ionic surfactant
prepared by reacting ethylene oxide with castor oil in a molar ratio 35:1, which is used as a vector for the
solubilization of a wide variety of hydrophobic drugs [37]. The SAXS intensity profiles of NEs with and
without added CS are compared in Fig. 2A. Here, contrary to TPGS-based O/W NEs, structural changes are
observed upon the addition of CS. The overall scattering signal was fitted using a 2-level model with spherical
core-shell primary particles (eqg. (2)), clustered in larger assemblies via polymer inter-chain networks. In CS-
added NE, a steeper slope in the low-q region (upturn at g < 0.03 nm™) indicates that clusters are larger as
compared to CS-free NEs. The cluster contribution to the SAXS intensity can be described with a Debye-
Anderson-Brumberger (DAB) term S¢(q):

Se(q) = 27 (6)

Im and Z are proportional to the average mass and the characteristic size of the clusters [(Z2 ~ R¢?/6), being Ry
the radius of gyration of the clusters], respectively. d: is a power law exponent related to the fractal cluster
dimension. In the CS-free NE, Z is > 67 nm and d; ~2, while in the CS-added NE, = is found > 80 nm with d;
~1.8. The fractal dimension suggests in both cases a moderately ramified distribution of the NE particles

(branched aggregates) [see Table A.3 of Appendix A for fit parameters].

On the other hand, in the intermediate g-range the scattering patterns of CS-added and CS-free NE overlap,
suggesting that the primary particles (individual droplets) are mainly preserved (Rprimary between 7 and 8 nm).

Thus, the total intensity, including the single-particle and the cluster term is given by [38]:

1(q) = NyAp*Vi?P(q)[S(q) + Sc(q)] (7)

where S(q), the droplet-droplet interaction, is ~1 and P(q) is the form factor contribution from the individual

core-shell particles.

3.1.3 PEG-12 15 hydroxystearate-based O/W NEs



The last formulation is an O/W NE based on poly(ethylene glycol) 15-hydroxystearate (Solutol). In similar
systems [39], colloidal suspensions with large droplet size (Rn> 120 nm) are formed for a surfactant/oil weight
ratio lower than 2.5. In the present case, being the surfactant-to-oil ratio about 2, a colloidal dispersion of large
particles (Rn~ 98 nm) is indeed observed by DLS analysis. Fig. 2B shows the SAXS patterns of the Solutol-
based NEs with and without added CS.
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Fig. 2. The SAXS intensity profiles of NEs, ¢ = 4% w/v CS-free (open squares) and CS-added (¢ = 0.03% wi/v, open
circles). (Panel A) Cremophor-based NEs. (Panel B) Solutol-based NEs. The solid lines correspond to the best fit to eq
(7). The excess scattering in the low-q region was fitted according to eq. (6)

Alike Cremophor-based NEs, these systems adopt a spherical droplet sub-structure, with an oily core stabilized
by PEG 660-stearate chains at the surface, sterically preventing droplets from coalescence. The size of such
primary particles is about 12 nm. On the large length scale (low-q region), an excess scattering indicates large
assemblies of primary particles interconnected via PEGylated chains, with an average size Rq of ~110 nm and
mass fractal exponent d: ~ 1.8 (ramified aggregates). Contrary to Cremophor-based NEs, the size of Solutol-
based NEs clusters is lower (Ry ~ 102 nm) in presence of CS, the shape of the primary nanoparticles being
unchanged. The zeta potential turns from negative (~-24 mV) to positive (~+12 mV) [see Table A.3 of
Appendix A for fit parameters], in analogy to Kolliphor- and Cremophor-based NEs, confirming that
electrostatic interactions occur between CS chains and the surface of the NEs. Nonetheless, CS is seen to
hinder droplet clusterization in this case. SAXS results, obtained at ¢ = 4% w/v, agree with DLS analysis,
performed at a much lower concentration, namely ¢ = 0.04% wi/v. In the very dilute condition, clusters of
primary particles are also observed although smaller and their size is found to reduce from ~98 nm to ~67 nm

when CS is added.

Table 1
Results from the structural characterization of the O/W NEs by complementary methods: Zeta potential, DLS* (R,

*overall concentration ¢ = 0.04% w/v) and SAXS** (Rprimary, R cluster, **0verall concentration ¢ = 4% w/v).



O/W NE Zeta potential Rh* Rprimary ** Ry cluster™™
[mV] [nm] [nm] [nm] Model
Kolliphor-based NE -244£73 126 £2 >74 - core-shell (n=3 shells)
Kolliphor-based NE + CS +8.0 7.2 127 42 >74 spherical particles
Cremophor-based NE -289+5.0 50 +2 7+2 >147 ramified 2-level structure /
Cremophor-based NE + CS +9.8+5.6 59 #12 8£2 2196 spherical primary particles
Solutol-based NE -24.7+£5.9 98 £3 12+4 >110 ramified 2-level structure /
Solutol-based NE + CS +11.8 205 67 £7 12 £4 >102 | spherical primary particles

It has been shown that the molecular architecture of electrostatic complexes between nanoparticles and bio-
polyelectrolytes strongly depends on the interplay between the polyelectrolyte intrinsic rigidity (persistence
length, L) and the nanoparticles size (R) [30]. The ratio Ly/R is the main tuning parameter controlling the
fractal dimension dr of the nanoparticles self-assemblies. CS is considered as a semi-flexible polyelectrolyte
with a persistence length of ~ 9 nm [40]. At high ionic strength (Saline Simulated Nasal Fluid (SSNF), k1< 1
nm, composition in Appendix A) the parameter Ly/R is of the order of 0.1 for both Cremophor-based and
Solutol-based NEs. In both cases, we observe the formation of complexes with CS, displaying branched

structures similarly to what observed in complexes of CS with silica nanoparticles [41].

The results in Table 1 highlight the peculiar structure of the Kolliphor-based NE as compared to the other two
systems, i.e. the oil phase cannot be fragmented beyond a certain extent and the solute units are individual
mono-core large stabilized droplets. On the contrary, in both Cremophor-based and Solutol-based NEs, the
solute units are coordinated multi-core clusters containing smaller droplets, that can be both transported as a

netted ensemble and eventually delivered as individual subunits, still maintaining their individual stability.

3.2 Interactions between NEs and porcine gastric mucin (PGM)

As a further step, the above characterized NEs were studied for their interaction with mucin, the main
glycoprotein of the mucus. Indeed, beside size-limitation imposed to drug delivery by the pore size of the
mucus mesh (size-exclusion barrier), the diverse domains of mucin molecules provide several loci of
interaction with both hydrophilic and hydrophobic incoming particles (interaction barrier) [9]. Here, the
physico-chemical properties of mucin as an interaction barrier were investigated by SAXS. The mucin matrix

was previously characterized and then mixed with the above described NEs.
3.2.1 Porcine gastric mucins (PGM) in SSNF

The SAXS scattering pattern from the solution of PGM (c = 4%w/v in SSNF) is shown in Fig. 3A.
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Fig. 3. (Panel A) SAXS intensity spectrum of PGM at ¢ = 4% w/v in SSNF (symbols). The full line is the fit according
to the revisited dumbbell model [42-45], eq. (8): R = (9.2+0.3) nm, & = (23+2) nm and = >90 nm. (Panel B) SANS
scattering profile of solution of PGM at ¢ = 10% wi/v. The full line corresponds to the fit to eq. (8), with similar parameters
of SAXS. Intensity maxima are due to the locally ordered hydrophobic-end globular cysteine-rich regions of the protein.
(Panel C, D) SAXS intensity profiles of CS-free NEs (Panel C) and of CS-added NEs (Panel D), in interaction with
PGM at equal concentration (¢ = 4% w/w) and volume (1:1 v/v): TPGS (open circles, bottom), Cremophor-EL x 10 (open
squares, medium), Solutol x 100 (open triangles, top). The solid lines represent the reconstruction of the scattering signal
of the mixture by the linear combination of the scattering signal of the individual components.

The estimated Debye screening length of the solution was ~0.37 nm, smaller than the correlation length of the
carbohydrate side chains along the protein peptide backbone (size of brushes ~1-2 nm). Therefore, mucin
chains adopt a random coil flexible conformation at neutral pH. The non-glycosylated cysteine-rich regions of
mucin fold to hide the hydrophobic domains, forming globules stabilized by salt bridges between the anionic
carboxylates and the cationic amino groups [42]. Due to its complex conformation, the mucin structure has
been described by different models [41-44]. Here, the overall scattered intensity profile was fitted using a

dumbbell-shape form-factor [44-45].
1(0)= 1(q)peptice *+ 1(0)gtobute (8)
Where

I I
I(Q)peptide = 1/§2q2 + 2 Enqn (9)

and

I(Q)globule = NVZ(pm - ps)ZP(Q)SP—Y(Q) (10)



Being P(q) and Se-v(q) the form and structure factor (hard sphere with Percus-Yevick closure) of polydisperse

interacting spheres (R~10 nm), respectively [44].

The dumbbell model gives the overall scattering intensity 1(q) as the sum of two different contributions: one
generated by the flexible peptide backbone, 1(q)peptice, @and the second coming from the interference between
the globular end-regions, 1(Q)gobue. From the model, we estimated the characteristic length of the peptide
backbone £~23 nm, acting as a glycosylated spacer, consistent with what previously reported in the literature
[44-45]. Concerning the size of the mucin clusters, only a lower-limit = can be estimated from the available
g-range (£ > 90 nm). The Porod exponent was found 2.7, as expected for polymeric networks with a mass
fractal structure [38]. In Fig. 3B, the SANS scattering profile from a solution of mucin in SSNF (c = 10% w/v)
is also shown for comparison. The best fit to the experimental data has been obtained with similar parameters
as for the SAXS spectra. As compared to SAXS, SANS investigation of PGM in solution gives better visibility
to the interference between the hydrophobic globules connected by the glycosylated peptide backbone, thus
showing pronounced maxima in the scattering pattern. The position of the first peak corresponds to the
characteristic interchain distance (~25 nm) between the locally ordered hydrophobic globules (concentrated

dispersion of uncharged (polydisperse) spheres) [44].

3.2.2 Mixtures of O/W NE and PGM (1:1 viv)

In Fig. 3C, the SAXS spectra from the CS-free NEs in interaction with PGM are analyzed by comparing them
with the scattering signal obtained by the linear combination of the SAXS profiles of the single components,
i.e. NE and PGM (solid lines). For all of the three investigated systems, such procedure allows reconstructing
the signal from the mixture over the whole g-range. In the case of Solutol-based and Cremophor-based NEs,
the fit parameters indicate that NEs and PGM equally contribute to the overall scattering signal, as expected
for 1:1 mixture of non-interacting components, meaning that the emulsified nanoparticles do not engage
interactions with the mucin chains of the matrix. In the case of TPGS-based NE, instead, only a fraction (37%)
of the total signal of the NE was used to reconstruct the scattering from the mixture and a small downward
deviation of the experimental curve is observed at low-q, possibly due to partial particle instability in presence
of PGM. Contrarily to what reported by Zhang et al. [47], we do not observe particle aggregation as for the
case of microemulsion-mucin interaction. Our observations are in line with previous experimental reports on
PEG-coated drug delivery systems [9, 48-49] where nanoparticles with inert surface were observed to freely
diffuse in the mucin matrix regardless of their size, provided that they are densely coated with low molecular
weight PEG.

In Fig. 3D we report a similar analysis of the SAXS spectra when CS is added to the formulation. It is clear
that the presence of CS has an impact on the structure of the matrix. A significant deviation of the linear-
combination reconstruction from the experimental spectra is seen in the low-q region for all of the three
systems. The largest discrepancy occurs for the Cremophor-based and Solutol-based NEs. The exceeding
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intensity at low-q indicates that mucin aggregation occurs. CS-based drug delivery systems are retained by the
mucus mesh mainly through electrostatic interactions with the negatively-charged mucins [50-51]. CS can
interact with several mucin filaments grouping them in thick bundles around the trapped nanoparticles, thereby
modifying the original mesh-spacing of mucus [51]. As previously discussed, such interactions can be also
complemented by hydrogen bonding and hydrophobic forces when the two biopolymers are mixed in aqueous
environment [16,52]. Indeed, the long-range electrostatic interactions are fully screened in SSNF conditions
(i.e. high ionic strength), simulating the natural environment of the nasal mucosa. However, this does not
prevent short-range mucin association. Here, the high affinity between the two biopolymers (CS and mucin)
results in the local shrinking of the mucin gel network, creating larger pores between the CS-mucin bundles.

SAXS investigations clearly reveal that CS has an impact on the interaction of NEs with mucus. CS-free NEs
do not interact with the PGM matrix. Only in the presence of added CS to the solution, interactions are

promoted, inducing density unevenness in the mesh structure of mucins.

3.3 In vitro preliminary investigation of NEs biocompatibility
The biocompatibility of the three O/W NEs prepared was evaluated on macrophage-like cells obtained by
differentiation of THP-1 human monocyte cells originally derived from acute monocytic leukaemia. Results

are presented in Fig. 4.
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Fig. 4. THP-1 cells viability after 4 hours incubation with increasing concentrations of O/W NEs (blue, vitamin E TPGS
based NE; green, macrogolglycerol ricinoleate based NE; red, PEG-12 15 hydroxystearate based NE). Data are presented
as average and standard deviation of six replicates (n=6).

Macrophages were selected for this preliminary screening because they are part of the nasopharynx-associated
lymphoid tissue (NALT) and are commonly present as particulate scavenging cells in the nasal tissue.
Moreover, being phagocytic cells, they rapidly accumulate the nanocarrier in vitro. Data evidenced that the
nanoemulsions presented in general good biocompatibility, with cell viabilities around or above 75%. In fact,
both Chremophor and vitamin E-TPGS based NEs presented similar biocompatibility profiles, with no more

than 25% of cells viability reduction at any concentration (minimum viability 81.04 + 5.05% for Chremophor-
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based NEs and 75.66 * 3.53 for vitamin E-TPGS based NEs). Only in the case of Solutol-based NEs THP-1
cells viability was reduced to a value around 55% at the two highest NEs concentrations (53.19 + 1.72 % at
1% wiw and 55.77 + 1.93 % at 0.5% w/w). At higher dilutions, the percentage of cells survival was higher
than 85% also in the case of Solutol-based NE (range 84.70-100.71%).

Considering that THP-1 monocyte were activated to behave like macrophages and that from the
physicochemical properties the Solutol-based NE appears as the only one with an unequivocal positive surface
charge (+11.8 + 0.5 mV), an higher uptake of both nanoemulsion droplets and chitosan compared to the other

formulations could account for the reduced viability observed for this specific O/W nanoemulsion.

This behaviour could be of interest in an application as vaccine adjuvant, since it has been reported that the
action of O/W emulsions as vaccine adjuvants involve the recruitment and activation of immune cells and
secretion of cytokines creating a local pro-inflammatory immune response [52]. Indeed, some nanosized
adjuvants, such as liposomes and several types of nanoparticles, are classified as damage-associated molecular
pattern (DAMP) inducers, since inducing a local and transient mucosal damage they cause the release of
several stress factors classified as DAMPs recognized by the other epithelial cells and mucosal immune cells,

triggering an innate immune response [53].

3.4 NEs diffusion in simulated mucus, followed by SAXS and SANS.

SAXS measurements were performed on NEs and admixed NE-mucin solutions, in order to clarify the struc-
tural properties of the NEs in contact with the mucus model. This allowed establishing the best suited formu-
lations by the structural point of view, discarding TPGS-based NE, due to the formation of large particles that
were not perfectly stable upon mixing with mucin. In the following, we propose a novel experimental approach
based on SAXS and SANS, which permits following the penetration of NEs inside the PGM matrix by record-
ing the structural changes associated to the evolution of the scattering patterns. Such an approach is comple-
mentary to the classical characterisation methods for particle diffusion [44, 54-58] and offers the unique ad-

vantage of direct evidence of the microscopic changes induced by the carriers when penetrating the gel matrix.

Diffusional studies were only focused on the Solutol-based formulation, as this NE presents the best suited
features for a mucus-penetrating delivery formulation. In fact, as far as the structural properties are concerned,
no dramatic difference was revealed between the Cremophor-EL and the Solutol-based formulations. Rather,
the formulation containing Solutol, as evidenced with in vitro studies with activated THP-1 monocytes, pre-
sents an higher potential as mucosal vaccine adjuvant soliciting the innate immune response and was selected

for further investigations.

SAXS and SANS diffusional experiment were designed to complement the above described structural studies
by testing the ability of NEs to penetrate into the mesh-sieve constituted by the mucin network. According to
the technique of choice, the best experimental conditions were selected in order to follow the nanoparticles

entering the mucin matrix. In both cases, the network was diluted enough to allow the nanoparticles diffusing
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across the mesh over distances (order of the mm) and on a timescale compatible with the structural experi-
ments. Indeed, the absolute values of residence or diffusion times over real mucus barriers are not reproduced

[60], but the propensity of the NEs to cross the mucosal barrier can be assessed.

For the SAXS experiments, 20 pl of NE formulations (c = 20% wi/v) were carefully put in contact with 80 pl
of PGM (c = 4% wi/v) in a polycarbonate capillary (diameter = 2 mm), placed in a horizontal sample holder
[see scheme in Fig. Al of Appendix A]. After 20 minutes, SAXS intensity was measured inside the PGM
region at different distances from the PGM-NE interface. Results are reported in Fig. 5 (panel A and B): both
the formulations enter the mucin matrix, their intensity contribution to the total scattering becoming visible in
the low and high g-region of the spectra, as expected (see the comparison between the scattering signals of
PGM and NEs reported in Fig. A2 of Appendix A). Approaching to the interface, we observe the presence of
a larger amount of NEs (Fig. 5, from bottom up) in the matrix, and this is more pronounced in the presence of
CS. The scattering signal of the two admixed systems of Fig. 3 is also shown. A precise quantification of the
amount of NEs diffusing at a given distance is out of the scope of this study and evidently, the experimental
model does not faithfully reproduce the diffusion in physiological conditions. Nevertheless, we can clearly
observe that the scattering intensity profiles of CS-free Solutol-based NE after 20 min contact didn’t reach the
admixed spectra (at 4% wi/v NE) at any proximity to the interface. On the contrary, for the CS-added NE the
intensity measured at a distance of about 10 mm from the interface is close to the SAXS profile of the admixed
state. Therefore, we can conclude that more particles penetrate into the matrix and diffuse to a deeper extent
in the presence of CS.

Intensity |mm"|

gq[nm _1] q[nm'l]

Fig. 5. Comparison between SAXS spectra relative to the diffusion experiments of Solutol-based O/W NEs CS-free
(panel A) and CS-added (panel B) at different distances (d) from the PGM/NE interface: PGM (c=2% wi/v, black

squares), d~20 mm (green circles), d~10 mm (pink diamonds). The admixed spectra are also reported for reference (blue
lines).

The results of the SAXS diffusion experiments were complemented by SANS analogous investigations. Com-
pared to SAXS, SANS better highlights the scattering contributions from the cysteine-rich regions of the gly-

coprotein, which are thought to be responsible for the dense porous structure of mucin gel (Fig. 3B). Moreover,
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SANS allows investigating structural changes on long time scale without inducing radiation damage. Here, the
NEs (c = 20 % wi/v) were gently loaded in a quartz cell on top of the PGM matrix (c =10 % w/v) [see scheme
in Figure A.1 of Appendix A] and SANS spectra were recorded at a fixed position below the interface (meas-
uring area ~0.4 cm?) within the PGM matrix, at different delays. The progressive penetration of the NEs in the

observation region was followed for 24 hours.

In Fig. 6, the two series of spectra correspond to the time evolution of the structure of the PGM matrix during
the diffusion of the NEs, CS-free and CS-added (panel A and B, respectively). The spectra of the pure PGM
matrix (black open dots) is also reported. The scattering signals at the equal delay evolve from that of the pure
PGM matrix. As for SAXS, both the NEs, with and without CS, do no stay phase separated, but the progressive
penetration of the nanocarriers into the PGM matrix is revealed by the increase of the scattered signal and by
the change of the intensity profile, occurring on a faster time scale in the presence of CS. In particular, the
typical structure peak at q ~0.25nm™ disappears more rapidly for the CS-added NE. In the CS-free NE, a
broadening of the peak is observed which also seems to shift towards lower-q values, suggesting that, upon
contact with the naked NE solution, the mesh size of the matrix gets slightly larger. Indeed, muco-inert
nanoparticles of size comparable to the mucus pore can experience steric interactions with the mesh [59]. On
the contrary, for mucus-interacting nanoparticles, namely the CS-added NE, there is an evident loss of
correlation in the mucin matrix, and the rapid disappearance of the structure peak is accompanied by an
enhanced penetration of the particles into the mucin network. These results suggest that the CS chains tightly
bind to mucin, eventually leading to the collapse of the gel via the formation of condensed bundles and larger
channels, allowing for faster diffusion of the drug vehicles. In many works, CS-coated nanovehicles have been
observed to be trapped into the mucus [60], their crossing of the full thickness of the mucus layer being
hindered and thus their uptake reduced. In our case, CS is not permanently bound to the NE surface, so while
interacting with mucins, it does not retain the NE droplets. On the contrary, the NEs are facilitated in slipping

through the larger gaps opened between the bunches of CS chains and mucin.
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Fig. 6. Comparison between SANS spectra relative to the diffusion experiments of Solutol-based O/W NEs, CS-free
(panel A) and CS-added (panel B). As the diffusion proceeds, the SANS spectra evolve from bottom up. Sketches of the
different features of the diffusion processes occurring in the presence or absence of CS are also shown.
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3.5 In vitro cellular uptake in primary phagocytic cells

In vitro experiments were conducted on swine monocyte-derived macrophages in order to evaluate the uptake
of the O/W Solutol-based NE in primary cells instead of immortalized cells. In Fig. 7, the comparison between
macrophages without lipid inclusions due to uptake of NE (panel A) and macrophages presenting lipid inclu-
sions or vesicles (black arrows, panel B) due to the nanoemulsion uptake is shown. As hypothesized from data
obtained with THP-1 cells, the NE droplets were avidly taken up by the phagocytic cells already after 2 hours
contact; nevertheless, the number of dead cells up to 12 hours was not different from the one of the control
(10%), probably because of the higher dilution of the NE (0.02% w/w) compared to the experiments carried
out with THP-1 cells. Nevertheless, an increase of dead cells (up to 80%) was observed only after prolonged
exposure (24 hours), suggesting that the proposed formulation could be further studied as an innovative mucus

penetrating and biocompatible nanoadjuvant for mucosal vaccination.

Fig. 7. Digital images of swine monocyte-derived macrophages without lipid inclusions due to uptake of NE (panel A)
and with macrophages presenting lipid inclusions or vesicles (black arrows, panel B) due to the nanoemulsion uptake. A
number of phagosomes can be identified inside the cells, but no apparent toxicity was evidenced up to 12 hours.

4. Conclusions

Mucosal barriers act as physiological filters, regulating the diffusion of bacteria, virus, environmental particles
and drug carriers, with size spanning from the nanometer to the micron range. Beside size-exclusion mecha-
nisms, mucus can slow down the diffusion of molecules by physico-chemical interactions, including electro-
static and hydrophobic binding. To avoid entrapment and consequent slow diffusion, nanovectors are engi-
neered with different functionalized surfaces with the aim to minimize the local interactions with the mucin

glycoproteins matrix or induce local disruption of the pores/channels gel structure (mucolytic agents).
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Here, we presented a detailed structural study of novel O/W NE formulations, including PEGylated surfactants
to be used as potential nanovectors for nasal administration, with and without added CS, as mucus-modulating
agent. The NEs have been characterized and studied for their interaction with commercial purified porcine
gastric mucins, a model system for the nasal secretions. As a distinctive feature, CS was not grafted to the
surface of the NEs but it was used in co-association with the nanoformulation. SAXS investigations allowed
for the selection of the structurally most promising formulations, while diffusional SAXS and SANS experi-
ments were designed to assess the propensity of the selected formulations, with or without added CS as adju-
vant, to enter the mucus. CS addition was found to confer to the formulation the desired property of facilitating
the delivery of the NEs through the mucin network barrier. In fact, CS-free PEG-coated NEs did not interact
with mucins. Reversely, in the presence of CS, a modification of the local structure of the gel mucin matrix
was observed together with an enhanced penetration of the NEs through it. This is likely to be driven by
preferential electrostatic interactions between the two biopolymers, inducing density unevenness in the net-
work with the formation of condensed bundles and larger pores, as previously speculated by Menchicchi et al.
[16], which let the nanoparticles free to move. In reason of the nanoemulsions formulation and structure, during
the transmucosal delivery of drugs or vaccines, the particles are not trapped in the mucus but facilitated to
cross the mucosal barriers. Furthermore, the formulations were tested in presence of activated human mono-
cytes showing good biocompatibility and Solutol-based NE was demonstrated to be avidly taken up by porcine
peripheral blood mononuclear cells. The selected formulation appears promising as an innovative nanoadju-

vant system for nasal vaccination and in vivo studies are ongoing to substantiate this claim.
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