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show
n in Fig. 1. The bell-shaped size distribution curve of CG-NioP-

M
 is located betw

een the curves of m
ucin alone and CG-NioP, as a 

result of the adhesion of m
ucin on coated niosom

e sam
ples; this 

behavior suggests the successful form
ation of bigger aggregates. It 

is also possible to suppose a com
plete m

ucin- CG_NioP due to the 
form

ation of the narrow
 curve of CG-NioP-M

 and the total 
disappearance of the m

ucin curve.  

To investigate the interaction kinetic of CG-NioP and m
ucin in term

s 

of size and ζ-potential, m
easurem

ents w
ere carried out at different 

tim
e intervals. In Fig. 2 w

e show
 the tem

poral evolution of these 
quantities as derived by DLS. Already after 5 m

in, the particle size 

and the ζ-potential both increase, respect those reported in Table 
1, up to a tim

e average value around w
hich the follow

ing respective 
m

easurem
ents oscillate. W

e can suppose that the interaction 
occurs im

m
ediately, and the obtained com

plexes rem
ain stable 

during the tim
e interval observed; this aspect is im

portant because 
it could predict a possible in vivo sam

ple stability. 

Spectrophotom
etry

W
e evaluated the interaction betw

een m
ucin and niosom

es by 
m

easuring the UV spectra of the supernatant after incubation and 
centrifugation. In Fig. 3 w

e report the percentage of m
ucin in the 

precipitate, m
easured as the difference betw

een the total am
ount 

of m
ucin and the free m

ucin present in the supernatant. W
hen only 

m
ucin is present in the suspension, the 50%

 precipitates after 
centrifugation, w

hile w
hen NioP w

ere included in the solution, w
e 

note a little increase in the precipitated percent, probably as a 
consequence of a m

echanical interaction betw
een niosom

es and 
m

ucin. An alm
ost com

plete precipitation of m
ucin occurs w

hen CG-
NioP are present in the suspension, because of the “non-specific” 
m

ucin interaction and a physical entanglem
ent betw

een the 
polym

er and the m
ucosal layer. 

This technique is also useful to evaluate the m
ucoadhesion 

perform
ance of CG-NioP expressed as difference in absorption (∆A) 

(Table 3). The values obtained by m
ixing pure CG and m

ucin w
ere 

reported. 

Table 3 ∆A values as a m
easure of effectiveness interaction of CG-

M
, NioP-M

 and CG-NioP-M
.

This differential absorbance ∆A is able to provide inform
ation about 

the relevance of chitosan-m
ucin interaction in the overall process. 

The interaction betw
een CG and m

ucin, considered as a reference 
for the purpose of this experim

ent, gives inform
ation about the 

m
axim

um
 achievable interaction. This is the result of a balance 

betw
een the interaction of anionic charges of m

ucin w
ith positive 

ones on the polym
eric chain and the com

petitive effect of ions and 
high ionic strength in the suspensions. After the addiction of m

ucin 
to NioP, no difference in absorption occurs, due to the absence of 
positive charges on the niosom

al surface. CG-NioP presents a value 

of ∆A>0, higher respect to our control that is NioP w
ith m

ucin. 

Coated niosom
es show

 infact a value of ∆A > 0 com
parable to the 

value obtained w
ith CG-M

, that w
e relate to an interaction w

ith 
m

ucin. In presence of CG, the niosom
al adhesion perform

ance is 
enhanced because of the best m

ucoadhesive properties due to the 
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Figure 2 
Interaction 

kinetic 
and 

in 
vitro 

stability 
of 

com
plexes CG-NioP by DLS m

easurem
ents.
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Figure 3 M
ucoadhesive efficiency of niosom

e: m
ucin 

interaction evaluating the percent of precipitated m
ucin.
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Figure 1 Size distribution by intensity of CG-NioP (red), CG-
NioP-M

 m
ixture (blue) and m

ucin solution (green).
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Sm
all A

ngle X-ray Scattering
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 X
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ts o
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 C
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u
cin
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d
 C

G
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io
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-M
. In

 fig
u
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 8

, le
ft p

a
n

e
l, 

SA
X

S sp
e

ctra
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f C
G

-N
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P
 (p

u
rp

le
) a

n
d

 m
u

cin
 (g

re
e

n
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h
e
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 b
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p
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using equation (2), indicates the sam
e increase of CG

-N
ioP-M

 
respect to CG

-N
ioP (from

 210 ± 30 nm
 to 320 ± 10 nm

), in good 
agreem

ent w
ith results obtained by the other techniques. 

Brightfield m
icroscopy

To im
age and to m

easure low
 absorption contrast nanom

eter sized 
suspended particles random

ly m
oving in a solvent as a consequence 

of Brow
nian m

otion is a terrific challenge for m
odern m

icroscopy
26. 

In the case of biocom
patible particles, several constraints cannot be 

overcom
e: tem

perature and hydration could not be controlled to 
slow

 
dow

n 
the 

particle 
dynam

ics, 
as 

the 
physico-chem

ical 
environm

ental conditions strongly affect the particle character and 
behaviour; analogously, the viscosity of the solvent cannot be 
altered, as the chem

istry of the niosom
es is extrem

ely sensitive. 
At the sam

e tim
e, dynam

ics of nanom
eter sized bodies suspended 

in room
 tem

perature w
ater (or any other equally viscous liquid) is 

fast (the diffusion constant could be estim
ated to be in the order of 

10
-12 m

2s -1) and im
aging tim

e m
ust be kept as short as possible, a 

trade-off w
ith a photon devouring technique as m

icroscopy is. 
O

n top of this, niosom
es show

 a very low
 contrast w

ith respect to 
the solvent, and the floating particles w

ould appear as very w
eak 

perturbations of the hom
ogeneous solvent background. 

This set of restrictions w
as taken into account com

bining high 
spatial and tem

poral resolutions provided by brightfield m
icroscopy 

im
aging recorded at high fram

erate and high num
erical aperture. 

The collected tim
estack m

ovies show
 tiny spots, few

 pixels w
ide, 

sw
irling for fraction of seconds in the focal plane. A

 crop of the 
tim

e sequence show
ing a particle entering and leaving the focal 

plane over a period of 220 m
s is show

n in figure 6. This set of 
restrictions w

as taken into account com
bining high spatial and 

tem
poral resolutions provided by brightfield m

icroscopy im
aging 

recorded at high fram
erate and high num

erical aperture. The 
collected tim

estack m
ovies show

 tiny spots, few
 pixels w

ide, 

sw
irling for fraction of seconds in the focal plane. A

 crop of the 
tim

e sequence show
ing a particle entering and leaving the focal 

plane over a period of 220 m
s is show

n in figure 6. 

Several sim
ilar events w

ere recorded per every sam
ple and 

follow
ing the procedure described in the M

aterials and m
ethods 

section, w
e obtained the full w

idth half m
axim

um
 (FW

H
M

) 
distributions 

of 
these 

spots. 
The 

corresponding 
norm

al 
probability density functions for both the tw

o niosom
e sets are 

depicted in figure 7. 

Figure 6 Tim
e sequence m

ontage of a 94x94 pixel crop tim
estack 

show
ing a CG

-N
ioP-M

 particle entering and leaving the focal plane. 
Tw

o next im
ages are 28 m

s apart, w
hile the integration tim

e per 
im

age is 10 m
s.

Figure 5 M
icroscopic im

ages ad different m
agnification using AFM

: 
(a,c,e,f,g,i) CG

-N
ioP and (b,d,f,h,l) CG

-N
ioP-M

. In the inset in (e) the 
skecth of a vesicle adherent to the substrate is reported.
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 m
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b
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 p
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f C
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 m
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e

ca
y b

e
h

a
vio

r ch
a

ra
cte

ristic 

fo
r p

o
lym

e
r ch

a
in

s in
 a

 g
o

o
d

 so
lve

n
t I(q

) ÷
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p
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show
n in Fig. 1. The bell-shaped size distribution curve of CG

-N
ioP-

M
 is located betw

een the curves of m
ucin alone and CG

-N
ioP, as a 

result of the adhesion of m
ucin on coated niosom

e sam
ples; this 

behavior suggests the successful form
ation of bigger aggregates. It 

is also possible to suppose a com
plete m

ucin- CG
_N

ioP due to the 
form

ation 
of 

the 
narrow

 
curve 

of 
CG

-N
ioP-M

 
and 

the 
total 

disappearance of the m
ucin curve.  

To investigate the interaction kinetic of CG
-N

ioP and m
ucin in term

s 

of size and ζ-potential, m
easurem

ents w
ere carried out at different 

tim
e intervals. In Fig. 2 w

e show
 the tem

poral evolution of these 
quantities as derived by D

LS. A
lready after 5 m

in, the particle size 

and the ζ-potential both increase, respect those reported in Table 
1, up to a tim

e average value around w
hich the follow

ing respective 
m

easurem
ents 

oscillate. 
W

e 
can 

suppose 
that 

the 
interaction 

occurs im
m

ediately, and the obtained com
plexes rem

ain stable 
during the tim

e interval observed; this aspect is im
portant because 

it could predict a possible in vivo sam
ple stability. 

Spectrophotom
etry

W
e evaluated the interaction betw

een m
ucin and niosom

es by 
m

easuring the U
V

 spectra of the supernatant after incubation and 
centrifugation. In Fig. 3 w

e report the percentage of m
ucin in the 

precipitate, m
easured as the difference betw

een the total am
ount 

of m
ucin and the free m

ucin present in the supernatant. W
hen only 

m
ucin is present in the suspension, the 50%

 precipitates after 
centrifugation, w

hile w
hen N

ioP w
ere included in the solution, w

e 
note a little increase in the precipitated percent, probably as a 
consequence of a m

echanical interaction betw
een niosom

es and 
m

ucin. A
n alm

ost com
plete precipitation of m

ucin occurs w
hen CG

-
N

ioP are present in the suspension, because of the “non-specific” 
m

ucin 
interaction 

and 
a 

physical 
entanglem

ent 
betw

een 
the 

polym
er and the m

ucosal layer. 

This 
technique 

is 
also 

useful 
to 

evaluate 
the 

m
ucoadhesion 

perform
ance of CG

-N
ioP expressed as difference in absorption (∆

A
) 

(Table 3). The values obtained by m
ixing pure CG

 and m
ucin w

ere 
reported. 

Table 3 ∆A
 values as a m

easure of effectiveness interaction of CG
-

M
, N

ioP-M
 and CG

-N
ioP-M

.

This differential absorbance ∆
A

 is able to provide inform
ation about 

the relevance of chitosan-m
ucin interaction in the overall process. 

The interaction betw
een CG

 and m
ucin, considered as a reference 

for the purpose of this experim
ent, gives inform

ation about the 
m

axim
um

 achievable interaction. This is the result of a balance 
betw

een the interaction of anionic charges of m
ucin w

ith positive 
ones on the polym

eric chain and the com
petitive effect of ions and 

high ionic strength in the suspensions. A
fter the addiction of m

ucin 
to N

ioP, no difference in absorption occurs, due to the absence of 
positive charges on the niosom

al surface. CG
-N

ioP presents a value 

of ∆
A

>0, higher respect to our control that is N
ioP w

ith m
ucin. 

Coated niosom
es show

 infact a value of ∆
A

 > 0 com
parable to the 

value obtained w
ith CG

-M
, that w

e relate to an interaction w
ith 

m
ucin. In presence of CG

, the niosom
al adhesion perform

ance is 
enhanced because of the best m

ucoadhesive properties due to the 

Sam
ple

∆
A
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-M

0.17
N

ioP-M
≅

 0
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ioP-M

0.15

0
5

10
15

150

200

250

300

-80

-60

-40

-20

Tim
e (m

inutes)

Hydrodynamic diameter (nm)

ζ-Potential(m
V)

H
ydrodynam

ic
diam

eter(nm
)

ζ-Potential(mV)

Figure 
2 

Interaction 
kinetic 

and 
in 

vitro 
stability 

of 
com

plexes CG
-N

ioP by D
LS m

easurem
ents.
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Figure 3 
M

ucoadhesive 
efficiency 

of 
niosom

e: 
m

ucin 
interaction evaluating the percent of precipitated m

ucin.
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Figure 1 Size distribution by intensity of CG
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N
ioP-M

 m
ixture (blue) and m
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exposed 
charged 

groups 
on 

niosom
al 

surface 
to 

external 
interactions. The CG

 present in the suspension is not com
pletely 

free, as it is in the control suspension, because it is partially 
involved in the niosom

al surface interaction and its ability to 
interact w

ith m
ucin is depleted.

Fluorim
etry

Bilayer characterization has been carried out on N
ioP, CG

-N
ioP and 

the 
m

ixture 
obtained 

after 
adding 

CG
-N

ioP 
w

ith 
m

ucin, 
respectively. Pyrene, a lipophilic probe, is located w

ithin the bilayer, 
and 

provides 
different 

inform
ation 

due 
to 

its 
different 

conform
ations inside the bilayer: m

onom
ers and excim

ers com
e up 

w
ith different fluorescent spectra as depicted in Fig. 4. 

Pyrene m
onom

er exhibited a spectrum
 characterized w

ith five 
em

ission peaks (from
 I1 to I5) and pyrene excim

er has only one 
peak (IE). The pyrene spectrum

 in N
ioP, in the absence of CG

, show
s 

peaks related to both m
onom

er and excim
er geom

etries, w
hile 

w
hen 

CG
 

is 
added 

to 
the 

form
ulation, 

w
e 

observe 
the 

disappearance of the excim
er peak. This is related not only to the 

external coating, but also to different interactions that m
ight be 

responsible of a change in bilayer behaviour. The further addiction 
of m

ucin produces no dram
atic change in the CG

-N
ioP bilayer, as 

also 
indicated 

by 
the 

SAXS 
m

easurem
ents 

discussed 
below

. 
According to D

LS data, the interaction betw
een coated niosom

es 
and m

ucin is responsible only for a dim
ensional increase of the 

com
plexes. 

A
tom

ic Force M
icroscopy (A

FM
)

In Fig. 5, the m
orphology of the CG

-N
ioP and CG

-N
ioP-M

 are 
show

n. In Fig. 5(a) a region w
ith too high density of deposited 

sam
ple is evidenced and large am

orphous blobs are visible, likely 
resulting from

 coalescence of several vesicles. Single niosom
es 

are visible on the surface of blobs as w
ell as on the substrate. In 

order to obtain m
ore accurate evaluation of vesicle size, regions 

w
ith deposited m

aterial w
ere chosen as reported in Fig. 5(c), (e) 

and (g), w
here several isolated niosom

es w
ith regular circular 

shape are clearly visible at different m
agnification. 

H
igh resolution im

ages of CG
-N

ioP vesicles, as the one reported 
in Fig. 5(i), show

 a niosom
al granular surface. This is probably 

due to the convolution betw
een the real shape of the m

olecules 
of the bilayer and the A

FM
 tip w

hich is spherical w
ith nom

inal 
curvature radius less than 10 nm

. In the analogous im
ages of the 

CG
-N

ioP-M
, e.g., that reported in Fig. 5(b), in addition to large 

am
orphous 

blobs 
and 

isolated 
vesicles, 

long 
filam

ents 
are 

visible, as evidenced by the arrow
 in Fig. 5(b). These filam

ents 
are peculiar of m

ucin, in fact they are not present in the sam
ple 

CG
-N

ioP. Im
ages of the surface at different m

agnification of CG
-

N
ioP-M

, (Fig. 5(d), (f) and (h)) show
 that vesicles possess regular 

circular shape and seem
 bigger than the corresponding sam

ples 
w

ithout m
ucin. Indeed, statistical analysis on the height of 

niosom
es confirm

s the increase of the m
ean vesicle height of 

CG
-N

ioP-M
 respect to CG

-N
ioP (i.e., from

 20 ± 3 nm
 to 37 ± 3 

nm
). A

nalogously, the diam
eter increase of the vesicles on the 

substrates is observed (i.e., from
 290 ± 40 nm

 to 450 ± 20 nm
). 

M
oreover, statistical analysis of 

 of the niosom
es evaluated 

D
eq

Figure 4 Pyrene spectrum
 of sam

ples: N
ioP (green), CG

-N
ioP (red) and CG

-N
ioP-M

 (blue).
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Abstract 31 

Span-20 non-ionic surfactant vesicles (niosomes), designed for future applications in 32 

brain drug delivery through intranasal route, are prepared and coated with chitosan 33 

glutamate, a mucoadhesive agent specifically proposed for brain delivery and for an 34 

optimal interaction with nasal mucin, with the aim to promote the vesicles residence 35 

time in the nasal cavity. The understanding of the interaction between chitosan 36 

coated niosomes with mucin is of great relevance as it can influence their in vivo 37 

distribution and physiological behaviour. Complementary and different techniques 38 

are then used in a non-conventional combined approach to study this phenomenon. 39 

The integrated use of dynamic light scattering (DLS), fluorimetric and 40 

spectrophotometric assays, small-angle X-ray scattering (SAXS), atomic force 41 

microscopy (AFM) and high speed brightfield microscopy (BFM) allows to shed new 42 

light on the physico-chemical behaviour of the mucin-niosomes system, addressing 43 

this complex phenomenon by different perspectives.  44 

 45 

Keywords  46 

Niosomes, mucoadhesion, AFM, SAXS, BFM and DLS. 47 

 48 

 49 

 50 

 51 

 52 

 53 

 54 

 55 

 56 

 57 
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1. Introduction 58 

Every technique possesses particular features that can be combined or compared to 59 

others to address the overall nanocarriers properties.  60 

In a classical characterization approach, a specific technique is applied to study a 61 

distinct parameter: e.g. Small angle x-ray scattering (SAXS) [1] is used to determine 62 

with high accuracy size and bilayer features of vesicles; atomic force microscopy 63 

(AFM) [2] is applied to provide textural information on nanocarriers; high speed 64 

brightfield microscopy (BFM) [3, 4] is commonly used to study cell-nanocarrier 65 

interactions; dynamic light scattering (DLS) is able to provide dimensions and ζ-66 

potentials of particles dispersed in a fluid [5]. Furthermore fluorimetric and 67 

spectrophotometric techniques are usually applied in pharmaceutics to provide 68 

probe/drug quantitative analyses, as in release studies. Here, in a less conventional 69 

approach, all these techniques are used in a combined way, out of their usual 70 

application field, to study the interaction between chitosan coated niosomes and 71 

mucin. 72 

Niosomes (non-ionic surfactant vesicles) are vesicular systems with nanometric 73 

dimensions, characterized by an aqueous core and lipophilic bilayer. They are 74 

composed by a non-ionic surfactant (e.g. Span 20) coupled together with cholesterol. 75 

They are able to entrap and deliver both lipophilic and hydrophilic drugs or probes 76 

and the potential to modulate both their pharmacokinetic and pharmacodynamic 77 

profiles, thereby enhancing their therapeutic index. Vesicles increase drug in vivo 78 

stability, extend its blood circulation time, and allow controlled drug release obtaining 79 

a specific biodistribution of drugs reducing side effects. Although only a few niosomal 80 

formulations are in clinical trials, and no formulations are in the commercial market, 81 

their several advantages, including also low toxicity, high chemical stability, and 82 

lower manufacturing cost, provided the opportunity to develop a niosomal medicine 83 

product for brain delivery. 84 

To obtain niosomal formulations able to carry out nose-to-brain delivery, some 85 

factors must be taken in account. In particular, to enhance the niosomal residence 86 

time in nasal cavity, a mucoadhesive agent must be added. Chitosan is a 87 

biodegradable and bioadhesive polymer able to interact with the mucin in nasal 88 

cavity thanks to electrostatic interactions. Chitosan prolongs residence time in the 89 

nasal cavity of drugs and/or formulations, allowing drug delivery systems to promote 90 
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drug absorption In recent studies chitosan glutamate (CG) is also proposed as a 91 

better mucoadhesive agent than chitosan or chitosan salts [6-8]. To this aim, CG is 92 

used to coat niosomes, obtaining CG-niosome complexes, to confer mucoadhesive 93 

properties to the formulation, able to be successfully used for intranasal applications. 94 

Of course, the physical-chemical properties of these CG-niosome complexes affect 95 

their in vivo distribution and physiological behaviour and must be properly 96 

characterized to better understand their efficacy as intranasal drug carriers.  97 

The aim of this work is to use different techniques [9] to study the interaction 98 

between mucin and chitosan-glutamate-niosomes loaded with model drug (CG-99 

NioP), to this aim, DLS [10], fluorometric and spectrophotometric assays, SAXS, 100 

AFM and BFM have been employed. 101 

 102 

2. Materials and Methods 103 

 104 

2.1. Materials 105 

HEPES salt (Sodium 2-(4-(2-hydroxyethyl) piperazin-1-yl) ethanesulfonate), 106 

cholesterol, Sephadex G75, model drug (pentamidine isethionate), pyrene, 107 

mucin from porcine stomach type II powder, Span 20 (Sorbitan monolaurate), 108 

chitosan medium molecular weight powder (C) and sodium hydroxide were 109 

purchased from Sigma-Aldrich (Milan, Italy). L-Glutamic acid (G) was supplied by 110 

PanReac Applichem (Milan, Italy). All other products and reagents were of 111 

analytical grade. 112 

 113 

2.2. Methods 114 

2.2.1. Niosome Preparation and Purification 115 

Niosomes were prepared using thin film hydration method [8, 10]. Span 20 (15 116 

mM) and cholesterol (15 mM) were dissolved in organic solvent mixture 117 

(chloroform/methanol 3:1 v/v). The solvent was evaporated using rotary 118 

evaporator (VV2000, Heidolph, Schwabach, Germany) to form a thin “film” at the 119 

temperature of 60 °C. The lipophilic components, such as Pyrene, were 120 

solubilized with organic solvents together with cholesterol and surfactant, while 121 

the hydrophilic components, such the model drug, were added during the 122 

hydration step. In particular, the film was hydrated using 5 mL of model drug 123 

solution (0,5 mg/mL in HEPES buffer 0.01 M, pH 7.4), vortexed and sonicated at 124 
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60 °C and 18% amplitude for 15 min using ultrasonic microprobe (Vibra-Cell 125 

VCX-400, Sonics & Materials, Newtown, CT, USA). The unilamellar vesicle 126 

suspension was purified by gel filtration chromatography using Sephadex G75 127 

(glass column of 50 × 1.2 cm) with HEPES buffer as the eluent. The obtained 128 

purified vesicles were filtrated by using cellulose filters with pore diameter of 1.2 129 

µm, to purify the niosomal suspension and obtain desired dimensions. 130 

 131 

2.2.2. Preparation of Chitosan Glutamate-Coated Niosomes with model drug 132 

Chitosan glutamate solution was prepared by dissolving C (1 mg) and G (0.82 133 

mg) in acetate buffer (0.2 M, pH 4.4) up to a final concentration of 0.05 mg/mL 134 

[11]. The obtained solution was stirred overnight [12]. CG coating of model drug 135 

loaded niosomes (NioP) was obtained by adding a CG solution to vesicular 136 

suspension into a 1:1 ratio [13]. The obtained suspension was stirred for 1 h at 137 

room temperature to achieve CG-coated model drug niosomes (CG-NioP). pH 138 

values were measured and confirmed for all formulations to match a suitable pH 139 

for nasal administration (3.5 < pH < 6.4). 140 

 141 

 142 

2.2.3. Preparation of Mucin Solution and Mucoadhesive Studies 143 

Mucin powder was dissolved in HEPES buffer to produce a mucin solution (2 144 

mg/mL, pH 6) and stirred overnight at 34°C [14]. Specific parameters, including 145 

temperature (30°C), concentration of mucin (2 mg/mL) and pH value (6.3–6.7), 146 

were analysed in the mucoadhesive study to mimic the conditions in the nasal 147 

mucosal site [15]. Mucin solutions (2 mg/mL) were mixed with CG-NioP 148 

suspensions (1:1 ratio) and incubated at 30°C [15, 16]. The concentration of 149 

mucin solutions employed in this study was modified to obtain optimal pH value 150 

(6.3–6.7) [15, 17]. 151 

 152 

2.2.4. DLS 153 

Uncoated niosomes with model drug, CG-NioP and mixture of CG-NioP with 154 

mucin (CG-NioP-M) were analysed and their particle diameter, polydispersity 155 

index (PDI) and ζ-potential were measured in HEPES buffer by dynamic light 156 

scattering using a Zetasizer (Nano ZS90, Malvern, UK) (n= 3 repeated 157 
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measurements for each sample) [10]. Particle size and ζ-potential were 158 

measured at 0, 5, 10, and 15 min, to determine the time-course of uncoated and 159 

coated niosome-mucin interaction and the stability of the obtained complex. 160 

Results related to the data collected at 15 min were considered (in order to 161 

mimic the in vivo interaction time of intranasal administration) even when the 162 

interaction was already almost complete after only 5 min. Mucoadhesive 163 

measurements were carried out expressing particle dimension as hydrodynamic 164 

diameter and evaluating also the different curves related to size distribution by 165 

intensity to better appreciate the formation of complex between CG-NioP and 166 

mucin, in order to avoid artefacts due to the potential mucin aggregates. 167 

 168 

2.2.5. Fluorimetry 169 

Interactions by CG-NioP and mucin were also evaluated by fluorescence 170 

turbidity measurements using luminescence spectrometer (LS5013, 171 

PerkinElmer, Waltham, MA, USA) at Ex/Em 600/600 nm [16]. Bilayer 172 

characterization was carried out on NioP, CG-NioP and CG-NioP-M. Due to its 173 

lateral diffusion within the bilayer, pyrene provides a wider picture of the bilayer 174 

characteristics, such as microviscosity and polarity [18]. By fluorescent 175 

techniques the behaviour inside bilayer and the expected interaction between 176 

mucin and the bilayer were evaluated. Pyrene loaded niosomes were prepared 177 

by adding pyrene (4 mM) with other vesicle components (same preparation 178 

method as above). The lateral distribution and the mobility of membrane 179 

compounds can be studied by fluorescence measurements. Pyrene is a 180 

florescence probe; whose monomer exhibited a spectrum characterized with five 181 

emission peaks (from I1 to I5) and excimer has only one peak (IE). Pyrene can 182 

form intramolecular excimer based on the viscosity of the probe 183 

microenvironment [19]. The fluorescence signals emitted by pyrene loaded 184 

niosomal suspension were studied by an emission spectrum (λ = 350–550 nm) 185 

using and Ex= 330 nm by a luminescence spectrometer (LS5013, PerkinElmer) 186 

[20]. 187 

 188 

2.2.6. Spectrophotometry 189 

a) Mucoadhesive strength was determined by the method proposed by Sandri et 190 

al. [21] The percent binding efficiency of niosomes to mucin was determined by 191 
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mixing 1 ml of porcine mucin suspension (2 mg/ml in Hepes buffer) with the 192 

same volume of CG-NioP or NioP. The mucin alone and then the mixture with 193 

niosomal suspensions were then centrifuged at 18000 rpm for 30 min at 194 

temperature of 4°C. The concentration of free mucin in the supernatant was 195 

determined at 255 nm using UV spectrophotometer (Perkin-Elmer lambda 25 196 

UV/Vis). The mucin binding efficiency of CG-NioP was calculated from the 197 

following equation:  198 

 199 

Mucin	binding	efficiency	-%/ = 12345	6789:;<=>>	6789:
12345	6789: x	100    (1) 200 

 201 

b) Aliquots of CG-NioP, NioP and CG were mixed with mucin (1:1 in volume). 202 

The effective absorbance (A) of the samples, operating at λ = 500nm, was 203 

compared to the theoretical absorbance (Atheor) calculated by adding the 204 

individual absorbance values of the mucin and each sample suspension (CG-205 

NioP, NioP and CG). The difference in absorption (∆A = A - Atheor) was taken as 206 

a measure of the interaction between mucin and CG-NioP, NioP or CG, namely 207 

∆A ≅ 0 if no interaction occurs, while if ∆A > 0, a strong interaction between 208 

mucin and the analysed samples was inferred. 209 

 210 

2.2.7. SAXS 211 

SAXS experiments were carried out at the European Synchrotron Radiation 212 

Facility (ESRF, Grenoble, France) to obtain information on the internal structure 213 

of formulations for drug delivery [5, 21]. In the case of SAXS the intensity decay 214 

behaviour as a function of momentum transfer q (q = (4π/λ) sin(θ/2), being θ the 215 

scattering angle) can provide knowledge on the structure of particles in solution 216 

down to the nm length scale. Measurements were acquired at the high-brilliance 217 

beamline ID02, with two sample-detector distances, in the region of momentum 218 

transfer 0.017nm-1 ≤ q ≤ 5nm-1. Samples were inserted in 2mm capillaries (KI-219 

beam, ENKI, Concesio, Italy) and placed horizontally onto a thermostated 220 

sample holder (T=25 ± 0.1 °C). Very shorts frames were collected (exposure 221 

time 0.1 s) and checked for effects induced by radiation damage before being 222 

averaged. After radial integration and background subtraction, the SAXS profiles 223 

report the scattered radiation intensity as a function of momentum transfer, q. 224 
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 225 

2.2.8. AFM 226 

Atomic force microscopy (AFM) topographical characterization were carried out 227 

using a standard AFM setup (Dimension Icon, Bruker Inc. in ‘soft tapping’ mode) 228 

equipped with standard silicon cantilevers (OTESPA, Bruker Inc.). A drop of 229 

solution was deposited on a 111 single-crystal silicon waiting a few minutes to 230 

allow some vesicles to adhere to the substrate. Eventually, the drop was drawn 231 

in order to prevent the deposition of excessive material, which could lead to the 232 

formation of a continuous film instead of isolated vesicles. A few minutes were 233 

further waited to allow an (incomplete) evaporation of the solvent at room 234 

conditions. Images were collected near the edge of the drops to avoid regions 235 

with too dense material on the surface.  236 

In order to perform statistics on the size of the vesicles, AFM images were 237 

analysed using the ‘Particle Analysis’ tool of the instrument. For both the CG-238 

NioP and CG-NioP-M samples, 20 different vesicles were analysed. The 239 

mechanisms of adsorption of vesicles on the substrate surface as well as the 240 

possible partial dehydration make the vesicles lose their original spherical shape 241 

resulting in spherical caps on the flat substrate surface [22], as depicted in the 242 

inset of Fig. 4(e). Each vesicle was analysed by evaluating the diameter DAFM 243 

and the height hAFM measured from the AFM morphology. Assuming that the 244 

adsorption and partial dehydration process modify the volume of the vesicle but 245 

not the surface area, the latter can be evaluated as the sum of the areas of the 246 

surface of the spherical cap 	A84# = π-D&<'( /4 + h&<'( / and of the base circle 247 

	A-4.> = πD&<'( /4 . Therefore, the equivalent diameter D>/ of a sphere with the 248 

same surface is given by:   249 

 250 

D>/ = 012345

( + h&<'(             (2) 251 

 252 

2.2.9. Brightfield microscopy 253 

Samples of diluted CG-NioP and CG-NioP-M were held at room temperature in a 254 

4-well Ibidi µ-slide, with a glass bottom especially conceived for microscopy 255 

purposes. The slide was adjusted into a motorized x-y translation stage, held in 256 

an Olympus IX73 inverted microscope, and illuminated by a conventional 100 W 257 
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halogen lamp through the condenser (N.A. 0.55). Transmitted light was collected 258 

by an UPLSAPO 100XO super-apochromat immersion oil objective (N.A. 1.4). 259 

Suitable optic elements projected the illuminated field of view onto a high-260 

resolution high sensitivity CoolSNAP™ MYO CCD camera by Photometrics 261 

(1940x1460 imaging array, 4.54x4.54 µm pixel size, 20 MHz readout and 14 bit 262 

dynamic range) connected with the control workstation. The optical magnification 263 

converted the CCD pixel size at the imaging plane down to 45 nm. 264 

The entire imaging setup, including the microscope, sample positioning, 265 

illumination and detection, was controlled via MetaMorph™ microscopy 266 

automation and image analysis software by Molecular Devices. Images of both 267 

the two samples were collected in streaming mode, at 36 fps, each image lasting 268 

10 ms, for a total stream length of 1000 images, and stored as single timescan 269 

TIF files. 270 

The time-stack stream files were processed via Fiji software bundle [23]. To 271 

emphasize the shape of the floating niosomes, time average images were 272 

subtracted to the respective time-stack streams. The particles traces appearing 273 

and disappearing on the focal plane were then isolated and the intensity profile 274 

measured along the trace. These curves were fitted with Lorentzians, a 275 

convenient approximation of the convolution between a hemisphere, the 276 

niosomes, and the overall microscope point spread function resulting from the 277 

combination of the condenser illumination and the objective collection. The 278 

profiles with the highest intensity and smaller full width at half maximum (FWHM) 279 

as obtained by the fit were then retained. More than 20 FWHM data were 280 

accumulated per each sample.  281 

 282 

3. Results and discussion 283 

Different perspectives to a given phenomenon help in sharpening the 284 

resolution in the parameter space. This approach is applied in characterizing 285 

the CG-mucin-niosomes complexes. The aim of the present paper is to obtain 286 

a unified description of chitosan coated niosomes/mucin interaction, taking 287 

advantage of the characteristics of each technique. This approach is able to 288 

highlight the same phenomenon but from different points of view and to give 289 

an overall idea of the final object. 290 
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 291 

3.1. DLS 292 

The niosomal samples were tested for their size, ζ-potential, and 293 

polydispersity index (PDI) using DLS measurements. CG-NioP niosomes bear 294 

negative surface charge. This was due to the presence of the Span 20 295 

surfactant and of a reduced amount of CG, which is insufficient to grant a 296 

complete charge inversion on the vesicles, but that allows for a significant 297 

interaction with the mucin. Higher amount of CG, would indeed produce 298 

structures with different chemical-physical characteristics [11]. 299 

The size of empty CG-Nio is small (~170 nm), and it increases in presence of model 300 

drug, but it does remain small enough for an efficient intranasal administration [1]. 301 

The interaction between mucin (the main component in mucus) and CG-NioP was 302 

evaluated determining the differences in size and surface charge before and after 303 

addition of mucin. The hydrodynamic diameter, ζ-potential, pH, and turbidity values 304 

listed in Tab. 1 were all compatible with the same mucin-CG-NioP interaction 305 

scheme. The values related to the CG-NioP-M that were always in between the 306 

mucin and CG-NioP samples, while there were no evidences of mucin interacting 307 

with uncoated samples (data not shown).  308 

 309 

 310 

Sample 
Vesicles diameter 

(102 nm) 
ζ-Potential 

(mV) 
PDI 

Turbidity 
(arb. units) 

pH 

 DLS AFM BFM DLS DLS Fluorimetry  
CG-NioP 2.0 ± 0.1 2.1 ± 0.3 2.2 ± 0.3 -46.3 ± 0.1 0.1 440.1 6.5 

CG-NioP-M 2.6 ± 0.1 3.2 ± 0.1 3.0 ± 0.5 -30.0 ± 2.0 0.3 322.9 6.3 
Mucin 16.2 ± 0.6  - -15.6 ± 0.4 - 257.3 6.1 

 311 

Table 1. Characteristics of CG-NioP, CG-NioP-M and Mucin. Vesicles diameter and 312 

ζ-Potential are expressed as mean ± standard deviation of three measurements. 313 

BFM data refer to deconvoluted average particle diameters. 314 

 315 

 316 

The interaction between mucin and chitosan was a “non-specific” one, that includes 317 



 

 
11

also a physical entanglement between the polymer and mucus layer, although CG-318 

NioP bear negative ζ-potential values [24]. The PDI values of the mixtures were 319 

significantly higher than CG-NioP, due to the polydisperse system of the mixture, 320 

possibly as a consequence of the disordered assembly of the mucin layers onto the 321 

original niosomes surfaces. Size distribution by intensity curves for mucin alone, CG-322 

NioP and CG-NioP-M were shown in Fig. 1 panel a. The bell-shaped size distribution 323 

curve of CG-NioP-M was located between the curves of mucin alone and CG-NioP, 324 

as a result of the adhesion of mucin on coated niosome samples; this behaviour 325 

suggests the successful formation of bigger aggregates and a complete mucin- CG-326 

NioP due to the formation of the narrow curve of CG-NioP-M and the total 327 

disappearance of the mucin curve.   328 

 329 

 330 

Figure 1. Panel a: Size distribution by intensity of CG-NioP (red), CG-NioP-M 331 

mixture (blue) and mucin solution (green). Panel b: Interaction kinetic and in vitro 332 

stability of complexes CG-NioP by DLS measurements. 333 

 334 

 335 

To investigate the interaction kinetic of CG-NioP and mucin in terms of size and ζ-336 

potential, measurements were carried out at different time intervals. In Fig. 1 panel b, 337 

the temporal evolution of these quantities as derived by DLS was shown. Already 338 

after 5 min, the particle size and the ζ-potential both increase, respect those reported 339 

in Table 1, up to a time average value around which the following respective 340 

measurements oscillate. It can be supposed that the interaction occurs immediately, 341 

and the obtained complexes remain stable during the time interval observed; this 342 
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aspect is important because it could predict a possible in vivo sample stability.  343 

 344 

3.2. Spectrophotometry 345 

The interaction between mucin and niosomes was evaluated by measuring the UV 346 

spectra of the supernatant after incubation and centrifugation. In Fig. 2: panel a the 347 

percentage of mucin in the precipitate is reported, measured as the difference 348 

between the total amount of mucin and the free mucin present in the supernatant. 349 

When only mucin was present in the suspension, the 50% precipitates after 350 

centrifugation, while when NioP were included in the solution, a little increase in the 351 

precipitated percent was noted, probably as a consequence of a mechanical 352 

interaction between niosomes and mucin. An almost complete precipitation of mucin 353 

occurred when CG-NioP were present in the suspension, because of the “non-354 

specific” mucin interaction and a physical entanglement between the polymer and 355 

the mucus layer.  356 

 357 

 358 

 359 

Figure 2. Panel a: Mucoadhesive efficiency of niosome: mucin interaction evaluating 360 

the percent of precipitated mucin. Panel b: ∆A values as a measure of effectiveness 361 

interaction of CG-M, NioP-M and CG-NioP-M. 362 

 363 

 364 

This technique is also useful to evaluate the mucoadhesion performance of CG-NioP 365 

expressed as difference in absorption (∆A) (Fig. 2: panel b). The values obtained by 366 

mixing pure CG and mucin were reported.  367 
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This differential absorbance ∆A was able to provide information about the relevance 368 

of chitosan-mucin interaction in the overall process. The interaction between CG and 369 

mucin, considered as a reference for the purpose of this experiment, gives 370 

information about the maximum achievable interaction. This is the result of a balance 371 

between the interaction of anionic charges of mucin with positive ones on the 372 

polymeric chain and the competitive effect of ions and high ionic strength in the 373 

suspensions. After the addiction of mucin to NioP, no difference in absorption 374 

occurred, due to the absence of positive charges on the niosomal surface. CG-NioP 375 

presented a value of ∆A>0, higher respect to our control that is NioP with mucin. 376 

Coated niosomes showed in fact a value of ∆A > 0 comparable to the value obtained 377 

with CG-M, that were related to an interaction with mucin. In presence of CG, the 378 

niosomal adhesion performance was enhanced because of the best mucoadhesive 379 

properties due to the exposed charged groups on niosomal surface to external 380 

interactions. The CG present in the suspension was not completely free, as it was in 381 

the control suspension, because it was partially involved in the niosomal surface 382 

interaction and its ability to interact with mucin was depleted. 383 

 384 

3.3. Fluorimetry 385 

Bilayer characterization was carried out on NioP, CG-NioP and the mixture obtained 386 

after adding CG-NioP with mucin, respectively. Pyrene, a lipophilic probe, was 387 

located within the bilayer, and provides different information due to its different 388 

conformations inside the bilayer: monomers and excimers come up with different 389 

fluorescent spectra as depicted in Fig. 3. 390 
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 391 

 392 

Figure 3. Pyrene emission spectrum (Ex: 330 nm; I1= 373 nm; I3= 385 nm; IE= 464 393 

nm) of samples: NioP (green), CG-NioP (red) and CG-NioP-M (blue). 394 

 395 

 396 

 Pyrene monomer exhibited a spectrum characterized with five emission peaks (from 397 

I1 to I5) and pyrene excimer has only one peak (IE). The pyrene spectrum in NioP, in 398 

the absence of CG, shows peaks related to both monomer and excimer geometries, 399 

while when CG was added to the formulation, the disappearance of the excimer 400 

peak was observed. This was related not only to the external coating, but also to 401 

different interactions that might be responsible of a change in bilayer behaviour. The 402 

further addiction of mucin produces no dramatic change in the CG-NioP bilayer, as 403 

also indicated by the SAXS measurements discussed below. According to DLS data, 404 

the interaction between coated niosomes and mucin was responsible only for a 405 

dimensional increase of the complexes. The alternative and non conventional use of 406 

pyrene probe confirmed the external interaction between CG-NioP and mucin with 407 

no bilayer perturbation according to SAXS results. 408 

 409 

3.4. AFM 410 

In Fig. 4, the morphology of the CG-NioP and CG-NioP-M were shown. In Fig. 411 

4(a) a region with too high density of deposited sample is evidenced and large 412 

amorphous blobs are visible, likely resulting from coalescence of several 413 
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vesicles. Single niosomes were visible on the surface of blobs as well as on the 414 

substrate. In order to obtain more accurate evaluation of vesicle size, regions 415 

with deposited material were chosen as reported in Fig. 4(c), (e) and (g), where 416 

several isolated niosomes with regular circular shape are clearly visible at 417 

different magnification.  418 

High resolution images of CG-NioP vesicles, as the one reported in Fig. 4(i), 419 

show a niosomal granular surface. This is probably due to the convolution 420 

between the real shape of the molecules of the bilayer and the AFM tip which is 421 

spherical with nominal curvature radius less than 10 nm. In the analogous 422 

images of the CG-NioP-M, e.g., that reported in Fig. 4(b), in addition to large 423 

amorphous blobs and isolated vesicles, long filaments are visible, as evidenced 424 

by the arrow in Fig. 4(b). These filaments are peculiar of mucin, in fact they are 425 

not present in the sample CG-NioP. Images of the surface at different 426 

magnification of CG-NioP-M, (Fig. 4(d), (f) and (h)) show that vesicles possess 427 

regular circular shape and seem bigger than the corresponding samples without 428 

mucin. Indeed, statistical analysis on the height of niosomes confirms the 429 

increase of the mean vesicle height of CG-NioP-M respect to CG-NioP (i.e., from 430 

20 ± 3 nm to 37 ± 3 nm). Analogously, the diameter increase of the vesicles on 431 

the substrates is observed (i.e., from 290 ± 40 nm to 450 ± 20 nm). Moreover, 432 

statistical analysis of D>/ of the niosomes evaluated using equation (2), and 433 

reported in Table 1, indicates the same increase of CG-NioP-M respect to CG-434 

NioP (from 210 ± 30 nm to 320 ± 10 nm), in good agreement with results 435 

obtained by the other techniques.  436 

 437 
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 438 

Figure 4. Microscopic images ad different magnification using AFM: (a,c,e,f,g,i) CG-439 

NioP and (b,d,f,h,l) CG-NioP-M. In the inset in (e) the sketch of a vesicle adherent to 440 

the substrate is reported. 441 

 442 

In this case, AFM technique, able to provide morphological and metrological 443 

information on nanocarriers; is also able to highlight the peculiar localization of mucin 444 

around the CG-NioP surface.  445 

 446 

 447 
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3.5. Brightfield microscopy 448 

To image and to measure low absorption contrast nanometer sized suspended 449 

particles randomly moving in a solvent as a consequence of Brownian motion is a 450 

terrific challenge for modern microscopy [1, 25]. In the case of biocompatible 451 

particles, several constraints cannot be overcome: temperature and hydration could 452 

not be controlled to slow down the particle dynamics, as the physico-chemical 453 

environmental conditions strongly affect the particle character and behaviour; 454 

analogously, the viscosity of the solvent cannot be altered, as the chemistry of the 455 

niosomes is extremely sensitive.  456 

At the same time, dynamics of nanometer sized bodies suspended in room 457 

temperature water (or any other equally viscous liquid) is fast (the diffusion constant 458 

could be estimated to be in the order of 10-12 m2s-1) and imaging time must be kept 459 

as short as possible, a trade-off with a photon devouring technique as microscopy is.  460 

On top of this, niosomes show a very low contrast with respect to the solvent, and 461 

the floating particles would appear as very weak perturbations of the 462 

homogeneous solvent background.  463 

This set of restrictions was taken into account combining high spatial and temporal 464 

resolutions provided by brightfield microscopy imaging recorded at high framerate 465 

and high numerical aperture. The collected timestack movies show tiny spots, few 466 

pixels wide, swirling for fraction of seconds in the focal plane. A crop of the time 467 

sequence showing a particle entering and leaving the focal plane over a period 468 

of 220 ms is shown in Fig. 5: panel a.  469 

 470 

 471 

 472 

a b 
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                      473 

Figure 5. BFM experimental conditions of the images are as reported in section 474 

2.2.9. Panel a: Time sequence montage of a 94x94 pixel crop timestack showing 475 

a CG-NioP-M particle entering and leaving the focal plane. Two next images are 476 

28 ms apart, while the integration time per image is 10 ms. Panel b: Size 477 

distribution of CG-NioP and CG-NioP-M particles convoluted by the imaging 478 

point spread function, as determined via the procedure described in the text. 479 

 480 

Several similar events were recorded per every sample and following the 481 

procedure described in the Materials and methods section, the full width half 482 

maximum (FWHM) distributions of these spots was obtained. The corresponding 483 

normal probability density functions for both the two niosome sets are depicted in 484 

figure Fig. 5: panel b.  485 

The average sizes for CG-NioP and CG-NioP-M are (4.0±0.5) 102 nm and 486 

(4.4±0.7) 102 nm respectively. Of course, the FWHM determined by these 487 

measurements does not correspond to the actual particle size, since the particle 488 

projections on the focal plane are spread by the response of the imaging system 489 

to a point object. In principle, it is possible to estimate the shape of this 490 

response, namely the point spread function (PSF), but it is more convenient to 491 

measure it experimentally. In the case of our optical arrangement, the PSF can 492 

be approximated by a Lorentzian of 350 nm FWHM, and the deconvoluted 493 

average particle diameters for the two niosomes are reported in table 1.  494 

 495 

3.6. SAXS 496 

To investigate the internal structure of niosomes and their interaction with mucin, 497 

small angle X-ray scattering experiments on C, mucin and CG-NioP-M were carried 498 

out. In Fig. 6, left panel, SAXS spectra of CG-NioP (purple) and mucin (green). The 499 

intensity spectrum of mucin shows an intensity decay behavior characteristic for 500 

polymer chains in a good solvent I(q) ÷ q-5/3. The spectrum of CG-NioP is dominated 501 

by the features of the Span-based shell. The intensity peak at q = 1.6 nm-1 is sign of 502 

an ordered structure. The q position corresponds to a characteristic distance d = 503 

2π/q between regularly arranged structures inside the niosomes. The presence of 504 

this peak is observed in multilamellar liposomes or Tween-based niosomes [5] and 505 
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the corresponding characteristic distance is the repetition distance within the 506 

multilamellar shell, d = thickness of the lamella plus thickness of the interlamellar 507 

water layer. In the present Span 20 based system, the observed distance is quite 508 

small, d = 3.8 nm, and just twice the length of a Span 20 molecule (about 2 nm). This 509 

result indicates that the shell of the niosomes is a multi-layered structure made of 510 

several Span layers in close contact, without the presence of any interlamellar water 511 

layer. In the right panel the intensity spectrum corresponding to the mixed 1:1 (w/w) 512 

niosome:mucin system is shown (blue) together with the reconstructed spectrum 513 

(red) obtained by simple addition of the two components, CG-NioP and mucin . The 514 

peak position still stays at q = 1.6 nm-1 revealing no dramatic change in the niosome 515 

internal structure in presence of mucin. Rather the measured intensity spectrum 516 

deviates from the reconstructed one in the low q region, corresponding to the large 517 

distances. This behaviour is sign of an interaction between mucin and the external 518 

surface of niosomes resulting in the formation of larger complexes. 519 

 520 

 521 

 522 

Figure 6. Left panel. SAXS spectra of CG-NioP (purple dots) and mucin (green 523 

diamonds) The black line represents the intensity decay behaviour I (q) ÷ q-5/3. Right 524 

panel. CG-NioP-M intensity spectrum (blue dots) together with the reconstructed 525 

spectrum (red line) obtained by adding the contribution of the two (CG-NioP and 526 

mucin) components. 527 

 528 
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This study illustrates how these techniques can be used as valuable tools to 530 

obtain quantitative and qualitative information about the chitosan coated 531 

niosomes/mucin interaction. Dynamic light scattering (DLS), fluorimetric and 532 

spectrophotometric assays, small-angle X-ray scattering (SAXS), atomic force 533 

microscopy (AFM) and high speed brightfield microscopy (BFM) techniques 534 

proved to be highly complementary and parallel. Therefore their synergic 535 

combination allows for the characterization of a potential nanocarrier under 536 

development from the design of the vector, to the evolution of the structure 537 

upon encapsulation of the drug and interaction with biological barriers along 538 

the administration route, like mucin (Fig. 7: panel a). Some techniques are able 539 

to underline the increase of CG-NioP-M size respect to CG-NioP that confirm 540 

the phenomena of interaction. Although, as expected by different techniques, 541 

dimensions with different values are established, but the interaction 542 

sample/mucin is demonstrated by physical chemical properties variations that 543 

are, for all applied techniques always the same (≅ 30%). According to all 544 

techniques employed, the CG-Nio-P obtained from Span 20 surfactant shows 545 

in vitro mucoadhesive properties and the interaction mucin-sample would 546 

seem a superficial interaction, in fact, no change in the internal structure is 547 

observed by SAXS or fluorometric measurements. Moreover, the vesicle 548 

stability is maintained for 15 min, time of interaction with nasal mucosa after 549 

intranasal administration (Fig. 7: panel b). 550 

However, further studies are needed to verify, in vivo, the improved 551 

bioavailability and the reduced drug clearance in nasal cavity respect to free 552 

drug. 553 

These techniques, able to investigate physical-chemical features of 554 

nanocarriers and their mucin complexes, can be an essential tool to 555 

understand and refine information on the potential interaction between 556 

nanocarriers and biological environments, membranes and in vivo 557 

compartments. 558 
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 559 

Figure 7. Panel a: Parameters evaluated by each technique to study niosome: 560 

mucin interaction. Panel b: Schematic representation of overall obtained results.  561 

 562 
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Highlights 
 

• Physical-chemical characterization of niosomes/mucin interaction.  

• Different, non conventional and complementary techniques to perform analytical 

characterization.  

• DLS, AFM, BFM, Spectrophotometric techniques. 

• SAXS, Fluorimetric techniques. 

• No change of internal niosomal structure, superficial mucin interaction. 
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