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Article history: Transmucosal administration offers numerous advantages for drug delivery as it usually helps to avoid
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and nano-formulations and can result in a significant reduction of their efficacy. The design of mucus-
penetrating nanoparticles can overcome the barrier function of mucus which may lead to better thera-
peutic outcomes. In this study, chitosan was chemically modified by grafting short chains of poly(ethy-
lene glycol), poly(2-hydroxyethyl acrylate), poly(2-ethyl-2-oxazoline), or poly(N-vinyl pyrrolidone) and
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the resulting chitosan derivatives were used to prepare nanoparticles using an ionic gelation method
with sodium tripolyphosphate. These nanoparticles were characterised using dynamic light scattering,
transmission electron microscopy, small-angle neutron scattering and nanoparticle tracking analysis.
Small-angle neutron scattering data revealed the presence of a large amount of water inside these

nanoparticles and lack of a heterogeneous internal structure. The nanogel model with low crosslinking
density is suggested as the most feasible model to describe the structure of these nanoparticles. The stud-
ies of the behaviour of these nanoparticles in bovine submaxillary mucin solutions and their penetration
into sheep nasal mucosa indicated greater diffusivity of modified chitosan nanoparticles compared to
unmodified chitosan nanoparticles with the best results achieved for the chitosan grafted with poly(N-

vinyl pyrrolidone).

© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Transmucosal drug delivery encompasses all routes of adminis-
tration when dosage forms are directly interacting with mucosal
membranes of the human body and the drug molecules are sup-
posed to diffuse through the mucosal lining before reaching
epithelial cells. The established routes of transmucosal administra-
tion include oromucosal (buccal, sublingual, and gingival), ocular,
nasal, oesophageal gastrointestinal, vaginal, rectal and intravesical
[1-8]. Administration of drugs via mucosal routes is advantageous
as it helps to avoid first pass metabolism, provides rapid onset of
action and is non-invasive. In some cases, administration via
mucosal routes could achieve targeted delivery of drugs to partic-
ular organs. For example, application of eye drops allows targeting
of ocular tissues [3] and nasal administration provides direct
access to the brain [9].

It is known that a mucosal layer is continuously renewed in a
process called mucus turnover, and the turnover rate varies
depending on the physiological features of a particular organ. For
example, rat intestinal mucus is renewed every 47-270 min [10].
The rapid movement of cilia propels the nasal respiratory mucus
(known as mucociliary clearance) from the interior toward the
posterior part of the nasal cavity resulting in a short mucus turn-
over time (15-20 min in human) [11]. In rats, the mucus turnover
time of nasal respiratory mucosa is about 10 min [12].

Mucus often acts as a barrier for diffusion of nanomedicines and
even small drug molecules [13,14]. Different therapeutic areas can
potentially benefit from the development of nanomaterials with
enhanced diffusivity through mucus. This will be beneficial for
the delivery of small drug molecules, vaccines and biopharmaceu-
tical agents to prevent, manage or treat respiratory diseases
including viral infections, chronic rhinitis, asthma, chronic obstruc-
tive pulmonary disease and cystic fibrosis, which are often charac-
terised by excessive mucus production [15-18]. Inefficient
diffusion of nanomaterials through viscous vaginal fluids also lim-
its some therapies for sexually transmitted infections [19]. Mucus-
penetrating medicines could also benefit therapies of some gas-
trointestinal conditions, for example, infections caused by Heli-
cobacter pylori bacteria residing in the mucosal lining of the
stomach and duodenum, responsible for the majority of ulcers in
the stomach and small intestine as well as for some cancers [20].
Facilitated diffusion of nanoparticles in different viscous body flu-
ids is also of interest for other non-mucosal therapeutic areas, e.g.
intraocular drug delivery [21,22].

Traditionally, it is believed that formulations adhering to muco-
sal linings could be used for more efficient transmucosal drug
delivery. However, more recently Hanes et al. [23,24] demon-
strated that PEGylation of 200 nm polystyrene nanoparticles
makes them less adhesive and facilitates their penetration through
mucus gels. These pioneering studies have triggered further
research into the development of various mucus-penetrating
PEGylated delivery systems [25-28].
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Alternatives to PEGylation are currently also of great interest in
the development of mucus-penetrating systems [29]. Recently, we
demonstrated that thiolated silica nanoparticles functionalised
with poly(2-methyl-2-oxazoline) and poly(2-ethyl-2-oxazoline)
had a greater diffusivity in porcine gastric mucin dispersions and
porcine gastric mucosa compared to their thiolated parent nano-
material [30,31]. However, these silica nanoparticles, similarly to
the polystyrene nanoparticles used by Hanes et al. [23,24] can only
be used as a model system to study diffusion, not as a drug vehicle
because of their non-porous nature.

In this study, we evaluated the potential of several non-ionic
hydrophilic polymers in the design of mucus-penetrating nanopar-
ticles based on chitosan. Four different water-soluble polymers -
poly(ethylene glycol) (PEG), poly(2-hydroxyethyl acrylate) (PHEA),
poly(2-ethyl-2-oxazoline) (POZ) and poly(N-vinyl pyrrolidone)
(PVP) - were grafted onto chitosan (hereinafter referred as PEG-,
PHEA-, POZ- and PVP-chitosan, respectively). These polymers were
chosen due to their non-ionic nature that was expected to make
nanoparticles with mucus-inert surfaces and stealth properties.
The structures of chitosan modified with these polymers are
shown in Figs. S1, S2, S4 and S6 in the Supplementary Information.
These modified polysaccharide macromolecules were used to pre-
pare nanoparticles through complex formation with sodium
tripolyphosphate (hereinafter referred to as PEG-, PHEA-, POZ-
and PVP-chitosan nanoparticles, respectively). The structure of
the nanoparticles formed by unmodified and modified chitosan
was characterised using dynamic light scattering, transmission
electron microscopy and small-angle neutron scattering. The diffu-
sivity of these nanoparticles in mucin solutions and through sheep
nasal mucosa was studied. To the best of our knowledge, this is the
first study that provides a comparison of mucus-penetrating parti-
cles decorated with four polymers of different nature and it is the
first report of using PVP and PHEA as polymers to facilitate mucus
penetration.

2. Materials and methods
2.1. Materials

Medium molecular weight chitosan (degree of deacetylation
75-85%), trifluoroacetic acid (TFA), D50, 1-ethyl-3-(3-dimethylami
nopropyl)-carbodiimide hydrochloride (EDAC), N-
hydroxysuccinimide (NHS), mucin from bovine submaxillary
glands Type I-S (BSM), sodium tripolyphosphate (TPP), 4’,6-diami
dino-2-phenylindole dihydrochloride (DAPI), and D-(+) glu-
cosamine hydrochloride were purchased from Sigma-Aldrich
(Gillingham, UK). Uranyl acetate dihydrate was purchased from
Agar Scientific (UK). Sodium acetate trihydrate, Molecular Probes™
Alexa Fluor™ 546 NHS ester (Alexa Fluor™ 546), glacial acetic acid,
dimethyl sulfoxide (DMSO), sodium hydroxide (NaOH) and Cell-
path™ OCT embedding matrix (OCT) were purchased from Fisher
Scientific (UK). Dialysis membrane with a molecular cut-off of
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12-14 kDa was purchased from Medicell International Ltd., UK.
Phosphotungstic acid hydrate was purchased from Fluka. Hydrox-
yethyl acrylate (HEA, 96%, Aldrich) was destabilized by passing the
monomer through a basic aluminium oxide column prior to poly-
merization. N-vinylpyrrolidone (NVP, 99%, Acros) was purified by
vacuum distillation. 2,2’-azobis(isobutyronitrile) (AIBN), potas-
sium ethyl xanthogenate and 2-bromopropionic acid 99% were
obtained from Sigma-Aldrich. AIBN was purified by recrystalliza-
tion twice in methanol before use. HPLC grade solvents N,N-
dimethylacetamide (DMA), diethyl ether and dichloromethane
were obtained from Sigma-Aldrich, N,N-dimethylformamide
(DMF) was obtained from Biosolve and n-hexane from Fischer Sci-
entific. 2-(butylthiocarbonothioylthio)propanoic acid (BTTCP) was
synthesised as described by Ferguson et al. [32]. Xanthate CTA
(2-((ethoxycarbonothioyl)thio)propanoic acid) (ECTTPA) was syn-
thesised by a general procedure described previously by Pound
et al. [33]. Acetonitrile (Aldrich) was dried in a solvent purification
system (J. C. Meyer). 2-Ethyl-2-oxazoline (EtOx; Aldrich), methyl
2-bromoacetate and piperidine were distilled over barium oxide
and stored under argon. All other chemicals were of analytical
grade, purchased from Sigma-Aldrich or Acros Organics and were
used as received.

2.2. Methods

2.2.1. Synthesis of PHEA-COOH, POZ-COOH and PVP-COOH
The details of the synthesis of PHEA-COOH, POZ-COOH and
PVP-COOH are provided in the Supplementary Information.

2.2.2. Synthesis of PEG-, PHEA-, POZ- and PVP-chitosan

Four modified chitosan (PEG-, PHEA-, POZ- and PVP-chitosan)
were synthesised as follows. To 80 mg medium molecular weight
chitosan, 11.5 mL acetic acid (1% v/v) was added. The mixture
was continuously stirred for 20 h at room temperature. The pH
of the chitosan solutions was increased to 6 using 5 M NaOH solu-
tion. PEG-COOH (117 mg), PHEA-COOH (117 mg dissolved in 5 mL
deionised water) and POZ-COOH (117 mg) and PVP-COOH
(100 mg) was added to the chitosan solutions. Then after 5 min
stirring, NHS (13.5 mg) was added to each and stirred for 30 min.
EDAC (22.4 mg) was then added and stirred for 24 h. The products
were dialysed against deionised water (4 L, 8 total changes, 12—
14 kDa MWCO dialysis membrane) at room temperature for at
least 3 days. The products were recovered by lyophilisation using
a Heto Power Dry LL 3000 freeze-drier (Thermo Electron Corpora-
tion). The % of yield was calculated according to equation (1).

. W,

o7
Yield % "W, W, x 100 (1)
W1 is the weight of the freeze-dried modified chitosan.

W2 and W3 are the weights of the unmodified chitosan and
carboxyl-terminated non-ionic polymers (PEG-, PHEA-, POZ- and
PVP-COOH) in the reaction mixture, respectively.

The percentage of grafting by weight (GW %) was calculated
according to the method reported by Bhattarai et al. [34] as
follows:

W, — W,
GW% = ng" x 100 (2)
where W, is the weight of the freeze-dried grafted polymer and W,
is the weight of native chitosan in the reaction mixture.

2.2.3. NMR spectroscopy

TH NMR spectra were recorded using a Bruker Nanobay
400 MHz NMR spectrometer. 1 mL D,0 was placed in a vial. Then
to this, 10 pL of TFA was added. The polymers were added to the
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acidified D,0 (except for PEG-chitosan where only D,0 was used
as a solvent) and stirred for 16 h at room temperature. The degree
of acetylation (DA) of the unmodified chitosan was calculated as
follows [35]:

ICH5/3

PA=TH, = He/6

x 100 (3)
where I CHs is the integral intensity of N-acetylated protons and I
H,-Hg is the sum of the integral intensity of protons number 2, 3,
4,5 and 6.

The degree of substitution (DS) of the modified chitosan was
calculated using 'H NMR spectroscopy by integrating related peaks
of the grafted polymers against specific chitosan peak in the mod-
ified chitosan. The related peaks were marked in the Supplemen-
tary Information (Fig. S1, 2, 4 and 6).

2.2.4. FTIR spectroscopy

FTIR spectra of the freeze-dried polymers were recorded using a
NICOLET iS5 FTIR spectrophotometer (ThermoScientific, UK). The
spectra were collected from an average of 16 scans, with a resolu-
tion of 4 cm™! over the range of 4000-400 cm™".

2.2.5. pH-solubility profile

Solubility of the modified and unmodified chitosan was mea-
sured at different pH at room temperature using a turbidimetric
technique. The polymers were dissolved (0.5 mg/mL, 20 mL) in
1% v|v acetic acid and left stirring for 24 h. The turbidity (ab-
sorbance) of the solutions was measured at room temperature
using a BioTek Epoch plate reader at 400 nm using 1% v/v acetic
acid as a blank. 200 pL aliquots were used. The pH was adjusted
by the addition of either 1 M NaOH solution or 1% v/v acetic acid.
The results are reported as the average of the turbidity of 3 samples
at each pH point + standard deviation.

2.2.6. Labelling unmodified and modified chitosan with Alexa Fluor™
546

Unmodified and modified chitosan were dissolved in 9.66 mL
1% v/v acetic acid to form 5 mg/mL, solutions. The pH was
increased to 6 using 5 M NaOH solution. Alexa Fluor™ 546 was dis-
solved in DMSO (5 mg/mL), then 138 pL Alexa Fluor™ 546 solution
(equivalent to 0.69 mg Alexa Fluor™ 546) was added to the chi-
tosan solution and the reaction mixture was stirred for 4 h at room
temperature in the dark. Then the product was dialysed against
deionised water in the dark using 12-14 kDa MWCO dialysis mem-
brane (for 96 h, 1 L for 5 changes). To determine the Alexa Fluor™
546 content, chitosan solutions (0.2 mg/mL in 1% v/v acetic acid)
were prepared by stirring overnight in the dark. Then the solutions
were diluted according to the calibration curve with ultrapure
water in the dark. The pH was adjusted to 6 using 0.5 M NaOH
solution. The fluorescence intensity of three separate samples
was measured using a fluorescence spectrometer (Cary Eclipse,
Varian Inc., US). In order to establish a calibration curve, serial dilu-
tions of Alexa Fluor™ 546 in ultrapure water (50, 25, 12.5, 6.25 and
3.125 ng/mL) were prepared by diluting Alexa Fluor™ 546 stock
solution (5 mg/mL in DMSO). Finally, Alexa Fluor™ 546 content
was calculated with reference to the calibration curve.

2.2.7. Preparation of nanoparticles

Unmodified chitosan and modified chitosan nanoparticles were
prepared using an ionic gelation method according to Calvo et al.
[36] but with some modifications. After optimisation trials, the fol-
lowing protocol was selected. Polymer solutions (1 mg/mL in 1% v/
v acetic acid) were prepared and the pH was increased to 5.5 using
5 M NaOH. 1 mg/mL TPP solution was prepared by dissolving the
calculated amount of TPP in deionised water. Before mixing, both



Twana Mohammed M. Ways, S.K. Filippov, S. Maji et al.

TPP and chitosan solutions (pH 5.5) were filtered through a 0.2 pm
syringe filter. Then, 4 mL TPP solution was added dropwise to the
polymer solutions (8 mL) over a period of 5 min. The suspensions
were stirred for another 30 min at room temperature. Alexa Fluor™
546- labelled chitosan and PEG-chitosan nanoparticles were pre-
pared similarly to unlabelled chitosan nanoparticles. However,
for Alexa Fluor™ 546-labelled PHEA-, POZ- and PVP-chitosan
nanoparticles, 2 mL TPP solution was added to 4 mL Alexa Fluor™
546-labelled chitosan solutions with the rest performed exactly
as described for the unlabelled chitosan nanoparticles. In case of
Alexa Fluor™ 546-labelled nanoparticles, the experiments were
conducted in the dark.

2.2.8. Characterisation of the nanoparticles

2.2.8.1. Dynamic light scattering (DLS). The size and &-potential of
the nanoparticles were measured using a Zetasizer Nano-ZS
(Model: ZEN3600, Malvern, UK). For the size measurements, the
samples were diluted (1:100 for unlabelled nanoparticles and
1:20 for Alexa Fluor™ 546-labelled nanoparticles) with ultrapure
water before analysis. A refractive index of 1.59 and an absorbance
of 0.01 were used for all measurements. Viscosity (0.8872 cP) and
refractive index (1.33) of water were used as dispersant parame-
ters. The samples were equilibrated for 60 s and the measurements
were conducted in triplicate for 10 s per run, with 12 runs per
reading at 25 °C. The measurement angle was set to 173° backscat-
ter. For the data processing, the normal resolution analysis model
(general purpose algorithm) was selected. &-potential values were
measured using DTS-1070 folded capillary tube cuvettes (Malvern,
UK). Samples were diluted with ultrapure water (1:10) before anal-
ysis. Samples were measured using 3 repeats of 20 sub-runs per
reading. The information on nanoparticle sizes was evaluated by
taking both Z averaged and number-weighted value of hydrody-
namic diameter (Dy). Z averaged Dy, is predominantly sensitive to
the largest particles available in solution whereas number-
weighted value represents the smallest, most populated fraction
of the nanoparticles. We used number-weighted value for the com-
parison with the TEM data. Polydispersity index (PDI) was taken as
an estimate of sample polydispersity. PDI value was calculated as
the ratio of the second k, and first cumulants k;, PDI = 2 ky/Kk3,
where cumulants k; and k, are coefficients in the first and second
coefficients in the Taylor series expansion of a correlation function
21(t); In[g1(t)]=- k1T + ko T 2/2. To obtain the &-potential, data was
processed using auto mode analysis model. At least 3 samples were
measured and processed using the Smoluchowski model
(Fxa = 1.50) to convert electrophoretic mobility data to &-potential.

2.2.8.2. Nanoparticle tracking analysis (NTA). The nanoparticles
were also characterised by NTA using the NanoSight instrument
(LM10 system, LM14 laser module, top plate and green 532 nm
laser, Malvern, UK). For the NTA measurements, Alexa Fluor™
546-labelled nanoparticles suspensions were diluted (1:10,000)
with ultrapure water (pH 5.5, acidified with 1% v/v acetic acid). Flu-
orescence mode was used for the NTA measurement of the
nanoparticles. 1 mL of diluted sample was taken using a 1 mL syr-
inge and the syringe loaded onto the NTA syringe pump. A sCMOS
camera and the NTA 3.2 software were used to capture and process
the motion of the nanoparticles. The camera level was set to 16 and
the detection thresholds were 5. A syringe pump speed of 50 AU
was selected to minimise the fluorescence bleaching of the
nanoparticles. The viscosity of water was used as the diluent vis-
cosity. Automatic maximum jump mode, blur and minimum track
length were used for all NTA measurements. The temperature was
fixed at 25 °C. For each sample, 6 videos of 60 s were recorded and
for each nanoparticle type, three separate samples were analysed.
Finally, the mean and the mode of size and the mean diffusion
coefficient were reported. 100 nm non-fluorescent polystyrene
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latex (diluted 1:150,000 with ultrapure water) was used as a stan-
dard, however, the scatter mode was used to measure the size of
these standard nanoparticles. NTA method has a lower limit of
detection in the range of 20-50 nm and depends on nanoparticle
density and refractive index. For chitosan-based nanoparticles we
expect the NTA low limit to be 50 nm.

2.2.8.3. Transmission electron microscopy (TEM). TEM was con-
ducted using a JEM-2100 PLUS Electron Microscope (JEOL, USA)
at an accelerating voltage of 200 kV. One drop of nanoparticle sus-
pension was placed on a piece of parafilm. A carbon-coated copper
grid was dipped into a drop of nanoparticle suspension and left for
1 min. The excess nanoparticle suspension was then removed by a
filter paper. Then a drop of 2% w/v phosphotungstic acid solution
was placed on the parafilm. The grid was immersed in the stain
solution for 30 s and then the excess stain was also removed by
a filter paper. The samples were then air dried and submitted to
the instrument. At least 3 images were taken and the size of the
nanoparticles was measured using the Image] software (National
Institutes of Health, USA).

2.2.8.4. Small-angle neutron scattering (SANS). SANS experiments
were performed on the LOQ time-of-flight diffractometer at the
ISIS Pulsed Neutron Source (Rutherford Appleton Laboratory, UK).
A simultaneous g-range (=4 sin6 /A, where 20 is the scattering
angle) of 0.007-0.24 A~! was achieved by utilizing an incident
wavelength range of 2.2-10.0 A at 25 Hz with a sample-detector
distance of 4.15 m. The beam diameter at the samples was colli-
mated to 12 mm diameter. Each scattering data set was corrected
for the detector efficiency and spatial linearity, the measured neu-
tron transmission and background scattering, and converted to
scattering cross-section data (hereafter referred to as intensity, I)
using the Mantid framework (version 3.12.1) [37]. These corrected
data were then placed on an absolute scale (cm™!) using the scat-
tering from a partially-deuterated polystyrene blend of known
molecular weight measured with the same instrument configura-
tion [38].

Prior to the SANS experiments, several attempts were made to
purify the nanoparticles and disperse them in D,0 (to minimise
the incoherent background from hydrogen atoms in the samples
and improve the signal-to-noise). Preliminary experiments showed
that dialysis against 1 L of deionised water resulted in aggregation
of unmodified chitosan nanoparticles. Thus, in this study, dialysis
against D,0 to replace H,O was not used. Also, replacing any
H,0 with D,0, and 1% v/v acetic acid with 1% v/v TFA in the formu-
lations for the preparation of both unmodified and PEG-chitosan
nanoparticles failed to produce nanoparticles (aggregates were
observed with unmodified chitosan whereas a clear solution was
obtained with PEG-chitosan and thus no DLS measurement could
be performed). In this attempt, 1 mg/mL TPP solution was added
to 1 mg/mL unmodified chitosan or modified chitosan solutions
(1:2) to prepare unmodified chitosan and modified chitosan
nanoparticles, respectively. Then, centrifugation was used to
replace some of the H,O with D,0. The particles were centrifuged
using an Amicon Ultra™ centrifugal filter unit (0.5 mL capacity,
3 kDa MWCO, Millipore (UK) Limited) at the speed of 10,000 rpm
(Sanyo, Micro Centaur, UK) for 30 min. Then, 200 pL D,0 was
added to the nanoparticles retentate and centrifuged at
10,000 rpm for a further 15 min. Finally, another 200 pL D,0
was added to the nanoparticles retentate and the particle size
was measured using DLS (after dilution with ultrapure water,
1:10). The particle dispersions were placed in sealed vials, wrapped
with parafilm and stored in a refrigerator (4 °C) until the day of the
SANS experiments. Centrifuged unlabelled chitosan nanoparticles
(in D,0) were loaded into circular 1 mm path length quartz cells
(Hellma UK, Type 120 or Starna Scientific, Type 32) and another
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cell was filled with D,0 as a background. Non-centrifuged unla-
belled and Alexa Fluor™ 546-labelled unmodified chitosan, PEG-,
POZ- and PVP-chitosan nanoparticles (in H,O) were also loaded
into similar 1 mm path length cells. For these samples a solution
consisting of [4 mL 1% v/v acetic acid (pH 55 by 5 M
NaOH) + 2 mL 1 mg/mL TPP in H,O solution] was used as a
background.

Additionally, chitosan, PEG-, POZ- and PVP-chitosan solutions
(1 mg/mL in 1% v/v TFA in D,0) were filtered through 0.45 pm syr-
inge filter. These solutions were loaded into 5 mm path length
quartz cells of the same type. This time 1% v/v TFA in D,0 was used
as a background. The cells were mounted on an enclosed
temperature-controlled sample changer. All SANS experiments
were performed at 25 °C.

The scattering from PEG-, PHEA-, POZ- and PVP-chitosan graft
copolymers was fitted using SASFit software 0.94.11 to the form
factor of a Generalized Gaussian coil (P;) [39].

UST(§) - T(}) - UST (4, U) + T (3, U)
v

P1 (qug V) = IO + bgd

(4)

where U=(2v + 1)(2 v + 2)q?R2/6, I, is the scattered intensity at g = 0,
R¢ is the gyration radius, v is the Flory exponent, and I' is the
incomplete Gamma function.

The scattering from unlabelled and fluorescently labelled
nanoparticles was either fitted to:

(i) a model of polydisperse homogeneous spheres (P,) with a
fixed Schulz-Zimm polydispersity /<R>=0.2

(sin (gR) — qRcos(qR)),?
(qR)3 ) +bgd

where Ap is the scattering length density difference between the
nanoparticles and the bulk medium, V is the sphere volume, and
R is the hard sphere radius, or;

P2(q.R) = Ap*V*( (5)

(ii) monodisperse homogeneous ellipsoids (P3) with eccentricity

e=2
l
(6)

3 2
&@&—A&G%ﬁ)
where R is now the equatorial semi-axis, €R is the semi-principal
axis of ellipsoid, and 0 is the angle between the axis of the ellipsoid
and the vector q.

Whilst the background scattering from D,O subtracted nicely
from the scattering data, the buffer scattering was slightly under
subtracted (Fig. S13-520). However, this was compensated for by
fitting the residual background level, bgd.

((sin(qR)(— Ig)fcos(qR>>> Zsm@d@ + bgd
q

2.2.9. Fluorescence spectroscopy

Fluorescence emission spectra of Alexa Fluor™ 546-labelled chi-
tosan nanoparticles and 0.5% w/v BSM solution were obtained
between 560 and 750 nm at an excitation wavelength of 554 nm
using a fluorescence spectrometer (Cary Eclipse, Varian Inc., US).
For the measurements, the nanoparticles were diluted (1:50) with
ultrapure water, whereas the mucin solution was measured with-
out dilution. The experiments were conducted in triplicate.

2.2.10. Viscosity measurement of BSM solution

0.5% w/v BSM solutions (3 x 25 mL) were prepared by dissolv-
ing the required amount of BSM in ultrapure water. The samples
were stirred overnight at room temperature. After complete hydra-
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tion, the pH of the solutions was decreased to 5.5 using 1% v/v
acetic acid. Rheological analysis was performed using an AR
2000ex rheometer (TA Instruments, UK) with a 40 mm parallel
plate. First, 0.5 mL sample was measured to find the linear vis-
coelastic region of BSM. This measurement was conducted at
25 °C with a solvent trap in place. First, at a constant frequency
of 1 Hz, a strain sweep was performed between 0.01 and 10%. Then,
at a constant strain of 4% a frequency sweep between 0.01 and
10 Hz was performed. Thus it was found that a frequency of 1 Hz
and strain of 4% was optimum for providing the linear viscoelastic
region. Temperature ramp experiments (at 1 °C/minute, between
20 and 40 °C) were then performed at frequency of 1 Hz and strain
of 4%. Values of the viscosity were plotted as a function of temper-
ature and the viscosity of the mucin solution at 25 °C was calcu-
lated using the trendline equation. This viscosity was later used
in the NTA diffusion study of the nanoparticles in BSM solution.

2.2.11. Evaluation of diffusion of chitosan nanoparticles in BSM
solutions

NTA was used to evaluate the diffusion of chitosan nanoparti-
cles in BSM solution. Initially, 4 different concentrations of BSM
solution (0.1, 0.25, 0.5 and 1% w/v) were evaluated for their back-
ground fluorescence noise and their consistency. Next, Alexa Flu-
or™ 546-labelled chitosan nanoparticles were first diluted in
ultrapure water (pH 5.5, 1:100). Then the diluted particles were
mixed with 0.5% w/v BSM solution (pH 5.5, 1:100). Then, 1 mL of
the mixture was injected into the NTA system and the flow rate
was set at 50 AU. The diffusion of the nanoparticles in the mucin
solutions was visualised at 25 °C. The videos were recorded
through a 565 nm cut-off filter. Each individual mucin solution
was mixed 3 times with each of the nanoparticle types and thus
generated 9 x 6 x 60 s videos (n = 9). The measured viscosity of
0.5% w/v BSM solution (3.05 cP, found from the rheological analy-
sis) was used for processing the diffusion data. The other parame-
ters were set as described for size measurements of the
nanoparticles using NTA in section 2.2.8.2.

2.2.12. Penetration of chitosan nanoparticles into sheep nasal mucosa

The penetration of chitosan nanoparticles was studied using
whole thickness sheep nasal mucosa. The tissues were used imme-
diately following animal slaughter and delivery from a local abat-
toir (P.C. Turner Abattoirs, Farnborough, UK). The nasal septum
mucosa was segmented into 1 x 1.5 cm? and placed in a plastic
Petri dish and transferred to a temperature-controlled incubator
(32 °C). 20 pL Alexa Fluor™ 546-labelled chitosan nanoparticles
were added onto the nasal mucosal tissues and incubated at
32 °C for 5, 15 and 30 min without any washing. After each time
point, tissues were transferred and covered with OCT matrix and
placed on dry ice for overnight storage. The frozen tissue blocks
were then stored in sealed bags in the freezer at —80 °C until
processing.

To prepare tissue slices, the tissues were cross-sectioned using a
Bright 5040 cryostat (Bright Instrument Co. Ltd., UK) which was
loaded with an MB35 Premier Disposable Microtome blade (34°
cutting angle, length x width x thickness: 80 x 8 x 0.25 mm,
Thermo Scientific, UK). The blade angle and thickness was set to
2.5° and 20 pm, respectively. The specimen and chamber temper-
ature were —20 and —25 °C, respectively. The slices were cut
upward through the mucosal layer and transferred to SuperFrost
Plus™ Adhesion slides (Thermo Scientific, UK) and air dried for
30 min before storage. At least 10 slices were prepared for each
time point. Sheep nasal mucosa without any exposed nanoparticles
was used as a background control.

The fluorescence microscopy was performed using a Leica
MZ10F fluorescence stereomicroscope (Leica Microsystems, UK).
The images were taken at exposure time 344 ms, gain 3X, gamma
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1, pseudocolour 565 nm, maximum intensity, magnification of 3.2
and ET CY3 filter. At least 10 images were recorded for each time
point.

The images were analysed using Image] software (National
Institutes of Health, USA) and the depth of penetration was mea-
sured according to Mansfield et al. [31] with some modifications.
The images were opened using the software and the scale was
set. A line was drawn along the mucosal layer and the fluorescence
intensity profile of the line was plotted. The plot showed the fluo-
rescence peak width, which indicates the depth of penetration of
the nanoparticles into the nasal mucosa. This graphical profile
was converted into numbers using the list option. The depth of
penetration was calculated by subtracting the value of the start
point from the value of the end point of the peak. For each image,
this procedure was repeated 5 times at random regions of mucosal
barrier and thus for each sample at each time point, 50 profiles
were generated.

Additionally, to investigate how far the nanoparticles pene-
trated into the nasal mucosa, 75 pL DAPI solution (1.5 pg/mL in
deionised water) was added to stain the cross sections and incu-
bated overnight in the dark at room temperature. At least 6 slices
were stained. Fluorescence microscopy was performed the follow-
ing day in a dark using Zeiss Axio Imager.A1 upright epifluorescent
microscope with AxioVision Rel. 4.8 software. At least 3 images for
each time point were taken. Each image was taken first with Alexa
546 (yellow) and then with DAPI (blue) filters. The images were
then merged and exported as composite images using AxioVision
Rel. 4.8 software.

2.2.13. Statistical analysis

Unless otherwise stated, all measurements were conducted in
triplicate and the data are expressed as mean + standard deviation
(SD). The data were analysed using the SPSS Statistics 21 program
(IBM, US). The statistical significance of any difference between
groups was determined using one-way analysis of variance
(ANOVA) with the least significant difference (LSD) post-hoc test.
Independent sample t-tests were performed to compare each pair
of data sets. Differences were considered statistically significant at
p < 0.05.

3. Results and discussion
3.1. Characterisation of unmodified and modified chitosan

Chitosan is a cationic mucoadhesive polysaccharide having free
amino and hydroxyl groups. The presence of these groups in chi-
tosan allows possible chemical modifications [40]. We hypothe-
sised that modification of chitosan into a more hydrophilic
derivative might impart stealth properties to the modified chitosan
which eventually could be used in the formulation of mucus pen-
etrating nanoparticles. In this study, four chitosan derivatives have
been synthesised by reacting chitosan with four water-soluble
polymers (carboxyl terminated-PEG, PHEA, POZ and PVP) using
EDAC/NHS chemistry. The synthetic procedure provided high
yields (Table 1). The DS of unmodified and modified chitosan
was determined using 'H NMR spectroscopy (Fig. S1 and Table 1).

As shown in Fig.S1 the 'H NMR spectrum of the unmodified chi-
tosan shows the peaks at 3.06, 3.57-3.80 and 1.97 ppm corre-
sponding to H2, H3-6 and NHCOCHj3, respectively. H1 was not
observed and this is consistent with the literature claiming that
H1 can only be determined at temperatures higher than 25 °C
[41]. The '"H NMR spectrum of PEG-chitosan showed a peak at
3.35 ppm corresponding to OCH3 group of PEG-COOH and the
peaks related to H3, H4, H5 and H6 overlapped with the peaks of
OCH,CH, and OCH, groups (b, ¢ and d) (3.35-3.89 ppm) (Fig. S1).
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Table 1
Characterisation of the synthesised modified chitosan, including isolated yield,
grafting by weight (GW) and degree of substitution (DS).

Types of materials Yield (%) GW (%) DS (%)
PEG-chitosan 77 47 16
PHEA-chitosan 63 36 6
POZ-chitosan 65 38 16
PVP-chitosan 80 44 -1

2 It was impossible to determine the degree of substitution due to overlap of 'H
NMR signals.

The peaks of PEG-COOH and PEG-chitosan were identified and
compared as highlighted in the literature [42]. The DS (DPEG %)
was calculated according to the following equation:

1(OCH3)/3
[(H2) @)

The 'H NMR spectrum of PHEA-chitosan showed additional
peaks related to PHEA (most notably the peak at 4.10 ppm (b)
(Fig. S2). The 'H NMR spectrum of PHEA-COOH is also shown in
Fig. S3 The DS (DPHEA%) was calculated using the following
equation:

DPEG% = x 100

1(b)PHEA
2543

1(H2)

The 'H NMR spectrum of POZ-chitosan showed 2 new charac-
teristic peaks related to POZ at 0.96 ppm (CHj3 of side chain, i.e.
3H) and 2.27 ppm (CH, of side chain, i.e. 2H and N-CH, of the
end group). The 4 protons of the CH, groups of the main chain
overlapped with H2-H6 peaks of chitosan (Fig. S4). The 'H NMR
spectrum of POZ-COOH is also shown in Fig. S5. The DS (DPOZ %)
was calculated using the following equation:

DPHEA% = x 100

(8)

ICH3 POZ
3x50

I(CH3)/3

The 'H NMR spectrum of the PVP-chitosan also showed peaks
related to PVP. Unfortunately, the DS of PVP-chitosan could not
be determined using 'H NMR spectroscopy as the peaks of PVP
and chitosan overlapped (Fig. S6). The '"H NMR spectrum of PVP-
COOH is shown in Fig. S7.

The FTIR spectra of the unmodified and modified chitosan are
shown in Fig. S8. The FTIR spectrum of unmodified chitosan
showed broad bands at 3000-3600 cm~! due to stretching vibra-
tion of O—H and N—H bonds and 1649 cm~! due to amide group
(N-C=0) stretching. For PEG-chitosan, the characteristic peaks
from the PEG backbone at 842, 961 and 2882 cm ™! were observed.
The peak at 1654 cm™~! was ascribed to amide groups in the linker
between PEG and chitosan. A very weak ester peak at 1746 cm™!
was also observed [43]. The FTIR spectrum of PHEA-chitosan
showed a characteristic carbonyl peak (C=0 stretching) at
1724 cm™!, the aliphatic C—H stretching peak at 2929 cm!, CH,
stretching at 1447 cm~' and O—H stretching at 3357 cm™!. POZ-
chitosan showed peaks related to POZ at 1633 cm ™' (C=0 stretch-
ing), 1471 cm~! (C—H deformation), 1423 cm~' (CH; symmetrical
deformation/CH, bending) and 1239 cm™! (C—N stretch). The FTIR
spectrum of PVP-chitosan showed peaks at 3370 cm~' (O—H
stretching), 2921 cm~! (symmetric stretching CH, ring),
1654 cm™! (C=0 stretching), 1288 cm~' (CH, wag), 1152 cm™!
(C—N stretch), 845 cm™! (C—C ring) and 642 cm~' (N-C=0 bend).
As such, both 'H NMR and FTIR spectroscopy confirmed successful
grafting of the non-ionic polymers to chitosan.

The main problem with chitosan is its poor aqueous solubility,
especially when the pH is higher than its pK, (pKj, is ~ 6.5, depend-
ing on factors such as DA and the molecular weight) [44]. Tur-
bidimetry was used to determine the pH-solubility profiles of

DPOZ% = x 100

9
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unmodified and modified chitosan. Fig. 1 shows that unmodified
chitosan was soluble (illustrated by low turbidity or absorbance)
over acidic pH ranges. However, it underwent rapid aggregation
(indicated by high turbidity or absorbance) at pH > 7.38. This
result was expected, because at acidic pH, the amino groups of chi-
tosan undergo protonation, whereas at near neutral pH, they
become deprotonated [45]. All the modified chitosans, however,
showed full aqueous solubility (illustrated by low turbidity) at
the studied pH ranges (3-10). This result is due to the grafting of
the polymers to the chitosan macromolecules which reduces the
intra- and inter-molecular hydrogen bonding and enhances the
hydrophilicity of the conjugates [46].

3.2. Preparation and characterisation of unmodified and modified
chitosan nanoparticles

The improved water-solubility of the modified chitosan is a
highly important step toward the preparation of modified chitosan
nanoparticles as dissolution of chitosan is necessary prior to ionic
gelation. Chitosan nanoparticles can be prepared via electrostatic
attractive interactions between positively charged chitosan and
negatively charged TPP (Fig. 2). Although several studies have
reported the formation of chitosan nanoparticles using TPP, the
variation in the source of chitosan, which in turn leads to variation
in the molecular weight, the DA, the viscosity and other properties,
requires a full optimisation study to prepare chitosan nanoparti-
cles from the unmodified chitosan and grafted chitosan deriva-
tives. Some studies reported that there is no clear correlation
between the mass ratio of chitosan/TPP and the size of the result-
ing chitosan nanoparticles [47]. Thus, several attempts have been
reported to prepare nanoparticles aiming to have the smallest size
with acceptable polydispersity index (PDI) (Table S1). PDI is the
dimensionless measure of the broadness of the size distribution
calculated from the cumulants analysis. The values of PDI range
from O to 1 and the values > 0.7 indicate the size distribution is
polydisperse and the samples may not be suitable for the DLS mea-
surement (Table S1). The PDI value in the range of 0.2-0.5 stands
for moderate polydispersity. The small particles with the low PDI
can be prepared by changing the concentration of chitosan solu-
tion, weight ratio of chitosan/TPP, concentration of acetic acid,
temperature of crosslinking and the pH of the chitosan and TPP
solutions. CS16 (Table S1) was selected as the optimum formula-
tion of unmodified chitosan nanoparticles. The same formulation
was used to prepare modified chitosan nanoparticles. The DLS data
showed that unlabelled unmodified and modified chitosan
nanoparticles Z averaged value of Dy, of 130-152 nm with a PDI
of 0.24-0.29 indicating moderate polydispersity (Table 2). How-
ever, number-weighted values are in the range of 30-40 nm
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(Table 2, Fig. 2A). Such a difference is not surprising due to the
moderate polydispersity of nanoparticles. The &-potential of each
of the unlabelled modified chitosan nanoparticles was lower than
the unmodified chitosan nanoparticles (Table 2). This may be
attributed to the decrease in the number of protonated amino
groups upon modification or the presence of a polymeric shell in
modified chitosan nanoparticles which can mask the positive
charges of chitosan.

Fig. 3 shows TEM images of the chitosan nanoparticles. The
diameter of all unmodified and modified chitosan nanoparticles
measured by TEM was in agreement with the number-weighted
diameter measured by DLS (Table 2). TEM and number-weighed
DLS data both confirm that the vast majority of nanoparticles have
the size of 30-50 nm that co-exist with small fraction of larger par-
ticles having the size of 50-200 nm.

SANS experiments were conducted to characterise unlabelled
and fluorescently labelled chitosan nanoparticles. Although the
accumulation time was more than two hours per curve, all data
have a rather low signal-to-noise ratio (Fig. S9-S20). The scattering
from the PEG-, PHEA-, POZ- and PVP-chitosan copolymers was the
weakest and show a typical behaviour for coil conformation
(Fig. S9-S12). The radius of gyration (Rg) of the graft copolymers
was in the range of 2-3 nm, which is consistent with average
molecular weights of these polymers. The Flory exponent was
varying in the range of 0.5-0.9. However, these values of the Flory
exponent were subject to significant uncertainties that makes their
use as a means of comparing the conformations of the graft copoly-
mers useless. The scattering intensity for all unlabelled and fluo-
rescently labelled chitosan nanoparticles is higher than the
values observed for individual polymers, indicating the formation
of larger objects in solution. Nevertheless, the data are again noisy,
and we attribute this both to a high fraction of solvent inside the
nanoparticles and low polymer concentration (1 mg/mL) leading
to the very low scattering contrast reported from the fitting proce-
dure (Table 3). A similar finding was recently observed for inter-
polyelectrolyte complexes [48]. Using a linearly-weighted
relationship between scattering length densities of the unhydrated
polymers and D,0, allowed us to estimate the amount of solvent
inside these nanoparticles (Table 3). Visual inspection of the scat-
tering curves revealed no obvious features pointing to internal
heterogeneity e.g. core-shell structure. Therefore, we fitted all
the SANS data from the nanoparticles to two of the simplest homo-
geneous particulate form-factors: polydisperse spheres with fixed
Schulz-Zimm polydispersity o/<R> = 0.2 and monodisperse ellip-
soids with eccentricity € = 2. The values of polydispersity and
eccentricity were assessed from the TEM images and kept fixed
during the fitting procedure. As can be seen from Fig. S13-520
and Table 3 both models work well and provide similar x? values.

0.14 e Unmodified chitosan
__0.12 A e PEG-chitosan
S 01 ® PHEA-chitosan
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Fig. 1. pH-solubility profiles of unmodified and modified chitosan (mean + SD, n = 3).
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Fig. 2. (A) DLS intensity and number-weighted hydrodynamic diameter distribution for different unlabelled chitosan nanoparticles. (B) Diagram showing formation of
nanoparticles between modified chitosan (positively charged structure) and TPP (negatively charged structure).

Table 2

Physicochemical properties of unlabelled chitosan nanoparticles (mean + SD, n = 3).

Types of nanoparticles Z-average diameter (nm) Number-weighted Dy, (nm) PDI £-potential (mV) TEM diameter (nm)?
Unmodified chitosan 152 +13 37+7 0.24 + 0.02 255+13 43 +15
PEG-chitosan 137 +23 35+6 0.25 £ 0.03 134+ 0.1 55+ 15
PHEA-chitosan 142 + 11 40 +3 0.29 + 0.04 13.7 0.1 419

POZ-chitosan 145 + 21 32+13 0.28 £ 0.02 15.0+0.3 31+9

PVP-chitosan 130+ 19 40+5 0.28 + 0.04 123 +1.6 33+10

¢ For diameter measurements by TEM, 20 values from 20 individual nanoparticles from 3 different TEM images were used. Note: only individual particles were measured
and fused particles were excluded.

There is a good agreement between the diameters from SANS and
number-weighed values from DLS (Tables 2 and 3). The analysis of
the SANS data suggests a highly hydrated nanogel structure for
nanoparticles in solution.

Unmodified chitosan 200 nm

POZ-chitosan 100_ nm PVP-chitosan

200 nm

Fig. 3. TEM images of unmodified and modified chitosan nanoparticles.

To prepare fluorescent chitosan nanoparticles, unmodified and
modified chitosan were first fluorescently labelled using Alexa Flu-
or™ 546 (Fig. S21A). The fluorescence labelling is essential for the

diffusion study in BSM solutions and following penetration
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Table 3
Physicochemical properties of unlabelled and fluorescently labelled chitosan nanoparticles from SANS fitting.
Types of nanoparticles Ellipsoidal, € = 2, D (nm) x2 Polydisperse spheres, ¢ = 0.2, D (nm) x2 Ap, (108 cm™2) Xsolv, %
Unlabelled Chitosan 17.6 £0.1 148 17.6 £ 0.2 149 18+1 96
PEG-chitosan 30.8 +0.2 166 31.8+0.2 166 3+1 99
POZ-chitosan 256 0.1 136 25403 135 6+1 99
PVP-chitosan 364 +03 192 35.0+04 190 3.0+£03 99
labelled Chitosan 21.8+04 154 23.2+02 153 101 97
PEG-chitosan 38.0+03 130 394 +0.1 130 26+04 99
POZ-chitosan 39.2+0.1 201 39.8+0.1 200 21+03 99
PVP-chitosan 42.2 £ 0.1 133 422 +0.3 133 23+03 99
PHEA-chitosan 47.0 £ 0.1 99 47.6 £0.1 98 1.8+02 99

through nasal mucosa. Analysis of the dialysis media showed that
there was no free Alexa Fluor™ 546 in the labelled polymers
(Fig. S22). The calibration curve which was used to calculate the
Alexa Fluor™ 546 content of chitosan is shown in Fig. S23. Unmod-
ified and modified chitosan showed similar Alexa Fluor™ 546 con-
tent (Table 4). However, the fluorescence intensity of the Alexa
Fluor™ 546-labelled unmodified chitosan nanoparticles was lower
than for modified chitosan nanoparticles (Fig. S21B and Table 4),
which could be due to the stronger interaction between the amino
groups of the unmodified chitosan and TPP, compared to the inter-
action between modified chitosan and TPP, resulting in a partial
fluorescence quenching. In the case of modified chitosan, this
interaction could be decreased as a significant number of amino
groups have been substituted with the grafted chains of non-
ionic polymers resulting in better hydration of nanoparticles and
their greater fluorescence intensity compared to unmodified chi-
tosan nanoparticles (Table 4).

It was possible to measure the diameter of the Alexa Fluor™
546-labelled chitosan nanoparticles using DLS. This was because
the excitation wavelength (absorption maxima, 554 nm) of Alexa
Fluor™ 546-labelled chitosan nanoparticles is significantly lower
than the wavelength of the laser used by the Zetasizer (633 nm,
red laser) and thus no interference in light scattering was expected.
This hypothesis is also supported by GeiRler et al. [49] who showed
that fluorescent-labelling does not have a significant impact on the
size data of the polymeric nanoparticles using DLS and small-angle
X-ray scattering especially when absorption maxima of the
nanoparticles are different from the illuminating wavelength and
the degree of fluorescent-labelling is not extremely high. Neverthe-
less, our data showed that the Alexa Fluor™ 546-labelled chitosan
nanoparticles have a lower PDI than the unlabelled nanoparticles
(Tables 2 and 4).

NTA can be used to measure the size, the concentration (parti-
cles/mL) and also the diffusion coefficient of the nanoparticles dis-
persed in liquid media [50]. Compared to DLS, it is a
complimentary technique for the measurement of the size of the
nanoparticles in the range of 50-500 nm [51,52] since it provides
number-weighted size data. However, it is unable to detect parti-
cles smaller than 50 nm. Moreover, for polydisperse systems with

Table 4

moderate polydispersity, small particles scatter much less light
and their probability to be detected is lower in comparison with
larger particles. The NTA analysis of size was in agreement with
the Z averaged DLS data (Table 4). The particle size distribution
measured by NTA (Fig. 4) indicated that the prepared unmodified
and modified chitosan nanoparticles have some fraction of 100-
140 nm particles. The number-weighted data obtained from DLS
also indicate the dominant fraction of 40-70 nm particles that
are also visible with SANS method (Table 3).

3.3. Chitosan nanoparticles diffusion in BSM solution and penetration
into sheep nasal mucosa

NTA is also a powerful technique for measuring the mean diffu-
sion coefficient of nanoparticles in polymer solutions [53] and
mucin dispersions [31]. To conduct diffusion studies, NTA should
be performed in fluorescence mode instead of light scattering
mode, enabling the visualisation of only the fluorescent nanoparti-
cles. BSM solution (2% w/v, in pH 5 phosphate buffer solution) has
been previously used to study mucoadhesive properties of poly-
meric microparticles [54]. 0.5% w/v BSM solutions were used in
this study to reduce interference resulting from mucin autofluores-
cence. It is worthy to mention that the concentration of mucin
solution in this study is lower than the mucin concentration in
the nasal mucus (2% w/v) [55], but it is significantly higher than
the concentration (0.1% w/v and even 0.001% w/v) used in some
studies involving polymer- and nanoparticle-mucin interactions
[56-58]. The viscosity of 0.5% w/v BSM solution at 25 °C was
3.05 + 0.37 cP as determined by rheological analysis (Fig. S24).

NTA analysis revealed that the modified chitosan nanoparticles
diffuse significantly faster in BSM solution (p < 0.001) compared to
the unmodified chitosan nanoparticles (Fig. 5). The enhanced diffu-
sivity of the modified chitosan nanoparticles can be due to the
presence of non-ionic PEG, PHEA, POZ or PVP surface coating as
shown in Fig. 2B. Lai et al. [24] showed that PEG coating of poly-
styrene nanoparticles facilitated their penetration in fresh undi-
luted human cervicovaginal mucus. We also previously
demonstrated that PEGylation and POZylation of thiolated silica
nanoparticles enhanced their diffusivity in porcine gastric mucin

Characterisation of Alexa Fluor™ 546 labelled polymers and nanoparticles (mean + SD, n = 3).

Materials Alexa Fluor™ 546 content Z-average Number-
diameter  weighted
(nm, DLS) Dy, (nm)

pmole/g of W% of

Modal size  PDI (DLS) &-potential (mV) Diffusion Maximal
(nm, NTA) coefficient in fluorescence
H,0 (x10* nm?/s) intensity (a.u.)

polymer polymer
Unmodified chitosan 9.32 + 0.02 1.080 £ 0.002 144 +1 40 +3 140 £ 10 0.17 £ 0.01 182 310+ 20 539 +1
PEG-chitosan 8.72 £ 0.05 1.01 + 0.01 107 £ 1 59 +3 110+ 10 0.10 £ 0.01 119+ 05 440 £ 30 760 + 10
PHEA-chitosan 10.10 £ 0.03 1.171 £0.003 1343 756 128+ 4 0.07 £ 0.02 11.8+0.2 370 £ 10 760 + 3
POZ-chitosan 9.60 + 0.05 1.11 £ 0.01 1192 51+2 110 £ 10 0.09 + 0.02 12.5+0.2 410+ 10 743 +3
PVP-chitosan 8.89 + 0.07 1.03 + 0.01 1121 40 +3 110+ 10 0.106 £ 0.003 12.0+0.5 390 + 10 677 £ 4
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Fig. 4. Size distribution of Alexa Fluor™ 546-labelled unmodified and modified chitosan nanoparticles measured by NTA (mean, n = 3).

dispersion and through porcine gastric mucosa [31] and also
reduced their mucoadhesiveness with regard to rat intestinal
mucosa [59]. Casettari et al. [43] showed that PEGylated chitosan
does not significantly enhance the permeability of fluorescein
isothiocyanate-dextran macromolecules across a Calu-3 cell mono-
layer at pH 7.4, whereas they observed a dramatic permeability
enhancement when the polymer was tested at pH 6. We conducted
our diffusion study at pH 5.5 as preliminary experiments showed
that unmodified chitosan nanoparticles undergo aggregation once
diluted with ultrapure water (without any pH adjustment) for
the NTA measurements. Other authors [43] did not report any pos-
sible reasons for the difference in the permeability at these two dif-

ferent pH values. However, they claimed that the enhancement
could be due to the higher equivalent concentration of chitosan
in PEGylated chitosan compared to unmodified chitosan and also
the enhanced diffusivity of the PEGylated chitosan compared to
unmodified chitosan [43]. The latter reason was also indirectly
supported by Prego et al. [60], who observed that calcitonin loaded
PEGylated chitosan nanocapsules with 1% PEGylation had a signif-
icantly less hypocalcaemic effect than nanocapsules with 0.5%
PEGylation when orally administered to rats. They postulated that
an increase in the degree of PEGylation might result in a decrease
in the mucoadhesive properties of chitosan. Thus, a weak interac-
tion between PEGylated chitosan nanocapsules (with 1% PEGyla-
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Fig. 5. Normalised experimentally determined diffusion coefficient of Alexa Fluor™ 546-labelled unmodified and modified chitosan-TPP nanoparticles through 0.5% w/v BSM
solution. The diameter obtained from the DLS analysis was used to normalise the diffusion data. One-way ANOVA between chitosan and each of modified chitosan
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PVP-chitosan nanoparticles, *** denotes p < 0.001 (mean * SD, n = 9).

260



Twana Mohammed M. Ways, S.K. Filippov, S. Maji et al.

tion) and the negatively charged components of the gastrointesti-
nal mucosa was expected. Zhang et al. [47] claimed that they were
the first research group who reported the ability of PEGylated chi-
tosan/DNA nanocomplexes to enhance the transport of DNA
through artificial mucus using a Transwell mucus permeation
assay. However, to our knowledge no studies on the diffusion of
PEGylated chitosan-TPP nanoparticles in mucin solution using
NTA have been reported.

The NTA data showed the following order of diffusivity in BSM
solutions: PEG = PVP > POZ > PHEA > unmodified chitosan nanopar-
ticles. This was evident from the higher normalised mean diffusion
coefficient of the modified chitosan nanoparticles in 0.5% w/v BSM
solution compared to unmodified chitosan nanoparticles (Fig. 5). In
addition to the mean diffusion coefficient, the distribution of diffu-
sion coefficient of the nanoparticles in 0.5% w/v BSM solution was

30

25

20

15

10

Concentration (x10° particles/mL)

Journal of Colloid and Interface Science 626 (2022) 251-264

determined, which also indicated higher diffusivity of the modified
chitosan nanoparticles compared to the unmodified chitosan
nanoparticles (Fig. 6).

It can, thus, be concluded that in all cases modification of chi-
tosan with non-ionic polymers resulted in improved diffusivity of
the nanoparticles in BSM. However, PEG and PVP showed better
enhancement of diffusivity compared to POZ and PHEA.

Further studies on diffusion were performed using freshly
excised sheep nasal mucosa. This sheep model was selected mainly
due to its large nares and anatomical similarity of the nasal cavity
with the human nose [61-64]. The nanoparticles showed different
depths of penetration into sheep nasal mucosa (Fig. 7 and Fig. S25).
After 5 and 15 min of incubation, all the nanoparticles based on
modified chitosan penetrated significantly deeper into the nasal
mucosa compared to unmodified chitosan (p < 0.001). However,

——Unmodified chitosan
——PEG-chitosan
——PHEA-chitosan
——POZ-chitosan
——PVP-chitosan

100

200

300 400 500 600

Diffusion coefficient (x10* nm?s)

Fig. 6. Distribution of diffusion coefficient of Alexa Fluor™ 546-labelled unmodified and modified chitosan nanoparticles in 0.5% w/v BSM solution measured at 25 °C using

NTA (mean, n = 9).
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Fig. 7. Comparison of penetration depth of unmodified and modified chitosan nanoparticles into the freshly excised sheep nasal mucosa after 5, 15 and 30 min of incubation.
Values represent the mean penetration across 10 separate tissue sections + standard deviation.*** denotes p < 0.001, ** denotes p < 0.01.
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at 30 min interval, there was no statistically significant difference
(p = 0.08) between the penetration depth of unmodified chitosan
nanoparticles and PEGylated chitosan nanoparticles. On the con-
trary, PHEA-, POZ- and PVP-chitosan nanoparticles showed a sig-
nificantly greater penetration compared to unmodified chitosan
at all time points. In fact, the modified chitosan nanoparticles were
found to be in close proximity to the nasal epithelial cells (Fig. S26
and S27). It is clear that correlation exists between the diffusion
coefficients of nanoparticles in BSM measured using NTA and the
depth of nanoparticle penetration into sheep nasal mucosa. Modi-
fied chitosan nanoparticles showed a greater diffusivity than the
unmodified chitosan nanoparticles. However, the difference in
the barrier properties and the biochemical composition of the
media in the NTA study (BSM solution) and ex vivo penetration
study (sheep nasal mucosa) could explain the lack of difference
between the penetration depth of unmodified chitosan and PEG-
chitosan nanoparticles at the longer incubation time (30 min).
The pH of the BSM solution used in our study was 5.5 but no liter-
ature has reported the pH of sheep nasal mucosa, nevertheless
studies suggested the presence of acidic and neutral polysaccha-
rides in the sheep nasal mucosa [65]. The pH of human nasal
mucosa has been found to be in the range of 5.3-7.0 [66-69]. Addi-
tional factors that may play important roles in the barrier function
of mucus is the presence of free thiol groups in fresh mucins com-
pared to commercial BSM.

The mucus-penetrating properties of short-chain PEG coatings
on nanoparticles are well-documented in the pharmaceutical liter-
ature [24,70,71]. Recently, we reported the possibility of using poly
(2-methyl-2-oxazoline) and poly(2-ethyl-2-oxazoline) as new
polymers with mucus-penetrating properties [30,31]. However,
the demonstration of their enhanced mucus-penetration was done
using model silica nanoparticles, not suitable for drug delivery
because of their non-porous nature. In this study poly(2-ethyl-2-
oxazoline) (POZ) was grafted to chitosan, a pharmaceutically rele-
vant polymer and nanoparticles decorated with POZ also exhibited
mucus-penetrating properties. To the best of our knowledge, this is
also the first study reporting the use of short-chain PVP and PHEA
for nanoparticle surface modification to enhance their mucus pen-
etration. The nanoparticles prepared from chitosan modified with
PVP exhibited the greatest diffusivity both in BSM solutions and
also into sheep nasal mucosa compared to other non-ionic poly-
mers used. Further optimisation of mucus-penetrating properties
of the nanoparticles could be additionally achieved by varying
the degrees of substitution of chitosan with non-ionic polymers.

4. Conclusions

We synthesised four derivatives of chitosan by reacting it with
carboxyl-terminated PEG, PHEA, POZ and PVP. The modified chi-
tosan showed complete solubility at any physiologically relevant
pH (between 3 and 10) whereas unmodified chitosan precipitated
at pH > 7.3. This improvement in the solubility can dramatically
broaden the range of applications of chitosan. Nanoparticles were
prepared from unmodified and modified chitosan by complexation
with tripolyphosphate. The modified chitosan nanoparticles
showed an enhanced diffusivity in BSM solution compared to
unmodified chitosan nanoparticles. They also penetrated deeper
into sheep nasal mucosa compared to unmodified chitosan
nanoparticles. The nanoparticles prepared from chitosan modified
with PVP exhibited superior diffusivity compared to other non-
ionic polymers used. As such, PVP has been identified as a novel
mucus penetrating polymer. In the future, drug loaded nanoparti-
cles could be prepared using these modified chitosans. It is
expected that drug molecules could additionally affect the struc-
ture of the nanoparticles and their ability to penetrate the mucosa.
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