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Xanthan gum (XG) and diethylaminoethyl dextran (DD) electrostatic nanocomplexes (NCs) are prepared at the
native (NCs) and thermally denatured state of XG (den-NCs). Dynamic and static light scattering (DLS and SLS)
and transmission electron microscopy (TEM) reveal well-defined, spherical NCs with mean hydrodynamic and
gyroscopic radii of 100-200 nm at charge ratios (ratio of anionic XG to cationic DD monomers) between 0.4 and
5. Their size increases at CR > 1 possibly due to XG-XG double helix formation. Surface potential shifts from
positive to negative between CR 1 and 1.25, suggesting stoichiometric neutralization. NCs remain stable for over
one month without significant aggregation. Fluorescence measurements with pyrene and 8-Anilino-1-naphthale-
nesulfonate (ANS) indicate the presence of hydrophobic domains inside the NCs attributed to DD’s ethyl groups,
which renders them suitable for the encapsulation of hydrophobic compounds. High loading efficiency (~48 %)
and loading capacity (~19 %) for p-carotene ($-C) is found for native NCs at CR 0.4 and 2.5, whereas den-NCs
show significantly lower encapsulation. NCs interact with porcine gastric mucin (PGM) in PGM solutions as it is
confirmed by NC-PGM aggregation. Mucoadhesion is also examined with mucus-mimicking PGM-immobilized
alginate beads. Positively charged NCs exhibit enhanced mucoadhesion relative to negatively charged ones.
Overall, XG/DD NCs display tunable properties promising for drug delivery applications with notable stability,

encapsulation and mucoadhesive capabilities.

1. Introduction

Electrostatically assembled nanoparticles formed by combining
anionic and cationic polysaccharides have gathered significant attention
due to their potential applications in the nanodelivery of drugs [1] and
food substances [2]. Polysaccharide nanoassemblies leverage the natu-
ral biocompatibility, biodegradability, and functional versatility of
polysaccharides and therefore attract interest for the creation of nano-
scale carriers capable of encapsulating active compounds [3]. In drug
delivery, they have been employed to enhance the solubility, stability,
and controlled release of therapeutic agents, thereby improving their
bioavailability and reducing side effects [4-9]. In the food science, they
have been utilized to encapsulate and protect sensitive nutrients, fla-
vors, and bioactive compounds, ensuring their stability during pro-
cessing and enhancing their bioavailability upon consumption
[4,10,11]. The physical process of polyelectrolyte complexation [12]
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involves electrostatic interactions between oppositely charged macro-
molecules. This spontaneous formation of nanostructures without the
need of any chemical reactions opens opportunities for green method-
ologies based on synthetic and natural polyelectrolytes [13-15].
Xanthan gum (XG) is a semiflexible polysaccharide of high molar
mass (~2 - 10® gmol~! [16,17]) originating by fermentation from
Xanthomonas campestris [18]. It is an anionic polyelectrolyte with
trisaccharide side-chains and with chargeable mannose groups, grafted
on a backbone of cellulose [19,20]. It is known that in natural XG pro-
duced by Xanthomonas campestris ~90 % of the internal mannose units
of the side chains are acetylated and 30-50 % of the terminal mannose
residues are pyruvated [21]. In aqueous media it forms self-similar
viscoelastic fluids [22,23] and it can transform into colloidal liquids
with modifiable properties upon interaction with charged substances
such as cationic surfactants [24], proteins [25,26] and cationic poly-
saccharides [27]. It has been used in nanodelivery of therapeutic agents
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[28] and in food industry as an excellent viscosity modifier [19]. It ex-
hibits mucoadhesive properties and therefore has been used in various
applications e.g., as an excipient for controlled-release in buccal films
[29,30], in nicotine mucoadhesive patches [31] and in hydrogels for
local release of anti-Candida peptide [32]. Diethylaminoethyl dextran
(DD) is a cationic polysaccharide consisting of three amino groups on its
monomeric unit, namely two tertiary groups with pK, of 9.5 and 5.7 and
a quaternary group with pK, of 14 [33,34]. Similarly to XG, it has been
proposed for drug delivery [33,35,36] and m-RNA encapsulation [37].
The cationic polysaccharide DD is anticipated to lead to the formation of
nanocomplexes (NCs) with XG. DD has the potential to modify the drug
encapsulation and delivery properties of the XG-based NCs due to
presence of hydrophobic ethyl groups on its side-chains [33,36,38] and
its ability to act as a therapeutic agent on its own [39].

In this work, electrostatic NCs of XG and DD were developed across a
wide range of XG-to-DD charge ratios (CRs) to assess whether the
colloidal properties, encapsulation efficiency, and mucoadhesive capa-
bilities of XG can be systematically tuned by DD. Light scattering and
transmission electron microscopy methods were applied for the char-
acterization of the mass, size distribution, morphology, surface charge
and stability of the NCs. The interactions of the NCs with the model
hydrophobic molecules pyrene and ANS at different CRs were investi-
gated by fluorescence spectroscopy. The encapsulation of p-carotene by
the NCs was quantified by UV-Visible spectroscopy. These physico-
chemical experimental techniques gave insight into the relationship
between the distribution of XG and DD chain segments in the NCs at
different CRs with their ability to encapsulate hydrophobic substances.
To understand and potentially predict the interactions of NCs with
mucus at a molecular level, we conducted experiments where NCs
interacted with porcine gastric mucin (PGM) alone and immobilized
PGM on alginate beads. This work demonstrates how a systematic
approach to the electrostatic assembly of polysaccharide nanocomplexes
can be applied to design and optimize their colloidal properties and
molecular interactions with molecular compounds and biological sys-
tems, providing a framework for developing tailored delivery systems
for pharmaceutical and food applications.

2. Materials and methods
2.1. Materials and sample preparation

2.1.1. Materials

Xanthan gum (XG) was purchased from CP Kelco.
Diethylaminoethyl-dextran (DD) with molar mass 1.50 - 10° gmol 2,
pyrene, 8-Anilino-1-naphthalenesulfonate (ANS), p-carotene (p-C),
mucin from porcine stomach (Type III) (PGM) and alginic acid sodium
salt from brown algae (low viscosity) (ALG) were purchased from Sigma
Aldrich.

2.1.2. Preparation of NCs

The preparation of the NCs was based on the methodology of our
previous works on polysaccharide/protein complexes [40,41]. All stock
solutions were prepared under stirring at pH 7 using sterile, non-
pyrogenic water for injection (to eliminate the growth of bacteria) as
the solvent. The stock solutions of XG and DD were prepared at 1 mg/mL
and kept for one day at 4 °C to attain equilibrium. Charge ratios CR =
[-1/[+] of XG to DD at 0.1, 0.2, 0.4, 0.8, 1, 1.25, 2.5, 5 and 10 were used
for the formation of nanocomplexes. CR and mass ratio, MR = g%ﬁ, were
connected by Eq. (1) [36].

ZXG
MSnon

CR = ~%" MR €h)
Vi

w.mon

where Z are the charges and M,, the molar masses per polysaccharide
monomeric unit. The anionic polysaccharide XG (Fig. Sla) has two
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negative charges per pentasaccharide unit, i.e. ZX¢ =2 at pH 7 and
MXG = =934 gmol~! [25]. The cationic polysaccharide DD (Fig. S1b)
has approximately half a positive charge per anhydroglucose unit, i.e.
Z°° = 0.55and M2, . = 217 gmol ! at pH 7 [33,37]. XG concentration
was kept constant at 0.03 mg/mL. To prepare the NCs solutions, water
was added first, followed by XG and, lastly, DD. The NCs solutions of
total volume 1 mL were stirred momentarily. NCs prepared while XG
was at its thermally denatured state (den-NCs) were obtained by heating
the separate stock solutions at 80 °C for 30 min and mixing them
immediately so that the complexation was achieved at elevated tem-
perature. The solutions were left to cool at room temperature. The same
treatment was applied to solutions of XG- and DD-only for comparison.

2.1.3. Preparation of PGM/ALG beads

Regarding the preparation of PGM/ALG beads, mixed stock solutions
of PGM and ALG were prepared in sterile and non-pyrogenic water at
concentration ratios PGM/ALG of 5:20, 10:20, 20:20 and 40:20, with
ALG concentration fixed at 20 mg/mL. The preparation protocol of Dinu
et al. [42] was followed with minor modifications. Droplets of the PGM/
ALG stock solution were injected into a 3 % w/v calcium chloride
(CaCly) solution by a syringe equipped with a custom-made tip of 1 mm
diameter. Hydrogel beads from ALG with immobilized PGM were
instantly formed in the salt solution. The beads were magnetically stir-
red to harden for 30 min and then were gathered and soaked in distilled
water preceding their examination and evaluation experiments.
Following the notation of the PGM/ALG stock solutions, beads were
notated as 5:20, 10:20, 20:20 and 40:20 respectively. Control ALG beads
were obtained in the same manner by a stock solution of ALG at 20 mg/
mL. All collected beads were stored at 4 °C.

2.1.4. Sample preparation for TEM

For transmission electron microscopy (TEM) experiments, sample
concentrations higher than 1 mg/mL are usually preferred to obtain
representative images. Therefore, a rotary evaporator operating at 45 °C
and at 80 RPM under vacuum was utilized to evaporate part of the
solvent and increase the total polymer concentration, C,(=Cxg + Cpp),
of the initially prepared NCs solutions. NCs with CR 0.4 and 2.5 with
total polymer concentration after evaporation of 1.2 and 0.8 mg/mlL,
respectively, were tested. These two NCs were chosen as they had
distinctively different compositions and properties as discussed in Sec-
tions 3.1 and 3.2. The NCs were examined by dynamic and static light
scattering measurements before and after their introduction in the ro-
tary evaporator to verify their structural integrity.

2.1.5. Sample preparation for interaction experiments with ANS, pyrene
and PGM/ALG beads

For experiments of interactions of the NCs with ANS, NCs solutions
were used both as prepared and diluted so that the concentration of XG
in the tested solutions was 0.012, 0.018, 0.024 and 0.03 mg/mL. Ten pL
of ANS dispersion (5 mM) in distilled water was added to 1 mL of the
prepared solutions and the mixtures were kept for 24 h at 4 °C to
equilibrate. For hydrophobicity experiments with pyrene, 2 pL of pyrene
solution in acetone at 1 mM were added to as-prepared NCs solutions (1
mL) and the samples were stored for 24 h at 4 °C to reach equilibrium
[41]. The relative hydropathy of the NCs was estimated from the in-
tensity ratio I;/I3 in the FS spectrum of pyrene. The first (with FS in-
tensity ;) and the third peak (with FS intensity I3) are located at 372 nm
and 383 nm respectively. A polar environment is signified by I;/I5 ratio
around 1.9, whereas a non-polar environment is denoted by values close
to 1.0 [43,44].

For experiments of interactions between NCs and PGM, PGM (5 mg/
mL) solution in distilled water was added by titration to as-prepared NCs
solutions (1 mL) to obtain PGM concentrations of 0.02, 0.04, 0.08, 0.2,
0.4 and 0.8 mg/mL respectively. For interaction experiments of the NCs
with PGM/ALG and ALG beads, two beads were added to as-prepared
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NCs solutions (1 mL) and remained at the bottom of the quartz cell
without interfering with the incoming laser beam.

2.1.6. Encapsulation of p-C

For the B-C encapsulation experiments, the stock solutions of $-C
were prepared in acetone at 8 mg/mL. The stock solution was sonicated
for 2 min and stored in a shaded place at 4 °C to equilibrate. The con-
centration of the added p-C in the NCs solutions (1 mL) was equal to 40
% of Cp to obtain an adequate signal from the absorbance spectra. The
resulting mixtures were stored in a fume cupboard for the acetone to
volatilize, followed by gentle agitation overnight at room temperature.
Thermal heating was not applied for the evaporation of acetone due to
the sensitivity of f-C to heat exposure which can lead to its degradation
[45-47]. Excess p-C was isolated from the NCs solution by introducing
200 pL of n-hexane and briefly vortexing. A 20 pL portion of the
resulting supernatant n-hexane phase was then diluted with additional
n-hexane and subjected to UV-Visible analysis to determine the quantity
of the unencapsulated bioactive compound present [40].

All experiments were performed at 25 °C at least in triplicate. Pre-
sented uncertainties are derived as standard deviation from the mean
values.

2.2. Static and dynamic light scattering

A standard ALV multi-angle light scattering (LS) instrument was
utilized for static and dynamic light scattering (SLS and DLS) measure-
ments. The experiments were conducted by utilizing an ALV-CGS-3
goniometer and an ALV-5000/EPP multi-tau digital correlator with a
He—Ne laser operating at A = 632.8 nm. In SLS, the Rayleigh ratio R(q)
is obtained by reducing the time-averaged scattered intensity (I(q))
[48]. In Eq. (2) the relation between the form factor P(q) and R(q) is
established. M is the molar mass, K is the LS contrast factor (Eq. 3), q is
the scattering wave vector (Eq. 4), and c is the total concentration of the
solution. In Eq. (4) the scattering angle is denoted by 6, the solvent’s
refractive index by n,, and the laser’s wavelength by A. In Eq. (3) the
Avogadro number is denoted by N, and the refractive index increment
of the solute and solvent system by 2.

Kc 1
[ 2
R(@) ~ MP(q @
47n°n2 /0ny\2
K= (E) 3
q= 47:1" sin (g) 4

The refractive index increments of XG, DD and PGM were (g—‘c‘) =
XG

0.155mL/g [25,49], (%) —015mL/g [50,51] and (g) =

DD PGM
0.165 mL/g [52] respectively. By utilizing Eq. (5), the mean values of
% — 0.16 mL/g including PGM (Cpgy # 0) and £ = 0.15 mL/g omitting
PGM (Cpgm = 0) were used for the respective experiments.

n ey
dc CXG + CDD + CPGM dc/ xG CXG + CDD + CPGM dc/ pp (5)
o Gow (@)

Cxc + Cpp + Cpgm \0c/ pem

The form factor P(q) in Eq. (2) was calculated using the modified
Guinier approximation (Eq. 6), where R, is the radius of gyration. To fit
the entire series of the Guinier plots a quadratic approximation with
respect to q% was incorporated [40,53,54].

R[EE) _ M,ef%q2R§+B(q)~(q2)2 6)

In DLS, the time-autocorrelation function g,(q,t) of the scattered
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light intensity is linked to the scattered field autocorrelation function
g,(q,7) via the Siegert relation [55,56]. The Stokes-Einstein equation
(Eq. 7) is used to calculate the hydrodynamic radii Ry through the
diffusion coefficients D, with ky the Boltzmann constant, T the sample
temperature and 1 as the solvent viscosity. The CONTIN algorithm was
used to extract the distributions of hydrodynamic radii at 6 = 90°.

_ kgT
" 6D

@)

h

2.3. Electrophoretic light scattering

A Zetasizer Nano-ZS by Malvern Instruments Ltd. was used to
perform electrophoretic light scattering (ELS) measurements. Under the
Smoluchowski approximation, Henry’s function is constant and the
{-potential values can be evaluated [57,58]. The apparatus measures the
electrophoretic mobilities and converts them into a {-potential distri-
bution. Measurements were taken at a fixed back scattering angle 6 =
173°. To estimate the mean value and standard deviation of the {-po-
tential, ten measurements were collected at room temperature.

2.4. Fourier transform infrared spectroscopy

A Bruker Equinox 55 device equipped with an attenuated total
reflectance (ATR) diamond accessory was utilized to perform Fourier-
transform infrared spectroscopy (FTIR) measurements. A few droplets
(8-12 mL in volume) of the solutions were put on the middle of the
sample holder and dried while being continuously exposed to nitrogen
gas. Every spectrum was captured at least twice, yielding 64 scans with a
4 em™! resolution in the 500-5000 cm ™! range.

A Python code for the nonlinear least-squares method, which es-
tablishes the superposition of Gaussian peaks, was utilized to access
possible PGM-ALG interactions in the PGM/ALG beads matrix by
deconvoluting the respective FTIR spectra from 1800 to 1500 cm L. The
absolute weight G, the standard deviation o;, and the position x,; of
each Gaussian peak comprise the general formula, ie. fj(x) =

(x5,)
Gi .eiT
6,V/21
were chosen for each of the three later parameters based on the exper-
imental data of the FTIR spectra [41].

. To aid in the algorithm’s convergence, initial conditions

2.5. Fluorescence spectroscopy

A Jobin Yvon-Spex Fluorolog-3 spectrofluorometer with a double-
grating excitation and a single-grating emission was used to perform
fluorescence spectroscopy (FS). A Xenon lamp was the light source of the
device. The excitation wavelengths employed were A = 370 nm for ANS
and A = 330 nm for pyrene. For ANS and pyrene the range of spectra
recorded was 390-700 nm and 350-500 nm respectively. Slit size was
set to 2 nm and integration time was set to 0.5 s for all measurements.

2.6. UV-Visible spectroscopy

A Perkin-Elmer Lambda 19 UV-Vis-NIR spectrophotometer was
utilized to record UV-Visible (UV-Vis) absorbance spectra. Samples
were placed inside a 1 cm path length quartz cuvette holding 3 mL total
volume. Measurements were conducted for wavelengths between 200
and 800 nm. The maximum intensity of PGM was reported at 258 nm,
while B-C absorbance spectra had peak maxima at 423, 450 and 478 nm.
In the case of §-C, the peak at 450 nm was the prominent one and the one
used for the analysis of the respective spectra.

2.7. Transmission electron microscopy

Transmission electron microscopy (TEM) micrographs were ob-
tained with a Tecnai G2 Spirit Twin 12 microscope (FEI, Czech
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Republic). A total of 3 pL from each sample were placed on an electron
microscopy grid coated with an electron-transparent carbon film. The
samples were dried on the grid by incorporating a fast-solvent-removal
method [59] followed by negative staining with uranyl acetate (UA)
[60]. A total of 120 particles across multiple TEM images of each sample
were identified and analyzed using ImageJ to determine the mean
radius, Rygy, and the standard deviation, ARtgy.

3. Results and discussion
3.1. Morphological and structural properties of XG/DD NCs

Complexation of XG with DD in aqueous solutions was investigated
in a wide range of charge ratios CR = H from 0.1 to 10. The concen-

tration of XG (0.03 mg/mL) was kept fixed near the overlap concen-
tration of XG so that the effects of semi-dilute solution structure and
dynamics were negligible. In our previous studies we have investigated
the significant viscoelastic effects [22,23] and self-similar structure of
interconnected XG chains [22] in the semidilute regime. Complexation
with DD at this low XG concentration reduced the interactions and
clustering between NCs allowing for a straightforward interpretation of
the DLS and SLS data. Complexation was additionally investigated in the
thermally denatured state of XG. At elevated temperature the helical
structure of XG is destabilized and XG obtains its coil conformation [61].
In this state the side chains are freer to interact with other molecules.
Therefore, a different complex formation in comparison with complex-
ation in the native state is expected. Differences have previously been
observed in the association of XG with a cationic surfactant. XG side-
chains were found to associate more intensely with the surfactant in
the XG’s denatured state, compromising its double-helix formation [24].

The size distributions of the biopolymers alone and their mixtures
are presented in Fig. 1a. The XG solutions contained a broad distribution
at the native state because of the interchain interconnections [22]. In the
thermally treated case, another population with large size appeared.
This is explained by the fact that when XG solutions are heated to the
denatured state and subsequently cooled, the double-helix formation is
more effective and leads to a higher degree of association [23,62]. In DD
a broad distribution appeared between 100 and 1000 nm and higher
sizes were found in the thermally treated sample. These large sizes
reflect the intrinsically hydrophobic nature of DD which apparently
induces aggregation. Temperature increase may cause dissociation of
intramolecular hydrophobic domains which may be followed by more
intermolecular hydrophobic associations upon cooling.

At CR = 10, at the CR extreme, where XG content is maximum, the
size distributions were still broad as in XG alone. However, they were
narrower and shifted to lower Ry, in comparison to XG alone. This is a
sign of the complexation of the two components. The cationic DD neu-
tralizes (or screens) the negative charges of XG reducing intramolecular
repulsions in XG and, thus, causing it to adopt a more compact confor-
mation. Notably in the case of den-NCs complexation greatly reduced
the double-helix interconnected aggregates possibly by extensively
occupying XG side chains in the denatured state and not allowing their
reformation upon cooling. This result is reminiscent to the one of XG-
cationic surfactant complexes where complexation with denatured XG
resulted in lower moduli and more compact complexes [24]. At CR = 5,
2.5 and 1.25 the size distributions were well below the pm scale with
peaks at 100-200 nm. Therefore, in this CR regime NCs and den-NCs of
well-defined size distributions are found. At CR = 0.1 and 0.2, at the
other end of CR, where DD content is maximum, the size distributions
shifted to slightly lower values, in comparison to DD alone, with Ry, at
about 200 nm which signifies the electrostatic interaction with XG and
the shrinkage and/or partial dissociation of the primary DD aggregates.
For complexation at the denatured state the peak of DD at 20 pm per-
sisted while the one at 2 pm shifted to 1 pm or lower. At CR = 0.4 a single
peak for NCs and a main peak for den-NCs appeared near 100 nm. For

International Journal of Biological Macromolecules 329 (2025) 147766

D — >~ /xe

=R =

2.5
1.25

1.0
0.8

N\
VAN
M e
FANN
/ §> 0.4
HVAN-UVAW

f(R,)

0.2

/U o1
N DD

Fig. 1. a) Hydrodynamic radius distributions from CONTIN analysis at 90° of
thermally untreated (black) and treated (red) XG and DD alone and XG/DD NCs
(black) and den-NCs (red) for all CRs. TEM micrographs of XG/DD NCs with CR
b) 0.4 and ¢) 2.5.

den-NCs another broad peak appeared above 1 pm showing intercon-
nection and clustering effects of the complexes. A qualitatively similar
picture was observed at CR = 0.8 where the population above 1 pm was
diminished. Apparently, clustering between NCs expected from XG in-
terconnections and DD hydrophobic contacts was limited by the strong
electrostatic interaction that takes place near the point of nominal
stoichiometric charge neutrality. At CR = 1 some clustering was evident
at about 1 pm. However, strong relatively narrow peaks at about 100 nm
showed the presence of NCs and den-NCs. Therefore, well-defined NCs
and den-NCs were also identified at CR between 0.4 and 1. The size
distributions of XG/DD complexes, the appearance of well-defined NCs
and relevant interpretations for the whole range of CR are summarized
in Table 1. Representative field autocorrelation functions are presented
and discussed in the Supporting Information (Fig. S2).

In Fig. 2 Guinier plots of the complexes are presented. The Rayleigh
ratio of XG and DD alone (not shown) were lower than the ones of NCs
and den-NCs in all cases except from CR = 0.1. The excess scattered
intensity for the mixtures proves the presence of complexes and supports
the conclusion for well-defined NCs and den-NCs at CR = 0.4-5 drawn
from DLS. The quadratic q-dependence (Eq. 6) of the SLS profiles of the
NCs and den-NCs suggests possible internal spatial correlations or
polydispersity effects [40].

The formation of nanoparticles was verified by TEM (Fig. 1b and c).
The NCs exhibited predominantly spherical shape, with radii ranging
from 10 to 110 nm and mean 37 + 20 nm for CR 0.4 (Fig. S3a) and from
10 to 300 nm and mean 52 + 38 nm for CR 2.5 (Fig. S3b). Differences in
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Table 1

Synopsis on the influence of CR on the hydrodynamic radii distribution and in

XG/DD NCs and den-NCs.

CR NCs den-NCs Key observations/

interpretation

0 (DD) Broad size Sizes at about 2 Hydrophobic contacts
distribution 100 nm -  and 20 pm induce aggregation.

1 pym observed. Enhancement by thermal
treatment.

0.10 Sizes slightly lower Population at 20 Shrinkage/partial

0.20 than DD (~200 nm). pm persists. Size at  dissociation of DD

2 pm shiftsto 1 pm  aggregates due to

and lower. electrostatic interaction
with XG.
In den-NCs, larger
aggregates persist.

0.40 Single peak near 100 Main peak near Well-defined NCs and
nm. 100 nm and broad den-NCs. Broad peak >1

peak above 1 pm. pm in den-NCs shows
interconnection and
clustering effects of
complexes.

0.80 Single peak near 100 Main peak near Well-defined NCs and
nm. 100 nm. den-NCs. Clustering is
Contributions above Reduced limited by strong
1 pm diminished. population above electrostatic interactions

1 pm. near nominal
stoichiometric charge
neutrality.

1.00 Narrow peak ~100 Narrow peak Well-defined NCs and
nm and some ~100 nm and den-NCs.
clustering at ~1 pm. some clustering at

~1 pm.

1.25 Single peak at Single peak at Well-defined NCs and

2.50 100-200 nm. 100-200 nm. den-NCs.

5.00

10.0 Narrower size Broad size More compact
distributions shifted distribution at ~1 conformations of XG
to lower Ry, (—~200 pm. caused by DD.
nm) in comparison to In den-NCs, DD likely
XG. prevents reformation of

double helices upon
cooling.

o Broad distribution Additional Double helix-formation

(XG)  around 800 nm population above which is enhanced by

10 pm

thermal treatment

sizes and size distributions between TEM and DLS results could be
attributed to two main reasons. Firstly, DLS yields intensity-weighted
size distributions and therefore is strongly affected by the presence of
larger particles, while TEM yields number-weighted distributions. Sec-
ondly, the fast-solvent-removal method in TEM stabilizes the sample in
the dried state (i.e. in the absence of solvent, as described elsewhere
[59]), whereas DLS probes the solution morphology [63]. Notably, TEM
shows the formation of spherical nanoparticles. XG is a long and rigid
polysaccharide and elongated primary complexes should be expected as
explained in the following discussion. However, the aggregation of the
primary complexes apparently leads to spherical particles. The shape
factors p for the NCs determined by LS methods ranged between 0.7 and
1.4 designating the possible spherical particles and the microgel
morphology present.

The Ry, of the NCs and den-NCs were between 100 and 200 nm with a
weak increase up to CR =1 (Fig. 3a) and the PDI values ranged between
approximately 0.25 and 0.4. There was a significant increase at higher
CRs. In the case of multiple peaks in CONTIN analysis (Fig. 1a) the peak
with Ry, below 1000 nm was used for the NCs and den-NCs of Fig. 3a. An
increase near charge neutrality conditions is expected as the electro-
static interactions between the complexes are diminished and large
aggregates tend to form [64]. The increase at CR > 1, where XG was in
excess, indicates an asymmetry that arises by the fact that XG has the
ability for XG-XG interconnections. The XG segments that are unasso-
ciated with DD increase in number as CR increases. Therefore, XG may
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Fig. 2. Selected Guinier plots of XG/DD a) NCs and b) den-NCs with CR 0.4
(black), 0.8 (red), 1.25 (blue), 2.5 (magenta) and 5 (olive). Fitted lines of the
modified Guinier approximation (Eq. 6) are included. Data sets were separated

from each other for clarity by using different multiplication factors which are
displayed on the right side of the graphs.

have more free segments to create interconnections. The effect was
indeed stronger in den-NCs where XG can create more interchain
double-helices. One may assume that the NCs at CR > 1 contain com-
plexes that are connected not only by charge effects but also by XG
double-helix interconnections. The mass of the complexes (Fig. 3b)
increased strongly at low CR and weakly at high CR, indicating that at
CR > 1 additional aggregation is loose. Consequently, the radius of
gyration (Fig. 3c) did not change strongly by the increase of CR.

The surface potential of the NCs changes from positive (25 to 35 mV)
to negative (—20 to —30 mV) at CR between 1 and 1.25 (Fig. 3d), hinting
the presence of the charge neutralization ratio being between these two
values. This may be connected to the rigid conformation of XG and the
presumably elongated primary complexes. In this arrangement DD
chains may accumulate in the exterior of the primary complexes so that
their charge affects { more strongly than the XG chains. In poly-
electrolyte complexes ion pairing between the oppositely charged
polyelectrolytes at non-stoichiometric CR results in primary complexes
that consist of a charged hydrophilic corona and a charge neutralized
core [36,65]. The coronas consist of segments of the polyelectrolyte in
excess, and the cores consist of the mixture of the two polyelectrolyte
segments. Scaling theory predicts that for flexible polyelectrolytes of
different charge densities and lengths [66]. For a longer polyanion of
higher charge density in comparison to the polycation cylindrical pri-
mary complexes are expected where the polyanion is elongated and the
polycation forms a “coat” around it. Den-NCs showed higher absolute
values of . Possibly the surface of the den-NCs was more densely packed
than the one of NCs as the complexation of DD with the XG side-chains.
In addition, den-NCs have positive surface potential for CR 1.25 and 2.5
contrary to NCs. This may be attributed to the enhanced presence of
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Fig. 3. a) Hydrodynamic radius Ry (CONTIN analysis at 90°), b) apparent mass M, c) radius of gyration Rg and d) {-potential of XG/DD NCs (black) and den-NCs

(red) in relation to their respective CR and MR.

elongated primary complexes (due to more interchain double helices)
and consequently to stronger effect of DD on surface potential.

According to Le Cerf et al. [33], the charge neutralization ratio of DD
and carboxymethyl pullulan complexes was credited to the deprotona-
tion and inaccessibility of quaternary amino group due to the pH
dependent protonation [34] and the tertiary amino group enveloping
the quaternary one. Furthermore, in the study of Hugerth et al. [67] on
the complexation of chitosan and carrageenan the stoichiometric devi-
ation was credited to the aggregation tendency of the compounds which
led to the inaccessibility of the charges present on the polymeric chain.
Additional factors include the charge density differences between the
polyelectrolytes [68,69], the macromolecular sizes in the solution [70]
and the number of charged side group units in the polysaccharide chain
[69]. In the present study, the reported deviation from the nominal
charge neutralization ratio was attributed to the difference in the charge
density of the polysaccharide chains, the relative position of the opposite
charges, as well as the rigidity and aggregation tendency of XG
macromolecules.

FTIR spectra (Fig. 4) were used to decipher the functional chemical
groups (see Section S4 in Supporting Information) and the possible in-
teractions between the functional groups of the two polysaccharides.
The slight shifts of 12 cm™! towards larger and of 4 cm™! towards
smaller wavenumbers in the peaks at 1596 (N—H bending of DD) and
1612 (C=0O stretching of XG) cm ™! (Fig. 4a) respectively may indicate
the complexation between the two biopolymers, as it corresponded to
charged groups with charges on both polysaccharides. However, the

observed peaks at ~2850 cm™! (O—H stretching, N—H stretching and
C—H stretching) for NCs and den-NCs (Fig. 4b) have exhibited no al-
ternations or shifts despite the complexation of the two polysaccharides.
The merging of the peaks at 1663 cm™! and 1603 cm ™! (C=O stretching
of XG and N—H bending of DD) reported only after thermal treatment
suggested conformational changes due to high temperatures, rather than
electrostatic complexation. Additionally, the reduction of the peaks’
intensity in relation to the FTIR spectra of XG and DD alone (Fig. 4a) at
1463 cm™! (N—H deformation of DD) [71], 1405 em ! (O—H bending
of XG) and 1347 cm™ ! (O—H bending of alcohol in DD) showed possible
interactions between the two suggesting conformational changes of their
chains. Moreover, the critical reduction of the peaks at 1105 cm™* and
the reduction of the peak at 1151 cm ! (C—O stretching of alcohol and
C—N stretching of amine groups in DD) are strong indicators of the
complexation between the two biopolymers. The shift of more than 10
em™! towards larger wavenumbers in the peak at 1021 cm™! (C—N
stretching of DD) for both NCs and den-NCs could have also indicated
the formation of the NCs and could be related to the possible confor-
mational changes of the amine group and potentially the ethyl group in
the side chain of DD during the complexation process.

The stability of the NCs was tested after a period of 30 days. NCs with
CR 0.1, 0.2, 0.8, 2.5 and 5 exhibited narrower size distributions, but
with larger radii of 200-400 nm (PDI ~ 0.2-0.4) (Table 2 and Fig. S4).
NCs with CR 0.4 and 10 showed two distinct populations around
100-1000 nm (PDI ~ 0.35), while CR 1 showed wider size distributions
around radii of 200 nm (PDI ~ 0.2). Den-NCs with CR 0.4, 0.8, 1 and
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Fig. 4. FTIR spectra of DD alone at 0.3 mg/mL (black), XG alone at 0.03 mg/
mL (red) and XG/DD a) NCs and b) den-NCs with CR 0.4 (blue) and 2.5
(magenta). Arrows pointing along the wavenumber axis indicate peak shifting
towards larger (purple) and smaller (dark yellow) wavenumbers. Arrows
pointing along the absorbance axis indicate relative intensity reduction (or-

ange). Rectangles indicate peak merging (olive). The labels and positions of the
peaks have been color-marked based on the relevant changes observed.

1.25 exhibited aggregation due to the stronger presence of size distri-
butions around 1-10 pm, while for CR with 2.5, 5, 10 populations with
~1 pm radii possibly precipitated and size distributions around 100 nm
(PDI ~ 0.2) shrank in width. For CR 0.1 10-pm-populations precipitated
and for CR 0.2 some large aggregates again precipitated and the two
populations around 1-10 pm appeared as a single population. Addi-
tionally, the mean hydrodynamic radii (Fig. S5a) exhibited a similar
trend with the solutions on the day of their preparation. The apparent
masses for both NCs and den-NCs (Fig. S5b) displayed an upward trend,
while the radii of gyration (Fig. S5c¢) slightly decreased due to the pre-
cipitation of larger NCs. Moreover, based on the (-potential values
(Fig. S5d) conformational changes of the polymeric chains may account
for the shift of the electric charge sign near the stoichiometric charge
ratio. For the NCs, the charge neutralization ratio shifted towards higher
CR, whereas for the den-NCs, it transitioned to lower CR, ranging from
1.25 to 2.5 in both cases. Overall, the reported stability of the NCs and
den-NCs with non-stoichiometric CR values over the span of one month
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is highly encouraging, demonstrating their potential for reliable per-
formance in long-term applications.

3.2. Interactions of XG/DD NCs with model substances

The NCs were quite hydrophilic with most values being higher than
1.5-1.6 (Fig. 5a). I;/I3 was relatively lower for NCs in comparison to
den-NCs. Despite their relatively high hydrophilic behavior, it is possible
they contain hydrophobic nanodomains inside charge neutralized cores
and can interact with hydrophobic compounds, as well as achieving
their successful encapsulation. The formation of such hydrophobic re-
gions was credited to hydrophobic interactions of deprotonated DD
groups [38], as well as to the non-polar characteristics of the charge
neutralized complexed segments in the core of the NCs [36].

ANS is a FS probe for the quantification of the surface hydrophobicity
of self-assembled amphiphilic nanoparticles [72], hydrophobically
modified polysaccharides [73] and proteins [74,75]. The FS intensity in
XG solutions was found to be very weak and independent of XG con-
centration as is expected for polar environments e.g., when ANS is
exposed to water (Fig. S6a). For DD alone FS was strong (~10°) and its
maximum shifted to lower intensities and slightly higher wavelengths by
~7 nm as DD concentration increased (Fig. S6b). This shows that in XG
solutions there are apparently no hydrophobic domains for ANS to be
incorporated in contrast to DD. The presence of ethyl groups in DD are
therefore capable of creating the suitable nonpolar microenvironment
for hydrophobic moieties to bind. As DD was found to self-aggregate
(Fig. la) there are possibly hydrophobic domains made of ethyl
groups that create intra- and inter-connections in DD chains. In addition,
the competitive effects of DD self-association and ANS binding were
possibly the reason for the decrease of FS as DD concentration increased.
As DD concentration increased, the structure of hydrophobic domains
was such that ANS was displaced [76].

FS of ANS showed roughly a decreasing trend as NCs concertation
increases for CR 0.1 to 0.4 similarly to the case of DD solutions
(Fig. S7a—c). Therefore, the presence of DD and the formation of hy-
drophobic domains dominated the interaction with ANS at high DD
contents. For CR 0.8 and 1(Fig. S7d-e) there is an increasing trend
showing that DD does not enhance its hydrophobic domains as NCs
concentration increase. The hydrophobic domains increase trivially by
NCs concentration allowing more ANS to be incorporated. At higher XG
contents (CR > 1.25) (Fig. S7f-i) FS is low and nonvarying by NCs
concentration as in the case of XG alone. In this case DD cannot form
adequate hydrophobic domains for ANS or the electrostatic repulsion of
ANS [75] with XG does not allow it to enter the NCs. In any case the FS of
ANS reveals that DD modifies the properties of the NCs by introducing
hydrophobic character. CRs 0.4 and 2.5 were chosen for the studies of
B-C encapsulation and interactions with mucus mimics. These two CRs
were symmetrically separated around CR = 1 and hence were consid-
ered representative of NCs with low and high DD content. Indeed, they
had distinctly different features, i.e., surface charge of opposite sign (at
least for the NCs) and different hydrophobic character. These features
were expected to play a central role in the interactions with mucin and
hydrophobic nutrients or drugs.

3.3. Encapsulation of -C by the XG/DD NCs

B-C is a precursor to vitamin A and a potent antioxidant with anti-
cancer [77,78], cardioprotective [79] and immunostimulant [80]
properties. Due to its high hydrophobicity and tendency to degrade to
illumination and heat exposure [47], the use of biocompatible nano-
assemblies for its entrapment and delivery can increase the efficiency
and effectiveness of the bioactive compound [78,79,81]. The encapsu-
lation of p-C was tested for the two chosen CRs of XG/DD NCsi.e. 0.4 and
2.5. It was essential to estimate the water retention Ly of p-C (Eq. 8) by
conducting control experiments of p-C dispersions in water to account
for free B-C that does not pass completely to the organic solvent.
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Table 2
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Stability test results of XG/DD NCs and den-NCs, as well as of samples of XG alone and DD alone before and after thermal treatment. For day 0, 15 and 30 after the day
of preparation (Uncertainties: SMw = 20 %, SRg = 7 %, SRh = 8 %, 8 = 10 % and 8PDI = 8 %).

State CR My (»108 g/mol) R; (nm) Ry, (nm) ¢ (mV) PDI"
Day Day Day Day Day Day Day Day Day Day Day Day Day 0 Day 15 Day 30
0 15 30 0 15 30 0 15 30 0 15 30
NGCs 0.10 0.29 0.32 0.32 43.4 181 174 161 518 393 22.5 17.6 14.8 0.40 0.43 0.39
0.20 1.87 0.91 0.85 41.4 166 169 161 200 261 31.4 23.8 19.9 0.38 0.26 0.34
0.40 2.95 1.57 1.88 143 169 178 162 233 340 20.5 19.3 21.3 0.37 0.36 0.36
0.80 4.28 3.24 2.62 181 169 165 200 195 162 23.5 17.9 14.7 0.41 0.32 0.19
1.00 5.25 5.87 3.33 181 176 161 130 183 181 20.9 18.7 15.9 0.32 0.29 0.21
1.25 12.7 3.05 4.85 190 162 185 202 173 166 -12.6 -11.6 12.6 0.30 0.26 0.28
2.50 2.14 5.35 5.93 160 174 181 143 160 163 -18.9 -15.7 —5.09 0.34 0.27 0.18
5.00 3.19 2.83 2.97 164 173 177 189 150 188 -19.6 -16.3 —5.52 0.36 0.29 0.25
10.0 2.83 2.48 5.86 174 157 211 254 96.5 424 —-24.9 —18.5 —-7.01 0.48 0.39 0.39
den-NCs 0.10 0.50 1.05 0.35 198 180 135 799 260 231 39.7 40.4 47.6 0.28 0.34 0.31
0.20 0.43 0.65 0.13 169 129 143 108 111 91.2 42.8 41.9 41.4 0.46 0.47 0.16
0.40 1.24 0.40 0.83 163 118 167 133 172 109 34.4 34.1 33.7 0.34 0.46 0.20
0.80 1.02 0.52 1.89 151 129 149 116 98.5 108 329 30.9 27.6 0.35 0.50 0.20
1.00 0.49 1.29 1.15 118 154 139 80.4 126 424 33.7 31.3 29.1 0.28 0.31 0.15
1.25 7.03 1.32 1.56 192 134 140 182 146 111 30.3 28.7 26.9 0.38 0.33 0.18
2.50 0.96 5.59 9.75 131 190 197 162 192 229 27.8 —28.7 —-29.9 0.42 0.26 0.20
5.00 14.9 11.3 6.62 210 198 190 267 285 206 —20.0 —20.6 -23.7 0.31 0.30 0.18
10.0 4.39 1.58 1.81 179 150 147 981 202 203 —42.8 —28.9 —-27.7 0.52 0.41 0.18
XG - 0.05 0.08 0.11 - - - 539 667 843 -30.8 -32.7 —29.7 0.54 0.51 0.49
DD - 0.01 0.03 0.05 166 136 125 296 355 456 46.4 46.1 42.8 0.36 0.37 0.42
den-XG - 0.16 0.27 0.27 83.8 112 125 971 4920 2770 —28.9 —28.8 —30.0 0.35 0.37 0.46
den-DD - 0.12 0.15 0.18 152 119 113 192 992 402 47.2 46.9 40.7 0.31 0.41 0.40

2 PDI values refer to the well-defined populations presented in Figs. 1a and S4.

1Tl;—C.w
100% = 100%
mp ¢

Mp_c — Mp_Chex
Ly =
mg ¢

(3

In Eq. (8) my.c is the mass of f-C introduced in water, mg_cpex is the
mass of p-C transferred to n-hexane and my , is the mass of p-C that
remains in water. In the presence of NCs, it was assumed that part of the
unencapsulated f-C retained in the water solution, i.e. m_¢ — My_cpex =
mg_cnes + m;fc‘w, where my_cncs was the encapsulated mass of p-C. In
the last expression mp_cncs is the mass of §-C retained in the NCs.
Assuming L,, is independent of the presence of NCs m_¢ ncs is expressed
as in Eq. (9). Consequently, loading efficiency (LE) and the loading ca-
pacity (LC) are provided by Egs. (10) and (11) respectively [40,82,83].

mp_cnes = (1 — Lw)-Mp_¢ — My_chex )

LE = T-CNG 10004 (10)
mp ¢

LC = T-CNG 1004 an
Mncs

The absorbance calibration curve was obtained after the dilution of
the stock p-C solution in n-hexane (Fig. S8). In Fig. 5b—c the absorbance
spectra of p-C in XG/DD NCs and den-NCs solutions are shown. Water
retention was relatively high (~50 %) (Table 3) and was possibly
attributed to vestiges of acetone in the solutions corroborated by a
vaguely perceptible peak at 265 nm (not shown) in the absorbance
spectra [84]. For XG/DD NCs (Fig. 5d and e), both CRs had similar LE
and LC (Table 3), which was quite unexpected due to the high hydro-
philicity of CR 2.5. However, pyrene molecules are not as flexible as $-C
molecules and, thus, p-C was able to more readily access potential hy-
drophobic nanodomains inside the core of the NCs. For den-NCs, the low
LE and LC values corroborate the absence of the characteristic orange
tint of B-C in the aqueous solution in the presence of the supernatant n-
hexane solution (Fig. S9b).

3.4. Mucoadhesive properties of XG/DD NCs

The investigation of PGM-nanoparticle interactions is crucial for the
development of drug delivery nanocarriers and the assessment of their

biocompatibility and behavior in biological systems. Prior research has
investigated this behavior by utilizing, UV-Vis [85], FS [86] and LS
[87,88] measurements. In our work, due to the low G, of our solutions
leading to insufficient strength of the absorbance and emission signals of
the precursor compounds, we relied solely on both SLS and DLS
techniques.

Size distributions of XG/DD NCs and PGM mixtures (Fig. S10) were
indicative of the interactions of the NCs with PGM alone. The deviations
from the distributions of NCs (Fig. 1) and PGM alone (Fig. S10), strongly
suggested the mucoadhesive properties of both NCs with CR 0.4 and 2.5
[87]. For NCs with CR 0.4 the peak at 100 nm shifted to 200-300 nm or
higher at 0.02 and 0.04 mg/mL added PGM. At 0.08 two peaks appeared
with the larger size at 700-800 nm. At 0.2 and 0.4 mg/mL broad peaks
from 100 nm to above 1 pm were found. These show that aggregates of
the NCs with PGM are formed. At 0.8 mg/mL PGM two peaks appeared
possibly showing that the scattering of PGM dominates although PGM
alone showed two peaks at relatively higher sizes. For NCs at CR 2.5 the
main peak at 200 nm shifted gradually to values up to 1 pm from 0.02 to
0.4 mg/mL PGM. At 0.8 mg/mL PGM a broad peak ranging from 100 nm
to 10 pm was found while the peaks from PGM alone were not detected.
This showed that at CR 2.5 larger aggregates appeared in comparison to
CR 0.4, leading to aggregates comprised of PGM and NCs, regardless of
their surface charge and hydrophobicity. The aggregates at CR 2.5 are
considered open-structured as SLS proves that more massive objects are
formed at the length scale of the size of the NCs in the case of CR 0.4
(following discussion).

SLS experiments on NCs/PGM mixtures were additionally used to
investigate the mucoadhesive properties of the NCs. Rayleigh ratios
were plotted to compare the scattering strengths of the individual
components with the ones from the mixtures. R(q) was modelled simi-

larly to Eq. (6) as R(q) = R0~e%q2R§+B(‘1)'(q2)2. In Fig. 6 Ro and Ry in
relation to the concentration of added PGM Cpgy are presented. The
scattered intensity of PGM-only solutions (R5®™) was significantly
higher than the one of NCs alone. However, upon the introduction of
PGM the total intensity of the mixtures surpassed that of PGM alone for
Cpgm from 0.02 to 2 mg/mL showing that mucoadhesive interactions
take place and can be detected by SLS in this Cpgy range. Rg values were
in the vicinity of the ones of NCs and near the ones measured in PGM
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alone (~160-220 nm). Therefore, SLS was dominated by concentration
fluctuations in the length-scale of NCs and process NCs/PGM in-
teractions independently of DLS. In addition, the difference of Ry be-
tween NCs/PGM and NCs-only mixtures (Rgcs/ PGM _ RN®) was also
plotted (Fig. 6a) to more accurately confirm the mucoadhesive

and 2.5 (red). Solutions of XG/DD NCs with CR 0.4 (left vial) and 2.5 (right vial)

interaction. It was indeed higher than RE®™ at Cpgy from 0.02 to 2 mg/
mL. The interaction of PGM with positively charged NCs and den-NCs
with CR 0.4 and den-NCs with CR 2.5 (Fig. 3d) was found stronger in
comparison to negatively charged NCs and den-NCs. This shows that
electrostatic attraction was the main driving force. However, PGM
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Table 3

Water retention Ly, loading efficiency LE and loading capacity LC of §-C in water
and untreated and thermally treated XG/DD NCs with CR 0.4 and 2.5 (relative
error is £15 %).

CR Ly (%) LE (%) LC (%)
NCs 0.4 50.0 48.2 19.3

2.5 50.0 48.8 19.5
den-NCs 0.4 50.0 4.9 2.0

2.5 50.0 1.6 0.6

hydrophobicity [89] might also be involved in interactions with DD
hydrophobic domains of the NCs. Conversely, for negatively charged
NCs with CR 2.5 (Fig. 3d), the interactions may be associated with
hydrogen bonding and van der Waals forces. XG is known for its strong
mucoadhesion properties [29] and capability to complex with mucin
[90], since uncomplexed carboxylic groups of the NCs can enhance
physical entanglements and promote non-electrostatic interactions
[90,91]. Electrostatic interactions could even be possible in this case if
we consider that the {-potential values refer to the net surface charge of
the NCs and uncomplexed segments of the positively charged DD could
also be present in the exterior the NCs.

To further explore the mucoadhesive properties of the NCs the
mucus-mimicking system involving immobilized PGM onto ALG beads
was used. PGM was immobilized within the ALG beads by physical
entrapment during the gelation process and no chemical crosslinking
was used [42]. The mucosa biomimetic system was initially investigated
so that the immobilization of PGM was confirmed. In Dinu et al. [42] the
potential immobilization of PGM was reported by scanning electron
microscopy where PGM aggregates were observed on the surface of ALG
beads. The immobilization of PGM on the surface of the beads was also
verified by (-potential measurements and the apparent change of the
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surface charge in the presence of PGM. The PGM/ALG beads of that
work were tested in comparison to an ex-vivo bovine tongue in flavour
retention experiments. They showed qualitative agreement and were
also proved effective for testing mucoadhesive polymers. In this work
the immobilization of PGM was confirmed by FTIR in the bulk of the
beads. The FTIR spectra of the precursor compounds and the PGM/ALG
beads at different concentration ratios are presented in Fig. 7. To obtain
the spectra from the bulk, the beads were crushed onto the sample
holder before drying. Clear indicators of the presence of PGM in the
beads (Fig. 7a) were the subtle peaks at 2852 (C—H stretching) and
1738 ecm™! (C=0 and N—H stretching) in the spectrum of PGM/ALG
5:20 beads. In fact, the latter peak was shifted by 10 cm™! towards
higher wavenumbers which most likely indicated the conformational
changes of PGM resulting from its immobilization in the hydrogel beads.
Additionally, a broadened peak at 1599 cm™! (C=O stretching and
O—H bending) was attributed to the combination of the peak at 1653
em ! and 1535 em™! (C=0 and N—H stretching) from PGM and the
peak at 1599 em™! from ALG. Further investigation to distinguish
possible PGM-ALG interactions in PGM/ALG beads was performed by
deconvoluting the FTIR spectra of 5:20 PGM/ALG beads (Fig. 7c), ALG
and PGM alone (not shown). Quantitative results are presented in
Table 4 where characteristic peak parameters, i.e. peak center and full
width at half-maximum (FWHM), are reported. PGM peaks of 1738,
1653 and 1535 cm™ 1 shifted towards lower wavenumbers and experi-
enced broadened peaks (apart from peak 1530 cm™! which shrank in
width). These changes are indicative of possible hydrogen bonding be-
tween ALG and PGM molecules in the matrix of the hydrogel, as well as
possible calcium bridging [92-94]. ALG peak of 1599 cm ™! remained in
place, but experienced mild broadening. While this peak broadening
could also indicate possible PGM-ALG interaction, similar broadening
was present at the spectrum of control ALG beads (Fig. 7a) and could be
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Cs/PGM (filled circles) and REICS/ PaM R} (open circles) for XG/DD a) NCs and b) den-NCs with CR 0.4 (red) and 2.5 (blue) and RE®M (filled black squares).

Radius of gyration Ry of PGM-only (black) and NCs/PGM mixtures of XG/DD c) NCs and d) den-NCs with CR 0.4 (red) and 2.5 (blue). The R, and Rg values of NCs
and den-NCs alone with CR 0.4 (red) and 2.5 (blue) are presented respectively as dashed-dotted lines.
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Fig. 7. a) FTIR absorbance spectra of ALG alone (black), PGM alone (red),
PGM/ALG beads of 5:20 (blue) and control ALG beads (magenta). b) FTIR
absorbance spectra of PGM/ALG beads of 5:20 (black), 10:20 (red), 20:20
(blue) and 40:20 (magenta). c¢) Deconvolution of FTIR absorbance spectrum of
5:20 beads in the region of 1800-1500 cm L. Colors: Experimental data (solid
black), fitted profile (solid red) and deconvoluted peaks at 1730 (dashed or-
ange), 1650 (dashed olive), 1599 (dashed blue) and 1530 (dashed
magenta) cm L

related to the change of vibrational modes of the ALG molecules after
crosslinking with calcium cations [93]. To obtain further confirmation
of the presence of PGM in the beads the FTIR spectra of all four con-
centration ratios of PGM/ALG beads were analyzed (Fig. 7b). It was
evident that the peaks at 2918 (C—H stretching), 2852 and 1738 cm !
attributed to PGM became clearer. The peak at 1599 cm™!, which was
primarily attributed to ALG, underwent changes to its shape due to the
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Table 4
Comparison of the FTIR peak parameters of ALG and PGM alone and 5:20 PGM/
ALG beads via deconvolution in the region of 1800-1500 cm .

Number ALG alone PGM alone 5:20 PGM/ALG

of peaks beads
Center FWHM Center FWHM Center FWHM
(em™) (em™) (em™) (em™) (em™) (em™)

1. - - 1738 27 1730 106

2. - - 1653 76 1650 63

3. 1599 55 - - 1599 62

4. - - 1535 55 1530 48

strong presence of the peak at 1653 cm™". Lastly, the PGM retention
(Table S1 and Fig. S11 and S12) and the macroscopic drying results of
control ALG and PGM/ALG beads (Fig. S13) indicated the less immo-
bilized PGM on the beads, the largest PGM retention it exhibits, as well
as the fastest drying process (see Supporting Information).
Mucoadhesion experiments were conducted with XG/DD NCs and
den-NCs with CR 0.4 and 2.5 by subjecting them to LS measurements in
the presence of control ALG and 5:20 PGM/ALG beads since the latter
beads exhibited the largest PGM retention (Table S1). In Fig. 8a and b
the apparent M of the supernatant solutions in the absence of NCs on the
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Fig. 8. Apparent mass M of XG/DD NCs with CR 0.4 (black) and 2.5 (red) and
den-NCs with CR 0.4 (blue) and 2.5 (magenta), interacting with a) control ALG
and b) PGM/ALG 5:20 beads. Filled individual points correspond to the
apparent mass of the supernatant solution surrounding control ALG (black) and
PGM/ALG (red) beads.
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third day of preparation showed that ALG and PGM spontaneously
separated from the beads and dispersed in the solution. However, their
concentration was apparently very low. Compared with the scattering of
PGM of known concentration, the PGM that separates from the beads
was ~2 orders of magnitude lower than the lowest used for experiments
with PGM alone. Such low PGM and conversely ALG concentrations
were not expected to cause significant aggregation. In the case of control
ALG beads the negatively charged NCs and den-NCs (CR = 2.5) showed a
decrease in apparent M after one day (Fig. 8a). This was a sign of mild
interaction where the NCs and den-NCs were attracted and immobilized
by the beads. The positively charged NCs and den-NCs with CR 0.4
displayed interaction and aggregate formation on the second day, most
likely due to detached ALG molecules in the excess solution (Fig. 8a).
The presence of NCs and their interaction with the beads apparently
caused stronger detachment of the ALG molecules in comparison to the
spontaneous detachment and this way such an increase in M was
possible. For PGM/ALG beads, the second day of measurements sug-
gested strong aggregation taking place between detached PGM (and
ALG) and NCs (Fig. 8b). In this case also the detachment of PGM and
ALG was mainly due to the presence of NCs. Only den-CNS with CR = 2.5
were found to interact mildly with the beads, i.e. being immobilized.
Size distributions (Fig. S14b) further indicated the formation of aggre-
gates and the interaction of positively charged NCs and den-NCs with CR
0.4 and only den-NCs with CR 2.5. Furthermore, the presence of narrow
peaks with sizes exceeding 1 pm strongly indicated the occurrence of an
interaction phenomenon (Fig. S14).

4. Conclusions

The electrostatic complexation of XG and DD was investigated for the
biocompatible preparation of well-defined NCs. NCs with non-
stoichiometric CR exhibited tunable sizes, colloidal stability and
compact morphology based on LS and TEM measurements. The {-po-
tential measurements indicated a charge inversion near CR 1-1.25
which slightly deviated from the nominal charge neutralization ratio
due to charge density differences between the two polysaccharides and
the inflexibility and rigidity of the XG molecules. While fluorescence
spectroscopy with pyrene probe indicated the highly hydrophilic nature
of the NCs, the ANS probe revealed the presence of hydrophobic do-
mains attributed to the ethyl groups of DD based on the potential
displacement of ANS molecules. These domains enable the successful
and highly potent encapsulation of p-C for native NCs. On the contrary,
den-NCs exhibited significantly diminished encapsulation effectiveness,
highlighting the importance of polymer segment complexation, as well
as polymer conformation in nanoassemblies. Mucoadhesive experiments
using PGM-only solutions and PGM-immobilized ALG beads confirmed
the strong interactions of positively charged NCs with mucus analogs,
primarily driven by electrostatic attraction. Notably, negatively charged
NCs retained mucoadhesive potential, most likely due to XG’s inherent
ability to form physical entanglements and non-electrostatic in-
teractions with mucin molecules. Conclusively, the present NCs offered
a promising platform for drug delivery applications. Their colloidal
properties, encapsulation efficiency and mucoadhesiveness can be
effectively adjusted by the choice of CR and the thermal treatment of the
two biopolymers prior to complexation. The present study provides a
versatile and thorough strategy for the preparation of biocompatible
nanocarriers, the optimization of their interaction with mucosal envi-
ronments and the encapsulation effectiveness of model hydrophobic
compounds, which can inspire the design of future biopolymeric drug
nanocarriers.
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