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Abstract

In the field of drug delivery, nanoparticles (NPs) offer important advantages such as drug
protection and solubilization, increased bioavailability, prolonged blood circulation time or
sustained drug delivery. Regarding patients’ quality of life, the oral route is the most
convenient, but developing oral therapies is a great challenge because of the physiological
barriers to overcome. NPs can protect the active compound from the digestive process, but
they need to diffuse through the mucus layer and be absorbed by the intestinal epithelium.
Interaction between NPs and mucus can be promoted by the mucoadhesive properties of
polysaccharide hyaluronic acid (HA). In this work, the interaction between mucin and liquid
lipid nanocapsules loaded with Coumarin 153 and coated with HA of different molecular
weights, has been evaluated by dynamic light scattering and by fluorimetric techniques,
providing new insights in the investigation of this interaction. Hydrodynamic radius and (-
potential data evidence that mucin and HA interact even at low mucin concentrations, and
suggest that a layer of mucin is formed around the particles. FRET analysis, static
fluorescence spectroscopy, anisotropy studies and time-resolved fluorescence further
confirmed this interaction, allowed determination of binding constants and disclosed the

different behaviour of low and high molecular weight HA.
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1. Introduction

Nanoparticles (NPs) have achieved great interest for medical applications, both on
developing new therapies and diagnosis systems [1,2]. Among advantages that NPs offer, we
find drug protection and solubilization, high encapsulation efficiency, improved
pharmacokinetic and pharmacodynamic properties, prolonged blood circulation time,
increased bioavailability and sustained drug release kinetics [2,3]. In cancer research, the
interest in NPs comes from their targeting capacity and accumulation in tumor cells or tissues
in a passive way, by mean of the enhanced permeability and retention effect (EPR), or in an
active way by functionalizing their surface to specifically target a cellular type [2]. All these
characteristics give the possibility to develop highly efficient therapies with low toxic and off-
target side effects. Researches efforts are focused on finding easily administered drug

systems, in order to improve the quality of patients’ life.

In this context, oral drug delivery has gained great attention as compared with
parenteral route, which is nowadays the first drug administration route in cancer therapies [4].
Oral chemotherapy offers important advantages such as it is noninvasive, low cost, painless
and well accepted by patients [5]. However, there are some physiological barriers to
overcome in the design of drug delivery systems for oral route such as the low permeability of
nanoparticles across the intestinal mucosa [6]. NPs have to adhere and diffuse through the
mucus layer, which can represent a limiting factor for nanocarriers absorption [4]. Mucus is a
complex viscoelastic hydrogel covering gastrointestinal tracts. It is mainly formed by water
and high molecular weight glycoproteins called mucins [7]. Mucus layer behave as a filter for
particles, and the ability of substances to diffuse through mucus depends on the pore size of
mucin networks, the particle size and the mucin-nanoparticle bonding [8,9]. An appropriate

interaction is needed in order to achieve the absorption by the intestinal epithelium [10].



Many synthetic and natural macromolecules have been used in the design of nanoparticles
capable to adsorb onto the intestine mucus layer [8,11]. Between them, polysaccharides such
as carrageenan, alginic and hyaluronic acid (HA) have been described as valid mucoadhesives
with excellent biocompatibility and biodegradability [12].

Hyaluronic acid is a linear polymer formed by a long chain of disaccharide units of N-
acetyl glucosamine and glucuronic acid [13]. It has been proposed that the main force
responsible of mucoadhesive properties of HA is the formation of hydrogen bonds between
the hydrophilic carboxyl and hydroxyl groups and the mucus components [14]. A key factor
determining mucoadhesive properties are the charges of mucin and colloidal particles,
molecular weight, hydrophilic-hydrophobic balance, flexibility and density [8,15]. It has been
also reported that HA is able to modify the mobility of nanoparticles in mucin hydrogels by
changing the mesh size and the nanostructure of gel [16]. Moreover, HA has been used in the
design of cancer target drug delivery systems since it specifically binds to CD44 and
RHAMM receptors, overexpressed in many tumor cells, especially in aggressive cancer stem
cells [17-19]. The more hydrophilic character of NPs covered by HA decreases the
phagocytosis and lymphatic uptake [20].

On the other hand, most of the cancer therapies currently available are based on poorly
water-soluble drugs [21]. Liquid lipid nanocapsules (LLN), which are lipid based nanocarriers
with a core-shell structure, may be regarded as promising drug carriers to solve this problem.
LLNs allow solubilizing lipophilic drug on their oily core, with high encapsulation efficiency
and providing controlled release [21]. They can increase intestinal permeability of such drug
at the same time that they avoid degradation of loaded compounds during the digestion
process [2,4,22]. Nanocapsules can be targeted to specific cells by functionalizing their
surface with appropriate polymers and ligands, whereas their core can be made of

biocompatible lipids [23].



Herein, we report on the interaction of hyaluronic acid coated LLNs (LLN-HA) with
mucin from porcine stomach Type Ill. Olive-oil nanocapsules have been synthesized with
different hyaluronic acids in the shell in order to study the influence of HA molecular weight.
Characterization of mucin-HA interaction has been carried out in terms of hydrodynamic size,
C-potential and fluorescence spectroscopy (FRET, steady-state, anisotropy, time-resolved and
fluorescence microscopy), providing new insights in the investigation of this particular
interaction. With this aim, nanocapsules were prepared with the fluorophore Coumarin 153

entrapped in the oil phase.

2. Experimental section

2.1 Materials

Mucin from porcine stomach type 1l (CAS [84082-64-4]), Coumarin 153 (CAS
[53518-18-6]) and olive oil (CAS [8001-25-0]) were purchased from Sigma-Aldrich (Madrid,
Spain). Ethanol absolute (CAS [64-17-5]) was purchased from Scharlau (Barcelona, Spain)
and hyaluronic acid was kindly provided by Biolberica (Barcelona, Spain). All agueous
solutions were prepared using ultrapure water from a Millipore Milli-Q Academic pure-water

system.

2.2 Synthesis of LLN-HA and colloidal properties measurements

LLNs were prepared by using a modified solvent-displacement method [21]. Briefly,
an organic phase consisting of olive oil in ethanol at 0.75% (v/v), was mixed at a 1:1 volume
ratio with an aqueous phase containing hyaluronic acid 0.187 mg/ml of high molecular weight
(HAH) or low molecular weight (HAL) at pH 7.5, to form an emulsion. The dispersion
became turbid immediately after the addition of the organic phase because of the formation of

nanocapsules. After 10 min of stirring, the ethanol was evaporated under vacuum at a



temperature of 34°C in a rotary evaporator. Fluorescent-labelled nanocapsules were prepared
in a similar way but adding Coumarin 153 (C153) to the oil phase during the synthesis

process.

The interaction with the protein mucin was evaluated after dilution of the LLNs in a
low ionic strength phosphate buffer (2 mM, pH 7), and incubation with different mucin
concentrations between 0 and 1 mg/ml under continuous magnetic stirring. To this end, a
mucin stock solution of 4 mg/ml was previously prepared in the same buffer and stirred 30
min before use. Hydrodynamic radius and (-potential of LLNs were measured after dilution of

the nanocapsules on pH 7 phosphate buffer and stabilization for 30 min.

In order to evaluate (-potential and colloidal stability at different pH values, LLNs
were incubated with mucin at 1 mg/ml. After 30 minutes of incubation, 50 pl of sample were
collected and added to buffer solutions ranging from pH 4 to pH 10, letting them stabilizing
for 30 min. All buffer solutions had low ionic strength. pH 4 and 5 solutions were buffered

with acetate, pH 6 and 7 with phosphate, and pH 8, 9 and 10 with borate.

Hydrodynamic radius and (-potential of LLNs were determined by Dynamic Light
Scattering (DLS) using a Zetasizer Nano-ZS system (Malvern Instruments, UK). Samples
were always diluted with the corresponding buffer to a dilution appropriate for size or
electrokinetic measurements, as stated by the attenuator value of the software. All
measurements were performed at 25°C in triplicate and the self-optimization routine in the

Zetasizer software was used for all measurements.

2.3 Fluorescence studies

All steady-state fluorescence measurements were conducted with a FluoroMax-4

(Horiba, Jobin Yvon) spectrofluorometer. Mucin solutions were irradiated at 295 nm and



emission spectra were scanned from 310 to 550 nm. Fluorescence intensities were collected at
the wavelength corresponding to the emission maximum (355 nm) of the protein. In
fluorescence quenching experiments, a volume of 2 ml of mucin at 0.4 uM was titrated by
successive additions of small volumes of a solution of LLN-HA with a hyaluronic
concentration of 0.28 uM. Mucin molecular weight was determined by static light scattering
method [24]. The average molecular weight of mucin was calculated to be about 1100 kDa.
As LLN-HA absorb light at both the emission and excitation wavelengths, each fluorescence

intensity was corrected using the following equation [25]:

Leorr = lops €XP(Ay + Ay )12 (1)
where lops is the observed (uncorrected) fluorescence intensity, Aexc and Aemi are the
absorbance of LLN-HA at excitation and emission wavelengths, respectively. Furthermore,
inner filter effect was removed using a cuvette with special dimensions. The UV-visible
spectrums were recorded using an Eppendorf Kinetic spectrophotometer (Eppendorf,
Hamburg, Germany).

The degree of anisotropy (rss) was determined from fluorescence polarization
experiments as follows:

r = IVV_GIVH (2)

* 1, +2Gl,,
where the subscripts of the fluorescence intensity values (1) refer to vertical (V) and horizontal
(H) polarizer orientation, and G is the instrumental grating factor required for the L-format
configuration [26]. The rss values were averaged over an integration time of 10 s and a
minimum number of three measurements were recorded for each sample. The Aexc Was 295

nm.



Fluorescence lifetimes of mucin in the absence and presence of LLN-HA were
determined from time-resolved fluorescence measurements. The LifeSpec Il luminescence
spectrometer (Edinburgh Instruments, Livingston, UK), equipped with a 295 nm pulsed light-
emitting diode and a pulse of 100 ns, with emission being recorded at 355 nm, was used for
this purpose. Data analysis was performed using the FAST software package from Edinburgh
Instruments. All experiments were done at 25°C and pH 7.4. Fluorescence imaging of LLN-
HA with C153 encapsulated was carried out with a Nikkon Eclipse Ti TIRF microscope

equipped with a digital camera.

3. Results and discussion

3.1 Interaction of HA-coated LLNs with mucin

Particle size data after LLNs incubation with different mucin concentrations in a low
ionic strength pH 7 buffer are presented in Figure 1, where we can appreciate a clear effect in
nanoparticles diameter as a consequence of the presence of mucin. The higher the mucin
concentration, the larger particle size is observed. LLNs stabilized with high (HAH) and low
(HAL) molecular weight hyaluronic acid show similar sizes after incubation with mucin in
practically all concentrations assayed. Only at the highest value of 1 mg/ml, LLNs HAH
diameter is slightly larger than LLNs HAL diameter. The size variation observed in both
LLNs upon mucin addition implies that there is some adsorption of the protein to the
hyaluronic acid-covered surface, probably driven by an attractive interaction between these
two compounds. The measured diameter increase, however, could be ascribed to a real growth
of the individual nanocapsules due to the adsorbed mucin layer, or to a mixed contribution of
this growth together with a bridging phenomenon between nanocapsules, giving rise to the

formation of aggregates. The latter argument is compatible with the variation in



polydispersity index (PDI) values reported by the size distribution measurements (see Figure

1), which shows a concomitant PDI increase with nanocapsules diameter.
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Figure 1. Size distribution (blue/violet) and polydispersity index (green) of LLN-HAH (up triangles)

and LLN-HAL (down triangles) as a function of mucin concentration (n=3 = st. dev).

{-potential changes were also observed when mucin was incubated with the LLNs
(Figure 2). An increase in mucin concentration led to a considerable reduction on the (-
potential negative values of the nanocapsules, from -29 mV in LLNs HAH and -33 mV in
LLNs HAL, to a practically constant value around -10 mV in both cases. This sharp reduction
on the (-potential occurs even at the minimum assayed mucin concentration of 0.05 mg/ml,
suggesting that a mucin layer is already covering nanocapsule surfaces to a high extent even
under these low concentration experimental conditions. Doubling mucin concentration to 0.1
mg/ml involved only a slight further decrease in {-potential, an even a smaller variation was
observed when concentration was risen to 0.25 mg/ml, while practically no changes are

detected for higher concentrations.
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Figure 2. Zeta potential (§) of LLN-HA as a function of mucin concentration

(n=3 + standard deviation).

Comparing Figures 1 and 2 we can appreciate that there is a clear distinction between
the effect of adding mucin to the hyaluronic-covered LLNS in terms of size distribution or (-
potential. While the latter parameter varies steeply with the smallest mucin concentrations
assayed, average diameter grows steadily and does not alter variation slope until a
concentration of 0.25 mg/ml mucin is added, and even afterwards, size keeps growing
although with a smaller slope. The different behavior observed in these two colloidal
parameters suggests that the conformation attained by mucin molecules upon adsorption onto
the hyaluronic-covered surface depends on the initial protein concentration, generating a
mucin layer around the nanocapsules whose thickness increases if more protein is initially

present in the medium. This effect could be explained if we assume that the adsorption

10



process is faster than the subsequent relaxation and expansion process of the mucin molecule
along the surface, which could occur to a higher or lesser extent depending on the arriving

speed of other mucin molecules.

3.2 Influence of pH on {-potential

Hyaluronic acid is a carbohydrate macromolecule with many negative charges arising
from the glucuronic acid moieties composing its structure. As a consequence, when (-
potential of the pure suspended macromolecule is measured as a function of suspension pH,
remarkable negative values are obtained (Figure 3, black symbols). However, it is surprising
that these negative {-potential values do not vary notably when pH is lowered to the acidic
domain. At pH 4, it would be expected that many carboxylic groups should be already
protonated, and therefore the net negative charged hardly decreased. As can be seen in Figure
3, that is not the observed behaviour. Due to the molecular environment influence, these
negative carboxylic groups seem to be difficult to protonate, probably due to hydrogen

bonding with the acetilamide groups of the macromolecule glucosamine moieties.

When LLNs are prepared with hyaluronic acid covering the oil surface, a different
electrokinetic behaviour is observed. In Figure 3, it can be appreciated that when high
molecular weight hyaluronic acid (HAH) is adsorbed onto the surface of the nanocapsules
(green symbols), the variation of {-potential with pH is more pronounced than in the case of
the pure and isolated molecules of hyaluronic acid, suggesting that a flatter and more
extended conformation at the surface may expose more carboxylic groups to the aqueous

media, thus facilitating the protonation as pH is lowered.

11
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Figure 3. Zeta potential (&) as a function of pH: Pure mucin (red symbols), pure HAH (black
symbols), LLNs HAH (green symbols) and LLN-HAL (blue symbols) before (spheres) and after

(squares) incubation with mucin at 1 mg/ml and pH 7. Lines depict approximate trends.

The electrokinetic dependence of pure mucin as a function of medium pH is also
displayed in Figure 3 (red symbols). For the whole pH range assayed, measurements of (-
potential rendered negative values, in accordance with the isoelectric point (between pH 2 and
3) of this protein reported in literature [27]. This acidic isoelectric point arises from the
presence of carboxylic amino acid residues in excess with respect to basic ones, although
clearly in a smaller proportion compared to hyaluronic acid, whether in pure form or adsorbed
onto the surface of nanocapsules. Nevertheless, if we incubate these HA coated LLNs with
mucin, a noticeable variation in the electrokinetic dependence with pH is observed,
decreasing to less negative (-potential values. In fact, the values measured practically match
those of pure mucin for the whole range studied. This result suggests that mucin is effectively

linking to the HA layer surrounding nanocapsules, probably generating an external layer of

12



mucin which determines the new electrokinetic properties of the colloidal system, and in
agreement with the previously described size increments when LLNs interact with mucin
(Fig. 1). It is noteworthy that this adsorption is taking place despite electrostatic interaction
should be repulsive, since both mucin and HA-LLNSs display negative {-potential values at pH

7 (Fig. 3).

When nanocapsules covered with hyaluronic acid of different molecular weights
(Figure 3, spheres) are incubated with 1 mg/ml of mucin, a clear reduction in the negative
values of (-potential is detected in both cases, slightly higher in the case of low molecular
weight HA for the whole pH range studied (Figure 3, squares). This variation should be
ascribed to a difference in the amount and/or the conformation of mucin adsorbed onto the
surface of both LLNs. In Figure 1 it was shown that in the presence of 1 mg/ml mucin,
nanocapsules with high molecular weight HA grew to a higher size. It is plausible to think
that the variations in the mucin layer between both LLNs could be related to the difference in
electrokinetic behaviour. Conformation of adsorbed HAH molecules is probably more

outwards-extended, exposing more carboxylic groups to the medium.

3.3 Interaction of LLN-HA with mucin studied by fluorescence spectroscopy

As stated before, the interaction of mucin with HA decorated LLNs could result in the
aggregation of nanocapsules. Such interaction may be investigated by fluorescence
experiments if the fluorescence of mucin, due mainly to tryptophan residues, is quenched
upon complexation with LLN-HA. Quenching phenomenon has been successfully used in

physics and chemistry to characterize protein-ligand interaction [28].

13



8,0x10° -
— 0,06 .
:i 1,8x10
S 35
>, L
5 g %
L 004 o § 1.2x10°F
© 4,0x10° g8 £
2 2 B
@ o &
(6] (5}
(2] 7]
o 0,02 2 6,0x10°
S g
=5 T
| F
0,0 . i . : . s . 0,00 0,0 L~ 1 " 1 " 1 " 1 "
300 350 400 450 500 350 400 450 500 530

. (nm) A (nm)

Figure 4. (A) Overlap between UV absorption spectrum of C153 (1) and mucin fluorescence emission
spectrum (2); (B) Fluorescence quenching spectra of mucin (0.4 uM) in the presence of various
concentrations of C153-LLN-HAH. Inset: similar experiments without encapsulated C153.

Inset of Figure 4B presents the fluorescence emission spectra of a mucin solution
excited at 295 nm after the addition of increasing amounts of LLN-HA. No fluorescence
guenching is detected in this figure, since this phenomenon would involve a decline in
fluorescence intensity. The different mechanisms of quenching include molecular
rearrangements, energy transfer, ground-state complex formation and collisional quenching
[29]. Evidence of formation of stable LLN-HA-mucin complexes has been inferred from the
electrophoretic and size distribution studies reported in previous sections, therefore static
qguenching should be expected to occur. Preliminary data from our group indeed detected
fluorescence quenching in a mucin solution when titrated with pure hyaluronic acid over a
concentration range from 0.25 to 0.8 uM (data not shown). However, it is not possible to
attain such HA concentrations in the LLN-HA system due to the low concentration of
hyaluronic acid present on the nanocapsule surface, what might explain the absence of
guenching observed. To solve this problem, Coumarin 153-loaded LLN-HAH were prepared

with the aim of quenching mucin fluorescence via FRET. The possibility of FRET between
14



the protein and C153 was inferred from the comparison of mucin fluorescence emission
spectrum with the UV-vis absorption spectrum of C153-encapsulated LLN-HAH (Figure 4A).
The remarkable overlap between both spectra revealed that it was very plausible to expect a
FRET mechanism between the donor (tryptophan residues of mucin) and the acceptor (C153
of LLH-HAH) in the case that both chromophores came within a certain (close) distance of

each other.

Figure 4B reports the emission spectra of mucin in the presence of increasing amounts
of C153-LLN-HAH after excitation at 295 nm and 25°C. The decrease in fluorescence
intensity of mucin solutions observed at 355 nm, as well as the concomitant increment in
fluorescence intensity at 490 nm, clearly indicates the existence of quenching by FRET.
Moreover, the existence of an isosbestic point at 405 nm emphasizes that resonance energy
transfer is taking place. Mucin protein is adsorbed on C153-loaded nanocapsules decorated
with HAH, and the close proximity of tryptophan and C153 can facilitate FRET. This result
corroborates that HAH shows a strong affinity to mucin, even in a surface-adsorbed state. No
bathochromic shift of protein Amax iS 0bserved in these spectra, suggesting that the interaction
of HA with mucin is not accompanied by relevant changes in protein conformation, at least
around the tryptophan residues [30]. On the other hand, the maximum fluorescence intensity
was detected at 355 nm, which is higher than the Amax Of the indole group of tryptophan alone
(340 nm). This fact suggests that mucin tryptophan is in contact with solvent environment

[29].

The strength of the mucin-HA interaction was assessed from the analysis of variations
in the mucin solution fluorescence by adding different concentrations of C153-LLN-HA. The

binding constant K between both macromolecules was determined as follows:
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log (IOI_IJ:Iog K +nlog [HA]

where lo and | are the fluorescence intensity before and after the addition of fluorescence
nanocapsules, respectively; [HA] is the total concentration of hyaluronic acid and n represents
the number of binding sites. By plotting log[(lo-1)/1] versus log [HA], the value of K can be
estimated from the intercept. Figure 5 corresponds to the double logarithm regression curve
for LLN covered by HAH and HAL. The obtained values of K were 2.5 x10° M** and 1.3x10*
M? for HAH and HAL, respectively. These results suggest that there exists a strong
interaction between HA and mucin, being stronger for the hyaluronic acid with higher
molecular weight (HAH). Mucoadhesive properties of HA have been attributed to the
capability of forming hydrogen bonds between glycosyl groups of mucin and carboxyl and
hydroxyl groups of HA. Therefore, it should be expected that more hydrogen bonds would be

formed by HAH. Those interactions are influenced by the flexibility of HA [31,32].
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Recently, Howard et al. studied the influence of the molecular weight of hyaluronic
acid on the structure of mucin hydrogels, demonstrating that high-molecular weight HA
strongly interacts with mucin [16], a result in line with other studies [33]. An increased
interaction between mucin and LLN-HA will lead to a higher residence time in the intestinal
mucosa, and consequently to an increase in nanocapsules absorption. The calculated values of
K are found to be in line with those reported in the literature for the interaction of mucin with
different polysaccharides. Moschini et al. reported a value of 2.1x10° M between

arabinogalactan and mucin [34].
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Figure 6. Fluorescence anisotropy ratio of mucin alone respect to mucin in the presence of LLN-HA

(r2 /r,) as a function of HA concentration.

More information about the mucin binding on LLN-HA surface was assessed by
fluorescence anisotropy. These experiments evaluate the rotational freedom of the entire
protein molecule [35,36]. An increase in the rigidity of the surrounding environment of mucin

will augment the fluorescence anisotropy. Figure 6 presents the ratio between fluorescence
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anisotropy of tryptophan residues in the absence of LLN-HA and the corresponding value in
the presence of nanocapsules. As the fluorescence anisotropy value is inversely correlated to
the rotation of the fluorophore, the decrease of such ratio with LLN-HA concentration
suggests the bonding of mucin and HA. The rotational freedom of mucin molecules is
hindered because they are adsorbed and immobilized onto the nanocapsules surface. Data in

this figure indicates a more pronounced decrease of r°%s/rss for HAH, corroborating the higher

interaction of mucin with the hyaluronic acid with higher molecular weight.
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Figure 7. Fluorescence decays of mucin in the absence and presence of 0.28 nM C153-encapsulated
LLN-HAH or LLN-HAL together with the instrumental response function (IRF).

For further verification of mucin bonding to LLN-HA, time-resolved fluorescence

measurements were carried-out with mucin alone and in the presence of nanocapsules.
Experiments were performed at the maximum excitation wavelength of mucin tryptophan
residues (295 nm). Figure 7 shows the fluorescence lifetime decay profiles corresponding to

mucin solutions in the absence or presence of nanocapsules prepared with high or low

18



molecular weight hyaluronic acid. The samples contain the same amount of hyaluronic acid.
In all cases, fluorescence decays were fitted by a three-exponential equation to achieve an
adequate fit (with ¥?~1). A glance at Figure 7 reflects slight differences in the decay times of
mucin in the absence or presence of nanocapsules. The mean fluorescence lifetime for mucin
alone, and in the presence of LLN-HAH or LLN-HAL, obtained upon fitting of the curves,
were 3.45 ns, 3.40 ns and 3.32 ns, respectively. It bears noting that the lifetime variations in
the presence of nanocapsules, although small, suggests the interaction between mucin and

HA, being stronger for the higher molecular weight hyaluronic acid.

Finally, fluorescence microscopy was used to evidence mucin-nanocapsules
interaction through visualization of aggregates of LLN-HA mediated by the protein. Figure
8A corresponds to an image of LLN-HAH in the absence of mucin, whereas Figure 8B shows
the existence of aggregates formed in the presence of the protein, corroborating the

conclusions previously reported when analyzing the size distribution data shown in Figure 1.

Figure 8. Confocal fluorescence microscopy images.
LLN-HAH (A) in the absence, or (B) in the presence of mucin

19



4. Conclusions

This paper provides an approach for studying the binding of mucin to LLNs by means
of analyzing their colloidal properties and by fluorescence spectroscopy. The growth in
hydrodynamic radius, along with the reduction in {-potential, when mucin concentration in
the medium increases, indicate the existence of interaction between HA coated LLNs and
mucin, even at low protein concentration. This result is further supported by the analysis of
the variations in {-potential as a function of pH, comparing the behavior of pure HA, pure
mucin and LLN covered with different molecular weight HA in the absence and presence of

mucin. Such changes can be ascribed to different conformations of HA on the LLN surface.

The interaction between the LLN-HA and mucin was also confirmed by fluorescence
spectroscopy. By loading the nanocapsules with the fluorophore Coumarin 153, quenching of
mucin tryptophans fluorescence by FRET was detected as a consequence of the proximity of
Coumarin 153 and the protein adsorbed on the LLNSs surface. The binding constant calculated
for both LLNs types indicates a clear interaction with mucin, stronger in the case of high
molecular weight HA. The formation of a layer of adsorbed mucin around the nanocapsules
was further confirmed by the reduction in mucin rotational freedom observed by fluorescence
anisotropy and by the differences in fluorescence lifetime decay profiles of mucin when it is
exposed to LLN-HA. A higher interaction in the case of HAH-LLNs was also confirmed by

both techniques.

Interaction of nanocapsules with mucus layer is needed to increase their retention
times at the intestinal mucosa and increase their absorption. Both, HAH and HAL coated
LLNs, interact strongly with mucin. However, HAH-LLNs shows increased adhesion to
mucin compared to HAL-LLNs, making these nanocapsules a better candidate for oral
administration.

20



Further studies by biomedical researchers would be appropriate to determine the

behavior of these nanosystems in cellular and epithelial models, as well as in vivo studies to

characterize levels of absorption and pharmacokinetics.
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