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ARTICLE INFO ABSTRACT

Keywords: Liquid lipid nanocapsules are oil droplets surrounded by a protective shell, which enable high load and allow
Albumin controlled delivery of lipophilic compounds. However, their use in food formulations requires analysing their
Hyaluronic acid digestibility and interaction with mucin. Here, serum albumins and hyaluronic acid shelled olive oil nano-
;lfsis;mn capsules are analysed to discern differences between human and bovine variants, the latter usually used as model
Emulsion system. Interfacial interaction of albumins and hyaluronic acid reveals that human albumin presents limited

conformational changes upon adsorption, which increase by complexation with the polysaccharide present at the
interface. The latter also promotes hydrophobic interactions with mucin, especially at pH 3 and protects albumin
interfacial layer under in vitro gastric digestion. The interfacial unfolding induced in human albumin by hyal-
uronic acid facilitates in vitro lipolysis while its limited conformational changes provide the largest protection

Interfacial tension

against in vitro lipolysis.

1. Introduction

One of the most versatile and accessible delivery nanosystems to be
implemented in food products are Liquid Lipid Nanocapsules (LLNs).
LLNs are nanoemulsions formed by oil droplets, which can facilitate a
high load of lipophilic molecules, surrounded by an outer polymeric or
surfactant shell (Aguilera-Garrido, del Castillo-Santaella, & Galisteo-
Gonzalez et al., 2021; Galisteo-Gonzalez et al., 2018). These colloidal/
nano systems are hence fully biodegradable and biocompatible and have
been applied to reduce oxidation (Li et al., 2021), and encapsulate
bioactive compounds and nutrients such as curcumin (Aguilera-Garrido,
del Castillo-Santaella, & Galisteo-Gonzdlez et al., 2021; Pan et al., 2019;
Yu & Huang, 2010).

The use of albumins to build up the shell of LLNs has been reported
for different food and nanomedicine applications since they are non-
toxic, biocompatible, biodegradable, and non-immunogenic (Aguilera-
Garrido, del Castillo-Santaella, Yang et al., 2021; del Castillo-Santaella

et al., 2016; Galisteo-Gonzalez et al., 2018; Kim & Shin, 2021). In
addition, coating the nanoparticles with albumins can increase their
circulation time in the blood, hence increasing the half-life of encapsu-
lated compound and their bioavailability (Li et al., 2021; Luo et al.,
2020). Human serum albumin (HSA) and its bovine analogous (BSA) are
the most used albumins in the development of delivery systems. BSA is
usually considered comparable to the human homologue HSA and used
as model protein in many studies. However, they display subtle struc-
tural differences which can alter their functionality and should be
considered when designing delivery systems (Aguilera-Garrido, del
Castillo-Santaella, Yang et al., 2021).

At any rate, the design of food-based delivery systems for lipophobic
compounds requires a careful evaluation of their physical characteristics
and of the digestibility and degradation profile of encapsulated com-
pounds. Specifically, in food products LLNs need to increase their resi-
dence time in the gastrointestinal tract to achieve high absorption ratios
and similar concentration in blood to those reached by parenteral

Abbreviations: HAS, Human Serum Albumin; BSA, Bovine Serum Albumin; HA, Hyaluronic Acid; LLNs, Liquid Lipid Nanocapsules; Dy, hydrodynamic diameter;

PDI, polydispersity index.
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delivery systems (Luo et al., 2020; Pan et al., 2019). An important steric
barrier to LLNs diffusion in food products is the presence of mucus, a
viscoelastic gel where mucins play an important role on defining the
cross-linked gel-like structure (Radicioni et al., 2016). Mucin fibres
display nanometric spacing pores of 50-1000 nm between mucin fibres,
which supports the use of nanocarriers to deliver drugs by oral admin-
istration (Wagner, Wheeler, & Ribbeck, 2018). Mucus can bind all kind
of molecules and particles that reach the gastrointestinal tract via hy-
drophobic interactions, hydrogen bonds, or electrostatic interactions,
through the charged groups of mucins (mainly sialic acid and sulphated
saccharides) and the hydrophobic domains on terminal regions (Petrou
& Crouzier, 2018). These interactions are influenced by the ionic
strength, ionic composition, and pH of the surrounding environment
(Radicioni et al., 2016). Clearly, the existence of these interactions
should be considered in order to design optimal strategies for food-based
delivery systems.

A strategy commonly employed to increase absorption from nano-
particles via mucosal epithelium is the addition of mucoadhesive poly-
mers such as hyaluronic acid (HA), chitosan or high molecular weight
polyethylene glycol (PEG) (Aguilera-Garrido, del Castillo-Santaella, &
Galisteo-Gonzalez et al., 2021; Wang et al., 2008). These hydrophilic
polymers enhance the gastrointestinal stability of nanocarriers by the
improvement of hydration forces (Plaza-Oliver et al., 2020). HA is a
well-known non-surface active polysaccharide (Aguilera-Garrido, del
Castillo-Santaella, & Galisteo-Gonzdlez et al., 2021; Aguilera-Garrido,
del Castillo-Santaella, Yang et al., 2021). It is present in different food
products such as, bone broth, soy, root vegetables, some citrus fruits and
leafy greens and has been used in medicine, pharmacy, cosmetics and
nutrition (Fallacara et al., 2018). HA is a polymer able to bind to
different biomolecules such as proteins through specific or non-specific
interactions, also showing remarkable mucoadhesive properties and
used in the development of vehicles for administration of compounds
through mucosal epithelium (Chen et al., 2019; Fallacara et al., 2018; Yu
& Huang, 2010).

A previous work addressed the encapsulation efficiency of curcumin
in BSA shelled LLNs showing an important protective effect of HA pro-
vided after in vitro gastric digestion (Aguilera-Garrido, del Castillo-
Santaella, & Galisteo-Gonzalez et al., 2021). The goal of the present
study is twofold. On one hand, to investigate the interaction with mu-
cins, which was not considered in previous digestion procedures,
following a recently validated method in our lab (Aguilera-Garrido
et al., 2019). On the other hand, to explore in more detail the interfacial
interactions, mimicking the shell of the LLNs, with special focus on
understanding the protective effect provided by HA and the slight dif-
ferences provided by Human and Bovine variants. The obtained results
complement previous findings demonstrating the crucial role played by
interfacial events to understand and control in-vitro digestion of LLNs
with application on the rational design of food-based delivery systems.

2. Materials and methods
2.1. Materials

Bovine serum albumin (BSA, CAS [9048-46-8]), human serum al-
bumin (HSA, CAS [70024-90-7]), glutaraldehyde (GAD, CAS [111-30-
8]), mucin from porcine stomach type III (CAS [84082-64-4]), pepsin
from porcine gastric mucosa (P7012-1G, CAS [9001-75-6], trypsin from
porcine pancreas (T0303-1G, CAS [9002-07-7]), a-chymotrypsin from
bovine pancreas (C7762, CAS [9004-07-3]), lipase from porcine
pancreas (L3126, CAS [9001-62-1]), sodium glycodeoxycholate
(NaGDC, > 97 %, TLC, G9910, CAS [16409-34-0]), taurocholic acid
sodium salt hydrate (NaTC, > 97 %, TLC, T4009, CAS [345909-26-4])
and highly refined olive oil were commercially supplied by Sigma-
Aldrich® (Madrid, Spain). Sodium hyaluronate was kindly provided by
Bioiberica (1982 kDa). Ethanol (analytical grade) was purchased from
Merck (Madrid, Spain). Dialysis membrane (300 kDa MWCO, biotech CE
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membrane 131456) was purchased from Spectrum Labs (Breda, The
Netherlands). For the interfacial characterisation, the olive oil was pu-
rified with Florisil® resins (Fluka, 60-10 mesh, 46385) prior to use by
following the procedure used in previous works (del Castillo-Santaella
et al, 2016; Maldonado-Valderrama, Holgado-Terriza, Torcello-
Gomez, & Cabrerizo-Vilchez, 2013).

2.2. Preparation of LLNs

LLNs were prepared following a solvent displacement method pre-
viously described (Aguilera-Garrido, del Castillo-Santaella, & Galisteo-
Gonzalez et al., 2021). The organic phase was prepared by dissolving
olive oil in ethanol at 0.75 % (v/v). The aqueous phase was prepared by
dissolving albumin (BSA or HSA at 0.75 mg/mL) and HA (0.19 mg/mL,
when needed) in ultrapure water and adjusting pH to 7.5 with NaOH.
The organic and aqueous phases were mixed at a 1:1 (v/v) ratio, by
injecting the organic phase into the aqueous one. After mixing, the
dispersion became turbid owing to the formation of LLNs. After 10 min
stirring, GAD was added (0.008 % final concentration) and stirred for 15
min more at room temperature (25 °C). The organic phase (ethanol) was
evaporated at 34 °C in a rotary evaporator under vacuum. Finally, the
LLNs were dialyzed in a 300 kDa pore size dialysis membrane for 48 h
against 1 L of phosphate buffer (NaH,PO4 1.13 mM) at pH 7 at 6 °C,
changing the dialysis solution twice. LLNs were stored at 6 °C until their
use.

2.3. Colloidal characterization

Hydrodynamic diameter (Dy), polydispersity index (PDI), and {-po-
tential of LLNs were measured by DLS using a Zetasizer Nano-ZS system
(Malvern Instruments, UK). Samples were diluted 1:100 in low ionic
strength buffers at pH 3 (acetic acid 13.5 mM) or pH 7 (NaHPO4 1.13
mM). The {-potential was calculated according to the Smoluchowsky
theory. All measurements were repeated three times for different sam-
ples and data appears as the mean value + standard deviation.

2.4. Interaction with mucin

The interaction of LLNs with mucin was studied by recording the
C-potential of LLNs incubated with different mucin concentrations (0-1
mg/mL) after 30 min of incubation as provided in a validated protocol
(Aguilera-Garrido et al., 2019). The {-potential of the LLNs before and
after the incubation with mucin was recorded upon dilution with the
previously mentioned buffers at pH 3 or pH 7 (50 uL of LLNs solution in
1 mL of buffer). {-potential of LLNs were determined by Dynamic Light
Scattering (DLS) using a Zetasizer Nano-ZS system (Malvern In-
struments, UK). All measurements were repeated three times for
different samples.

2.5. Interfacial characterization and in vitro digestion of interfacial layers

The interfacial characterization was carried out using the OCTOPUS,
a Surface Film Balance equipped with a multi-subphase exchange device
which has been fully designed and developed at the University of
Granada and is described in detail elsewhere (Maldonado-Valderrama,
Torcello-Gomez, del Castillo-Santaella, Holgado-Terriza, & Cabrer-
izo-Vilchez, 2015). The detection and calculation of the interfacial area
(A) and the interfacial tension (y) are based on axisymmetric drop shape
analysis (ADSA) and the whole set up is computer-controlled by soft-
ware packages DINATEN® and CONTACTO®. A solution droplet
(approximately 10 pL of volume) is formed at the tip of a capillary,
which is submerged in purified olive oil (4 mL) contained in a glass
cuvette (Hellma®), located in a thermostatically controlled cell. The
interfacial tension is measured in real time at constant area (20 mmz)
every each second during the first 300 s of the adsorption and then, each
5 s for approximately 1 h. Once a stable layer is formed, i.e., interfacial
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tension remains unchanged, the dilatational modulus (E) of the adsor-
bed layer is measured by oscillating the drop volume. The E is obtained
by applying volume oscillations at amplitude values of<5 %, to avoid
excessive perturbation of the interfacial layer, and at an oscillation
frequency of 0.1 Hz. The obtained E is a complex magnitude accounting
for the interfacial elasticity and viscosity of the interfacial layer but at
this frequency, the dilatational response is mainly elastic, and the
viscous component can be neglected (Maldonado-Valderrama,
Muros-Cobos,  Holgado-Terriza, &  Cabrerizo-Vilchez, 2014;
Maldonado-Valderrama et al., 2015).

The OCTOPUS allows to exchange the bulk of the drop maintaining
the interfacial area constant. This accessory is applied to measure
sequential adsorption of albumins and HA. In a first step, the protein
absorbs on to the oil-water interface and after equilibration the E is
measured. Then, the bulk protein solution is exchanged by a HA solution
(7-10°° M) allowing sequential adsorption to proceed. The interfacial
tension is recorded throughout the whole subphase exchange process
and the E is measured after equilibration of the interfacial film. All the
measurements are made at 37 °C.

A similar procedure is used to simulate digestion in a single droplet.
The OCTOPUS allows to monitor the interfacial changes promoted by in
vitro digestion of interfacial layers as fully described elsewhere (Agui-
lera-Garrido, del Castillo-Santaella, & Galisteo-Gonzalez et al., 2021; del
Castillo-Santaella et al., 2016; Maldonado-Valderrama et al., 2015). The
interfacial layer is subjected sequentially to different digestive media by
subphase exchange of the droplet bulk solution with digestive fluids.
Herein, the simulated in vitro digestion was set in three sequential steps
simulating the passage along the stomach and small intestine: pepsin-
olysis, trypsin/chymotrypsin proteolysis, and lipolysis. The interfacial
tension is measured in situ along the whole digestion process and the E is
measured at the end of each adsorption step. All measurements were
performed at 37 °C and were repeated at least three times for different
samples.

Digestive buffers were adapted from INFOGEST 1.0 harmonized
protocol (Minekus et al., 2014) The digestion of interfacial layers stands
as a model for digestion of emulsion by simulating digestion in a single
droplet. In this way, the reduced amount of sample requires the use of a
simplified buffer to prevent the presence of surface-active impurities or
agents that may hinder interfacial effects. The characteristics of the
experimental device require the use of simplified buffers solutions, and
the drop volume makes necessary to adapt slightly enzymes activities,
bile salts concentrations and electrolyte as we have used and validated
in previous publications works (Aguilera-Garrido, del Castillo-Santaella,
& Galisteo-Gonzalez et al., 2021; Maldonado-Valderrama et al., 2013;
Maldonado-Valderrama et al., 2015). Simplified Simulated Gastric Fluid
(sSGF, NaH,PO4 1.13 mM, NaCl 150 mM at pH 3), and simplified
Simulated Intestinal Fluid (sSIF NaH5PO4 1.13 mM, NaCl 150 mM, CaCl,
3 mM and pH 7). Pepsin (1 U/mg substrate) was freshly prepared in
sSGF. Trypsin (0.12 U/mg substrate), chymotrypsin (0.24 U/mg sub-
strate), lipase (0.16 mg/mL, 69 U/mg susbtrate) and bile salts (1 mM,
52.7 % NaTC and 47.3 % NaGDC) were freshly prepared in sSIF.

Table 1
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Enzymes were prepared immediately before use, and stored in ice until
use, to avoid enzyme autolysis. The interfacial tension of the purified
olive oil-water interface was measured before every experiment, in
order to confirm the absence of surface-active contaminants, yielding
values of 29.5 + 0.5 mN/m at 20 °C.

2.6. Statistical analysis

Statgraphics 18 (Statistical Graphics Corp., Rockville, MD, USA) free
version was used for statistical data analysis. All data are expressed as
mean + standard deviation. First, ANOVA was assayed with p-value <
0.001, followed by performance of Tukeys multiple sample comparison
analysis to identify significant differences between data. Differences
between mean values were considered significant at a level of confi-
dence of 95 % (p < 0.05).

3. Results and discussion

3.1. Colloidal characterization of albumins and albumins + HA LLNs

LLNs stabilised by BSA, HSA, HA, BSA + HA, or HSA + HA were
prepared and characterized by DLS to study the interactions in the shell.
Table 1 shows the Dy and the {-potential of LLNs measured at pH 7 and
pH 3.

At pH 7, all LLNs display a similar Dy with values around 150 nm
(Table 1), in agreement with similar LLNs (Aguilera-Garrido, del
Castillo-Santaella, & Galisteo-Gonzalez et al., 2021; Aguilera-Garrido,
del Castillo-Santaella, Yang et al., 2021; del Castillo-Santaella et al.,
2016). Those containing only albumins or albumins + HA are mono-
dispersed at pH 7 and remain stable over time for 2-3 months. HA is also
able to form and stabilise LLNs at pH 7, but the resulting system is only
stable for 1 week (data not shown). BSA-shelled LLNs appear slightly
smaller than HSA or HA-shelled LLNs, whereas albumins + HA-shelled
LLNs display a similar size according to statistics (p-value < 0.05).
Differently, at pH 3, the size and stability of LLNs varies strongly with
the composition of the shell (Table 1). The Dy of BSA-shelled LLNs ap-
pears again smaller than HSA-shelled LLNs and both form stable emul-
sions according to their size and polydispersity index. The Dy of BSA +
HA-shelled LLNs increases significantly, though the system remains
stable. Conversely, LLNs composed of HA or HSA + HA appear aggre-
gated at pH 3 as their polydispersity index increases over 0.25.

The {-potential of LLNs also depends on pH, providing information
on the surface composition of LLNs. On the one hand, at pH 7, all LLNs
show a similar negative value without significant differences according
to the statistical study (Table 1). Indeed, at this pH, the carboxylic
groups are negatively charged, while amino groups offer practically no
charge. On the other hand, at pH 3, the measured {-potential of LLNs
varies with the composition of the shell. LLNs composed of BSA or HSA
display a positive charge due to the protonation of carboxylic and amine
groups below their isoelectric point. Besides, LLNs composed of mix-
tures, namely BSA + HA or HSA + HA, show a positive {-potential at pH

Average droplet Dy and {-potential of different LLNs measured at pH 7 buffer (NaH,PO4 1.13 mM) and pH 3 buffer (acetic acid 13.5 mM). All the measurements were
performed at 25 °C and the results were obtained from the average value of three different synthesis. Data appear as the mean value -+ standard deviation. The one-way
ANOVA with post-hoc Tukeys statistical study assigned different letters (a, b-d, o-s and x-y) which indicate significant differences (p < 0.05).

pH7 pH3
LLNs Dy (nm) PDI {-potential (mV) Dy (nm) PDI {-potential (mV)
BSA 144 + 5% 0.15 + 0.07 -(37+£7) 158 + 5° 0.03 + 0.02 55 + 6°
BSA + HA 156 + 10™Y 0.11 + 0.04 - (39 +£6)? 311 + 10° 0.24 + 0.07 30 +5°¢
HA 168 £ 11Y 0.08 + 0.02 -(35+9)° 1940 + 609 0.78 + 0.08 -(12.3 + 1.1)¢
HSA 172 + 117 0.13 + 0.05 - (34 £ 7) 180 + 8" 0.05 + 0.01 54.7 + 1.1°
HSA + HA 156 + 16™Y 0.14 + 0.05 - (34 £10)° 756 + 30 ° 0.52 + 0.14 25 + 3¢
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3, but significantly lower than that of HSA or BSA LLNs (Table 1, p-value
< 0.05). This could be due to the inclusion of negatively charged HA
within the shell of the LLNs for both albumins, although not with enough
extension to overturn the net positive charge into negative values, as
observed in the case of HA LLNs. According to Moore and Cerasoli, when
the {-potential values are below —30 mV or above +30 mV, the elec-
trostatic repulsion is high enough to avoid physical destabilization
(Moore & Cerasoli, 2017). The characteristics of LLNs displayed in
Table 1 agree with this fact. At pH 7 all LLNs show negative charges
above 30 mV (in absolute value) and are colloidally stable. Conversely,
at pH 3, LLNs displaying {-potential values in the range [-30 mV, + 30
mV] are unstable, namely HA and HSA-HA LLNs (Table 1).

LLNs stabilised solely by HA are remarkably interesting systems,
showing negative {-potential at pH 3 and pH 7 (Table 1). This negative
value is due to the low isoelectric point of HA (pH 2.5), a molecule
negatively charged due to the carboxylic groups located on its glucur-
onic acid moieties, which also contribute to the molecule stabilization
through hydrogen bonds (Fallacara et al., 2018). Despite HA being non-
surface active, HA is able to stabilise LLNs which remain stable for a few
days. There are some other examples in the literature of non, or low,
surface active molecules with high viscosity used to stabilize emulsions,
such as Acyl Gellan Gum (Lorenzo, Zaritzky, & Califano, 2013) and
hydrophobically-hydrophilically = modified Hydroxyethylcellulose
(Akiyama et al., 2005). The existence of stable HA-shelled LLNs is
possibly due to steric stabilisation and thickening of the continuous
phase owing to the high viscosity of HA solutions, which originates from
its high molecular weight and the semi-flexibility of the chains.
Furthermore, Uspenskii et al. showed that the viscosity of HA solutions
depends strongly on pH. At pH 3.5, HA chains adopt a compact
conformation with reduced viscosity. The negative charge of the mole-
cule increases as the pH rises, leading to a less compact and more
interconnected structure with higher thickening abilities, which pro-
vides a more viscous continuous phase (Uspenskii, Kil’deeva, Maslova,
Demina, & Vikhoreva, 2016). Accordingly, at pH 7 the higher viscosity
of HA solutions will allow oil droplets to remain as individuals
HA-shelled LLNs, while the reduced viscosity of HA solutions at pH 3
may promote coalescence of LLNs. This would agree with the data
shown in Table 1, where stable HA LLNs are observed at pH 7, but they
appear aggregated at pH 3, according to their size and polydispersity
index.

3.2. Interaction of LLNs with mucins: Effect of HA

Mucin interacts with different kind of molecules, and the absorption
through the digestive tract will be improved or not depending on these

A

-10 -

-20 -

C-potential (mV)

-301

00 02 04 06 08 10
[Mucin] (mg/ml)
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interactions as it influences drug diffusivity through mucosal epithelium
(Plaza-Oliver et al., 2020) Still, mucins are not generally included in
digestive buffers, according to international standard protocols devel-
oped by INFOGEST. Hence, the interaction with mucins was measured in
a separate experiment applying gastrointestinal conditions following a
previously described and validated method (Aguilera-Garrido et al.,
2019). Interaction with oral mucins omitted here, given the reduced
time that an emulsion would spend in the mouth compared to gastric
and intestinal phase. Ionic strength and temperature were fixed to
physiological ratios and the effect of pH, which changes from neutral to
acid to neutral again during the gastrointestinal digestion process was
analysed. Hence, changes on the {-potential of the LLNs after incubation
at pH 7 with different mucin concentrations have been evaluated at pH 3
and pH 7, matching stomach and intestinal pH, respectively.

Fig. 1 shows the {-potential of the different LLNs as a function of
mucin concentration at pHs 7 (Fig. 1A) and 3 (Fig. 1B). As a reference,
the {-potential of mucin was also measured at 0.03 mg/mL, obtaining —
(13.9 + 0.6) mV at pH 7, and - (1.2 + 0.6) mV at pH 3, in accordance
with the accepted range of isoelectric points of mucins (between 2 and 3)
(Yakubov, Papagiannopoulos, Rat, & Waigh, 2007).

Fig. 1 shows that the {-potential of HA-shelled LLNs with mucin
changes steeply to a less negative value as soon as a minimum concen-
tration of mucin is present in the solution (0.05 mg/mL) at pHs 7 and 3
(Fig. 1). At pH 7, the {-potential reaches a plateau of ca. — 9 mV above
mucin concentration of 0.25 mg/mL. Conversely, at pH 3 the {-potential
of HA-LLNs change to values close to 0 mV (from —0.13 + 0.14 mV to
0.86 + 0.09 mV) even with the minimum mucin concentration assayed.
Mucin and LLNs present a net negative charge at pH 7 and samples were
diluted 20 times with the appropriate buffer to study their electrokinetic
properties, therefore, these data suggest that mucin interacts strongly
with HA-shelled LLNs at pH 7. The changes observed on the {-potential
may then be ascribed to the formation of a stable and irreversibly bound
mucin layer around the LLNs (Aguilera-Garrido et al., 2019), with
hydrogen bonding as the main driving force (Hansen et al., 2017).
Nevertheless, hydrophobic interaction could also play a role in this
system, since mucin possess hydrophobic domains in the terminal re-
gions that could interact with hydrophobic patches in the shells.

Itis important to note that the plateau value of {-potential reached by
HA LLNs at pH 7 (ca. — 9 mV) is lower (in absolute values) than the
{-potential of mucin in solution at pH 7, — (13.9 + 0.6) mV. In the case of
pH 3, the plateau value is ca. 0 mV, while the ¢-potential of mucin in
solution is — (1.2 + 0.6) mV. These low values, may be related to the
conformation of adsorbed mucin at the surface of these LLNs. If we as-
sume that the hydrophobic domains at the terminal regions of mucin can
interact with the surface of the LLNSs, it would lead to a conformation of

60 B —=— BSALLNs
~o- BSA-HA LLNs
504 —%— HALLNs
S —a— HSALLNs
E 401 - HSA-HA LLNs
S 30
C
2 20
o]
o
3 10 -
0 | 4
_10,

0,0 0,2 0,4 0,6 0,8 1,0
[Mucin] (mg/ml)

Fig. 1. (-Potential at (A) pH 7 and (B) pH 3 for BSA LLNs (red solid squares and solid lines), BSA-HA LLNs (red hollow squares and dashed lines), HA LLNs (green
solid crosses and solid lines), HSA LLNs (blue solid triangles and solid lines) and HSA-HA LLNs (blue hollow triangles and dashed lines) with different mucin
concentrations (0, 0.05, 0.1, 0.25, 0.5 and 1 mg/mL). Plotted values are mean =+ standard deviation. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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adsorbed mucin with these terminal regions attached to the LLNs, while
the hydrophilic glycosylated central region would orientate towards the
aqueous medium (Yakubov et al., 2007). Moreover, the polysaccharides
on the central region from mucins might be also interacting with the HA
at the surface of LLNs. Therefore, the adsorption of mucin onto the
surface of HA-shelled LLNs may hinder some charges of mucin,
providing the slightly lower {-potential of mucin + HA-shelled LLNs
compared with the {-potential of pure mucin in solution.

Consider now the interactions of mucin with albumin and albumin +
HA-shelled LLNs (Fig. 1). At pH 3 (Fig. 1B), the four LLNs display a
drastic reduction of the {-potential upon interaction with the minimum
mucin concentration assayed. However, at pH 7, the exposure of LLNs
with mucin does not provoke such a substantial variation. In the case of
BSA and BSA + HA-shelled LLNs, the {-potential decreases (in absolute
values) up to a mucin concentration of 0.1 mg/mL, and above this
concentration, the slope decreases. However, in the case of HSA and
HSA + HA-shelled LLNs, the {-potential remains practically unchanged
and just decreases at the highest concentrations of mucin.

The data obtained at pH 3 (Fig. 1B) show clearly that mucin adsorbs
onto the four types of LLNs while results at pH 7 (Fig. 1A) show a weaker
interaction between LLNs and mucin. There are two possible explana-
tions to the different behaviour encountered. On one hand, at pH 7
mucin adsorbs onto LLNs overcoming the repulsive electrostatic inter-
action, but in a weak and reversible form. Then, upon dilution in a buffer
with this same pH, mucin detaches from the particles. However, upon
dilution with a pH 3 buffer, changes the repulsive electrostatic inter-
action to attractive, thus preventing desorption of mucin from LLNs.
Another option could be that at pH 7 mucin barely adsorbs onto LLNs
owing to the repulsive electrostatic interaction. Then, upon dilution
with a pH 3 buffer, and despite the reduction in mucin concentration,
the now attractive interaction promotes the binding of dissolved mucin
molecules onto LLNs, even at the lower concentrations employed, so as
to alter drastically the electrokinetic behaviour of the LLNs. Results from
Fig. 1 demonstrate the existence of an attractive interaction between
mucin and LLNs at pH 7, although seemingly weak. This result could
favour the diffusivity of LLNs through the mucus, since it favours the
interaction with the intestinal mucus but avoids an excessive binding,
which could hinder nanoparticles from reaching the epithelium. Taking
into account that electrostatic forces at pH 7 are repulsive, the driving
forces for this interaction should come from hydrogen bonds between
hydroxyl and carboxyl groups from HA and/or albumins, and glycosyl
groups from mucin (Hansen et al., 2017), and hydrophobic interaction
of the hydrophobic domains of mucin with the hydrophobic surface of
LLNs (Yakubov et al., 2007) or the hydrophobic sites of albumins
(Aguilera-Garrido, del Castillo-Santaella, Yang et al., 2021).

There are some literature studies dealing with the interaction of
mucin with albumins or other polysaccharides that can provide more
information on this matter. List et al. studied the interaction of mucin
with serum albumins by analysing changes on the viscosity of solutions
containing mucin, albumins, and mucin-albumin mixtures, at different
pHs (from 7 to 9) and at different ionic strengths. Therein, the increased
viscosity of the mixtures solutions was ascribed to the interaction be-
tween mucins and albumins. According to List et al. the main force
involved in this interaction is the hydrophobic, with some contribution
of hydrogen bonds (List, Findlay, Forstner, & Forstner, 1978). On the
other hand, de Olivera-Cardoso et al., studied the mucoadhesive prop-
erties of anionic polysaccharide gellan gum with mucin obtaining a
stronger interaction at an acidic pH 1.2 compared to neutral pH 6.8,
mimicking the pH gradient on the gastrointestinal tract (de Oliveira
Cardoso et al., 2020). At pH 6.8, the highly negative charge of both
interacting molecules hindered the hydrophobic interaction and the
formation of hydrogen bonds. In contrast, at pH 1.2 the carboxyl groups
of mucins and gellan gum were protonated and lost their negative
charge, which led to the reduction of the electrostatic repulsive forces
between the molecules, allowing the formation of hydrogen bonds and
Van der Walls interactions. This importantly agrees with findings and
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interpretation of Fig. 1.

It is also remarkable the stronger interaction with mucin obtained for
HA-LLNs compared to albumin + HA-LLNs (described above and re-
flected in Fig. 1). This finding suggests a different conformation or
positioning of the HA molecules at the surface of LLNs when albumin is
present, in such a way that numerous hydroxyl and carboxyl groups
from HA, which have the potential to establish hydrogen bonds with
mucin, are hidden. Another interesting finding deduced from Fig. 1A is
the different interaction pattern observed between BSA- and HSA- LLNs:
despite the similarity of these albumins, they show different mucoad-
hesive properties. The origins are possibly related to the slight differ-
ences in the molecular structure of both albumins and their interfacial
conformation at the oil-water interface. This is an important issue to
consider in the indistinct use of these proteins in delivery systems.
Structural differences between BSA and HSA (recently reviewed by
(Aguilera-Garrido, del Castillo-Santaella, Yang et al., 2021) can origi-
nate slight differences in terms of interacting abilities with other mol-
ecules and in terms of stability. Some of these will be analysed in more
detail in the next section.

3.3. Interaction of HA and albumins at oil-water interface

To further understand the different behaviour and interacting abili-
ties found with HSA and BSA covered LLNs, this section investigates
their interfacial characteristics. The conformational changes of proteins
upon adsorption at an interface are reflected in changes of interfacial
tension and dilatational viscoelasticity (del Castillo-Santaella et al.,
2016; Maldonado-Valderrama et al., 2015). Albumins present polar and
apolar regions in their globular conformation which are exposed onto
the oil-water interface upon adsorption changing their conformation
depending on thermodynamic stability, flexibility, amphipathicity,
molecular size and charge of protein molecules.

Fig. 2A shows the final interfacial tension (y) attained after 1 h of
adsorption onto the olive oil-water interface for different concentrations
of BSA and HSA. In agreement with other studies (del Castillo-Santaella
et al., 2016), the final interfacial tension decreases as the concentration
of protein increases in the bulk, until it reaches a plateau when the
interfacial layer reaches maximum interfacial coverage, as shown in
Fig. 2A. The final interfacial tension of BSA appears significantly lower
than that of HSA, suggesting a higher interfacial coverage of the BSA
adsorbed layer. This is more noticeable at the lowest studied concen-
trations. According to these findings, BSA seems to be more surface
active than HSA, as previously reported in literature (Lu, Su, & Penfold,
1999). This also correlates with other experimental results showing that
BSA forms a more extended monolayer, owing to a loss of tertiary
structure upon adsorption that enables an improved interfacial coverage
(Ma, Ferhan, Sut, Jackman, & Cho, 2020). In fact, according to Douil-
lard, interfacial unfolding of BSA is improved at oil-water compared to
air-water interfaces, and this fact agrees with the higher interfacial
coverage inferred from Fig. 2A (Douillard, 1994).

Fig. 2B shows the dilatational elastic modulus or interfacial elasticity
(E) of the interfacial layer formed by HSA and BSA after 1 h of
adsorption onto the oil-water interface. This magnitude provides in-
formation about intra- and intermolecular interactions within the
interfacial layer (Maldonado-Valderrama et al., 2014). Fig. 2B shows
one single maximum for HSA and BSA adsorbed at olive oil-water
interface, which is indicative of one single conformational transition
existing at the interface. Moreover, E appears significantly lower for BSA
within all the range of concentrations evaluated. This lower range of
values relates to the lower conformational stability of BSA and HSA
upon adsorption at the oil-water interface. Differences on the amino
acid sequences between BSA and HSA makes HSA a more stable protein,
which resist better temperature-induced and adsorption-induced
unfolding (Ma et al., 2020). Therefore, the higher E of interfacial HSA
reflects a less interfacial unfolding degree, which in turn provides a more
cohesive and compact monolayer at the interface compared to BSA
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Fig. 2. (A) Interfacial tension and (B) Interfacial dilatational modulus (0.1 Hz) as a function of concentration of BSA (red solid squares) and HSA (blue solid tri-
angles). (C) Interfacial tension and (D) Interfacial dilatational modulus (0.1 Hz) as a function of concentration of BSA + HA (red open squares) and HSA + HA (blue
open triangles). Concentration of HA (green solid crosses) fixed as 5.107 M. Final values reached after 1 h of adsorption at the olive oil-water interface in NaH,PO,
1.13 mM, pH 7.0, T = 37 C. Values plotted are mean values + standard deviations (within the size of the symbols). Lines are a guide for the eye. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

(Fig. 2B). This also agrees with the lower interfacial tension obtained for
BSA; as the increased unfolding provides improved interfacial coverage
because the number of interfacial anchoring points increases. Further-
more, various authors have studied the interfacial characteristics of BSA
at air-water and oil-water interfaces, showing that BSA changes sec-
ondary structure and lose tertiary structure enhancing the interfacial
packing of molecules (Douillard, 1994). Interfacial conformation of
proteins can also play a role in emulsification. Day et al. compared
abilities of BSA and lysozyme as emulsifiers, determining that BSA
performs better than lysozyme owing to the freedom on the conforma-
tion rearrangement at the interface (Day et al., 2014). In a similar way,
BSA will be a better emulsifier than HSA, considering the more extensive
conformational changes proposed for the former. This concurs with the
smaller droplet size obtained for BSA- compared to HSA-covered LLNs
(Table 1).

The interfacial interaction of BSA and HSA with HA, is addressed
similarly by means of interfacial tension (Fig. 2C) and E (Fig. 2D) of
mixed adsorbed layers. HA shows no interfacial activity (interfacial
tension &~ 25 mN/m) as previously reported (Aguilera-Garrido, del
Castillo-Santaella, Yang et al., 2021), and no elastic response (E < 5 mN/
m) at the olive oil-water interface within the range of concentrations
assayed. However, addition of HA improves the interfacial activity of
BSA and HSA (Fig. 2C) as demonstrated by the lower interfacial tension
attained by BSA + HA and HSA + HA mixtures (Fig. 2C) compared to
BSA and HSA (Fig. 2A) for all the protein concentrations assayed. This
improvement is more notable for HSA, making the adsorbed layer of
HSA + HA comparable to that of BSA (Fig. 2A and 2C). Similarly, the E of

HSA + HA adsorbed layer (Fig. 2D) reduces with respect to that of native
HSA adsorbed layer (Fig. 2 B) for all the concentrations assayed. This
possibly implies that interaction with HA promotes interfacial confor-
mational changes in adsorbed HSA. Nevertheless, in the case of BSA +
HA adsorbed layer, the E remains practically unchanged (Fig. 2D and
2B). This agrees with the similar size obtained for both albumins + HA
LLNs (Table 1).

Murray et al. explained that adsorbed proteins and non-surface-
active polysaccharides, such as HA, can affect their interfacial
rheology owing to interactions of these polysaccharides with the pro-
teins (Murray, 2011). Furthermore, these interactions can increase the
thickness of the adsorbed film, which in turn alter rheological properties
of the adsorbed layer (Murray, 2011). Rodriguez-Patino and Pilosof
state that the effect of non-surface-active polysaccharides on proteins
fluid interfaces derives from their complexation or exclusion volume
effects (Rodriguez Patino & Pilosof, 2011). The complexation of albu-
mins and HA could occur via two types of interactions. On one hand,
albumins and HA may interact in the bulk or at the interface by weak
electrostatic interactions, between negatively charged groups of HA and
positively charged patches in HSA and BSA. The strength of this inter-
action depends on the charge density of the polysaccharide and the
accessibility of positive patches in the protein structure (Rodriguez
Patino & Pilosof, 2011). On the other hand, the interaction can take
place by hydrogen bonds, also dependant on the accessibility of
hydrogen bonding sites. Results shown in Fig. 2B and 2D for HSA agree
with findings from Baeza et al. for p-lactoglobulin films in the presence
of xanthan gum (non-surface active). They also observed a strong
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increase of surface pressure, analogue to the decrease of interfacial
tension recorded in Fig. 2C, accompanied by a decrease in the E, sug-
gesting that the interaction between protein and polysaccharide
weakens the protein network by a complexation mechanism or indi-
rectly by exclusion volume effect (Baeza et al., 2006). The smaller effect
of HA on the interfacial properties of BSA, interfacial tension (Fig. 2C)
and especially, E (Fig. 2D), compared to HSA, could be attributed to a
lower degree of complexation or lesser exclusion volume effect. These,
evidence the existence of a different interaction between HA and both
albumins, based on different number of hydrogen binging sites or weak
positive patches with act as interacting sites for HA.

The location of HA in the interfacial layer has been further assessed
by measuring the differences between competitive and sequentially
adsorbed layers (Fig. 3). Competitive adsorbed layers mimic the for-
mation of mixed shells of LLNs while in the sequential adsorption
experiment, the polymer is added after the formation of a pure albumin
layer by using the subphase exchange technique. Fig. 3 shows how
sequential adsorption of HA onto albumin preformed layer does not
show any statistically significant alterations of the interfacial tension
with respect to HSA and BSA interfacial layers, suggesting that the HA
does not alter the interfacial coverage. However, addition of HA does
significantly increase the E of BSA and HSA interfacial layers indicative
of promoted interfacial interconnections, possibly caused by the pres-
ence of HA anchored in a second layer below the interfacial film.
Conversely, the lower interfacial tension of the mixed HA + albumin
layer formed by competitive adsorption suggests that the HA is inte-
grated in the interfacial film also preventing the formation of in-
terconnections and hence reducing E (Fig. 3). These results demonstrate
the formation of different interfacial films depending on the method of
formation (see schematic diagram at the top of Fig. 3). Moreover, this
experiment possibly demonstrates the presence of HA inserted into the
protein shell of mixed LLNs. The higher interfacial tension and E ob-
tained for sequentially adsorbed HA and HSA compared to BSA also
confirms the lower conformation changes of HSA upon adsorption.

§ BSA

% HSA

Food Chemistry 383 (2022) 132330
3.4. In vitro digestion of albumins at oil-water interface: Effect of HA

This final section analyses the effects of digestive media and enzymes
on interfacial layers formed by albumins and albumins + HA. These
experiments mimic the digestion of LLNs in a single droplet to focus on
the gastric and intestinal digestion and investigate the protective effect
of HA found in a previous work (Aguilera-Garrido, del Castillo-
Santaella, & Galisteo-Gonzalez et al., 2021). Fig. 4 show the effect of
the sequential digestive protocol performed in a single droplet covered
by a preformed interfacial layer of albumins or albumins + HA,
respectively. The in vitro digestion of the interfacial layer was set in three
sequential steps: pepsinolysis, trypsinolysis and lipolysis, mimicking the
passage along the stomach and small intestine (Aguilera-Garrido, del
Castillo-Santaella, & Galisteo-Gonzalez et al.,, 2021; del Castillo-
Santaella et al., 2016; Maldonado-Valderrama, 2019; Maldonado-
Valderrama et al., 2013; Maldonado-Valderrama et al., 2015). The
value of interfacial tension reached at the end of each digestive step is
plotted in Fig. 4A and 4B and dynamic evolution of interfacial tension is
measured in situ throughout the complete experiment (Fig. 4C and 4D).

The initial protein layer is formed in the first phase of the experi-
mental protocol, where the protein, BSA or HSA with or without HA,
dissolves in the initial buffer solution and adsorbs irreversibly at the
oil-water for 1 h, at constant interfacial area. The adsorption process
proceeds showing a rapid reduction of the interfacial tension and then, a
slower kinetics until reaching a plateau. In general, the presence of HA
accelerates the kinetics. These results agree with previously discussed
results from Fig. 2A and 2C.

After the initial layer stabilises, the bulk solution is exchanged with
sSGF buffer containing pepsin, and incubated for 1 h, simulating the
gastric digestion (Fig. 4). The proteolysis of adsorbed proteins can cause
an increase of the interfacial tension (Maldonado-Valderrama, 2019) as
reported for other proteins such as f-lactoglobulin (del
Castillo-Santaella et al., 2014; Maldonado-Valderrama et al., 2013) and
B-casein (Maldonado-Valderrama et al., 2013) in similar digestive con-
ditions. In the case of albumins, the interfacial tension increases owing
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Fig. 3. The disposition of adsorbed protein HSA, BSA, mixed HSA-HA, mixed BSA-HA, sequential HSA-HA, and sequential BSA-HA at olive oil-water interface are
represented according to interfacial results. After 60 min of adsorption, the final interfacial tension attained and elasticity at the 0.1 Hz of frequency of HSA, BSA,
mixed HSA-HA and BSA-HA and sequential HSA-HA and BSA and BSA-HA are represented. Measurements are made at the olive oil-water interface in NaH,PO,4 1.13
mM, pH 7.0, T = 37 C, concentration of HA 5-10-7 M. Different letters (a-g) indicate significant differences between samples (p < 0.05).
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to desorption of peptides produced by pepsin hydrolysis, diluting the
interfacial adsorbed monolayer (Maldonado-Valderrama, 2019). Fig. 4A
and 4C show that pepsin hydrolyzes BSA with respect to control BSA
layer, whereas HSA resists pepsinolysis as the interfacial tension remains
constant during pepsin digestion. It is likely that the less conformational
change of HSA upon adsorption provides this improved protection
against pepsinolysis (del Castillo-Santaella et al., 2016).

Fig. 4 shows that the presence of HA protects the interfacial BSA from
pepsinolysis, as reported in a previous work (Aguilera-Garrido, del
Castillo-Santaella, & Galisteo-Gonzalez et al., 2021). Namely, the
interfacial tension remains practically unchanged after pepsin hydroly-
sis in both cases (Fig. 4B and 4D). It is remarkable that this protective
effect of HA proceeds similarly for HSA, suggesting a similar suscepti-
bility to pepsinolysis, of both albumins, in the presence of HA. The
polysaccharide HA seems to hinder the enzymatic action, protecting
similarly HSA and BSA layers from degradation. Dédinaité and co-
workers studied the hydrogen-bonds and hydrophobic interactions be-
tween HA and phospholipids in interfacial films. They observed that
hydrogen-bond interactions between the polysaccharide and the phos-
pholipids reduced the established hydrogen bonds with water, claiming
that phospholipid headgroups can penetrate into certain parts of HA
(Dedinaite et al., 2019). In a similar way, HA intertwine with albumins,
protecting pepsin susceptible sites as it is also shown in Fig. 4. As dis-
cussed in section 3.2, the alterations on the {-potential of the interacting
molecules would reduce the repulsive electrostatic forces between the
negatively charged molecules domains at pH 7, allowing the formation
of new hydrogen bonds between albumins and HA, thus reinforcing the
existing interaction between the molecules and potentially protecting
encapsulated material (Dickinson, 2008).

After the gastric phase, the droplet bulk solution is exchanged with

sSIF containing trypsin and chymotrypsin enzymes (Fig. 4). Trypsin-
chymotrypsin hydrolysis does not seem to have a clear effect on the
pepsin-digested-HSA interfacial layer, but significantly reduces the
interfacial tension in the case of BSA (Fig. 4A and 4C). The increased
resistance of HSA to trypsinolysis could be again related to its limited
conformational change at the oil-water interface, which restricts the
exposure of enzyme susceptible sites, hence limiting the enzymatic hy-
drolysis and the digestibility of HSA compared to BSA.

Concerning the effect of HA on trypsinolysis, the interfacial layer
formed by BSA + HA remains unaffected by the trypsin step (Fig. 4). The
HA provides a similar protective effect against trypsinolysis to BSA but,
in the case of HSA + HA, the interfacial tension is slightly reduced
(Fig. 4B and 4D). Interestingly, the statistical study shows significant
differences between the interfacial tension of BSA + HA and HSA + HA
after trypsinolysis, confirming the different digestibility. HA and BSA
seem to be interacting and preventing the enzymatic hydrolysis and
hence, the degradation of the protein. This different behaviour between
BSA + HA and HSA + HA was also previously described in section 3.2,
where the interaction of mucin with BSA + HA covered LLNs is more
evident than with HSA + HA covered LLNs at pH 7 (Fig. 1). Furthermore,
the E measured from mixed and the sequential albumins + HA also
showed statistically significant differences between both albumins. All
these results suggest that the interaction of HA with BSA and HSA pro-
ceeds slightly differently. In the case of BSA + HA, HA is possibly ar-
ranged more externally at the LLNs. Hence, this conformation would
enable the interaction of BSA + HA LLNs with mucin at pH 7 and protect
BSA from enzymatic hydrolysis in the small intestine (pH 7). HSA shows
a lower interfacial coverage than BSA (Fig. 2A) and a more rigid inter-
facial conformation, which may affect the complexation with HA. HA
seems to promote interfacial unfolding of HSA, hence the complexation
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with HA does not seem to provide a thicker interfacial layer, as the size
of the LLNs does not change (Table 1). And it also provides less pro-
tection against trypsinolysis as HSA unfolds exposing susceptible sites
(Fig. 4B and 4D).

After trypsinolysis, the droplet bulk solution is exchanged with sSIF
containing lipase and bile salts. The steep reduction of the interfacial
tension within this phase is ascribed to the presence of lipase and bile
salts, which are extremely surface-active molecules (del Castillo-
Santaella et al., 2014; Maldonado-Valderrama et al., 2013). The exper-
imental results and the statistical study reveal that the interfacial
coverage is similar in all cases (Fig. 4).

The different degree of lipolysis can be better evaluated in the final
desorption phase, where the droplet bulk solution is exchanged with
sSIF. This exchange depletes the bulk solution of hydrophilic products
from digestion and bile salts, leaving only lipophilic digestive products
at the interface. Thus, the final value of interfacial tension reflects the
lipolytic action. Interestingly, HSA interfacial layer provides a signifi-
cant higher interfacial tension compared to all the other systems (Fig. 4),
indicative of less lipolytic action. These are outstanding findings pro-
posing that the limited conformational change of HSA at oil-water
interface could provide a slight protective effect against lipolysis, while
the presence of HA promotes interfacial unfolding and hence, inhibits or
avoids this protective effect (Fig. 4).

In summary, the limited conformational changes of HSA at the
oil-water interface seem to provide a further protection against in vitro
pepsinolysis, trypsinolysis, and lipolysis as compared to BSA. Never-
theless, the presence of HA protects similarly BSA and HSA from in vitro
pepsinolysis, by hindering the access to pepsin susceptible sites.
Conversely, the presence of HA seems to protect BSA against trypsi-
nolysis, but not HSA. This is ascribed to a different arrangement of HA at
the interface caused by a different complexation with BSA and HSA.
Investigation at the molecular level will provide more details on
different complexation sites of BSA and HSA with HA.

4. Conclusions

Serum albumins transport proteins in blood and bind to different
kinds of molecules. The different affinity for the same ligand of BSA and
HSA can be ascribed to small variations on amino acids sequence despite
their similarity in structure and function. BSA-covered LLNs are slightly
smaller than HSA-covered LLNs and this relates with an improved
emulsifying capacity linked to a higher interfacial coverage reached by
BSA (lower interfacial tension). The interfacial characterization pro-
vides experimental evidence of a limited conformation change under-
gone by HSA respect to BSA adsorbed layers at the oil-water interface.
BSA + HA and HSA + HA-LLNs display all similar sizes indicative of
similar interfacial coverage, as corroborated by interfacial tension and
dilatational elasticity. All LLNs are stabilised by electrostatic repulsion
at pH 7. The presence of HA clearly promotes the hydrophobic inter-
action of LLNs with mucins, being this effect more notable at pH 3 where
the reduction of the electrostatic repulsion between mucin and albumins
promotes the formation of hydrogen bonding. At pH 7 only the inter-
action of mucins and BSA + HA covered LLNs is measurable. Further
differences between HSA and BSA adsorbed films arise when looking
into the interaction with digestive media in the absence and presence of
HA. The presence of HA protects similarly BSA and HSA from in vitro
pepsinolysis, while HSA + HA is more susceptible to trypsin hydrolysis
owing to the unfolding induced in HSA by complexation with HA. Ul-
timately, the limited conformational changes of HSA provide the largest
protection against in vitro trypsinolysis and lipolysis. BSA is a common
model protein widely used, but HSA is more relevant from a clinical
view. The differences highlighted in this work regarding interaction
with HA and digestibility should be considered in the design of LLNs for
oral delivery systems.
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