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One of themajor applications of SerumAlbumins is their use as delivery systems for lipophilic compounds in bio-
medicine. Their biomedical application is based on the similarity with Human Serum Albumin (HSA), as a fully
biocompatible protein. In general, Bovine Serum Albumin (BSA) is treated as comparable to its human homo-
logue and used as a model protein for fundamental studies since it is available in high amounts and well under-
stood. This protein can act as a carrier for lipophilic compounds or as protective shell in an emulsion-based
vehicle. Polysaccharides are generally included in these formulations in order to increase the stability and/or ap-
plicability of the carrier. In this review, themainbiomedical applications of Albumins as drug delivery systems are
first presented. Secondly, the differences betweenBSA andHSA are highlighted, exploring the similarities anddif-
ferences between these proteins and their interaction with polysaccharides, both in solution and adsorbed at in-
terfaces. Finally, the use of Albumins as emulsifiers for emulsion-based delivery systems, concretely as Liquid
Lipid Nanocapsules (LLNs), is revised and discussed in terms of the differences encountered in the molecular
structure and in the interfacial properties. The specific case of Hyaluronic Acid is considered as a promising addi-
tive with important applications in biomedicine. The literature works are thoroughly discussed highlighting sim-
ilarities and differences between BSA and HSA and their interaction with polysaccharides encountered at
different structural levels, hence providing routes to control the optimal design of delivery systems.

© 2021 Published by Elsevier B.V.
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1. Biomedical applications of serum albumins (human and bovine)

Serum Albumins are one of the most abundant proteins present in
the blood stream which act as carrier for a wide range of endogenous
and exogenous molecules [1]. In addition to their role in transport,
they present different physiological functions as maintaining the os-
motic pressure and pH [2,3]. Serum Albumins are very interesting pro-
teins from a medical point of view, since they are non-toxic,
biocompatible, biodegradable, and non-immunogenic [2], and they
have attracted great attention in drug delivery owing to several facts.
On the one hand, their long half-life in blood (on average 19–21 days
in humans) [1]. This long half-life is related to the binding of Serum Al-
bumins to neonatal FC receptor (FcRn), which avoids the intracellular
degradation and contributes to the recycling of the protein [1,4]. On
the other hand, the coating of nanoparticles with Albumins contributes
to increase their circulation time in the blood thanks to their ability to
avoid opsonins adsorption on the surface of nanoparticles, reducing
the macrophage attraction and the subsequent phagocytosis [5–7]. An-
other interesting aspect of Albumins in cancer research is its accumula-
tion in malignant tissue, which brings the possibility to carry a higher
amount of active antitumour compounds to the tumour site via Albu-
min association [8]. The accumulation of Albumin on tumours is related
with the highmetabolic rate of tumour cells and the source of nutrients
that Albumins and the compounds that they carry provide. The En-
hanced Permeation and Retention Effect (EPR), provoked by leaky-
capillaries on the tumour environment in combination with a defective
lymphatic drainage system, also contributes to a higher affluence of Al-
bumin to the tumour site. However, the receptors involved in the trans-
port of Albumin into tumour cells are not clear, although an
overexpression of FcRn receptor seems to play an important role on
that transport [8].

Accordingly, the use of Serum Albumins in the clinical area is over-
whelmingly widespread [9]. Human Serum Albumin (HSA), in particular,
is a biomarker of many diseases, including cancer, ischemia, post-
menopausal obesity, rheumatoid arthritis, as well as different diseases
needing monitoring of the glycaemic control [10–12]. It is also widely
used to treat several diseases, including shock, burns, hypovolemia,
trauma, surgical blood loss, haemorrhage, acute respiratory distress syn-
drome, cardiopulmonary bypass, acute liver failure, haemodialysis,
chronic liver disease, nutrition support, and hypoalbuminemia [13–18].
Other biotechnological applications of Serum Albumins include implant-
able biomaterials and the development of suitable scaffolds that supports
2

three-dimensional tissue formation [19,20], biochromatography, surgical
ligand trapping, adhesives and sealants, and fusion proteins [21–23]. In
the bionanotechnology field, Albumin-based nanocarriers have been
recognized to be one of the most promising and effective vehicles for
the delivery of drugs or nutraceuticals [24,25]. Albumin nanoparticles
are preferred in comparison to other proteins because they have sev-
eral unique features [26]. For instance, they exhibit a high binding ca-
pacity to hydrophobic drugs and possess certain functional groups on
the surface suitable for covalent attachment of drugs or cell-targeting
agents [27].

The use of emulsions and nanoemulsions as delivery systems pre-
sents numerous advantages with respect to the classical administration
of lipophilic compounds. It is frequent to find in literature formulations
in which the objective is to encapsulate biologically-active and poor
water-soluble molecules like curcumin [28], lipid molecules such as ca-
rotenoids and polyphenols [29], or anticancer drugs like paclitaxel [30].
Nanoemulsions can protect encapsulated drugs, avoiding its degrada-
tion and facilitating its solubility in the oil phase. Furthermore,
nanoemulsions can be directed towards specific targets leading to
more effective therapies, where smaller drug doses are needed, and
with reduced side effects. Liquid lipid nanocapsules (LLNs) are
nanoemulsions composed by an oily core and a polymeric shell. LLNs
present high efficiency encapsulating lipophilic compounds and
protecting them against degradation factors such as pH, light, or en-
zymes [31,32]. Moreover, the polymeric shell can prevent tissue irrita-
tion at the administration site [33]. Finally, nanoemulsions can be
produced with a wide range of biocompatible, biodegradable, and
non-toxic natural materials, making possible the development of safer
therapies for human administration.

Proteins are frequently used as emulsifiers in emulsions and
nanoemulsions, and Serum Albumins are among the most commonly
used proteins in the food and pharmaceutical industry [34]. The out-
standing performance of proteins as emulsifiers comes from their am-
phiphilic nature and interfacial activity, that contribute to the
formation of interfacial viscoelastic films, providing resistance to me-
chanical stresses as well as electrostatic and/or steric stabilization
[34,35]. It is well known that the combination of proteins and polysac-
charides improves the stability of emulsions [34,35]. At the interface,
polysaccharides can enhance the interfacial activity of proteins reinforc-
ing the interfacial layer and protecting the integrity of oil droplets. In
bulk, polysaccharides promote steric repulsions between droplets and
increase the viscosity, hence improving the stability of the emulsion
[35]. Serum Albumins can interact with polysaccharides, via covalent
or non-covalent interactions, providing vehicles for drugs in complexed
systems or emulsions [36–39]. The implications of such interactions can
alter the solubility, the gelling ability, and the heat stability of the com-
plexes aswell as their emulsifying capacity [40–42]. Therefore, there is a
need to understand their interactions at different levels in order to
achieve the desired improvement.

At present, Hyaluronic acid (HA) is one of the polysaccharides that is
gaining increasing interest on cancer research for developing drug de-
livery systems. HA is a long chain polysaccharide which plays a struc-
tural role binding different biomolecules, such as proteins, through
specific or non-specific interactions [43]. HA is an extremely interesting
molecule in several aspects. It specifically binds to CD44 receptor and
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receptor for hyaluronic acid-mediated motility (RHAMM) receptors,
both overexpressed in Cancer Stem Cells, a small subpopulation of
cells within the tumour responsible of chemotherapy resistance, recur-
rence, and metastasis [44]. This biomolecule, which is non-surface ac-
tive, has been safely used as crosslinker in tissue engineering and in
viscosupplementation strategies [45], and it is applied to decorate nano-
particles for specific cancer cells targeting [43].

The Serum Albumins most commonly used on the development of
drug delivery systems are Human Serum Albumin (HSA) and its bovine
analogous (BSA). BSA is a non-expensive and easy-obtainable protein
with a high degree of similarity with HSA. It is present in cow milk
and meat and is frequently used on medical formulations because of
its safety, as BSA allergy is very infrequent in humans [46]. In general,
BSA is treated as comparable to its human homologue HSA and used
as a model protein for fundamental studies since it is available in high
amounts and is well understood. However, there are subtle differences
between these two proteins which can be relevant when designing
drug delivery systems. In this work, HSA and BSA are thoroughly com-
pared in terms of their molecular structure, their interacting abilities
with polysaccharides, their interfacial activity, and their emulsifying
ability. This comparison enlightens the behaviour of these two homolo-
gous proteins, identifying the parameters that could explain possible
differences encountered between HSA and BSA as common emulsifiers
in drug delivery systems. Hence, this review provides a help-guide on
the rational design of Albumin-based drug delivery systems. The inter-
action of Albumins with polysaccharides, as well as their use in com-
plexes and LLNs as drug delivery systems, are also analysed
considering specially the interaction with HA as a promising bioactive
polysaccharide for drug delivery formulations.

2. Molecular structure of Albumins: interactions with
polysaccharides

As already stated, the use of BSA as a valid model protein for funda-
mental studies is widespread owing to its structural similarity to HSA.
BSA is available in high amounts and is well understood, though its clin-
ical relevance is rather limited [47]. The amino acid sequences of BSA
and HSA were first reported in the seventies by Brown et al. [48] and
Meloun et al. [49]. BSA and HSA are globular proteins where the
Fig. 1. (A) Modelled 3D structures of BSA and HSA. (B) Alignment of HSA and BSA; the non-c
physicochemical properties, according to the Zappo colour scheme [52]. (C) Nine loop st
distribution along the domains of the protein at pH 7. (A) and (B) adapted from [52] with per
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secondary α-helix structure is predominant [50], and the 3D model
structures of both proteins are actually very similar (Fig. 1A). Still,
there are some relevant differences at the 3D structural model, and
also at the amino acid sequence level. The alignment of both sequences
shows 436 similar amino acids out of 576 [51]. Ma et al. carried out a
deep analysis of the differences in the amino acid sequence between
BSA, HSA, and the homologous protein in rats (RSA), and the conse-
quences of such sequence differences on their conformational stability
and adsorption properties [52]. Ma et al. identified all the sequence var-
iations after the alignment of the proteins anddefinedwhether the non-
coincident amino acids where homologous or had different physico-
chemical properties (Fig. 1B). The major interest of studying these dif-
ferences lies in the fact that having amino acids with different
characteristics on the same position couldmodify the intramolecular in-
teractions and produce differences in protein conformation or stability
[52]. In general terms, BSA and HSA have a low content of tryptophan
and methionine, and the proportion of glycine and isoleucine is also
low when compared with the average content of these amino acids in
other proteins. Also, they have a high proportion of aspartic acid,
glutamic acids, lysine, and arginine, which are charged amino acids
[53]. BSA andHSAhave 17 disulphide bonds, and the position of the cys-
teines involved in those bonds produce a nine-loop characteristic struc-
ture. Along the sequence of both proteins, there are eight pairs of
adjacent cysteines which define the loop structure (Fig. 1C). The nine
loops are distributed in three homologous domains, in such a way that
the three loops included in each domain follow a large loop-small
loop-large loop organization (Fig. 1C) [50,53]. The most remarkable dif-
ference between BSA and HSA appears in the amino acids sequence of
the hydrophobic binding pockets. BSA presents two tryptophan resi-
dues in its sequence, a surface Trp134 and an inner Trp212, whereas
HSA has only one tryptophan in its amino acid sequence, Trp214 [50].
Another difference between BSA and HSA is the charge distribution
along the protein length (Fig. 1C). At pH 7, the estimated charge for do-
mains I, II and III for BSA is−10,−8 and 0, respectively, while for HSA is
−9,−8 and +2, respectively [53]. This correlates with the slightly dif-
ferent isoelectric point reported for both proteins: pH 4.9 for BSA [54]
and pH 4.4 for HSA [32].

The highlighted differences between the primary structure of BSA
and HSA can be relevant regarding their interacting capacities with
oincident amino acids are highlighted with a predetermined colour, depending on their
ructure of HSA and BSA highlighting the location of cysteine groups and the charge
mission from Elsevier© 2020.



A. Aguilera-Garrido, T. del Castillo-Santaella, Y. Yang et al. Advances in Colloid and Interface Science 290 (2021) 102365
other molecules. The interactions between HSA or BSA with other li-
gands are generally studied via fluorescence spectroscopy [50,55–59].
This is a sensitive, rapid, and simple technique that provides infor-
mation about the nature of the binding interaction. Fluorescence spec-
troscopy is based on the known fluorescence intensity of HSA and BSA
from their tryptophan residues when the excitation wavelength is
295 nm. Thus, the interaction between a molecule and a tryptophan
from the protein leads to a reduction of the fluorescence intensity and
allows studying such interaction. Bourassa et al. studied the interaction
of folic acid with BSA and HSA, and they found that folic acid interacted
in a stronger waywith BSA. They argue that this difference is due to the
presence of two tryptophan amino acids on BSAwhich interact with the
folic acid, while there is only one interacting-tryptophan on HSA [50].
Cheng et al. also studied the interaction of indigotin with BSA and
HSA, finding out that both were able to form complexes with this dye
molecule, via hydrophobic interactions involving tryptophan amino
acids. Yet, they reported higher binding constants for HSA and the hy-
drophobic dye [55]. Our research group at the University of Granada
has investigated the mechanisms involved on the interactions of BSA
andHSAwithmaslinic acid and its derivatives, which are bioactivemol-
eculeswith probed anticancer activity [59–63]. The study of these inter-
actions showed that even small modifications on the drug molecular
structure can lead to variations on the strength and nature of the inter-
actions [59,63]. It is known that BSA and HSA have several binding sites
for organic and inorganicmolecules. Thus, the nature and location of the
specific binding site determines the kind of ligands that will bind there,
such as ions, hydrophobic or hydrophilic molecules, big or small mole-
cules [53]. Serum Albumins can also interact with polysaccharides
forming complexes with improved characteristics regarding food or
pharmaceutical applications. The type and strength of the bonding
with the protein depends on the chemical nature of the polysaccharide
and determines the physicochemical characteristics of the formed com-
plex (Table 1).

2.1. Covalent reactions

The covalent linking of Serum Albumins and polysaccharides pro-
vides stable complexes. Covalently linked protein-polysaccharide com-
plexes are generally termed conjugates, and can be achieved through
different chemical reactions, such asMaillard reaction, laccase catalysis,
Table 1
Summary of the main types of interactions between BSA/HSA and polysaccharides.

Protein Saccharide or Polysaccharide Protein-polysacchari

BSA Glucose or mannose Conjugation/Maillard
BSA Dextran Conjugation/Maillard
BSA Hyaluronic acid Conjugation/Maillard
BSA Oligogalacturonate Conjugation/Reducti
BSA Sugar Beet Pectin Conjugation/Maillard
BSA S14PS Conjugation/Carbodi
BSA Glucose Coacervation
BSA Whey Protein Isolate-beet pectin Electrostatic Coacerv
BSA Sugar beet pectin Complexation/Electr
BSA Alginate Complexation/Electr
BSA Dextran Complexation/Electr
BSA Gum arabic Complexation/Electr
BSA Corn starch Complexation/Electr
BSA Chitosan Complexation/Electr
BSA Cellulose Complexation/Electr
BSA Citrus peel pectin Complexation/Electr
BSA Pectin Complexation/Electr
BSA Low methoxyl pectin Complexation
BSA Pectin/chitosan Complexation/Electr
BSA/HSA Cellulose Complexation/Electr
BSA HA –
BSA HA –
HSA HA –

4

carbodiimide reaction or amine reduction. Let us consider these differ-
ent covalent interactions of Albumins polysaccharides.

Themost abundant covalent bonding is achieved by theMaillard re-
action, which occurs between amino groups from amino acids and car-
boxyl groups from reducing sugars. The Maillard reaction takes place
duringmany food processing stages. It gives, as a result, a tanned colour
and a characteristic flavour to the food products. This non-enzymatic re-
action is driven by high temperatures and can be affected by parameters
like pH, ionic strength or protein and polysaccharide concentrations
[64,65]. Another parameter that can influence the efficiency of this reac-
tion are the size, shape or the degree of ramification of the own polysac-
charide. Dextran is commonly used to bind to proteins via the Maillard
reaction [65]. It is a ramified polysaccharide frommicrobiological origin
composed of glucose units which is commonly used in the food, medi-
cal, pharmaceutical, and agricultural industry. Jung et al. successfully
linked dextran to BSA via the Maillard reaction without inducing
major changes on the secondary structure of the protein [65]. However,
the binding ratio of BSA to dextran was lower than the binding ratio of
BSA to other polysaccharides or samples of dextran with lowermolecu-
lar weight. Jung et al. suggest that this difference can be due to the steric
hindrance set by big-sized polysaccharides which hinders their binding
with the protein [65]. The Maillard reaction is usually carried out by
heating under a controlled relative humidity [66]. The protein-
polysaccharide conjugates are hence natural, non-toxic, and have im-
proved functional properties for food and pharmaceutical issues [65].
The undesirable brown colour resulting from Maillard reaction can be
avoided by a pulsed electricfieldmethod as an alternative to theheating
procedure [64].

A second method for obtaining covalent bonding uses the laccase
enzymatic reaction [67]. Laccases are copper-containing enzymes from
fungi, plant or bacteria origin, which catalyse the oxidation of phenolic
compounds present on aromatic amino acids and in some polysaccha-
rides. Laccases also catalyse the reduction of molecular oxygen (as elec-
tron acceptor substrate) to water [67,68]. Similar to the Maillard
reaction, the chemical process taking place by laccase is an oxidation-
reduction reaction. However, in the Maillard reaction the reducing
sugar is oxidated and the amine group provided by the protein is re-
duced, therefore, both subtracts are involved on the resulting bond.
Conversely, the oxidation driven by the laccase produces reactive radi-
cals, which interact with each other, cross-linking the molecules, so
de interaction Cargo Reference

reaction [64]
reaction [65]
reaction [88]

ve amination [71]
reaction/laccase [67]

imide reaction [70]
[75]

ation/complexation [85]
ostatic [80]
ostatic [40]
ostatic [40]
ostatic [83]
ostatic [78]
ostatic [57]
ostatic [84]
ostatic Vitamin C [42]
ostatic [79]

[77]
ostatic Berberine [37]
ostatic or van der Waals interactions Cholesterol [39]

[89]
Brucine [36]
Erlotinib [38]
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that the linking process is not carried out by the laccase oxidation pro-
cess itself [68].

Another reaction used to produce covalent bonds in proteins is the
carbodiimide-mediated reaction. This is a two-step reaction, which in-
cludes the activation of a carboxylic group from the protein by the
carbodiimide and the subsequent reaction of the activated carboxyl
group with a nucleophilic ligand, like an amine group [69]. This nucleo-
philic group can belong to a polysaccharide, giving as a result an amide
or ester bond. We find an example of this reaction on the covalent
linking of BSA and the type 14 capsular polysaccharide from Streptococ-
cus pneumoniae [70]. In this case, the aim of the covalent conjugation
was the development of more effective immunostimulant conjugates
for the production of more effective vaccines, which resulted in a better
immunoglobulin G memory response [70]. Reductive amination is an-
other used technique, which we can find, for instance, on the linking
of amine groups from BSA to carboxyl groups from artificially-
synthesized target oligogalacturonates [71]. The general process con-
sists of the reaction of an amine group with a carboxylic group to form
an intermediate imine, which is then reduced to an amine by a reducing
agent, and there are different approaches to carry out these processes
[72]. The characteristics of the resulting conjugates can differ depending
on the Serum Albumin and the polysaccharides involved, but also de-
pending on the linking method used. An example of this will be
discussed in detail in Section 4.1, comparing BSA and sugar beet pectin
conjugates, linked via the Maillard reaction or via laccase [67].

2.2. Non-covalent interactions

It is possible to take advantage of the interacting forces which drive
the spontaneous association of biopolymers in solution to produce
protein-polysaccharides complexes via non-covalent interactions [73].
In some cases, this spontaneous complexation leads to the formation
of a separated phase, and in this case, the formed complex is named co-
acervate [73,74]. In the special case of coacervates formed by oppositely
charged molecules, the system is a complex coacervate [74]. This pro-
cess is spontaneous since theGibbs free energy derived from such inter-
action is negative and therefore the process is thermodynamically
favoured [73]. The analysis of the thermodynamic parameters provides
further information about the type of interaction. Zhang et al. propose
that the spontaneous interaction between glucose and BSA (ΔG < 0)
is mainly driven by hydrogen bonds and van der Waals interaction
owing to the negative enthalpy change (ΔH < 0) and independent of
the negative entropy change (ΔS < 0) of the process [75].

The formation of complexes and coacervates is affected by changes
in pH [57,76], temperature [42,77,78], ions concentration and the na-
ture of such ions [77,79], protein and polysaccharide ratio [76,78], and
charge, size, and shape of both biomolecules [65,80]. BSA, HSA and
charged polysaccharides are polyelectrolytes, i.e. polymers which
possess a net charge at neutral pH [81]. Polyelectrolytes with oppo-
site charge interact owing to electrostatic interactions, to form
polyelectrolyte-polyelectrolyte complexes as shown in Table 1 [81].
An example of how polyelectrolyte-polyelectrolyte interactions are
modulated through alterations in electrostatic interactions by pH
changes is the interaction of BSA and sugar beet pectin reported by Li
X. et al. [80]. BSA and pectin form intramolecular soluble complexes
when the protein is negative and the polyelectrolyte is positively
charged, depending on their isoelectric points. Reducing the charge,
by pH alterations, leads to a reduction of the electrostatic repulsion be-
tween BSA-pectin complexes. Then, the system evolves to an unstable
region where the complexes are insoluble, owing to a further reduction
of the pH [80]. This is an interestingwork highlighting the impact of the
conditions of the surrounding environment on the stability of complex-
ation, which can be used to develop stimuli responsive systems
[37,40,82].

The pH changesmay also drive denaturation of Albumins promoting
new interactions, such as hydrogen bonding or hydrophobic
5

interactions [42,83,84]. This also occurs with temperature changes,
which can alter the protein native structure, making ‘visible’ some
inner part of themolecules, and turning them available to build new in-
teractions [42,78]. For instance, inner hydroxyl groups which are ex-
posed owing to changes in molecular conformation, can establish new
hydrogenbonding [78]. Furthermore, the denaturation induced by ther-
mal treatment may also promote the formation of intermolecular hy-
drophobic interactions and even disulphide bonds, leading in this last
case to more rigid structures [42]. The ionic strength also affects the in-
teraction between protein and polysaccharides and modulates the for-
mation of a complex, a coacervate, an aggregate, or even the
dissociation of the interacting component and the recovery of the indi-
vidual components [73,74].Wang et al. argue that at low ionic strength,
ions screen some charges on the biopolymers surface reducing the re-
pulsive forces while a further increase on the ionic strength shields
the charges that promote both, attractive and repulsive forces between
the two biopolymers, reducing their interactions [79]. The protein-
polysaccharide ratio is another important factor to consider in the com-
plexation and coacervation processes [85], and it is sometimes linked to
other factors [76,77].

Polyelectrolytes can also interactwith surfactants, leading to the for-
mation of polyelectrolyte-surfactant complexes. The interaction and the
behaviour of the formed complexes are affected now by hydrophobic
and electrostatic interactions. The nature of the polyelectrolyte and
the surfactant involved will define the contribution of each force to
the interaction. Similarly to polyelectrolyte-polyelectrolyte interactions,
factors such as temperature, pH or ionic strength can affect the
established interaction, as well as the hydrophobicity of the molecules
and the solvent and co-solvent [86]. This is nicely illustrated by
Chakraborty et al. who compared the interaction of BSA with three
different surfactants with the same carbohydrate chain length: anionic
sodium dodecyl sulfate (SDS), non-ionic pentaethylene glycol mono-
n-dodecyl ether (C12E5) and cationic alkyltrimethylammonium bro-
mide (ATAB). At pH 7, where the protein has a negative net charge,
electrostatic and hydrophobic interactions were the expected driving
forces in the interaction between BSA and cationic-ATAB. Conversely,
hydrophobic interaction was expected to be the driving force in the in-
teraction between BSA and non-ionic-C12E5 and anionic-SDS. However,
Chakraborty et al. found that the BSA-non-ionic surfactant interaction
was weak, while the interaction with the ionic surfactants was stronger
and reported different outcomes depending on whether the surfactant
was anionic or cationic. On one hand, low concentrations of SDS in-
teracted with the hydrophobic pockets of the globular native protein,
and this interaction was reinforced with the interaction of the SDS
with the peripheral and positively charged groups from native BSA.
SDSwas able to interact with the native protein asmonomeric or aggre-
gated SDS, and even increased the BSA thermal stability. However, a fur-
ther increase on the SDS concentration produced unfolding of BSA, and
led to the co-existence of SDS-unfolded BSA complexes and SDS mi-
celles. The increased hydrophobicity of the formed complex induced a
better interfacial adsorption. On the other hand, cationic-ATAB attained
a quick protein unfolding and precipitation, and the increase on the hy-
drophobicity of the complex was a consequence of charge neutraliza-
tion. Interestingly, an increase on the length of the carbon chain of the
cationic surfactant promoted a stronger interaction with BSA, owing
to the role of the hydrophobic effect, which highlights the relevance of
this interacting force [87].

2.3. Applications as drug delivery systems

The interaction of Albumins with polysaccharides promotes the for-
mation of structures with improved targeting, transport, or protective
characteristics, which can be particularly useful in the drug delivery
field. An example of this is the berberine loaded BSA-gelled mi-
crocapsules coated by a pectin-chitosan polyelectrolyte multilayer
shell for acne treatment [37]. These authors synthesized a calcium
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carbonate-BSA template by coprecipitation. Then, the template was
coated, following the layer-by-layer technique (Lbl) [90,91], by deposi-
tion of alternative layers of calcium cross-linked pectin, and chitosan,
leading to the formation of a pectin-chitosan polyelectrolyte complex
shell,whichprovided protection andmucoadhesive properties. The ber-
berine was loaded on the microcapsules, after the coating process and
the thermal gelling of the BSA, by a diffusion process and thanks to
the electrostatic interaction of the drug with the BSA from the gel core.

In this section, we have introduced different interacting possibilities
between proteins and polysaccharides. However, the established inter-
action between the protein-polysaccharide can define the characteris-
tics and the functionality of the new structure. This is the case of BSA
and HSA-coated cellulose nanocrystal, designed as cholesterol-binding
carriers to control cholesterol efflux from cell and control cholesterol
deposition on arterial walls. Albumins were linked to the cellulose sur-
face by two different methods, namely, physical adsorption and chemi-
cal linking by the carbodiimide reaction. Both systems were similarly
biocompatible, preserved the integrity and biological function of the
Serum Albumin, and were effective as protein delivery systems. How-
ever, the covalently linked system provided better results in terms of
sustained protein delivery and cholesterol efflux [39].

As mentioned before, HA is an attractive polysaccharide in the de-
sign of drug delivery systems. Martins et al. have used this polysaccha-
ride in BSA-HA solid-in-oil nanodispersions synthetised for transdermal
delivery of HA [89]. Also, Chen et al. coatedwith HA preformed brucine-
loaded BSA nanoparticles, for specific intraarticular release. The
targeting provided by the HA enhanced the uptake by the chondrocytes
[36]. Another example is Shen et al. who obtained HSA, HA and Erlotinib
nanoparticles by a precipitation method [38]. These authors did
not characterize the interaction between the components of the
nanocarriers. However, they reported the effective encapsulation
of the lipophilic drug on the nanoparticles, as well as an increased
cytotoxic effect in vitro compared to non-HA-coated nanoparticles,
and a good in vivo performance [38]. The Maillard reaction also
promotes covalent binding between BSA and HA. These complexes
can encapsulate hydrophobic drugs such as paclitaxel and imidazo-
acridinones via hydrophobic interaction with BSA. BSA-HA complexes
are able to solubilize highly hydrophobic drugs and provide a targeted
nanocarrier, which can promote drug accumulation on the specific
tumour target [88].
3. Albumins at interfaces: interactions with polysaccharides

3.1. Conformational changes of albumins upon adsorption

Proteins are amphiphilic molecules which adopt structured confor-
mations in aqueous solution, where non-polar groups are congregated
inside the structure and polar groups are concentrated at the periphery.
In this way, the free energy of the system is minimized by reducing in-
teractions between non-polar groups and water molecules. However,
proteins change their structural conformation upon adsorption to
non-polar interfaces. The adsorption process of proteins at interfaces
depends on factors such as thermodynamic stability, flexibility,
amphipathicity, molecular size and charge [92]. The structure adopted
by the protein at the interface will provide stabilization to the emulsion
against differentmechanisms like creaming,flocculation, or coalescence
[29]. Globular proteins such as BSA andHSA possibly stabilize emulsions
through a combination of electrostatic and steric interactions. The prop-
erties of the interfacial film formed at the oil-water interface in emulsi-
fied systems are ultimately determined by the protein conformation
before adsorption and the conformational changes undergone upon in-
terfacial adsorption [93]. The density, flexibility, cohesion, elasticity, and
thickness of the interfacialfilmwill be determined by the stability of the
protein conformation and the interaction with the interface.
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The structure of BSA changes substantially upon adsorption onto oil-
water interfaces as evidenced from a number of literature works with
different experimental approaches. Zhai et al. reviewed in detail the cur-
rent knowledge on unfolding of proteins upon adsorption onto oil drop-
lets in emulsions, as measured with Fourier Transform Infrared
Spectroscopy, circular dichroism (far and near UV), and Tryptophan
emission fluorescence [92]. These techniques allowed quantitative in-
formation about the secondary and tertiary structure of proteins at
oil-water interfaces. In general, the conformational changes in BSA
seem to be related to the inherit flexibility of the protein, the distribu-
tion of hydrophobic/hydrophilic domains within the protein sequence
and the hydrophobicity of the oil phase. Castelain and Rampon studied
the conformational changes of BSA upon adsorption onto the dodecane-
water interface. Interfacial conformational changes in the protein were
detected by modifications in the environment of the aromatic amino
acids, which were displaced to a more hydrophobic location [94]. Simi-
larly, Husband et al. studied the conformational changes undergone by
BSA upon emulsification with tetradecane [95]. The tertiary structure
appeared greatly affected by emulsification, as evidenced by changes
in the environments of the aromatic residues. Conversely, the secondary
structurewas barely affected, showing just a reduction in the amount of
α-helix content. Later, Rampon et al. demonstrated that the interfacial
conformation of BSA depends strongly on the nature of the oil phase
[96]. For BSA, dodecane provided the most hydrophobic environment
followed by miglyol and sunflower oil. Similarly, Day et al. demon-
strated that BSA undergoes larger conformational changes in both sec-
ondary and tertiary structures upon adsorption to the hexadecane-
water compared to the tricaprin-water interface. They also stated that
the reduction in α-helical content of BSA upon emulsification is accom-
panied by an increase in disordered structures and β-sheet. In fact, BSA
experiences extensive conformational changes upon adsorption despite
having 17 disulphide bridges, compared to lysozyme, which has only 4
disulphide bridges. Day et al. link this enhanced unfolding to the posi-
tion of the cysteine residues involved on the disulphide bridge [97]. As
shown in Section 2, the disulphide bridge in BSA links residues which
are close together in the amino acid sequence (Fig. 1C). This improves
the local conformational stability but facilitates the local exposure of hy-
drophobic regions towards the oil-water interface. In contrast, the di-
sulphide bonds in lysozyme, link residues which are located at the
beginning and the end of the amino acid sequence. This contributes to
a high internal cohesion of the protein, which prevents exposure of hy-
drophobic regions onto the oil-water interface. Apparently, this is one of
the reasons why BSA is a better emulsifier than lysozyme [97].

Comparison of the amino acids sequence of BSA [98] and HSA [99]
(Fig. 1B), shows that the relative position of the disulphide bonds and
the amino acids involved are equivalent. This means that the conforma-
tional restrictions set by these bonds are the same for both proteins
(Fig. 1C). Jorguensen et al. compared specifically the conformations of
BSA and HSA upon emulsification with coconut oil, obtaining that the
secondary structures of BSA and HSA are almost equally stable. Both Al-
bumins show some aggregate formation and overall secondary struc-
ture changes. However, HSA retained slightly more of the overall
secondary structure, obtaining 9% change for HSA versus 12% change
for BSA. Hence, maybe their conformational stability upon emulsifica-
tion cannot be directly predicted on the basis of their similar structure
[58]. David et al. also compared the unfolding of BSA and HSA upon
the reduction of their disulphide bonds, by analysing the unfolding pro-
cess through Raman spectroscopy [100]. They found out that the reduc-
tion of the disulphide bonds fromBSAwas easier, leading to a less stable
conformation under reducing conditions [100]. The comparison of BSA,
HSA and RSA carried out byMa et al. shows that HSA has a higher stabil-
ity upon temperature-induced oligomerization, resisting better
temperature-induced unfolding than BSA [52]. Moreover, BSA formed
smaller aggregates thanHSA after temperature unfolding and oligomer-
ization. They also studied the adsorption of Albumins onto hydrophilic



Fig. 2. Schematic illustration of conformations of BSA and HSA in solution and adsorbed at
silica surface. BSA shows a lower conformational stability than HSA, which promotes an
enhanced surface denaturation.
Adapted from [52], with permission from Elsevier© 2020.
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silica surfaces, showing a greater spreading for BSA compared to HSA,
and a higher surface-induced denaturation oligomerization [52].
Hence, BSA displayed a lower conformational stability than HSA, with
a higher reduction of α-helical percentage than HSA. Therefore, BSA
seems to undergo a more extensive surface denaturation upon adsorp-
tion and is more expanded than HSA at this interface (Fig. 2). These re-
sults show that slight changes on the primary sequence can be
responsible for the different conformational stability of these homo-
logue proteins.

3.2. Adsorbed films of albumins and polysaccharides

The conformation of Albumins at fluid interfaces has also been stud-
ied by measuring changes in the interfacial tension and interfacial rhe-
ology of adsorbed films [101–106]. Interfacial tension provides
information of film compactness, the lower the interfacial tension, the
more compact the film. Interfacial rheology provides information on
themechanical strength of thefilm and its resistance to deformation. Al-
bumins, generally provide a compact layer and highly elastic surface
film, compared with other proteins, as measured by surface tension
and dilatational rheology [105]. The formation of a more cohesive sur-
face layer, compared to random coil proteins like β-casein, is due to
the structural stability of BSA as stated by Cascao-Pereira et al. [107].
Similarly, Noskov et al. also attributed the high surface elasticity of
BSA films to strong interactions between rigid and compact molecules
with the interfacial layer [101]. Changes of pH did not provide signifi-
cant differences in the surface tension and dilatational elasticity of con-
centrated interfacial films of BSA in equilibrium, whereas a critical
concentration of denaturant did reduce the interfacial elasticity impor-
tantly [101,108]. The surface conformation of BSA and BSA derivatives
was also investigated by Berthold et al. in terms of surface pressure iso-
therms and dilatational viscoelasticity [104]. In general, the surface ac-
tivity of BSA increased owing to chemical modifications, especially
acetylated BSA. Again, BSA formed a highly elastic film compared to
other proteins. Then, as the chemical modification of BSA induced pro-
tein unfolding, the elasticity of the layer was reduced. In agreement to
Noskov et al., Berthold et al. attribute the reduced viscoelasticity to the
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existence of a required threshold value of modification in the protein
structure to form observable conformational changes [104].

Douillard studied the adsorption behaviour of BSA at the air-water
and benzene-water interfaces, comparing their unfolding degree by ap-
plication of scaling theory. According to their study, BSA adopts a more
expanded conformation at the oil-water interface [109]. Recently,
Campana et al. have revisited the different conformations of BSA at
air-water and hexadecane-water interfaces by combining interfacial
tension and neutron reflectometry [110]. According to these authors,
BSA molecules adsorb with the major axis parallel to the water surface,
forming a compact layer with a secondary diffuse layer extending to-
wards the aqueous phase. The secondary structure of BSA remains prac-
tically unaffected at the air-water interface, while adsorption onto
hexadecane interfaces provokes changes in the secondary structure
and lead BSA to lose its tertiary structure. Hence, is seems oil-water in-
terfaces promote an improved packing so that the oil-water interface
can accommodate more molecules than the air-water interface [110].

Burgess et al. reported back in the 80s a very completework contain-
ing surface tension and shear rheology of BSA under different experi-
mental conditions and in the presence of different polysaccharides,
using a Cahn Microbalance connected to a Wilhelmy Plate [106]. Ac-
cording to their study, the interfacial properties of adsorbed BSA depend
on ionic strength and pH as the protein conformation is affected by
these variables. The interfacial tension of BSA showed the lowest values
at the isoelectric point and at high ionic strength, indicative of increased
adsorption. The lacking of charges at the isoelectric point and the
screened electrostatic repulsion, explained then the formation of a
more compact film [106,111]. The differences between HSA and BSA in-
terfacial layers, have been much less studied in the literature, while the
majority of the works deal either with BSA or HSA. Del Castillo et al.
investigated themicrostructure of emulsifiedHSAproviding the interfa-
cial tension values and the digestibility of HSA [112]. Later, Aguilera-
Garrido et al. have studied the microstructure of emulsified BSA in a
similar work [113]. Fig. 3A compares the interfacial tension of BSA and
HSA adsorbed films at the olive oil-water interface after 1 h of adsorp-
tion as a function of bulk concentrations. Results show that the final in-
terfacial tension decreased as the concentration of protein increased in
the bulk, until it reached a plateau when the interfacial layer saturates
for BSA and HSA. However, the interfacial tension of BSA appears signif-
icantly lower compared to that of HSA, especially at the lowest concen-
trations studied. The lower interfacial tension of BSA is possibly
associated with an increased interfacial denaturation of BSA upon ad-
sorption, in agreement with findings from Campana et al. [110]. Lu
and Su also determined by neutron specular reflection that the surface
concentrations of BSA are systematically higher than those of HSA,
also indicative of a higher surface activity of BSA [114]. Similarly, the
higher interfacial tension of HSA in Fig. 3A reflects a restriction on the
conformational change upon adsorption. This agrees with findings
from Makievski et al. who state that HSA molecules do not undergo
any significant denaturation at the air-water interface by application
of a thermodynamic model [115]. Going back to the work of Day et al.,
they state that freedom on the conformation rearrangement at the in-
terface makes BSA a better emulsifier than lysozyme, which shows re-
strictions in conformational changes [97]. According to this argument,
BSA will possibly be a better emulsifier than HSA, considering the
more extensive conformational changes proposed for BSA as suggested
by the lower interfacial tension values shown in Fig. 3A.

The presence of polysaccharides can affect the viscoelastic proper-
ties of an adsorbed protein film by interacting with the protein in bulk
[116]. These interactions generally increase the hydrodynamic thick-
ness of the adsorbedfilm and the strength of the links between proteins,
and both can imply a change in the viscosity and elasticity of the
adsorbed layer [116]. Rodríguez-Patino and Pilosof, in a recent review il-
lustrate the different interaction occurring between protein and poly-
saccharides depending on the existence of favourable or unfavourable



Fig. 3. (A) Interfacial tension of BSA (red, solid squares) and HSA (blue, solid triangles) and HA (green, x) (B) Interfacial tension ofmixtures of Albuminswith HA, BSA (red, open squares)
and HSA (blue, open triangles) and HA (green, x) at the olive oil-water interface. Values plotted as a function of protein concentration in the sample and concentration of HA fixed at
5·10−7 M. Interfacial tension final values reached after 1 h of adsorption at constant interfacial area measured by Pendant Drop Tensiometry (DINATEN®) at the olive oil-water
interface in NaH2PO4 1.13 mM, pH 7.0 and T = 37 °C. Values from HSA taken from reference [112] and values for BSA, taken from reference [113]. Values plotted are mean values ±
standard deviations (within the size of the symbols) and lines are a guide for the eye. (C and D) Mixed adsorbed layers at the air-water interface for: (C) BSA-Acacia Gum, and
(D) BSA-Dextran and BSA-Dextran Sulphate. Reprinted from [97], with permission from Elsevier 1997.
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interactions between them [117]. The interaction with surface active
polysaccharidesmight affect the surface activity of the complex or result
in a competitive adsorption process. Conversely, the interaction with
non-surface active polysaccharides can promote binding to a pre-
formed protein monolayer or adsorption of protein-polysaccharides
complexes. Also, the thickening ability of polysaccharides plays a role
on emulsion stability. Hence, the interfacial properties of mixed
adsorbed films composed of Albumins and polysaccharides are affected
by the interaction between these biopolymers and can be determinant
in the characteristics of the resulting emulsion. Most of the studieds in
the literature deal with the interaction of BSA with polysaccharides.

One of the first works addressing specifically BSA and polysaccha-
ride interactions at the oil-water interface was done by Dickinson and
Pawlowsky [118]. Addition of dextran sulphate (anionic, surface active)
onto an adsorbed BSA layer doubled its viscoelasticity, which altered the
emulsion behaviour by causing bridging flocculation owing to a net at-
tractive electrostatic protein-polysaccharide interaction at the surface of
the emulsion droplet [118]. A similar study addressed the interaction of
BSA with carrageenan (anionic, non-surface active) [111]. The presence
of carrageenan reduced the surface activity of the protein owing to a net
attractive interaction between BSA and carrageenan molecules in bulk
solution, thereby lowering the effective concentration of free BSA avail-
able for adsorption [111]. Burgess et al. addressed the effect of acacia
gum, dextran and dextran sulphate on the interfacial tension and inter-
facial rheology of BSA (Fig. 3C and D). The protein-polysaccharide com-
plexes formed with acacia gum trap BSA, lowering the solubility of the
complex protein and increasing slightly the interfacial tension of the
mixture (Fig. 3C andD).More recently, Cheng et al. have reported a sim-
ilar value of the interfacial tension of BSA in the presence of GumArabic
and have related it to the formation a bilayer [119]. Differently, dextran
does not complex with BSA and the increase in the interfacial tension
recorded is a consequence of competitive adsorption owing to its sur-
face activity. Similarly, mixtures of BSA with the surface active
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compound dextran sulphate decreases the interfacial tension of the
mixture owing to competitive adsorption [106]. Rodriguez-Niño et al.
addressed the interaction of BSA with sucrose [120], reporting a higher
surface activity of themixed system. The authors suggest that thehigher
viscosity of sucrose solutions prevents the adsorption of BSA, balanced
by the lower size of the folded protein molecule in the presence of su-
crose [120]. Differently, the presence of Corn Fiber Gum barely changes
the interfacial tension of BSA, despite forming a mixed interfacial layer
[121]. Kim et al. studied the surface activity of BSA and fucoidan mix-
tures [122]. Fucoidan is an anionic charged non-surface-active polysac-
charide. Fucoidan decreased the surface activity of BSA but acted as an
electrolyte, providing a highly negative environment which apparently
contributes to stabilizing the emulsion. In some cases, changes in the
interfacial tension can be altered by conjugation of BSA with the poly-
saccharide through differentmethods (Section 2.1). For example, the in-
terfacial tension of BSA-fucoidan conjugates prepared through Maillard
reaction, is lower than that of theirmixtures [123]. In contrast, the inter-
facial tension of peroxidase-treated Corn Fiber Gum-BSA conjugates in-
creased owing to conformational changes induced in the molecule by
enzymatic reactions [121].

The interaction of BSA with HA was addressed by Aguilera-Garrido
et al. who reported the interfacial tension of BSA and HA as regards
emulsification and digestibility given the added functionality of HA
[113]. Their results are compared in Fig. 3B to the interaction of HSA
with HA under similar experimental conditions. HA is non-surface ac-
tive anionic polysaccharide [124]. Both proteins (HSA andBSA) improve
their adsorption at the oil-water interface in the presence of HA, as the
interfacial tension appears lower than that of pure BSA and HSA for all
the protein concentrations assayed (Fig. 3A and B). This improvement
is more noticeable for HSA, especially at the lowest protein concentra-
tions. Mixed BSA+HAandHSA+HA show very similar interfacial ten-
sion; thus, the presence of HA seems to overcome the different surface
activity of HSA and BSA, possibly due to the presence of HA within the
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interfacial layer. The interaction between Albumins and HA is possibly
originated from hydrogen bonding with hydroxyl groups from HA,
since both molecules are negatively charged at pH 7. The nature of the
interaction and the differences between HSA and BSA cannot be
assessed solely by interfacial tension, but require the use of more spe-
cialized interfacial characterization techniques. Similarly, differences
between HSA and BSA adsorbed layers are still rather unexplored, espe-
cially regarding dilatational or shear rheological studies. Moreover,
there is a real lack of studies in the literature addressing differences in
the interacting abilities of HSA and BSA with polysaccharides at the in-
terface, which hence offers some open questions and plenty of room
for new investigations.

3.3. Spread films of albumins and polysaccharides

The lateral interaction between Albumins spread layers can be fur-
ther assessed by Langmuir Films [125]. This traditional technique pro-
vides useful information of the interfacial behaviour of different
surface active materials, including biopolymers as proteins, which are
involved in fundamental biological processes relatedwith its surface ac-
tivity [126]. In particular, the Langmuir Film Balance allows further ex-
ploring the lateral interactions and packing occurring between surface
molecules. In the case of proteins, the interpretation of Surface
Pressure-Area isotherms obtained by lateral compression, is usually
complex because of the macromolecular conformational flexibility and
variety of interfacial architectures encountered [127]. Albumin proteins
from different animals have been studied by using the Langmuir tech-
nique. Most of the studies deal with Bovine Serum Albumin (BSA),
and only few deal withHSA. An extensive review of the behaviour of Al-
bumins by means of Langmuir monolayers was published by Crawford
and Leblanc not so long ago [125]. This review includes studies on
HSA Langmuir monolayers at different ionic strength and pH of the sub-
phase [128], on BSA Langmuir monolayers and Langmuir-Blodgett films
[129], and on lipid-BSA Langmuir monolayers [130,131]. However,
these authors do not compare explicitly HSA and BSA but use both pro-
teins indistinctly. More recent studies address the interaction of HSA
with lipids [130]. Toimil et al. point out that different parameters such
as the subphase pH, the ionic strength, the spreading solvent and the
method used for the extension, are important parameters affecting the
film stability at the surface by preventing solubilization of the protein
into the substrate. Under controlled experimental conditions, they ob-
tain HSA compression isotherms in which the extrapolated area ob-
tained at zero surface pressure was about 1 m2/mg, which is a typical
value for a well spread protein monolayer at the air/water interface
[127]. Their compression isotherms showed an inflection point
(pseudo-plateau) at surface pressures between 19 and 24 mN/m. This
Fig. 4. (A) Compression isotherms of BSA (red solid line), HSA (blue solid line), BSA-HA (red da
spread on subphase buffer pH 7 (NaH2PO4 1.13 mM) and 30 mg/L of HA, measured at 25 °C. M
(Micro-BAM) of the effect of HA on BSA and HSA monolayers at different compression states o
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pseudo-plateau can be attributed to a conformational change of the
HSAmolecules from anunfolded configuration, inwhich the protein ex-
ists as “trains”with all amino acid segments located at the air-water in-
terface, to a coiled configuration due to the folding of the amino acid
chains, forming “loops” and “tails” at the interface,with thepolar groups
of HSA immersed in the subphase and the hydrophobic regions oriented
towards the air. When the monolayer is compressed above the plateau,
the “looping” of the amino acid residues continues to increase, adopting
an “accordion” configuration. The optimization, morphology and dura-
bility of HSA spread films at the air-water interface have been studied
by means of different techniques, namely ellipsometry, neutron reflec-
tometry, X-ray reflectometry, and Brewster angle microscopy [132].
The authors focus on the spreading method by comparing Gibbs films
with Langmuir monolayers, but they do not report compression iso-
therms as a function of specific area and therefore, the results are not
comparable with those displayed in other works. More recently, Schöne
et al. have compared literature findings of HSA and BSA monolayers,
showing some small discrepancies in their compression states [47].

Additional experimental techniques such as ellipsometry are fre-
quently used in the literature to study the thickness of HSA and BSA
monolayers [133–135]. This, being a non-destructive optical technique,
allows the thickness of homogeneous monolayers to be measured with
great precision, but it is not able to measure or observe structural
changes in the monolayer. In this sense, more powerful visualization
techniques such as Atomic Force Microscopy (AFM) are used in the lit-
erature to obtain a complete topographic characterization of themono-
layer [136–142]. However, the AFM does not allow an in situ study of
themonolayer in the compression process. On the other hand, Brewster
AngleMicroscopy (BAM) can study the structure and formation of com-
plexes in themonolayer in the compression process, being an advantage
over ellipsometry andAFM. So, for a greater understanding of the lateral
interactions of those molecules and to study the possible formation of
complex systems with the HA at the interface, Fig. 4 shows the experi-
mental data obtained with a Langmuir Film Balance for BSA, HSA, BSA-
HA and HSA-HA monolayers at the air-water interface, in parallel with
the Micro-BAM (KSV).

All recorded isotherms show a sigmoidal shape, corresponding to a
typical biopolymer Langmuir monolayer, with several regimes of com-
pression [127]. In the first regime, at the beginning of the compression
process, the molecules present the behaviour of a non-interacting gas,
leading to absence of surface pressure. In the second regime, molecules
begin to interact showing a continuous increase of surface pressure be-
tween 2 and 17 mN/m, due to the reduction of area per molecule, in an
expanded state. Finally, the third regime, with a surface pressure above
17 mN/m, corresponds to a highly interacting regime where molecules
are close to each other reaching a condensed state. In the case of
sh line) and HSA-HA (blue dash line). BSA or HSA solutions (0.5 g/L in 0.1% propanol) were
ean values plotted with standard deviations <2%. (B) Micro-Brewster Angle Microscopy
f the monolayer.



Table 2
Limiting Surface Area and Gibbs Elasticity of BSA, HSA, BSA-HA and HSA-HA monolayers
displayed in Fig. 4A.

Sample Limiting surface area (nm2/molecule) Gibbs elasticity (mN/m)

BSA 89 ± 5 52 ± 12
HSA 47 ± 3 50 ± 7
BSA-HA 34.5 ± 1.2 51 ± 16
HSA-HA 61 ± 4 50 ± 8
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proteins, the collapse is not clearly attained, and the surface pressure
continues increasing. The BSA isotherm depicted in Fig. 4A is similar to
those previously reported in [129,140,143], which were measured at
pH 7.4. According to Sanchez-González et al., the marked change of
slope at about 20 mN/m is due to the α-helices, which can desorb pro-
ducing a coexistence region between two different conformational re-
gimes. The surface conformation can be studied also by means of the
Gibbs elasticity, which is obtained directly from theπ-A curve by the fol-
lowing derivative [144]: ε0=−A (dπ/dA). Fig. 4A shows that the shape
of the isotherms is similar in all themeasured samples, and this result is
corroborated with their similar Gibbs elasticity (Table 2) in the range
50–52 mN/m. The limiting surface areas, obtained by extrapolation of
the second compression regime to zero surface pressure, are displayed
in Table 2 for all the systems evaluated. The value obtained for BSA
agrees with that reported by Sanchez-González [129]. The monolayer
appears highly expanded at this pH, suggesting the formation of a disor-
dered protein layer possibly due to the vanishing of the existing α-
helices of BSA in solution at the air-water interface as reported [47].
HSA displays a significant lower value of the limiting area compared
to BSA. This agrees with the restriction on the conformational changes
at the interface discussed in Section 2.2, which could result in a more
compact conformation, and in agreement with the results from
adsorbed films shown in Fig. 3A and B. The Gibbs elasticities of HSA
and BSA spread layers are very similar (Table 2). This is related to the
inter-molecular interactions which appear similar despite the different
conformation of HSA and BSA.

The presence of HA induces drastic changes in both HSA and BSA
monolayers, as well as produces contrary effects on both proteins. HA
expands the HSA monolayer but compresses the BSA one (Fig. 4A and
Table 2). Such a different interaction was certainly unexpected in view
of previous results, and deserves to be explored in more detail in future
works. Moreover, the interaction occurring within the monolayer ap-
pears different to that occurring at the interfacial layer in adsorbed
films at the oil-water interface (Fig. 3). In adsorbed films, the Albumins
are incubated with HA in bulk prior to adsorption, which possibly leads
to the formation of complexes as discussed earlier. In spread films, the
Albumins are deposited on a surface containing HA in bulk, which can
provide a different scenario. HA seems to promote a stronger interaction
with BSA at the air-water interface. BSA is more expanded and unfolded
than HSA at this interface and, probably, exposes more binding sites for
HA. This again correlates with the less expanded monolayer obtained
for BSA+HA, i.e., there aremoremolecules at the interface. On the con-
trary, HSA is less unfolded at the interface, preserving part of its second-
ary and third structure. This surface conformation of HSA prevents
interaction with HA, and the compression isotherm appears displaced
to higher molecular areas.

Fig. 4B displays a set of images taken byMicro-BAM of the Albumins
and Albumin-HAmonolayers reported in Fig. 4A. InMicro-BAM images,
thicker condensed phases appear brighter (more reflective), while the
thinner expanded phase appears darker (less reflective) [144]. Images
in Fig. 4B are very homogeneous, in agreement with a single conforma-
tional transition at the interface. Similarly, Miao et al. and Raktim et al.
described images of BSA and HSA with Atomic Force Microscopy,
obtaining homogenous protein films in both cases [138,145]. HSA ap-
pears slightly darker, especially at intermediate surface pressures,
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which agrees with the lower surface activity reported, and suggesting
the formation of a thinner film. The presence of HA provides brighter
images, mostly at the highest compression values, in agreement with
the increased surface activity reported and suggesting the formation
of a thicker film. Fig. 4B also shows brighter small spots, which possibly
correspond to small surface aggregates. Those brighter areas are more
abundant in HSA and HSA-HA monolayer than in the case of BSA and
BSA-HA, suggesting that HSA has a higher tendency to form big aggre-
gates than BSA. These results agree with a more stable conformation
of BSA [52]. BAM investigations in the literature reveal also exceedingly
small bright circular domains at low surface pressures, which grow by
compression, forming groups in the condensed region caused by the
packing of loop structures. The relative film thickness increases slowly
under compression, until amaximumvalue is attained at the condensed
state corresponding to the maximum packing of the protein [47]. How-
ever, complex of BSA andHSAwith theHA are not observed at the inter-
face with Micro-BAM, so the interaction with HA probably takes place
just below the monolayer, within the water subphase. These results
also agree with the hypothesis of Sánchez-González et al. who postu-
lated a possible desorption of part of theα-helices at high surface pres-
sures and consequently, with more ability to interact with HA in the
subphase [143].

4. Albumins in emulsions: interactions with polysaccharides

4.1. Stability and microstructure of emulsions and nanoemulsions

The application of Albumins and polysaccharides for encapsulating
lipophilic compounds in emulsions, nanoemulsions, or LLNs has already
been established and can be found in many works [31,112,113]. These
delivery systems carry the lipophilic ingredient, or drug, in the oil
core, while the Albumin and polysaccharide build up the protective
shell. The polysaccharides provide stabilization and add functionality
to the delivery system [113].

Table 3 shows a summary of Albumin-polysaccharide-based emul-
sions and nanoemulsions found in the literature. There is some variabil-
ity on the colloidal parameters values reported for the different systems.
For example, droplet sizes range between 150 nm and a few microme-
ters, and ζ-potentials range between highly negative values and positive
ones (Table 3). This variability reflects the wide range of possibilities
that Albumin-polysaccharides emulsified systems offer. Covalent conju-
gates betweenAlbumins and polysaccharides exemplified in Table 3 are
carried out bymeans of theMaillard reaction as explained in Section 2.1
[66,67,123,146]. However, most of the works found, resort to a non-
covalent complexation, which takes advantage mainly of electrostatic
interactions (Section 2.2) [82,119,147–149]. Some of these works
show modifications of BSA to produce a cationic-BSA (cBSA) that pro-
motes an electrostatic interaction between BSA and anionic polysaccha-
rides, such as HA [82,147,148].

When both compounds are covalently bound, the combination of
the polysaccharide and the Albumin basically improves the emulsifying
abilities and the emulsion stability, while themixture of the polysaccha-
ride and the Albumin is non-effective or is less advantageous. In this
line, Kim et al. studied BSA-galactomannan conjugates produced with
different protein/polysaccharide ratios [146]. The emulsifying activity
of the conjugates depended on this ratio, although their performance
as emulsifiers was always better than that of BSA alone. Covalent conju-
gation improved emulsion stability, especially at low pHs, owing to the
formation of a viscoelastic layer rather than to the increase in viscosity
of the emulsion continuous phase. BSA-galactomannan mixtures were
also studied in this work, and they did not improve the stability of the
emulsion, corroborating that just an increase in viscosity of the
continuous medium was not enough to stabilize the emulsion, and
highlighting the advantage provided by covalent linking in the BSA-
galactomannan conjugate. Covalently linked galactomannan provided
stability by means of steric hindrance, and the authors propose that



Table 3
Albumin and Albumin-polysaccharide emulsions and nanoemulsions (extended information on Fig. 6). The average droplet size and ζ -potential data correspond to the values at pH 7,
unless another pH is indicated next to the given value.

Shell Protein-polysaccharide interaction Cargo Size (nm) ζ –potential (mV) Reference

HSA – Paclitaxel 100–200 −26/9 [151]
HSA – – 165 −37.8 [31,32,112]
BSA – Curcumin 169 −32.2 [31]
BSA – Quercetin 530 – [152]
BSA and HA Complexation – 147 −32.9 [113]
HSA and HA Complexation – 152 −42.9 Fig. 6
HA – – 176 −40.1 Fig. 6
Cationic BSA and HA Complexation DiD, Coumarin-6 or Celastrol 300 −34.2 [82]
Cationic BSA and HA Complexation Paclitaxel 324–531 −40 [147]
Cationic BSA and HA Complexation All-trans-retinoic acid 180 32.1 [148]
BSA and sugar beet pectin Conjugation/Maillard reaction – 3–3.5 103 ~ −30/−35 [67]
BSA and sugar beet pectin Complexation – ~ 200 – [80]
BSA and Dextran Conjugation/Maillard reaction Curcumin 158–255 ~ −3 [66]
BSA and Arabic gum Complexation β-carotene 221 (pH 4) −30 (pH 4) [119]
BSA and Fucoidan Complexation – ~ 650 ~ −40/−70 [122]
BSA and Fucoidan Conjugation/Maillard reaction – – – [123]
BSA and Chondroitin Sulphate non-covalent complexation – 450–510

(at pH 3)
~ −42 (at pH 3) [149]

BSA and Galactomannan Conjugation/Maillard reaction – 1140–1650 – [146]
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this mechanism preserves the stability of the system even in environ-
mental conditionswere the denatured proteinwould drive an emulsion
destabilization [146]. The comparison of BSA-fucoidan mixtures and
conjugates with BSA as emulsifiers [123] comprises another example
of the different performance provided by protein and polysaccharides
covalent conjugates and mixtures. Fucoidan (non-surface active), did
not improve the emulsifying activity index of BSA in a simplemixed sys-
tem. Conversely, covalent linking of BSA and fucoidan significantly im-
proved the emulsifying activity of the conjugate and promoted
interfacial adsorption, as discussed in Section 3.2. Fucoidan also pro-
vided higher emulsion stability, avoiding droplets coalescence owing
to the steric hindrance set by the branched polysaccharide. This effect
was more remarkable in covalent conjugates-stabilized emulsions and
reflected in changes in the interfacial tension. However, a slightly im-
provement of nanoemulsion stability was also observed for BSA-
fucoidan complexes, indicating that, in any case, the addition of the
polysaccharide was advantageous [123]. In another work, Kim et al.
also studied non-covalently linked BSA-fucoidan mixture as emulsifier,
and they found out that this non-surface active and strongly negative
polysaccharide improved emulsion stability owing to the negative
charge provided to the interface, rather than from other effects on inter-
facial activity as discussed in Section 3.3 [122]. Another example of a
better performance of the covalent conjugate, compared with the mix-
ture, is that provided by Chen et al. They reported an improvement on
the emulsifying properties and a reduction of the particle size with
BSA-sugar beet pectin conjugates and mixtures. However, the stability
of the emulsion depended on the type of conjugation. Conjugation by
Maillard reaction or laccase enzymatic action, provided different resis-
tance to destabilizing agents such as temperature and pH. These authors
propose that the instability of BSA-sugar beet pectin complexes-
stabilized emulsions at low pHwas owed to the breakdown of the elec-
trostatic interaction between BSA and sugar beet pectin at these pH
values [67]. This observation is a relevant issue to consider, since the sta-
bility of an emulsion can be tuned by weakening the interaction be-
tween non-covalent linked Albumin-polysaccharide mixtures.

4.2. Encapsulation of lipophilic compounds

The control of the loading capacity and release kinetics of drugs en-
capsulated in emulsions and nanoemulsions is important to achieve an
optimal performance. In general, the polysaccharide coating provides an
advantage, which can be related to a higher stability of the colloidal sys-
tem, but also with the loaded-drug protection and release. For example,
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nanoemulsions prepared with BSA and dextran, covalently linked via
Maillard reaction, protect loaded curcumin from degradation and im-
prove curcumin absorption at intestinal level in mice, providing an in-
creased curcumin bioavailability [66]. Also, BSA-Arabic gum coated
nanoemulsions aremore effective than simple BSA or Arabic gum emul-
sions towards the protection of loadedβ-carotene over time and against
different pH, temperature, and radiation conditions. In this case, the
BSA-polysaccharide interaction was electrostatic, and both compounds
were added together during the emulsification process [119]. On the
other hand, the ATRA (all trans retinoic acid) release study carried out
by Li et al. revealed no differences between HA-cBSA and BSA
nanoemulsions in retaining the compound after 28 days. However, the
external HA layer, formed by adsorption of the negatively-charged HA
to the positive surface of cBSA-preformed nanoemulsions, furnished
the system with an effective targeting against tumour cells assayed
in vitro and in vivo [148]. In the case of HA coated cBSA nanoemulsion
loaded with paclitaxel, a commonly used chemotherapeutic in clinic,
the drug was released faster from these HA coated nanoemulsions
[147]. Co-encapsulation of several compounds inside emulsions or
nanoemulsions is also possible. Hu et al. produced HA-coated cBSA
nanoemulsions with celastrol (hydrophobic) and 1-methyltryptophan
(hydrophilic). The release of both compounds was different owing to
their different nature. At pH 7, HA-cBSA nanoemulsions showed a
slower release than cBSA nanoemulsions, while at pH 4, the former pro-
vided a faster release. This release kinetics is considered as an advan-
tage, since the acidic tumour microenvironment would promote the
drugs release from the nanoemulsions on the target site [82].

4.3. Targeted delivery: hyaluronic acid

The use of HA for developing delivery systems in the form of nano-
particles is very broad as already stated [38,82,89,147]. However, in
most of those works, researchers are mainly interested in the biological
interaction between HA-decorated nanoparticles and the target cells,
rather than in the physicochemical and interfacial characterization of
the nanoparticles, which is usually not very exhaustive [36,82,148].
Therefore, little is known about the interactions between BSA or HSA
and HA. The use of BSA and HSA as emulsifiers for the stabilization of
nanoemulsions or LLNs, with an olive oil core, has gained a lot of
attention lately [31,32,54,112]. LLNs can be synthesized by a solvent-
displacement method and have demonstrated a high encapsulation ef-
ficiency for hydrophobic drugs, with values over 90% for curcumin, for
example [32,54]. These systems included protein cross-linker



Fig. 5. Cryo-ESEM images of (A) BSA, (B) BSA-HA and (C) HA LLNs. Images taken with FEG-ESEM QUEMSCAN 650F provided with a cryo-preparation system. The sublimation phase was
carried out at−90 °C from 2 to 5 min. Then, sample was cut and subjected to three cycles (90s per cycle) of metallization with argon and platinum. The whole process was performed
under vacuum conditions and at−90 °C.
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glutaraldehyde (GAD) to provide LLNs with a stronger shell and pro-
duce more stable particles [112]. The crosslinking process with GAD
has been proved to slow down the drug release kinetics from LLNs,
while it does not display any toxic effect onMCF-7 breast cancer cellular
line [31]. The different morphology of BSA, BSA-HA and HA LLNs has
been characterized by cryo-ESEM (cryo-Environmental Scanning Elec-
tron Microscopy) and is displayed in Fig. 5. BSA-LLNs adopt a spherical
shape and a monodisperse distribution (Fig. 5A). Fig. 5B shows BSA-
HA LLNs, in which individual LLNs coexist with small aggregates of sev-
eral units, and present spherical shape and similar size. Fig. 5C showsHA
LLNs with a clearly different organization compared to BSA and BSA-HA
LLNs. HA LLNs appear as individual particles but attached to one to an-
other, forming fibrillar structures. This fibrillar organization corre-
sponds to a gel-like organization. In aqueous solution, HA forms a
viscous gel owing to intermolecular hydrogen bonds (between the pI
of the HA, around pH 2.5, and pH 12) [150]. The gel-forming ability of
HA is possibly responsible for the formation of this structure observed
with cryo-ESEM, given that HA does not have interfacial activity [124].
Thus, olive oil droplets are entrapped within the HA gel mesh, remain-
ing stable for a short period of time.
Fig. 6. ζ-potential of BSA (red solid squares), BSA-HA (red hollow squares), HSA (blue solid tria
LLNs were diluted (1:100) and stabilized for 30 min in low ionic strength buffer: acetate buffe
LLNs were determined by dynamic light scattering (DLS) using a Zetasizer Nano-ZS system (M
theory. All measurements were performed in triplicate at 25 °C, and the results plotted are me
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Table 3 shows the size distribution of LLNs prepared with HSA and
BSA in the presence and absence of HA [31,32,112]. In all cases, LLNs
showed a monodisperse distribution, with PDI values between 0.04
and 0.08 (data not shown). Table 3 also shows the characteristics of
LLNs stabilized solely by HA. It is noteworthy that HA provides stable
LLNs despite its lack of interfacial activity. As stated before, the stabiliza-
tion of the oil droplets can be related with the high bulk viscosity pro-
vided by HA [35] and its gel formation ability (Fig. 5C). However,
these LLNs stabilized only with HA displayed low colloidal stability
(one week), as compared to the rest of LLNs (over months).

Fig. 6 provides the ζ-potential of LLNs formed by BSA and HSA, and
the effect of HAon themicrostructure of LLNs. HSA andBSA LLNs display
a similar ζ-potential in all the range of pH assayed. Moreover, they pres-
ent similar isoelectric points (pI≈5), i.e., the pH at which LLNs have no
net charge. This value is close to the pI of both proteins, being pH 4.9 for
BSA [54] and pH 4.4 for HSA [32]. LLNs show positive charge at pH
values below the pI, due to the reduction of the negative charge of car-
boxylic groups that cannot compensate the positive charge of amino
groups, protonated at those low pH values. These groups are titrated
at higher pHs, where they release their protons. Thus, as pH rises, car-
boxylic groups turn to be negatively charged while amino groups offer
ngles), HSA-HA (blue hollow triangles) and HA (green crosses) LLNs at different pH values.
r at pH 3–5, phosphate buffer pH 6–7 or borate buffer pH 8–11. Colloidal characteristics of
alvern Instruments, UK). The ζ-potential was calculated according to the Smoluchowsky
an value ± standard deviation.
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no charge, hence leading to the negative ζ-potential observed on LLNs at
more basic pHs. The net negative charge present at the surface of LLNs at
pH 7 allows stabilizing the nanoparticles over time, owing to electro-
static forces. The inclusion of polysaccharides on the shell composition
leads in most cases to modifications in the colloidal system surface
charge, as can be observed in Fig. 6 for LLNs. It is clear that the reduction
of the ζ-potential to more negative ζ-potential values on the HA-coated
LLNs is provoked by the presence of HA on the surface of LLNs. More-
over, this phenomenon seems to be independent of the synthesis
process, i.e., the inclusion of the Albumin and the polysaccharide at
the same time on the process, as mixtures or as conjugates, or
the coating with the polysaccharide of pre-formed Albumin
nanoemulsions [67,119,122,149]. In some works, it has been reported
that the modification of ζ-potential values depends on the proportion
of polysaccharide [122]

HA LLNs present negative charge at all range of pHs studied (Fig. 6).
HA is a long-chain heteropolysaccharide composed of two alternating
monosaccharides, N-acetylglucosamine and D-glucuronic acid, linked
via β-1,3-glycosidic bonds. This configuration leads to a rigid conforma-
tion stabilized by hydrogen bonds, where hydrophobic regions are al-
ternated with polar ones [43]. Among those polar regions we found
carboxylic groups, which are the responsible of the low pI of HA
(pH 2.5) and the negative charge of HA at physiological pH [43,150].
ζ-potential of HA LLNs agrees with the low pI of this molecule, and pH
changes are not enough to titrate all carboxylic groups from HA, hence
ζ-potential of HA LLNs remains negative along the whole pH range
assayed.

There are different works where HA-coated nanoemulsions have
been synthesized and characterized [82,121,153–156]. However,
many of those formulations include surfactants or HA modifications,
in order to achieve the emulsification and stability of the colloidal sys-
tem [154–156]. For instance, Narsmodified a previously optimized syn-
thesis protocol by including HA on the aqueous phase, together with
other surfactants (Tween 80 and Cremophor RH40), to obtain curcumin
and resveratrol loaded nanoemulsions as carriers for transnasal brain
delivery for neurodegenerative diseases treatment [156]. Another ap-
proach is the modification of HA to improve its interfacial properties.
In this line, Kong and Park studied the stability of nanoemulsions coated
with a modified HA [154]. They increased the amphiphilic character of
HA by linking to its carboxylic groups a hydrophobic molecule, glycerol
α-monostearate. The increase of the hydrophobic character of modified
HA made easier the self-assembly of the molecules. However, they also
included low amounts of surfactant on the formulation, achieving sizes
on the range of 40–70 nm [154]. A different strategy to include HA in
emulsified systems is that of Lui et al., who covalently conjugated β-
lactoferrin and HA to stabilize sesamol emulsions [121]. Another possi-
bility to includeHA in emulsified delivery systems is themodification of
BSA reported in several works [82,147,148]. In these works, the authors
modified the BSA to produce a cBSA and produced cBSA nanoemulsions
which were later incubated with HA to achieve the surface coating. Hu
et al. reported that the BSAmodification that they performed increased
the isoelectric point of cBSA to pH 9.98, allowing the electrostatic inter-
action between cBSA-coated NPs and HA [82]. The coating of the cBSA
nanoemulsions with HA lead to the reduction of the ζ-potential of the
droplets [82,147], in agreement with results from Fig. 6. The interaction
occurring betweenHAandAlbumin in Fig. 6, occurswith no conjugation
between HA and Albumin nor modification of the protein, which
is a great achievement with respect to previous literature works.
Concerning the use of HSA or BSA, so far, the physical characterization
of LLNs, in terms of droplet size distribution and ζ-potential, does not
provide significant differences concerning the interaction of HA with
BSA and HSA.
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5. Conclusions and future perspectives

BSA and HSA are blood-transport proteins which bind different
kinds of molecules. Despite their similarity in structure and function,
there are reported references on different affinity of BSA and HSA for
the same ligand. Such differences are generally ascribed to variations
on their amino acid composition. Here, some of the parameters which
could explain the differences encountered between HSA and BSA in
their application for drug delivery systems are identified. The interac-
tion with polysaccharides is especially highlighted owing to their com-
mon use in the formulations. A detailed comparison of the molecular
structure of BSA and HSA is provided focusing on how it can impact
their interactions with polysaccharides. A detailed description of the
various type of interactions encountered is given. This sets the basis to
develop the different interfacial activity and emulsifying capacity as
regards encapsulation of lipophilic compounds. The current knowledge
on conformational changes upon adsorption of HSA and BSA onto differ-
ent interfaces is then reviewed and how this relates with their interfa-
cial activity. The interfacial properties of Albumins reflect the limited
conformational change undergone by HSA as compared to BSA at the
oil-water interface, which can have implications in their functionality
in LLNs. Concerning the interaction with polysaccharides, the type of
bonding impacts the interfacial activity as does the hydrophobicity of
the complex. However, the response of the interfacial activity still offers
open questions and challenges, including the correlation with emulsion
stability. In general, an improved emulsifying capacity can be linked to a
higher surface activity of Albumins, although the correlationwith stabil-
ity is more variable. In fact, no simple correlation is found between in-
terfacial magnitudes and emulsifying capacity of Albumins and
polysaccharides, owing to the strong effect in bulk viscosity and variable
complexation phenomena involved. Different kinds of interactions tak-
ing place at different levels should be carefully analysed to obtain a com-
plete picture of the interaction and the resulting functionality. Observed
trends have physicochemical explanations based on interfacial confor-
mations, and can be used as a solid basis for the development of future
detailed models on different Albumins. BSA is a valid model protein
used for fundamental studies, but HSA is clinically more relevant, and
the slight differences should be considered carefully. The differences
highlighted along this work for the design of LLNs as drug delivery sys-
tems can be a helpful guide to develop reliable systemswith realistic ap-
plication in biomedicine.
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