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a b s t r a c t

This paper gives experimental information about the production of biopolymer nanoparticles (BNPs) for
vehiculization and photochemical preservation of retinol (RET). BNPs production involved the combi-
nation of two biopolymer functional properties: (i) protein ability for binding RET, in order to form
protein-RET nanocomplexes, and (ii) polysaccharide deposition onto the protein-RET nanocomplexes
surface so as to obtain BNPs. A particular set of biopolymer materials was employed: native ovalbumin
(OVA), OVA nanosized aggregate (OVAn) and high methoxyl pectin (HMP). Absorbance, particle size
distribution and z potential measurements, suggested OVA aggregation mainly influenced the production
of colloidal stable BNPs. At protein:HMP ratio (RProt:HMP) 2:1, the most appropriated pH values for
obtaining BNPs were: 4.0 for OVA-HMP system, and 6.0 for OVAn-HMP system. RET photochemical
decomposition in BNPs was examined over 30 h. It was observed that HMP deposition on protein-RET
nanocomplex surface improved the RET photochemical stability. OVAn-RET-HMP nanoparticle formed
at pH 6.0 promoted a lower RET photochemical decomposition (14.1%) in comparison with the one
registered for OVA-RET-HMP nanoparticle formed at pH 4.0 (25.0%). Because of denatured/aggregated
state, the OVAn particular features to bind RET and to interact with HMP could explain the observed BNPs
performance. Information derived from this work could be extrapolated for vehiculization and protection
of other photosensitive lipophilic compounds.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Protein-polysaccharide interactions find several applications in
a lot of research and development sectors, e.g. food, pharmaceutics,
cosmetics, etc. In food industry, these interactions had been widely
exploited for enhancement of biopolymer functionality in complex
food, and for the obtention of supramolecular structures so as to
control texture and stability of colloidal dispersed systems
(Fioramonti, Martínez, Pilosof, Rubiolo, & Santiago, 2015; Perez,
Carrera S�anchez, Rodríguez Patino, Rubiolo, & Santiago, 2012).
More recently, studies about biopolymer interactions have been
focused on the creation of biopolymer nanoparticles (BNPs) which
can be used as delivery systems for vehiculization and protection of
bioactive compounds (Fioramonti, Perez, Aringoli, Rubiolo, &
Santiago, 2014; Noshad, Mohebbi, Shahidi, & Koocheki, 2015;
).
Perez, Sponton, Andermatten, Rubiolo, & Santiago, 2015; Zhang
et al., 2015). This challenge involves to know aqueous medium
conditions (e.g. pH, ionic strength, biopolymer relative concentra-
tion, cosolutes presence) which promote the appropriate
biopolymer self-assembly (Chanasattru, Jones, Decker, &
McClements, 2009; Li & McClements, 2013; Qiu et al., 2017; Zeeb,
Stenger, Hinrichs, & Weiss, 2016). This phenomenon is governed
by different intermolecular forces, e.g. electrostatic, hydrophobic,
van der Waals, hydrogen point, etc., which occur under certain
environmental conditions in close relationship with physico-
chemical features of involved macromolecules. In nanotechnology
field, the strategy employing biopolymer self-assembly principles is
named bottom-up technology, being this one a powerful tool to
obtain tailor-made particles with defined sizes, surface and de-
livery properties (Chen, Remondetto, & Subirade, 2006; Jones &
McClements, 2010; Joye & McClements, 2014; Lesmes &
McClements, 2009). BNPs for lipophilic bioactive compound de-
livery can be designed by applying the following functional
properties:
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(i) Ligand binding to protein for obtaining inclusion complexes
(Joye & McClements, 2014; Perez, Andermatten, Rubiolo, &
Santiago, 2014; Visentini, Sponton, Perez, & Santiago,
2016). Hydrophobic forces at specific protein domains
mainly conduct molecular binding, which usually promote
the ligand solubilization in aqueous medium. Besides, lipo-
philic ligand binding can be increased if protein conforma-
tion is altered by denaturation/aggregation process, e.g.
controlled heat treatment (Sponton, Perez, Carrara, &
Santiago, 2015a). In this case, a greater protein surface hy-
drophobicity could favor an increased ligand loading capac-
ity per inclusion complex unit (Sponton, Perez, Carrara, &
Santiago, 2016).

(ii) Polysaccharide deposition onto the inclusion complex sur-
face (Perez et al., 2015). Electrostatic forces mainly govern
this phenomenon, depending on polysaccharide chemical
nature and protein conformational state (Fioramonti et al.,
2014). In some cases, this leads to a cover formation which
promote ligand protection against several injurious envi-
ronmental factors (Perez et al., 2015; Zimet & Livney, 2009).

In this framework, the present paper is aimed to get experi-
mental information about appropriate protein-polysaccharide
interactions in order to produce BNPs for photosensitive com-
pound delivery. The research especially emphasized on the pro-
duction of nanosized particles with high colloidal stability in
aqueous formulations. In concordance with previous studies, a
particular set of materials was employed: native ovalbumin
(OVA), OVA nanosized aggregate (OVAn) formerly characterized in
our lab, retinol (RET) as a model of photosensitive lipophilic
compound, and high methoxyl pectin (HMP) as anionic poly-
saccharide. OVA is a monomeric protein of 43 KDa, and it has 4
sulfhydryl groups (eSH) and one disulfide bond (SeS) per
monomer (Weijers & Visschers, 2002). It is constituted of 385
aminoacids, from which a half is hydrophobic and mainly buried
into the protein structure and a third are charged aminoacids
(Nisbet, Saundry, Moir, Fothergill, & Fothergill, 1981). The OVA
properties for binding hydrophobic ligand have been poorly
studied, so this globular protein could be evaluated in innovative
binding studies. OVAn is a nanosized heat-induced aggregate with
a great surface hydrophobicity, which it could enhance the ability
for binding hydrophobic ligands (Sponton, Perez, Carrara, &
Santiago, 2015b). Finally, as it was recently reported, HMP is
able to produce an electrostatic deposition (cover) onto the sur-
face of protein-ligand complexes leading a great protection
against injurious factors (Perez et al., 2015). Moreover, it is worthy
to remark that this contribution is continued from a previous
work, inwhich OVA and OVAnwere assayed for vehiculization and
photochemical protection of RET (Visentini et al., 2016). Results
highlighted that RET photochemical stability depended on
aqueous medium pH and protein conformational state (native vs
aggregated). Nevertheless, the hypothesis if a polysaccharide
electrostatic cover could enhance RET photochemical stability via
favorable interactions with OVA and OVAn, remained to be
confirmed. The present paper will address this hypothesis.

2. Materials and methods

2.1. Materials

Native ovalbumin (OVA, product A5503, purity 98% according to
agarose gel electrophoresis) was purchased from Sigma (USA).
Ovalbumin nanosized aggregate (OVAn) was produced according to
Sponton et al. (2015b). Briefly, OVA dispersionwas prepared at 10 g/
L, 50 mM NaCl and pH 7.5. Then, 2 mL aliquots were dispensed in
glass tubes and were heated in a water bath at 85 �C for 5 min.
Subsequently, tubes were removed and immediately cooled in an
ice bath. Tubes containing OVAn were kept at 4 �C until further
analysis. Retinol (RET; product 17772, purity �95.0% according to
HPLC) was also obtained from Sigma (USA). RET was kept in dark-
ness under N2 atmosphere at �20 �C according to manufacturer
advice. High methoxyl pectin (HMP) was kindly supplied by Cargill
(Argentina) and had 68.0 ± 2.0% degree of esterification (DE). Ac-
cording to Cargill information, composition (wt.%), was: 87.0%
carbohydrate, 11.0% moisture, and 2.0% ash (Naþ 480 mg/100 g and
Kþ 160 mg/100 g, Caþ2 200 mg/100 g, Mgþ2 30 mg/100 g and Feþ2 2
mg/100 g).

2.2. Production of protein-retinol nanocomplexes

The obtention of OVA-RET and OVAn-RET nanocomplexes was
performed according to Visentini et al. (2016). In summary, OVA
and OVAn dispersions (23 mM) were prepared in phosphate buffer
(pH 7, 50mM). On the other hand, a 250mMRET stock solutionwas
prepared in ethanol. Then, protein (OVA or OVAn) dispersion and
ethanolic RET solution were mixed so as to produce the saturation
of protein binding sites. It is important to remark that final ethanol
concentration inmixed systemswas lower than 1 vol%; therefore, it
could be assumed that no protein structural modifications were
induced (Cogan, Kopelman, & Shinitzky, 1976). Protein-RET nano-
complexes dispersions were stored in darkness for 2 h for reaching
equilibrium.

2.3. Obtention of protein-polysaccharide nanoparticles

Strategy used for biopolymer nanoparticles (BNPs) obtention
involved the combination of two functional properties: (i) proteins
(OVA and OVAn) ability for binding RET, in order to obtain protein-
RET nanocomplexes, and (ii) HMP deposition onto the protein-RET
nanocomplexes for obtaining BNPs. For this, a set for complemen-
tary techniques was applied. These ones are described as follows.

2.3.1. Biopolymer phase behaviour
In order to get information about protein-polysaccharide in-

teractions promoting colloidally stable BNPs formation, a study of
biopolymer phase behaviour was firstly performed. Biopolymer
mixed systems (OVA-HMP and OVAn-HMP systems) were prepared
at protein-polysaccharide concentration ratio (RProt:Ps) 2:1, ac-
cording to Perez et al. (2015). For this, proteins (OVA and OVAn) and
HMP dispersions were prepared in phosphate buffer pH 7.0. HMP
dispersionwas previously heated at 70 �C for 15 min for promoting
the adequate polysaccharide hydration. In all systems protein
concentration was 23 mM (0.1 wt.%, protein concentration used for
RET-protein complexes obtention) and HMP concentration was
0.05 wt.%. Mixed systems were obtained by mixing the appropriate
volume of each double concentrated biopolymer solution up to the
final required bulk concentration. The phase behaviour in aqueous
dispersions was evaluated considering two experimental ap-
proaches: (i) absorbance (ABS) measurements at 400 nm, and (ii)
visual appearance of biopolymer systems at 24 h after preparation.
For this, biopolymers mixed systems were prepared at different pH
values from 7.0 to 2.5. The pH was adjusted by using 1 M HCl so-
lution. ABS was determined as soon as systems were prepared,
using a Jenway 7305 spectrophotometer (UK). ABS values were
interpreted as a measure of biopolymer molecular size and/or the
number of biopolymer absorbent entities (Perez et al., 2015). Sub-
sequently, the biopolymer mixed systems at different pH values
were kept in repose at room temperature (25 �C) for 24 h, and their
visual appearances were registered by means of a photo camera
(Cyber-shot 12.1 mpx, Sony, USA). According the phase behaviour



Fig. 1. Phase behaviour of pure proteins and protein-polysaccharide systems as a
function of aqueous medium pH: ABS at 400 nm as a measure of system turbidity (A)
for ( ) OVA, ( ) OVA-HMP, ( ) OVAn and ( ) OVAn-HMP and visual appearance for
OVA-HMP (B) and for OVAn-HMP (C). Conditions: Protein concentration: 23 mM
(0.1 wt.%), HMP concentration: 0.05 wt.%. Values in (A) are showed as mean ± standard
deviation.
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results, the most appropriated pH values for soluble BNPs forma-
tion were selected.

2.3.2. Particle size distribution and z potential analysis
The effect of RET complexation on particle size and electrical

properties for BNPs was examined by means of particle size dis-
tribution (PSD) and z potential analysis. For this, a Zetasizer Nano
ZS90 (Malvern Instruments Ltd., UK) equipment was employed.
PSD was obtained by dynamic light scattering (DLS) at 90� and at
632.8 nm wavelength. Particle hydrodynamic diameter (dH) was
obtained from the intensity (%) distribution (PSDi). PSD in volume
(%, PSDv) was also considered in particle diameter analysis. PSDv
was generated from PSDi by applying Mie theory. The z potential
measurements were determined from electrophoretic mobility
distribution of particles by means of laser Doppler velocity tech-
nique. The z potential values were calculated according to Smo-
luchowski model (Hunter, 2001), by using the equipment software.
All determinations were performed in duplicate at 25 �C.

2.4. Determination of retinol photochemical decomposition

The RET photochemical decomposition in BNPs aqueous dis-
persions was evaluated according to Shimoyamada, Yoshimura,
Tomida, and Watanabe (1996), and it was determined as a per-
centage of the initial ABS at 330 nm (ABS0) over 30 h. Thus, RET
photochemical decomposition level was calculated as follows:

RET Decomposition ð%Þ ¼ ABS0 � ABSt
ABS0

� 100% (1)

where ABSt is ABS value at a given time in the range of 0e30 h. RET-
protein and RET-protein-HMP systems were prepared as it was
described in previous sections. In all systems, protein (OVA and
OVAn), RET and HMP concentrations were: 6.7 mM (0.028 wt.%),
670 mM and 0.014% wt.%, respectively. The systems were placed at
35 cm (arbitrary position) under a compact fluorescent lamp (BAW,
65 W, 750 lm, 6400 K). Two kind of controls were also assayed: (i)
pure RET solution kept in darkness, which was considered as a
measure of RET photochemical decomposition due to dissolved
oxygen (DO) in aqueous solution (RETdarkness), and (ii) pure RET
solution kept under light exposition, which was considered as a
measure of RET photochemical decomposition due to combined
action of DO and light (RETlight). Experiments were conducted at
room temperature (25 �C) in triplicate.

2.5. Dissolved oxygen determination

To get a better comprehension of results derived from RET
photochemical decomposition assay, initial DO concentration was
evaluated. DO was determined in systems without RET in order to
know DO concentration at which RET would be initially exposed.
Hence, the measurements were performed in phosphate buffer
(included as control), and in the following systems: OVA at pH 4.0,
OVA-HMP at pH 4 and at pH 6, OVAn at pH 6.0, and OVAn-HMP at
pH 6. Standard iodometric test with azide modificationwas applied
(Rice, Baird, Eaton, & Clesceri, 2012). Samples were placed in
250 mL Winkler frasks, 1 mL MnSO4 solution was added, followed
by 1mL alkali-iodide-azide reagent. In order to exclude air bubbles,
frasks were carefully capped and mixed by inverting a few times.
Frasks remained in repose until precipitate was settled sufficiently.
Then, 1 mL concentrated H2SO4 was added and mixed by inverting
several times until dissolution was completed. A volume of 200 mL
sample was titrated with 0.025 M Na2S2O3 solution. Few drops of
starch solution (as indicator) were added. Titration end point was
considered at blue colour disappearance. For titration of 200 mL
sample, 1 mL 0.025 M Na2S2O3 is equivalent to 1 mg DO/L. De-
terminations were done at least in duplicate at room temperature
(25 �C).

2.6. Statistical analysis

Statistical differences were determined through one-way anal-
ysis of variance (ANOVA) using StatGraphics Plus 3.0 software. For
this, LSD test at 95% confidence level was applied.

3. Results and discussion

3.1. Phase behaviour of biopolymer mixed systems

The study of protein-polysaccharide interactions in aqueous
solution would allow to know the experimental conditions in
which colloidally stable BNPs for RET vehiculization are produced.
Fig. 1 shows the pH-dependent phase behaviour for OVA-HMP and
OVAn-HMP mixed systems. Phase behaviour was described in
terms of ABS at 400 nm (Fig. 1A) and visual appearance of mixed
systems (Fig. 1B and C). In this Fig., behaviour for pure OVA and
OVAn dispersions was included as controls.

For OVA, ABS was practically zero over the whole pH range of
assay, suggesting the small protein size. For OVA-HMP system, ABS
was similar to the control up to pH around 4.5 from which ABS
values abruptly increased reaching a maximum at pH 3.5e3.0. As it
can be noted in Fig.1B, mixed systems remained translucid up to pH
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4.5 at 24 h examination. Furthermore, a decrease in aqueous me-
dium pH caused the development of turbidity. At pH 4.0, it was
registered an appreciable turbidity, suggesting the existence of
bigger macromolecular species. Isoelectric point (pI) for OVA was
pH ~4.7 (Visentini et al., 2016), and pKa value for HMPwas assumed
at 3.6, because of carboxylic group dissociation (Humblet-Hua
Scheltens, van der Linden, & Sagis, 2011). So, at pH 4.0 attractive
electrostatic interactions between OVA cationic groups and HMP
anionic groups can be assumed. This fact could also be explained
considering z potential values for OVA (þ11 mV) and HMP
(�27 mV) at pH 4.0, as it can be deduced from Table 1. These in-
teractions resulted in the formation of soluble electrostatic com-
plexes because system remained colloidally stable at long-term
examination. Colloidal stability for OVA-HMP system is also re-
flected by their high z potential value (�23 mV), which could be
strongly influenced by the polysaccharide anionic character. At pH
3.5, a great turbidity was observed (Fig.1B) suggesting the presence
of big electrostatic complexes. Then, a further decrease in pH pro-
moted complex coacervation or associative phase separation,
possibly due to the HMP negative charge neutralization, and the
formation of precipitating biopolymer coacervates (Perez et al.,
2015).

For OVAn, the decrease in pH caused a maximum ABS at pH
5.0e4.5which could be explained by an increase in particle size due
to the reduction in OVAn net charge. As it was reported by Visentini
et al. (2016), pI for OVAn was estimated at ~ 4.7.

For OVAn-HMP system, it was noted ABS values were similar
than the ones obtained for pure OVAn up to pH 5.0, fromwhich ABS
gradually increased until reach a maximum at pH 3.0. For this
system, turbidity development was noted from pH 6.5 (Fig. 1C, as it
can be also noted in Fig. 1A). Then, a decrease in aqueous medium
pH caused an increase in turbidity. At pH 6.0, system remained
colloidally stable, but a further decrease in pH caused phase sepa-
ration. Table 1 shows z potential values for OVAn, HMP and OVAn-
HMP system. It can be noted that both pure biopolymers are
negatively charged (�18 mV for OVAn, and �28 mV for HMP).
However, for OVAn-HMP system, it was registered z potential
value�25mV, whichwas significantly higher than the one for HMP
(p < 0.05). In spite of at pH 6.0, repulsive interactions are pre-
dominant, some negative charge neutralization HMP by means of
Table 1
Effect of protein-RET and protein-RET-HMP complexation on z potential (mV),
diameter (nm) and Volume (%) of OVA and OVAn as a function of aqueous medium
pH. Conditions: Protein concentration: 23 mM (0.1 wt.%), RET concentration: 2.3 mM,
HMP concentration: 0.05%. Temperature: 25 �C.

pH Systems Diameter (nm) Volume (%) z Potential (mV)

4.0 OVA 10 ± 1 a (peak 1) 92 ± 2 þ11 ± 1 g

61 ± 2 c (peak 2) 8 ± 2
OVA-RET 203 ± 17 d 92 ± 1 þ12 ± 0 g

OVA-HMP 253 ± 5 f 100 ± 0 �23 ± 0 d

OVA-RET-HMP 286 ± 18 g 100 ± 0 �21 ± 1 e

HMPa 990 ± 65 k 100 ± 0 �27 ± 0 a

6.0 OVA 9 ± 1 a (peak 1) 94 ± 0 �17 ± 1 f

52 ± 2 b,c (peak 2) 6 ± 0
OVA-RET 239 ± 0 e 100 ± 0 �22 ± 1 e

OVA-HMP 46 ± 4 b (peak 1) 88 ± 1 �28 ± 1 a

535 ± 16 j (peak 2) 10 ± 2
OVA-RET-HMP 252 ± 6 f 96 ± 3 �27 ± 1 b

OVAn 197 ± 3 d 98 ± 0 �18 ± 3 f

OVAn-RET 353 ± 9 h 96 ± 1 �17 ± 0 f

OVAn-HMP 231 ± 0 e 91 ± 4 �25 ± 1 c

OVAn-RET-HMP 376 ± 10 i 99 ± 1 �23 ± 1 d

HMP e e �28 ± 1 a

Values are showed as mean ± standard deviation and different letters in each col-
umn indicate statistical differences (p < 0.05).

a Data taken from Perez et al. (2015).
OVAn positive patches could occur. These weak associative in-
teractions could lead to the formation of soluble complexes or
hybrid supramolecular entities (Benichou, Aserin, Lutz, & Garti,
2007), and they could be particularly favored when protein
conformation is altered by aggregation (Perez, Carrara, Carrera-
S�anchez, Rodríguez-Patino, & Santiago, 2009). At pH between 6.0
and 5.0, phase separation could be explained by aggregation
induced by a reduction of protein net charge, especially around
OVAn pI. Below pH 5.0, strong attractive electrostatic interactions
could promote the formation of protein-polysaccharide complexes
and coacervates that precipitate as a consequence of their big sizes
(Fioramonti et al., 2014).

According to these results, the more appropriate conditions to
obtain BNPs for RET vehiculization are pH 4.0 and 6.0. Particles
generated at these conditions were characterized in terms of their
size and electrical properties, as it will be discussed in the next
section.
3.2. Size and electrical properties of BNPs for RET vehiculization

In agro-food sector, definition of nanosized materials is still not
clear. So, particles with both, size strictly <100 nm and with few
hundred nm could be defined as “nanoparticles” (Guti�errez et al.,
2013; Joye, Davidov-Pardo, & McClements, 2014). In general, it is
well established that small particle sizes and high z potentials are
Fig. 2. Particle size distribution (PSD) based on Intensity and Volume percentage (%) at
pH 4: (A) and (B): ( ) OVA, ( ) OVA-RET complex, ( ) OVA-HMP complex and ( ) OVA-
RET-HMP complex. Conditions: Protein concentration: 23 mM (0.1 wt.%), RET concen-
tration: 2.3 mM, HMP concentration: 0.05%. Temperature: 25 �C.



Fig. 3. Particle size distribution (PSD) based on Intensity and Volume percentage (%) at
pH 6: (A) and (B): ( ) OVAn, ( ) OVAn-RET complex, ( ) OVAn-HMP complex and ( )
OVAn-RET-HMP complex. Conditions: Protein concentration: 23 mM (0.1 wt.%), RET
concentration: 2.3 mM, HMP concentration: 0.05%. Temperature: 25 �C.

Fig. 4. Particle size distribution (PSD) based on Intensity and Volume percentage (%) at
pH 6: (A) and (B): ( ) OVA, ( ) OVA-RET complex, ( ) OVA-HMP complex and ( ) OVA-
RET-HMP complex. Conditions: Protein concentration: 23 mM (0.1 wt.%), RET concen-
tration: 2.3 mM, HMP concentration: 0.05%. Temperature: 25 �C.
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requirements needed to obtain a high colloidal stability in food
aqueousmediums (Lesmes&McClements, 2009; Perez et al., 2015).

Figs. 2e4 shows the effect of RET binding (vehiculization) on the
PSD for OVA-HMP and OVAn-HMP systems. For a better compre-
hension, PSD results are also shown in Table 1. Results are discussed
as follows. At pH 4.0, for pure OVA, two peaks in PSDi at 10 ± 1 and
61 ± 2 nm were observed (Fig. 2A), representing 92 and 8%,
respectively, as it was also deduced from PSDv (Fig. 4B). Visentini
et al. (2016) reported the first peak would correspond to OVA hy-
drodynamic diameter (dH), and the second one to traces of some
aggregated protein. For OVA-RET complexes, an increase in OVA
size (203 ± 17 nm, corresponding to 92%) after RET complexation
was registered. In respect to this, it was also reported that one OVA
monomeric unit is able to bind ~108 RET molecules with 105 M�1

affinity constant. Therefore, the increase in particle size for OVA-
RET nanocomplex should be linked with the OVA ability for bind-
ing RET. As it was deduced from Table 1, at this pH value, RET
complexation did not alter significantly the OVA z potential
(p > 0.05), supporting the idea that colloidal stability of OVA-RET
nanocomplex is mainly governed by OVA electrical properties.

In order to complete the BNPs formation, HMP deposition onto
the surface of OVA-RET nanocomplex was performed at pH 4.0. It
was noted that HMP deposition onto pure OVA surface caused BNP
formation with dH 253 ± 5 nm, corresponding to an intermediate
particle size between OVA (10 ± 1 nm) and HMP (990 ± 65 nm),
which highlighted the electrostatic self-assembly between
biopolymers (Perez et al., 2015). As it was mentioned previously, z
potential results for OVA, HMP and OVA-HMP systems support this
result (Table 1). Besides, it was observed that RET binding caused a
significant increase in final dH for OVA-HMP system, being this
286 ± 18 nm (p < 0.05). However, practically no difference in z
potential value was observed for OVA-HMP and OVA-RET-HMP
systems, suggesting RET binding did not influence on electrical
properties of OVA-HMP nanoparticles.

PSD analysis for OVAn and OVAn-RET complexes at pH 4.0 could
not be performed due to the gradual particle sedimentation at the
bottom of the measurement cell. However, as it can be noted in
Fig. 3A, PSD analysis was performed at pH 6.0 yielding the following
dH data: 197 ± 3 nm (98%) and 353 ± 9 nm (96%), for OVAn and
OVAn-RET complexes, respectively. Visentini et al. (2016) reported
that OVAn is able to bind ~83 RET molecules per OVA monomeric
unit in two kinds of RET binding sites, being one of them of higher
affinity order (105 M�1). Hence, the increased particle size observed
for OVAn-RET complexes would be directly linked to the OVAn
ability for binding RET. Regarding to the electrical properties of
OVAn-RET nanocomplexes, Table 1 shows that RET binding did not
modified significantly OVAn z potential value (p > 0.05), suggesting
that colloidal stability of OVAn-RET nanocomplexes is mainly
governed by the electrical behaviour of aggregated protein,
Following the same procedure described below, BNPs for RET
vehiculization were obtained by HMP deposition onto the OVAn-
RET nanocomplexes surface. As it was discussed in previous



Fig. 5. Retinol (RET) photochemical decomposition (%) as a function of time (h): (A)
OVA-RET complex ( ) and OVA-RET-HMP complex ( ) at pH 4; (B) OVAn-RET complex
( ) and OVAn-RET-HMP complex ( ) at pH 6.0. Controls: ( ) pure RET in darkness
(RETdark), ( ) pure RET in light (RETlight). Conditions: Protein concentration: 6.7 mM
(0.028 wt.%), RET concentration: 670 mM, HMP concentration: 0.014 wt.%, Tempera-
ture: 25 �C. Experiments were performed using a fluorescent lamp (BAW, 65 W, 750
lm, 6400 K), with exception of RETdark control. Values are showed as mean ± standard
deviation.
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section, at pH 6.0, the OVAn-HMP system could be characterized by
hybrid supramolecular entities or soluble complexes formed
through a weak electrostatic interaction between HMP anionic
groups and some OVAn cationic surface patches. For OVAn-HMP
system, a dH of 231 ± 0 nm (91%) was registered, being this an in-
termediate size between OVAn (197 ± 3 nm) and HMP ones
(990 ± 65 nm). This result support the idea that some level of
electrostatic interaction between biopolymers occur in OVAn-HMP
system at pH 6.0 (Benichou et al., 2007; Perez, Carrara, S�anchez,
Rodríguez Patino, & Santiago, 2009). Besides, this result is sup-
ported by the magnitude of z potentials, as it can be deduced from
Table 1. For OVAn-RET-HMP system, PSD analysis yielded in dH of
376 ± 10 nm,whichwas significantly higher than the one registered
for OVAn-HMP system (p < 0.05). Moreover, it was noted that RET
binding practically not alter the OVAn-HMP z potential (Table 1).

On the other hand, one question that arises from the analysis of
OVAn-HMP systems at pH 6.0, would be if the OVA aggregation
(OVAn formation) could be responsible for the observed
biopolymer interaction behaviour. To check this hypothesis, PSD
and z potential for OVA-HMP and OVA-RET-HMP systems were
determined at pH 6.0, as it is shown in Fig. 4 and Table 1, respec-
tively. At pH 6.0, a similar PSD behaviour to the one registered at pH
4.0 was observed, registering a first peak at 9 ± 1 nm (94%) and a
second one at 52 ± 2 nm (6%). This result could suggest no
conformational changes in OVA second and tertiary structure are
registered as a consequence of pH changes (Kang, Ryu, Park,
Czarnik-Matusewicz, & Jung, 2014). For OVA-RET system, a dH of
239 ± 0 nmwas registered, highlighting the increased particle size
as consequence of RET complexation. At pH 6.0, OVA-RET nano-
complexes showed a slight increase in z potential value in com-
parison with pure OVA (Table 1). The same behaviour was found at
pH 7.0 (data not shown). For OVA-HMP and OVA-RET-HMP systems,
PDS analysis yield the following dH data: 46 ± 4 nm (88%) and
252 ± 6 nm (96%), respectively, suggesting HMP addition caused a
significant increase in OVA and OVA-RET complexes sizes. These
findings would indicate the existence of some interactions between
biopolymers. However, according to Table 1 for these systems, z
potential values were�28 ± 1 and�27 ± 1 mV, respectively, which
could indicate that electrical properties of these ones are strongly
determinated by HMP anionic character (�28 ± 1 mV). Hence, ac-
cording to these results it could deduce that at pH 6.0, electrostatic
interactions in OVA-HMP and OVA-RET-HMP systems would be
weaker that the ones observed for OVAn-HMP and OVAn-RET-HMP
systems, possible due to HMP net charge was not modified under
interaction. So, it is proper to think that OVA aggregation could alter
the mode in which biopolymer electrostatically interact at pH 6.0.

In summary, according to PSD and z potential results, it can
conclude that RET binding promoted a slight increase in dH, but not
alter significantly the BNPs electrical properties, which seemed to
be strongly influenced by the HMP anionic character. These findings
are in agreement with the ones discussed in the previous section,
and in general, they could be linked with the higher colloidal sta-
bility observed for these RET vehiculization systems (Lesmes &
McClements, 2009; Perez et al., 2015).

3.3. Retinol photochemical stability

It is well known that under certain environmental conditions,
light and oxygen promote RET photochemical decomposition by
means of formation of inactive species, which adversely affects its
bioavailability (Failloux, Bonnet, Perrier, & Baron, 2004). As it was
initially mentioned, OVA and OVAn ability for binding RET was
reported in Visentini et al. (2016). Moreover from such study, it was
elucidated that RET photochemical stability strongly depended on
the aqueous medium pH and OVA aggregation state. Nevertheless,
hypothesis if polysaccharide addition could improve RET photo-
chemical stability through favorable interactions with OVA and
OVAn remained unsolved. This hypothesis was addressed in this
section.

The effect of HMP addition on RET photochemical decomposi-
tion (%) for OVA-RET (at pH 4.0) and OVAn-RET nanocomplexes (at
pH 6.0) is shown in Fig. 5A and B, respectively. Moreover, results for
RET photochemical decomposition at 30 h examination and initial
DO (mg DO/L) values are reported in Table 2. Firstly, RETdarkness and
RETlight controls should be analyzed. For RETdarkness control, it was
noted that RET decomposition linearly increased up to 9 h, from
which it remain practically constant up to 30 h examination
(17.0 ± 1.0%). Hence, result suggest that RET photochemical
decomposition due to the DO took place during the first 9 h of
testing. In the same way, for RETlight control, RET decomposition
linearly increased up to 9 h, and then RET decomposition pro-
gressed at a lower rate up to reach 33.0 ± 1.0%. For this control, the
same DO content should be considered (4.1 ± 0.0 mg DO/L).
Therefore, it can suggest that RET decomposition is firstly
controlled by DO, and in second place by light. This finding is in
agreement with a previous report, highlighting that oxygen



Table 2
Initial dissolved oxygen concentration (DO mg/L) and retinol (RET) photochemical
decomposition (%) at 30 h for 50 mM phosphate buffer, OVA and OVA-HMP pH 4,
OVA-HMP, OVAn and OVAn-HMP pH 6. Conditions: Protein concentration: 6.7 mM
(0.028 wt.%), RET concentration: 670 mM, HMP concentration: 0.014 wt.%, Temper-
ature: 25 �C.

Systems RET Decomposition at 30 h (%) DO (mg DO/L)

RETdarkness 17.2 ± 1.2b 4.1 ± 0.0a

RET light 33.8 ± 1.5f 4.1 ± 0.0a

OVA-pH 4 27.1 ± 0.2e 3.9 ± 0.1a

OVA-HMP-pH 4 25.0 ± 0.2d 4.6 ± 0.5b

OVA-HMP-pH 6 28.4 ± 1.2e 5.1 ± 0.1c

OVAn-pH 6 23.2 ± 0.4c 4.3 ± 0.1a,b

OVAn-HMP-pH 6 14.1 ± 0.5a 4.7 ± 0.3b,c

Values are showed as mean ± standard deviation and different letters in each col-
umn indicate statistical differences (p < 0.05).
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enhance RET photodegradation (Failloux et al., 2004).
As it can be observed from Fig. 5A, RET decomposition for OVA-

RET nanocomplexes at pH 4.0 was quite similar to RETlight up to
about 24 h, from which take place a RET decomposition less pro-
nounced up to reach 27.1 ± 0.2%. For this system, 3.9 ± 0.1 mg DO/L
was registered. This DO content was similar that the one obtained
for RETdarkness (p > 0.05), which would suggest that slight protec-
tive effect is mainly due to the OVA-RET complexation.

For OVA-RET-HMP nanoparticle it was noted that RET decom-
positionwas lower than RETdarkness up to 9 h analysis, fromwhich it
progressed in the same way that RETlight until 16 h examination.
Then, at the end of testing, a slight decrease in RET decomposition
(25.0 ± 0.2%), in comparison with OVA-RET nanocomplex
(27.1 ± 0.2%.) was observed. DO determination for OVA-RET-HMP
system yielded 4.6 ± 0.5 mg DO/L, being this significantly higher
than controls. In spite of this, HMP deposition onto the surface of
OVA-RET nanocomplexes would seem to improve slightly the RET
protection against DO and light.

On the other hand, as it can de deduced from Fig. 5B, OVAn-RET
nanocomplexes at pH 6.0 caused an increase in RET decomposition
at short times, suggesting that some RET molecules exposed onto
OVAn surface are firstly deteriorated. Then, RET decompositionwas
similar to RETlight control up to 18 h examination, from which a
significant reduction in RET decomposition was registered
(23.3 ± 0.4%). DO value for this systemwas 4.1 ± 0.1 mg DO/L, being
this similar to the one obtained for RETdarkness (p > 0.05), suggesting
that RET stability could be mainly attributed to the complexation
with OVAn. Finally, for OVAn-RET-HMP nanoparticle it was regis-
tered that RET decomposition profile was similar to RETdarkness
control up to 9 h, from which a significant reduction in RET
decompositionwas registered until 30 h of testing (14.1 ± 0.5%). For
this system, 4.7 ± 0.3 mg DO/L was obtained, being this quite higher
than the one obtained for the control. Therefore, this finding
strongly support the hypothesis that HMP deposition onto OVAn-
RET nanocomplex surface significantly improve RET photochem-
ical stability against DO and light. Moreover, at pH 6.0, OVAn-RET-
HMP systemwasmore effective than OVA-RET-HMP system for RET
photochemical preservation (as it can be deduced from Table 2).
This result could be interpreted considering the OVAn particular
mode to bind RET and to interact with HMP for BNPs obtention.
Furthermore, these OVAn properties would be directly linked with
their denatured/aggregated state. It is clearly evident that OVAn-
RET-HMP nanocomplexes were the most effective system to pre-
serve RET photochemical stability, which would turn them in
promising systems for RET vehiculization in aqueous solution at pH
6.0.

Mixed systems with HMP had higher DO contents than RET
controls, which could be explained considering increased oxygen
incorporation during systems preparation. As it can be observed in
Table 2 and Fig. SM 1 of Supplementary Material, there was not a
clear relationship between RET photochemical decomposition and
DO concentration, remarking that observed RET protective effect
would be mainly attributed to the vehiculization in BNPs.

4. Conclusions

Hypothesis that a polysaccharide deposition onto the protein-
RET nanocomplex surface could improve their vehiculization and
photochemical stability in aqueous medium was addressed in this
work. The assumption was confirmed, highlighting a number of
considerations relevant from a practical point of view. Colloidally
stable biopolymer nanoparticles (BNPs) for RET delivery can be
tailor-made by controlling aqueous medium pH and protein ag-
gregation state. It is worthy to remark that nanosized OVA aggre-
gate can promote BNPs obtention (at pH 6.0) with better properties
to vehiculize and to preserve RET in comparison with native OVA.
However, BNPs based on native OVA could find suitable applica-
tions at pH 4.0. Information derived from this paper could be useful
for the development of RET-fortified food formulations and stra-
tegies for vehiculization and protection of other sensitive lipophilic
compounds.
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