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The aim of this work was to build, to isolate and to characterize, core–shell microparticles composed of a
core of thermally aggregated b-lactoglobulin (b-lg) covered by a shell of carboxymethylcellulose (CMC).
The core–shell particles were obtained by mixing (b-lg)n and CMC solutions at pH 7 and finally, decreasing
the pH up to 4, promoting the adsorption of CMC on the protein core due their opposite electric charge. The
core–shell microparticles were characterized by static laser light scattering (SLS), optical microscopy and
atomic force microscopy (AFM). At pH 4, (b-lg)n showed a diameter �200 nm, but after adding the poly-
saccharide had a diameter �1 lm. The microscopy corroborated the data obtained by SLS measurements.
Core–shell microparticles could be isolated by lyophilization and potentially applied as a fat replacement
and/or a delivery systems for encapsulated substances in food formulations.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Into the food science and technology field, the definition for
core–shell structures includes particulate systems made from bio-
compatible polymers, as proteins and polysaccharides or lipids.
The core is formed by one of them and the shell, surrounding the
core, is composed by other chemical specie. Particles with core–
shell structures have been used to ensure materials with at least
two kinds of properties, i.e., one endowed by the core and the other
by the shell (Mandal et al., 2013). The core–shell systems have a
great number of applications, in the pharmaceutical industry and
in the nutraceutical development. They can be used for encapsulat-
ing, protecting and for exerting a controlled delivery of bioactive
components as minerals, peptides, proteins, enzymes, drugs, lipids
or dietary fibers (Chen et al., 2006; Elzoghby et al., 2011; Emerich
and Thanos, 2007; Goldberg et al., 2007; Kulkarni et al., 2005;
Ubbink and Kruger, 2006). Core–shell particles that can mimic
the lipids drops in foods deserve a special mention, because of their
properties for light dispersion, enhance viscosity and to give the fat
sensation into the mouth. Thus, this particles find a new applica-
tion as fat substituent (Santipanichwong et al., 2008).

One way to achieve the core–shell microparticles construction
can be by mixing proteins aggregates previously formed and
polysaccharides solutions at pH and ionic strength in which both
species have opposite electrostatic net charge between the
molecules (Turgeon et al., 2003). As such an association can be
reversible when the solution pH or ionic strength are changed
(Coviello et al., 2007; Lakkis and Thies, 2007), this kind of particles
should have a well defined range of the medium conditions for the
structural integrity maintenance.

For the core–shell structures, several proteins have been used,
for instance caseins (Dalgleish, 1990), and globular proteins as
those derived from whey, egg and soy, which are capable to self-
associate under conditions where protein–protein interactions
are favoured (Akkerman et al., 2007; Broersen et al., 2006) and
the result is the aggregate formation. The size and the concentra-
tion of these particles can be controlled by pH, ionic strength, tem-
perature, stirring time, etc. Among the polysaccharides, modified
starch, alginate, dextran, cellulose derivatives and hyaluronic acid
were mainly used for the core–shell microparticle construction
(Ilgin et al., 2011; Laville et al., 2013; Mirabedini et al., 2012;
Murúa-Pagola et al., 2009; Wu et al., 2013).

Carboxymethylcellulose (CMC) is an anionic cellulose derivative
with carboxymethyl groups bound to the hydroxyl groups of the
glucose unit. CMC being water soluble (Su et al., 2010) is the more
important cellulose derivative for the industry (Heinze and Liebert,
2001). Some examples of its applications in the food industry are:
as a thickener because of its water binder capacity, in the oil indus-
try as a lubricant for drilling, and in the cosmetic industry as a
stabilizer and a binder, since it is non-toxicity, biodegradable and
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biocompatible (Lee et al., 2009). It posses good barrier properties, it
is non-toxic and a relatively low price (Vásconez et al., 2009).

Bovine b-lactoglobulin (b-lg) is a globular whey protein mem-
ber of the lipocalin family with a molar mass about 18.4 kDa and
a diameter of 4 nm (Aymard et al., 1999). This protein has been
studied extensively with a wide range of techniques due to a great
commercial importance to the food industry. At temperatures
higher than 60 �C the protein denatures and aggregates irrevers-
ibly. This aggregation is dependent on pH. The isoelectric point of
b-lg is around 4.8–5.2 (Harnsilawat et al., 2006), so the size of
b-lg aggregates (b-lg)n is different at pH above and below pI
(Hoffmann and van Mil, 1999; Mehalebi et al., 2008; Schokker
et al., 2000, 1999; Sharma et al., 1996; Surroca et al., 2002; Verheul
et al., 1998).

The approach used in the present work implied, to form firstly a
core of (b-lg)n by heating the protein solutions and secondly the
shell deposition by promoting the electrostatic union of the CMC
molecules on the previously formed core. Then the core shell
microparticles were submitted to a lyophilization process in order
to isolate them. This process has been commonly used to formulate
food products into solid forms to overcome the instability induced
by storage conditions and expanding the materials shelf life.

Therefore the aim of this work was to obtain and characterize
core shell microparticles constituted by a (b-lg)n core and a CMC
shell. The potential changes induced by lyophylization and
rehydration on the particles in their size and morphology were also
analyzed.
2. Materials and methods

2.1. Materials

BioPURE b-lactoglobulin (b-lg) was supplied by DAVISCO Foods
International, Inc. (Le Sueur, Minnesota, United States). Its compo-
sition was: protein (dry basis) 97.8% being b-lactoglobulin 93.6% of
total proteins, fat 0.3%, ash 1.8% and moisture 5.0%. Carboxymeth-
ylcellulose (CMC), commercially named E466, was provided by
C-DIA S.R.L. Argentina with a degree of substitution 0.75–0.95,
purity 99.5% and moisture 10%. Molar mass of CMC is 17,000 Da
with a degree of polymerization equal to 100 determined accord-
ing to European Directive 1996/77/CE (1996) for CMC. Viscosity,
measured on 1% aqueous solution of CMC, at 25 �C, was
4000 ± 400 cP as determined by Brookfield RVT viscometer
(20 rpm sp 3). Coomassie Brillant Blue G250 used to stain the solu-
tions for optical microscopy measurements was supplied by Fluka
Chemika (Switzerland).
2.2. Solutions preparation

b-lg (0.25%, 0.5% and 1%) and CMC (0.005–0.6%) aqueous
solutions were prepared freshly and separately by dissolving the
proper amount of powder in Milli-Q ultrapure water at room tem-
perature and gently stirring for 30 min in a magnetic stirrer IKA�

C-MAG HS7 (China). After that, solutions were filtered through
0.45 and 0.22 lm microfilters (Whatman International Ldt,
Maidstone, England). pH was adjusted at the required value, which
oscillated between 2 and 7, with 0.1 or 1 N of NaOH or 0.1 or 1 N of
HCl. To avoid bacterial growth 0.02% wt NaN3 was added. Finally
the solutions were kept 24 h at 4 �C to achieve the maximum pro-
tein and polysaccharide molecules hydration.

For the case of (b-lg)n, construction b-lg 0.25% (wt) aqueous
solutions were heated at 80 �C for 15 min at pH 7. Aggregates, very
well defined in size, kept suspended in the aqueous media were
obtained under such conditions (Santipanichwong et al., 2008).
After heat treatment, the samples were immediately put into a
bath containing water/ice.

2.3. (b-lg)n and CMC particle size determinations

Dynamic light scattering experiments were carried out in a dy-
namic laser light scattering (DLS) (Zetasizer Nano-Zs, Malvern
Instruments, Worcestershire, United Kingdom) with a measure-
ments range of 0.6 nm to 6 lm, provided with a He-Ne laser
(633 nm) and a digital correlator, Model ZEN3600. Measurements
were carried out at a fixed scattering angle of 173�. Samples were
contained in a disposable polystyrene cuvette. In DLS, the sample is
illuminated with a laser beam and the intensity of the resulting
scattered light produced by the particles fluctuates at a rate that
is dependent upon the size of the particles. Analysis of these inten-
sity fluctuations yields the diffusion coefficient of the particle and
hence the particle size using de Stokes–Einstein equation Eq. (1)
(Berne and Pecora, 1976):

RH ¼
k � T

6 � p � g � D ð1Þ

where d(H) is the hydrodynamic diameter; D is translational diffu-
sion coefficient; k is Boltzmann’s constant; T is absolute tempera-
ture and g is viscosity.

To obtain size information the CONTIN approach was applied,
by which the data for percentile distribution of particle/aggregate
sizes is obtained. This size distribution is a plot of the relative
intensity of light scattered by particles in various size classes and
it is therefore known as an intensity size distribution. Through
Mie theory, it is possible to convert the intensity distribution to
volume distribution, which is important to analyze in order to
understand the relative significance of each peak, due to the peaks
of higher size generate greater intensity than the smaller ones
because the intensity is proportional to the square of the molar
mass (Malvern-Instruments; Navarra et al., 2007).

For DLS determinations, protein and polysaccharide solutions
were previously filtered through a 0.45, 0.22 and 0.02 lm
microfilter (Whatman International Ltd., England). The assay was
performed in triplicate on three individual samples.

2.4. f-Potential measurements

f-Potential measurements were also performed in a dynamic
laser light scattering instrument (Zetasizer Nano–Zs, Malvern
Instruments, Worcestershire, United Kingdom). The f-potential
was evaluated from the electrophoretic mobility of the particles.
The conversion of the measured electrophoretic mobility data into
f-potential was done using Henry’s equation Eq. (2) (Hunter, 2001):

Ue ¼ 2eff ðKaÞ=3g ð2Þ

where Ue is the electrophoretic mobility, e the dielectric constant, g
the sample viscosity and f (Ka) the Henry’s function. The reported
values are the average and standard deviation of three
measurements.

To perform these determinations, previously filtered solutions
were put into disposable capillary cells, (DTS1060, Malvern Instru-
ments, Worcestershire, United Kingdom).

2.5. Core–shell microparticle construction and size determination

The core–shell microparticles were prepared by applying the
electrostatic deposition concept (Jones and McClements, 2011).
To this end the appropriate volume of each double concentrated
(b-lg)n suspension and CMC solution, were mixed up to achieve
the required final concentration. The suspension of (b-lg)n and
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Fig. 1. Intensity (A) and volume (B) size distribution of (b-lg)n at pH: (h) 2, (d) 4,
(O) 6 and (I) 7. Temperature for DLS measurements 25 �C.

L. Carpineti et al. / Journal of Food Engineering 131 (2014) 65–74 67
CMC solutions were mixed at pH 7.0; where the possibility of elec-
trostatic interactions was reduced because of net negative charge
of both biopolymers at this pH value. Then, the pH of the mixture
was carefully decreased up to 4.0, promoting thus the electrostatic
adsorption of the positive polysaccharide on the negative charged
(b-lg)n surface.

2.5.1. Particle size determination
Particle size distribution of core–shell microparticles was deter-

mined by static light scattering (SLS) using a Mastersizer 2000
device equipped with a Hydro 2000MU as dispersion unit, from
Malvern Instruments Ltd (Worcestershire, UK). The pump speed
was settled at 1300 rpm. The refractive index (RI) of the disperse
phase (1.354) and its absorption parameter (0.001) were used.
Particle size is reported as D32 and D43 diameters. D32 is the
volume–surface mean diameter or Sauter diameter (D32 = Rnid

3
i /

Rnid
2
i ) where ni is the number of particles of diameter (Huang

et al., 2001; Leroux et al., 2003). D43 is the equivalent volume-mean
diameter or De Broucker diameter (D43 = Rnid

4
i /Rnid

3
i ), where ni is

the number of particles of diameter di (Galazka et al., 1996; Gu
et al., 2005; Güzey et al., 2004; Huang et al., 2001; Leroux et al.,
2003). The particle sizes are reported as the average and standard
deviation of 10 readings made on two independently prepared
samples.

2.5.2. Optical microscopy
Images of (b-lg)n and core–shell microparticles were taken using

an Olympus Corp. microscope model BX43 (Tokyo, Japan) equipped
with a digital camera (Q-Color 3C, Canada). The following Olympus
objective lenses were used: 40x y 100x, For labeling the protein
molecules few drops of Coomassie Brillant Blue solution 0.02%
(w/v) was added to each solution. This colorant, derived from trim-
ethylmethane, has a big affinity with protein molecules. Digital im-
age files were acquired in multiple.tif format in 1024 � 1024 and
512 � 512 pixel resolutions by image acquisition software
(Qcapture pro� 6.0, QImaging, Canada) also from Olympus Corp.

2.5.3. AFM images
The methodology proposed by (Lavaggi et al., 2010) was fol-

lowed. Briefly, 5 lL of each suspension, 1 � 10�6% (wt), were put
to a freshly cleaved mica and then adsorbed to a surface (glued
to steel disks), allowed to incubate at room temperature, and ad-
sorbed to a freshly cleaved mica surface (glued to steel disks). Then
gently washed with Milli-Q water, and dried under a gentle stream
of filtered, dry nitrogen. In some cases, the samples were further
dried under vacuum. AFM imaging was performed on a Vecco-
Digital Instruments microscope, model Multimode (MMAFM)
NanoScope IIIa-Quadrex, with a vertical J scanner having a maxi-
mal lateral range of approximately 150 lm. All images that are
shown were analyzed by tapping in air. Standard silicon cantilevers
125 lm in length were used for all tapping in air images. The
cantilever oscillation frequency was tuned to 280–320 nm, and
samples were scanned at 3–5 lines/s. Images were processed by
flattening (using NanoScope software) to remove background
slope. Experiments were carried out in a temperature controlled
room at 20 ± 1 �C, with acoustic hood isolation and active vibration
damping.

2.6. Core–shell microparticles isolation and freeze-drying effects

50 mL of the suspensions under analysis were put into Petri
dishes and frozen by immersion in liquid nitrogen (�196 �C) and
freeze dried in a Heto Holten A/S, cooling trap model CT 110
freeze-dryer, Heto Lab Equipment, Denmark, operating at a
condenser plate temperature of �111 �C, a chamber pressure of
30 Pa, and shelf temperature of 25 �C. The secondary drying was
also performed at 25 �C. The moisture content of the samples
was subtracted to the amount of water added to reach the original
core–shell concentration in the rehydrated suspension. Powders
moisture content was determined as indicated by the NTC
529-ISO 6731 method (1989).

In order to analyze the possible changes induced by the freeze
drying process on the core shell microparticles size distribution,
their integrity and morphology, the powders were rehydrated in
ultrapure water, pH 4, and the procedures detailed in Sections
2.5.1–2.5.3 were followed.

3. Results and discussion

3.1. Single biopolymer characterization by size

3.1.1. (b-lg)n

(b-lg)n, which constituted the core of the core–shell microparti-
cles, were generated under controlled conditions of temperature
and time. A study of the b-lg aggregates size distribution under con-
ditions of variable pH was performed by DLS, which allowed evalu-
ating the particle size distribution (Fig. 1). At this respect, the
intensity size distributions (Fig. 1A) showed bimodal behavior at
pH 2 and 7, with maximum values at 4 nm. Populations with peaks
corresponding to the highest sizes felt between 20 and 200 nm.
However, the number of particle with the highest sizes was negligi-
ble as can be deduced from the volume size distribution (Fig. 1B).
On the other hand, the heated b-lg solutions at pH 4 and 6,
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presented only one peak at higher sizes with maximum values at
1500 and 200 nm for pH 4 and 6, respectively, which were also
present in the volume size distributions (Fig. 1B), in coincidence
with other reports (Aberkane et al., 2012; Lesmes and McClements,
2012). Two reasons were decisive to choose the pH 6 for the protein
solution heating: (1) The highest amount of protein monomer
associated, i.e. the majority native b-lg molecules reacted forming
(b-lg)n, and (2) the particle size distribution expressed in volume
indicated no presence of aggregates lower than 10 nm in diameter.
In line with this finding, Mehalebi et al. (2008) pointed out that sta-
ble soluble aggregates were formed in a reproducible way into the
pH ranged between 5.8 and 9.0.

3.1.2. CMC
Polysaccharide size distribution was also determined from

0.01% wt, solutions, at its natural pH. This concentration was cho-
sen just for methodological reasons, since at higher concentrations
the polysaccharide solutions manifested very high viscosities and
the DLS measurements lose accuracy. The macroscopic aspect of
the polysaccharide solution did not vary with the pH solution
(not shown). On the other hand, they showed high dependence
of the CMC size distribution on the pH medium (Fig. 2). Thus, at
the natural pH obtained just after CMC dissolution a predominant
peak in the intensity size distribution was observed (Fig. 2A) with a
maximum value at 150 nm; however, when the result was
analyzed by volume (Fig. 2B) two peaks are present, a predominant
1
0

5

10

15

20

25

V
ol

um
e 

(%
)

(B)

Particle diamenter (nm)

1

10 100 1000 10000

10 100 1000 10000

0

5

10

15

20

25

 Particle diamenter (nm)

In
te

ns
ity

 (
%

)

(A)

Fig. 2. Intensity (A) and volume (B) size distribution of CMC aqueous solutions
(0.01% wt) at pH: (d) 2, (h) 4, (O) 6 and (I) 7. Temperature for DLS measurements
25 �C.
peak at 15 nm and the other with size between 40 and 300 nm. At
pH 6, CMC shows a multimodal behavior in both intensity and vol-
ume size distributions. In the first plot, the main maximum values
peaks were 40 and 300 nm and a little peak at 10 nm, while in vol-
ume plot predominated the peaks with the lower maximum values
(at 10 and 40 nm), suggesting that the peak of 300 nm is negligible
in number. The intensity and volume size distribution at pH 4 was
bimodal with maximum values at 40 and 300–400 nm. And finally,
at pH 2 the CMC behavior was monomodal with maximum value
close to 300 nm.

3.2. Core–shell microparticles construction

In order to find the adequate pH conditions for core–shell
microparticles constitution, single species previously characterized
in terms of size, were analyzed comparatively in terms of surface
charge. Fig. 3 shows the f-potential values for both, (b-lg)n and
CMC aqueous solutions, as a function of pH. It can be seen that
f-potential varied between �54.5 mV at pH 7 and 26.4 mV at pH
2 for (b-lg)n, with a point of zero charge around pH 4.5. (b-lg)n

behaved similarly to native b-lg solutions without heating which
have a pI between 4.6 and 5.2 (Bromley et al., 2005; Harnsilawat
et al., 2006; Santipanichwong et al., 2008). The electrical charge
of CMC solutions ranged between 6.75 mV and �26.6 mV. The glo-
bal surface charge corresponding to zero for CMC was around pH
2.25, which keep correspondence with the low pKa values of the
anionic groups (–COO�) of this polysaccharide (Chanasattru et al.,
2009; Hansen et al., 1971). The analysis of f-potential-pH curves,
superimposed for both species (Fig. 3), allowed to establish the
optimum pH range for the electrostatic deposition of the CMC mol-
ecules on the (b-lg)n, which was between 2.25 and approximately
4.25 (gray zone in Fig. 3). Thus, pH 4.0 was selected due to practical
benefits since it was more easily adjusted. As the pH was reduced,
the number of cationic groups on the (b-lg)n increase which
induced the electrostatic attraction with the polysaccharide
anionic groups.

In practice, the electrostatic adsorption of CMC on the protein
aggregates generated structures of a higher size, whose dimensions
clearly fell into the so called microscale (>1 lm) (Ho et al., 2013).

3.2.1. Characterization by size
Static light scattering principle was applied for their character-

ization. Fig. 4 shows the results concerning to the effects of the
polysaccharide concentration on the (b-lg)n particle size distribu-
tion. Several CMC bulk concentrations were assessed, only four of
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them are shown in the figure for the clarity sake, i.e. 0.02%; 0.04%;
0.15% and 0.3%. Two principal populations can be observed for the
(b-lg)n + CMC systems when the amount of polysaccharide was
lower than 0.15%. At CMC concentrations 0.15% or higher, two ef-
fects were observed as the polysaccharide concentration increased:
the size distribution tended to be monomodal and the global distri-
bution of particle size was shifted to lower values. The increase in
the polysaccharide concentration exerted such a gradual effect in
the particle size distribution, that even a shoulder could be
observed at 0.15% of CMC, whose peak corresponded to 1.5 lm.
Thus, at the maximum polysaccharide concentration (0.3%, wt),
the measured range of particle size was between 0.1 and 3 mm,
no shoulder was detected. The particles size decreased remarkably
after CMC adsorption at the (b-lg)n surface.

D43 is a parameter related to the volume occupied by the
particles and therefore it is more sensitive to the particle size
changes (Arzeni et al., 2012). Table 1 shows the variation for the
D43 diameter of the formed microstructure with variable CMC bulk
concentrations. In the absence of CMC, the D43 diameter of (b-lg)n

showed the lowest value, which manifested an increase as the
polysaccharide concentration increase. The maximum values
corresponded to the mixture containing 0.04% and 0.075% (wt) of
polysaccharide; these values being statistically different kept
resemblance from a practical point of view. The reversibility for
the D43 at lower values when the CMC concentration was
0.15–0.3% (wt), can be interpreted as the complete coverage of
the surface protein nanoparticle by the polysaccharide as was
previously pointed out by Santipanichwong et al. (2008).

Low CMC concentration provoked an increase in D43 diameter,
i.e. the amount of the polysaccharide would induce the aggregation
Table 1
D43 and span values resulting from the particle size determinations for the
(b-lg)n + CMC mixed systems. Measurements conditions: pH 4, temperature 25 �C.

CMC concentration (% wt) D43 (lm)* Span*

0 0.29 ± 0.01a 1.08 ± 0.03a

0.005 14.65 ± 2.04b 59.22 ± 2.30e

0.01 25.82 ± 2.88c 42.56 ± 7.29d

0.02 50.79 ± 4.37d 2.08 ± 0.05ª,b

0.04 275.53 ± 24.20e 2.27 ± 0.06ª,b

0.075 198.76 ± 12.20f 5.74 ± 0.21c

0.15 0.59 ± 0.01a 3.23 ± 0.01b

0.30 0.73 ± 0.01a 2.68 ± 0.09ª,b

* Different letters indicate significant differences (p < 0.05).
of several (b-lg)n units. At higher CMC concentration, the contribu-
tion of populations of highest sizes to the global size distribution
(Fig. 4) remarkable decreased and consequently the D43 values also
decreased. Such an effect can be explained as the decrease in the
bridging flocculation, in analogy to the food emulsion science, at
the higher CMC concentration. Briefly, the long polysaccharide
chains are able to bind more than one protein aggregate, which
can form clusters. In bridging flocculation the electrically charged
biopolymers are capable of adsorbing to the surfaces of oppositely
charged nanoparticles through electrostatic interactions and pro-
mote flocculation due to charge neutralization and bridging effects.
Bridging flocculation is most pronounced at polysaccharide con-
centrations where the particle surfaces are only partially covered
(Anarjan and Tan, 2013; Santipanichwong et al., 2008).
50 µm50 µm

Fig. 5. Optical microgrpahs of (A) (b-lg)n, (B) (b-lg)n + CMC 0.04% wt, and (C)
(b-lg)n + CMC 0.3% wt.



Table 2
D43 and span values resulting from the particle size determinations of core–shell
microparticles with different CMC concentration, after lyophylization. Measurements
conditions: pH 4, temperature 25 �C.

CMC concentration (% wt) D43 (lm)* Span*

0.15 264.39 ± 2.70a 2.30 ± 0.03a

0.30 150.15 ± 21.46b 3.95 ± 0.64b

* Different letters indicate significant differences (p < 0.05).
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As the polysaccharide concentration increases, the link to the
most of the negative groups of several polysaccharide molecules
to the surface of one aggregate will be favor (Gregory and Barany,
2011). This implies that the CMC molecules in the bulk mixed
solution are enough to completely saturate the surface the (b-lg)n

constituted a stable suspended system, for instance the core–shell
microparticles. The resulting microparticles posses the surface
charge of the polysaccharide and keep stable and soluble into the
solution bulk as the electrostatic repulsion is favored. Similar
behavior was reported for other protein-polysaccharide systems
(Güzey et al., 2004; Santipanichwong et al., 2008). It can be
concluded that the polyelectrolyte concentration is a parameter
of outmost importance, in terms of enhancing the stability of the
microparticles suspension for preventing bridging flocculation. As
in the particle size distribution profile, higher amounts of CMC
(0.3% wt) did not show remarkable variation in D43 in comparison
to mixed (b-lg)n + CMC systems containing 0.15% (wt) of the
polysaccharide.

The span index (Table 1), gives information about the distribu-
tion of sizes in the sample, thus the higher the polydispersity the
higher the range of distribution of sizes. A first trend could be
observed, samples become less homogeneous in terms of size as
the CMC bulk concentration increase, for instance 0.02% and 0.04%
(wt). Secondly, the polydispersity diminished at higher polysaccha-
ride concentrations. True core–shell microparticles with a low
polydispersity were set at CMC concentration higher than 0.15%
(wt) in line with the D43 variation. Spam index slightly increased
for these sample with the polysaccharide amount in comparison
with the single (b-lg)n, this effect could be attributed to the minimal
contribution of some bigger particles in the global distribution.
3.2.2. Microstructure
Optical microscopy, even being relatively simple, resulted a

powerful tool to get insight in the spacial arrangement of the
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microstructure and the interactions between the structural ele-
ments. Fig. 5 displayed such microstructural features. The colorant
Coomassie Brillant Blue reacts with high affinity with the protein
species staining them in blue. Thus, the (b-lg)n displayed an evenly
distributed pattern immersed into a homogeneous background
with no visible and segregated domains (Fig. 5A). On the other
hand, as the CMC used in the experiments was un-modified, non-
labeled, the structures potentially formed by the polysaccharide
were not actively visible. (b-lg)n segregated domains, increased
gradually in number with the CMC concentration (images not
shown). Fig. 5B represents an example of the biggest ones corre-
sponded to those containing 0.04% (wt) of CMC confirming clusters
formation by bridging flocculation. A remarkable similarity could
be noted between (b-lg)n and (b-lg)n + 0.3% microstructure
(Fig. 5C), showing correspondence with the results obtained for
D43 and the spam trends. A higher number of protein reach
domains spatially far apart were detected for the core–shell micro-
particles, although they seem to be slightly higher in size in the
picture, in comparison with (b-lg)n alone.

3.3. Microparticles isolation: lyophilization and rehydration

To determine the effect of lyophilization on the structural integ-
rity of the microparticles, size distribution measurements and
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microscopic examination of the freeze-dried and resolubilized
samples were performed. The process of freeze–drying of the
core–shell microparticles included three steps: freezing of the
microparticles suspension, primary drying (sublimation) and
secondary drying (desorption). The product was solidified by liquid
nitrogen addition, so that the water contained in the material is
converted into ice. Freezing is a key step which determines the
ice nucleation process and determines the morphology of the
frozen materials. Primary drying removes most free water by
sublimation, whereas secondary drying gets rid of the bound water
and results in low residual water content of the freeze-dried
product (Chen et al., 2010).

To restore core–shell particles suspension containing the exact
original concentration of microparticles, it was necessary to deter-
mine previously the water content in the lyophilized powder. Thus,
the moisture determination yields values ranged between 9.00%
and 9.64%, d.b. for the (b-lg)n and for (b-lg)n + CMC powders
(the variation coefficient for the moisture content data was always
lower than 10%). In this way, the mass of water contained in the
powder was subtracted from the amount of water added for the
microparticles rehydration.

This part of the work includes the data analysis concerning to
samples containing the amount of CMC that guaranteed the com-
plete coverage of the (b-lg)n core: 0.15% and 0.3%, wt.

3.3.1. Microparticles size distribution
A potential application of these core–shell microparticles would

be the encapsulation of bioactive compounds or drugs and their
further delivery, one of the most important factors to reach this
aim is the microparticle size (Ye et al., 2010). Fig. 6 shows in a com-
paratively way the microparticles size distribution before and after
lyophilization. First of all, it can be seen that the core–shell systems
presented a bimodal volume size distribution after drying (Fig. 6A
and B). The maximum peaks values were lower than 1 lm for the
first and close to 300 lm for the second one. The smallest particles
were dominant when the particle size distribution was analyzed in
number (Fig. 6C and D), indicating than the biggest population
exerted a limited contribution, for instance only one peak ranging
0.1 and 1 lm was found in the two studied systems.

On the other hand, D43, which can be more influenced for the
biggest particles, manifested increased values in comparison with
the same sample before being lyophilizated. This result would indi-
cate the association of entities after lyophilization and rehydration
(Table 2). It could be said that the magnitude of increment was
higher at the lowest CMC concentrations. The polydispersity of
systems with 0.3% of CMC was slightly increased after the freeze
drying process and rehydration (Table 2) in comparison to the span
values corresponding to these systems before drying process
(Table 1). The particle size and structural features of these systems,
i.e. stability of lyophilized core–shell microparticles can be deter-
mined by many technological factors, such as freeze-drying proto-
cols and the type of vials or the freeze-dryers. At this respect,
Morita et al. (2001) claimed that the degree of condensation during
the freezing might complicatedly affect the final sizes and even the
morphologies of the isolated particle.

3.3.2. Microstructure of resuspended microparticles
The lyophilized and rehydrated core–shell microparticles were

also analyzed by optical microscopy (Fig. 7) with the aimed of com-
paring the microstructure after the freeze drying. It could be ob-
served that the (b-lg)n (Fig. 7A) did not change radically its
general aspect after rehydration in comparison with the (b-lg)n

before lyophilization (Fig. 5A). The microstructure turned highly
heterogeneous with a great number of protein rich domains where
(b-lg)n presented a highly aggregated appearance when the CMC
amount was 0.04% (wt) (Fig. 7B), which is in line with the same
sample microstructure previous to be lyophilizated (Fig. 5B). These
data are coincident with those from static light scattering (data not
shown). Samples with a highest CMC concentration, which in turn
had assured the complete (b-lg)n core coverage (0.3% wt),
described an heterogeneous system (Fig. 7C) that differ from that
before drying (Fig. 5C). Thus, images exhibited loosely bound
protein aggregates.

Literature data seems to indicate that there is no a clear trend
concerning to the drying process effect on the core–shell systems.
Thus, previous works have reported that the possible changes in
morphology and microstructure of protein microgels or aggregates
structures were induced by the freezing rate. For instance, Shapiro
and Cohen (1997) stated that the freezing rate is known to
influence alginate gel structure rehydrated easier when freezing



Fig. 8. AFM micrographs illustrating, in the first column, the morphology of (A) (b-lg)n, (B) (b-lg)n + CMC 0.04% wt, (C) (b-lg)n + CMC 0.3% wt before lyophilization and
(D) (b-lg)n + CMC 0.3% wt after lyophilization. Second column corresponding to samples maximum peak to valley distances and the plots in the third column display their
relevant height profiles.
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was performed in liquid nitrogen rather than in a freezer. Mean-
while, alginate gel microspheres remained very crumpled after
rehydration, whatever the freezing process. On the other hand
DeGroot and Neufeld (2001) reported that chitosan-coated alginate
beads only partly recover their original diameter after lyophiliza-
tion and rehydration, rigid membranes possessing less ability to
be distorted. More recently, Callewaert et al. (2007) found that
the thick of propylene glycol alginate human serum albumin
particles shell behaved in the same way and appeared mostly
broken when frozen in liquid nitrogen.
3.3.3. Core–shell microparticles appearance: AFM
AFM images are showed in Fig. 8, where the analysis for the

considered samples is presented as: the first column show the pic-
ture obtained by the AFM technique, the second one shows the
length between the maximum and minimum height and the third
one describes the height and also the full width taken at half max-
imum diameter as determined through cross-sectional analysis of
a defined part of the image (200 nm). One should keep in mind that
the images show microparticles that persisted attached to the mica
surface after washing with water pH4 and dried with gaseous
nitrogen. The core–shell nanoparticles observed by AFM would
correspond to those located in the first part (smaller sizes) of the
first peak of Fig. 4. Thus, Fig. 7A, corresponding to the single
(b-lg)n, describes spherical shapes with an average height of
1 nm. This measure correspond to the height profile of uncovered
core, amplified as an average vertical height estimated at about
1 nm, although the maximum peak to valley distance was estab-
lished to be equal to 2.27 nm, which offered automatically given
by the image analysis software.

These features change when the protein core is combined with
the different amount of polysaccharide. Thus, Fig. 8B shows bigger
particles with an average height of 6 nm, confirming the associa-
tion of several (b-lg)n probably by the bridging flocculation effect
as explained before, being its peak to valley distance of 7.40 nm.
Fig. 8C, corresponding to microparticles constituted by (b-lg)n +
CMC 0.3%, wt, manifested a reduction for these parameters up to
1.5 nm for average height and a maximum distance for peak to
valley equal to 2.14, which practically identical to that of the
protein core (Fig. 8A). AFM imaging confirmed the complete core
surface coverage by 0.3% of CMC.

Lyophilizated core–shell particles (Fig. 8D) described general
topography similar to that before drying. The height profile and
peak to valley distance slightly increased. It can be said that from
the AFM results, it not resulted evident that the freeze drying pro-
cess of the core shell systems and their further rehydration had a
relevant effect on the morphology observed at the nanoscale. The
width for the isolated microparticles seemed to be slightly increase
as can be observed in the ‘‘x’’ axe of the high profile graph
corresponding to this sample.
4. Conclusions

Core–shell type microparticles could be designed and charac-
terized in terms of their structure. The optimal mass concentration
between the protein core and the CMC for stable core–shell micro-
structure formation could be determined, i.e. the polysaccharide
bulk concentration that assured the complete surface protein core.
The amount of the polysaccharide kept direct relation with the
particles size.

Firstly, the electrochemical and aggregation properties for the
core construction were studied. The union between the protein core,
of a controlled size, and the polyelectrolyte was verified. As such an
interaction was pH dependent, it was favoured when both species
presented opposite electrical charge. This fact keep technological
consequences as (b-lg)n + CMC core–shell microparticles could be
used in foods whose pH falls between the protein core pI and the
polysaccharide pKa. More specifically, these microparticles could
find application into food technology as fat replacers and/or encap-
sulating agent for different substances exerting controlled release.
The ‘‘world of acid foods’’ is wide; some examples are dairy prod-
ucts, fruit juices, dressings and desserts.

On the other hand, (b-lg)n + CMC microparticles could success-
fully isolated as a powder. The results obtained for the D43 values
and optical microscopy indicated some kind of aggregation after
lyophilization which can be minimal considering the particle size
distribution expressed in number. Meanwhile, the AFM results
did not evidence that such aggregation was extensive. The
lyophilization process applied to the microparticles isolation
deserves more insight in order to minimize the effects of aggrega-
tion, even it effect on the microparticles size and morphology was
limited, it could be improved. Finally, the electrostatic deposition
proved to be a useful strategy for generate microparticles with a
(b-lg)n core and a carboxymethylcellulose shell.
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