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Abstract Chlorogenic acids, the main polyphenolic group
present in coffee, which include the caffeoylquinic acids,
are recognized as antioxidants with growing interest in
pharmacological, cosmetic, and food applications.
However, they can be ecasily oxidized and they are also
very unstable when exposed to high temperatures.
Therefore, they can suffer transesterification reactions
during storage or food processing, limiting their applica-
tions. Nevertheless, this situation can be overcome or
minimized by microencapsulation. The purpose of the
present study was to prepare by a spray-drying process
sodium alginate and modified chitosan microparticles
with chlorogenic acid (3-CQA), characterize them (mor-
phological analysis), and evaluate the release profile of 3-
CQA from the microparticles in in vitro studies.
Furthermore, their antioxidant activity and moisture con-
tent were determined. The results address the success of
chlorogenic acid microencapsulation, resulting in stable
microparticles with controlled release properties and good
antioxidant activity, suggesting increasing applications in
food and pharmaceutical industry.
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Introduction

Coffee is one of the most consumed and commercialized food
products in the world. From a chemical point of view, it contains
several biologically active compounds (Moeenfard et al. 2014),
as polyphenols, with proven healthy effects in the human body
(Niseteo et al. 2012). Chlorogenic acids (CGAs) are the main
group of polyphenols present in coffee (Sato et al. 2011). CGAs
are phenolic compounds naturally formed by the esterification
of cinnamic acids, such as caffeic, ferulic, and p-coumaric acids,
with (—)-quinic acid (QA) (Ayelign and Sabally 2013; Duarte
et al. 2010; Monteiro and Farah 2012). CGAs are usually clas-
sified in three groups namely, caffeoylquinic acids (CQAs),
dicaffeoylquinic acids (diCQAs), and feruloylquinic acids
(FQAs), which are also known due to their contribution to the
astringency and bitterness of the final beverage (Ayelign and
Sabally 2013; Duarte et al. 2010; Monteiro and Farah 2012).

Apples, pears, berries, and prunes are some other examples
of their natural occurrence, although green coffee beans are
considered the richest natural source of CGAs with a content
of 5-12 g/100 g (Farah et al., 2008).

These compounds are highlighted due to their health ben-
efits on the human body (Cano-Marquina et al. 2013). CGAs
present relevant nutritional and functional properties mainly
associated with their antioxidant activity (Farah and
Donangelo 2006; Monteiro and Farah 2012). Moreover,
CGAs present other important activities such as anti-inflam-
matory, antimicrobial, and antiviral. Also, their contribution in
the prevention of several diseases associated with oxidative
stress, such as cancer, premature aging, strokes, Alzheimer’s,
Parkinson’s, and other cardiovascular and neurodegenerative
diseases have been also documented in literature (Belay and
Gholap 2009; Farah et al., 2008; Perrone et al. 2008).

Considering all these beneficial properties, CGAs has
gained a growing interest for pharmacological, cosmetic, and
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food applications. However, due to their structural and chem-
ical nature, CGAs can easily undergo oxidation. Furthermore,
they are unstable under high temperature conditions and they
may suffer from transesterification reaction during storage or
food processing, limiting their food and pharmaceutical appli-
cations (Farah and Duarte 2015; Komes and Busi¢ 2014; Shi
et al. 2007). In addition, thermal processing of food products
rich in CGAs may originate the formation of acrylamide
(Nallamuthu et al. 2014).

So, the supplementation of food and pharmaceutical prod-
ucts with CGAs requires a formulation able to maintain and
protect their structural integrity until their consumption, mask
their taste, increase their bioavailability, and finally control
their release. The solution for this can be obtained by
microencapsulation.

Microencapsulation has been widely reported as an effi-
cient solution to solve problems associated to the manipula-
tion and incorporation of CGAs in different formulations/
products and has emerged as a promising delivery system to
stabilize and protect CGAs in order to overcome some limita-
tions associated to their industrial application and commer-
cialization. Microencapsulation is a well-established tech-
nique which protects the core material against moisture, light,
and oxygen through formation of a physical barrier between
the core materials and the surrounding environment (Fang and
Bhandari 2010; Nesterenko et al. 2013). On the other hand,
microencapsulation can improve compounds with new phys-
ical characteristics, mask their unpleasant taste, and also allow
a controlled release of core material (Fang and Bhandari
2010). During the last years, several encapsulated compounds
(antioxidants, vitamins, enzymes, minerals, lipids, probiotics,
and others) have been used in food industry to overcome the
drawback of application of the free compounds (Carvalho
et al. 2015; Estevinho et al. 2014a; Estevinho et al. 2013a;
Fang and Bhandari 2010; Gongalves et al. 2016).

Microparticles can be produced by several techniques
(Fang and Bhandari 2010). Spray drying is the most used
encapsulation technique in food industry due to its low cost,
availability of equipment, and efficiency (Estevinho and
Rocha 2016; Estevinho et al. 2013b; Munin and Edwards-
Lévy 2011). Nevertheless, one of the biggest challenges in
microencapsulation of compounds is the utilization of food-
grade encapsulating materials, in order to be compatible with
the demands and standards of food industry. The application
of several biopolymers as wall-forming materials in microen-
capsulation of food ingredients has been reported in literature
(Estevinho et al. 2013b). Among them, sodium alginate and
chitosan carry several benefits such as high biocompatibility,
biodegradability, non-toxicity, among other biological advan-
tages (e.g., anticholesterolemic properties of the chitosan).

There are some studies about the encapsulation of CGAs
(Lorentz et al. 2012; Nallamuthu et al. 2014; Qi et al. 2010;
Ramirez-Ambrosi et al. 2014; Shi et al. 2007); however, the
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applicability of sodium alginate and modified chitosan (water-
soluble chitosan, prepared by carboxylation) as non-toxic,
biocompatible, and biodegradable encapsulating agents for
the microencapsulation of chlorogenic acids using a spray-
drying process was not reported up to date. Therefore, the
use of a spray-drying technique associated to natural biopoly-
mers can overcome the limitations of the use of free
chlorogenic acids in healthy products, improving their con-
sumption with their incorporation in microencapsulated for-
mulations (Estevinho et al. 2015; Estevinho et al. 2016).

Thus, the present study aimed the microencapsulation of a
chlorogenic acid (3-CQA) into sodium alginate and modified
chitosan-loaded microparticles by spray drying, with subse-
quent characterization of the microparticles and also evalua-
tion of its release profile and antioxidant activity.

Material and Methods
Chemicals

All reagents were of analytical grade purity. Chlorogenic acid
standard (3-caffeoylquinic acid, C16H1809, CAS 327-97-9)
(>98% purity) was acquired from Sigma-Aldrich Chemical
Co. (MO, USA). Sodium alginate (alginic acid, sodium salt)
obtained from Sigma-Aldrich Chemical Co. (USA) and mod-
ified chitosan (pharmaceutical grade water-soluble chitosan)
from China Eastar Group (Dong Chen) Co., Ltd. were used as
encapsulating agents. Modified chitosan (water soluble) was
produced by carboxylation and had a deacetylation degree of
96.5% and a viscosity of 5 mPa s (1%, 25 °C). Ethanol
(96%) was obtained from Aga (Prior Velho, Portugal). HCI1
(>37% purity), 2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid) (ABTS), potassium persulfate, and trolox
were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Deionized water was obtained at the laboratory using
MilliporeTM water purification equipment through a
0.45 um filter (Massachusetts, USA).

Equipment

A 420-W ultrasonic bath (J.P. Selecta, Barcelona, Spain) was
used for preparation of 3-CQA stock solution.

Microencapsulation was performed using a mini spray-
dryer BUCHI B-290 (Flawil, Switzerland) with a standard
0.5 mm nozzle.

The size distribution of the microparticles was evaluated by
laser granulometry using a Coulter LS 230 Particle Size
Analyzer (Miami, FL, USA).

The morphological analysis of the obtained microparticles
was performed by SEM using a Fei Quanta 400 FEG ESEM/
EDAX Pegasus X4M. Samples were coated by gold pulveri-
zation under vacuum in a Jeol JFC 100 apparatus.
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The concentration of chlorogenic acid in the solution was
measured based on absorbance values, read using a UV-Vis
spectrophotometer (Jasco V-530).

Preparation of Microparticles by Spray Drying

The spray drying is a unit operation by which a solution/sus-
pension/emulsion is atomized in a hot gas (generally air) to
instantaneously obtain a powder and by this way to form the
microparticles. The process of spray drying commonly im-
plies several steps (Estevinho et al., 2013a; Estevinho et al.
2013b; Gongalves et al. 2016, 2017). The first step is dissolv-
ing, emulsifying, or dispersing the active compounds (core
material) to prepare the “feed solution” that can be a solution,
an emulsion or a suspension (Pordevic¢ et al. 2014).

In this work, the feed solution was a solution constituted by
the core compound (3-caffeoylquinic acid) and the biopoly-
mer (sodium alginate or modified chitosan). A stock solution
containing 3-CQA was prepared with deionized water at a
concentration of 10 g L' and homogenized in an ultrasound
bath for 5 min. Each encapsulating agent solution (modified
chitosan or sodium alginate, 10 g L™") was prepared with
deionized water and completely dissolved under agitation at
500 rpm at room temperature (21 °C). Under magnetic stirring
at room temperature, 2 mL of the chlorogenic acid stock so-
lution (10 g L") was added to 100 mL of each encapsulating
agent solution and kept under agitation for 30 min before
being fed to the spray dryer. The same procedure was per-
formed to obtain the modified chitosan and sodium alginate
microparticles.

After, the following main steps are involved: atomization,
formation of the droplet/air contact, evaporation of the water,
and dry product/humid air separation (Gharsallaoui et al.
2007). The same operating conditions were used in the spray
dryer for both types of the prepared microparticles. The oper-
ational conditions of the spray dryer used in these steps are
presented in Table 1. The outlet temperature (7,,,) is a conse-
quence of the other experimental conditions and also of the
solution properties and was around 67 °C. Microparticles were
collected and stored in falcon tubes at 4 °C for further analysis.

Table 1 Experimental

conditions of spray- Spray-dryer parameters Values

drying process -
Tin® (°C) 115
Tout® (°C) 67
Solution flow rate (%) 15
Aspiration (%) 100
Nozzle (mm) 0.5
Pressure (bar) 6

?Inlet temperature

® Qutlet temperature

Characterization of the Microparticles
Product Yield (%)

The product yield (%) was calculated for each microencapsu-
lation experiment and was expressed as the ratio of the mass of
powder (microparticles) obtained in the spray-dryer output
and the solid content of the initial feed solution using the
following definition:

__ Mass of powder obtained at the spray dryer

YVield _ 100 (1
ield (%) Solid content of the initial feed solution X ( )

Particle Size Distribution

The size distribution of the microparticles produced with sodium
alginate and modified chitosan was evaluated by laser
granulometry. Each small powder sample was dispersed in etha-
nol and ultrasound-irradiated over 10 s to avoid particle agglom-
eration. Characterization was done by number and volume aver-
age and the results were obtained as an average of two 60 s runs.

Scanning Electron Microscopy Analysis

The morphological analysis of the obtained microparticles was
performed by SEM. Samples (microparticles) were coated with
gold by pulverization under vacuum and analyzed by SEM for
surface structure observation. All the SEM analyses were per-
formed at Centro de Materiais da Universidade de Porto
(CEMUP).

Controlled Release Studies (In Vitro)
Analysis of 3-COA

Analysis of 3-CQA was performed by UV-Vis spectrophotom-
etry at 324 nm. Calibration curve was built using seven con-
centration levels of 3-CQA in the range of 0.5-15mg L', The
effect of the pH was evaluated in the preparation and valida-
tion of the calibration curve. No significant effect was ob-
served for standards prepared with different pH values (2
and 5.6) for the same concentration of 3-CQA. The validation
of the analytical method was done through the determination
of the linearity, limit of detection (LOD), and limit of quanti-
fication (LOQ) and precision (inter- and intra-day).

The interference of the biopolymer solutions was tested at
324 nm, without presenting a significant signal.

Determination of the Release Profiles
The release profile of chlorogenic acid from sodium alginate

and modified chitosan microparticles was obtained in aqueous
solutions at two different pH values (2.0 and 5.6). Acidified
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water at pH 2.0 was obtained by adding appropriate amount of
HCl to distilled water under continuous stirring.

A preliminary mass balance was performed in order to esti-
mate the adequate amount of microparticles to be used in the
release studies; for this, the amount of chlorogenic acid contained
in the produced microparticles was considered. To estimate this
value, it was necessary to take into account the amount of re-
agents used, the ratio 3-CQA/encapsulating agent and the spec-
ifications of the spray-drying process. So, 3 mg of microcapsules
were extracted in 4.5 mL of distilled water under two different
pH values (2.0 and 5.6) during 24 h of agitation at 60 rpm.
Samples were obtained in duplicate and were analyzed after time
intervals of 0, 1, 2, 5, 10, 20, 30, and 45 min and 1, 2, 4, 6, and
24 h. So, the content of chlorogenic acid in the solution was
determined at room temperature (21 °C), by UV-Vis spectropho-
tometry at 324 nm using the calibration curve previously
validated.

Antioxidant Activity Assay

The antioxidant activity of the microparticles, free 3-CQA, and
both biopolymers was determined by the ABTS radical scav-
enging assay as described in literature (Thaipong et al. 20006).
Two stock solutions were prepared: 7.4 mM ABTS aqueous
solution and 2.6 mM potassium persulfate aqueous solution.
Then, the ABTS radical cation (ABTS™) solution was obtained
by mixing equal quantities (1 mL) of these two stock solutions.
The mixture was allowed to stand in dark at room temperature
during 12 h before use. This last solution, the ABTS™ solution,
was diluted by mixing 1 mL with 60 mL of ethanol in order to
obtain an absorbance of 1.10 + 0.02 AU at 734 nm (Thaipong
et al. 2006). The samples (150 uL) were then mixed with the
prepared solution (2850 nL) and allowed to react for 2 h in the
dark. These samples consisted of 3-CQA-loaded sodium algi-
nate and modified chitosan microparticles after 24 h release in
aqueous solution (deionized water), and 3-CQA and sodium
alginate and modified chitosan reference standards in solution
in a concentration of 10.0 mg L', prepared with deionized
water. Analysis was performed by UV-Vis spectrophotometry
at 734 nm and room temperature. Trolox was used as a refer-
ence compound, and a calibration curve was prepared, using
five different concentrations (50-500 uM). The results were
expressed in micromolar Trolox equivalents (TE). All measure-
ments were performed in duplicate.

Moisture Content Assay

The moisture content of the produced microparticles was de-
termined using the following expression:

Mass of original sample—Mass of dried sample (2)

Moistur tent (%) =
oisture content (%) Mass of original sample

x 100
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Through this method, each sample of 3-CQA microparti-
cles (sodium alginate and modified chitosan microparticles)
was weighted (50 mg) in a crucible of porcelain and dried in
oven at 105 °C until reaching a constant weight (duplicated
assays) (Bradley, 2010). The results were presented as per-
centage of water content present in the microparticles.

Results and Discussion

The microparticles were prepared by a spray-drying technique
that is flexible, offers substantial variation in matrix microen-
capsulation, and is adaptable to commonly used processing
equipment and produces particles of good quality. The micro-
particles produced are normally matrix type (with the sub-
stance to encapsulate distributed in the shell) and the mecha-
nisms of release involved are typically controlled by solvents
action and by diffusion (de Azeredo, 2005). The first step of
the microencapsulation process was dissolving the active
compounds (core material) and the encapsulating agent to
prepare the “feed solution” (Pordevi¢ et al. 2014). After, the
main following steps are involved: atomization, formation of
the droplet/air contact, evaporation of the water and dry
product/humid air separation (Estevinho et al. 2013b;
Gharsallaoui et al. 2007; Vos et al. 2010). The microparticles
formed were characterized and the main results are presented
in the next subsections.

Characterization of the Microparticles
Product Yield (%)

A product yield of 41.1 and 39.3% was obtained for the pro-
duction of sodium alginate and modified chitosan microparti-
cles, respectively.

According to the type of the equipment and the low vol-
umes of feed solution used, these values of product yield were
expected because the small size of the obtained microparticles
makes difficult the separation of the microparticles from the
air in the cyclone (low cyclone efficiency) causing a decrease
of the product yield. In fact, several authors have already
reported a product yield between 30 and 70% (Casanova
et al. 2016; Estevinho et al. 2014a; Estevinho et al. 2016;
Estevinho et al. 2013a). Estevinho et al. (2014a) reported
product yields of 36 and 59% for the microencapsulation of
[3-galactosidase with sodium alginate and modified chitosan,
respectively, by spray drying.

Particle Size Distribution

Results obtained for particle size distribution in number (%)
and in volume (%) of 3-CQA microparticles produced with
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sodium alginate and modified chitosan are presented in
Fig. 1a, b, respectively. According to Fig. 1, the average value
of the particle size in volume distribution was around 3 pm for
both types of samples (2.8 and 3.2 um for sodium alginate and
modified chitosan microparticles, respectively). On the other
hand, considering the particle size distribution in number, the
average particle size was less than 1 um for the prepared
microparticles, 0.7 and 0.9 um for sodium alginate and mod-
ified chitosan, respectively. The size distribution profiles sug-
gest the existence of a slight agglomeration of the particles.
Additionally, the results proved that particle size, in the differ-
ent distributions, was similar for the different types of the wall
material used, since a similar mean diameter was obtained,
thus suggesting that all the microparticles were formed by
the same mechanism of microencapsulation.

Scanning Electron Microscopy

The chlorogenic acid-loaded microparticles were analyzed by
SEM to determine their surface characteristics. SEM images
of the microparticles prepared with sodium alginate and with
modified chitosan are presented in Fig. 2.

It is possible to observe that spherical microparticles with
smooth surface and regular shape were produced for both
types of microparticles. However, modified chitosan micro-
particles showed to be more regular and with smoother surface
than microparticles performed with sodium alginate. The

surface of the microparticles depends on the encapsulating
agent and the microencapsulation process used. The regular
or irregular nature of the surface gives a first idea about the
stability of the microparticles formed. On the other hand,
smooth surfaces promote less interaction with other particles,
which may be useful in certain applications.

Also, other authors already reported the same morphology
for spray dried microparticles using sodium alginate and mod-
ified chitosan as wall materials (Estevinho etal. 2014a, 2014b;
Estevinho et al. 2016).

Controlled Release Studies
Validation of the Analytical Methodology for 3-CQA Analysis

The concentration of 3-CQA was quantified by a linear cali-
bration curve in the range of 0.5-15 mg L', with R? equal to
0.999. The precision of the method was measured through
inter- and intra-day precision at three concentration levels (2,
8, and 10 mg L") in duplicate and the results are less than 5%
in all analysis. LOD and LOQ of 0.09 and 0.31 mg L' were
obtained, respectively.

Determination of the Release Profiles

The evaluation of the released 3-CQA was determined by UV-
Vis spectrophotometry. Figure 3 presents the 3-CQA release

Fig. 1 Particle size distributionin ~ (4) ¢ -
number (%) and in volume (%) of _ !
chlorogenic acid (3-CQA) micro- / 6
particles produced with a sodium 6 ;
alginate and b modified chitosan. S g°
The assays were done in duplicate - 54
(n=2) 24 £
E g3
z >
2 2
1 1
0 0
0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000
Particle diameter (um) Particle diameter (um)
®B) g 7
7 6
=6 -5
i sS4
24 £
., 53
ER S
z bl - 2
1 1
0 0
0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000

Particle diameter (um)

Paticle diameter (um)
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Fig. 2 SEM images of
chlorogenic acid (3-CQA) micro-
particles prepared with a sodium
alginate and b modified chitosan.
Magnification of 10,000 (A;, B;)
and x20,000 (A,, B,) beam inten-
sity (HV) of 1500 kV, distance
between the sample and the lens
(WD) around 10 mm

Fig. 3 Chlorogenic acid (3-
CQA) release profile from sodi-
um alginate microparticles in dis-
tilled water at two different pH
values (pH 5.6 and pH 2.0). The
assays were done in duplicate
(n=2)
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profiles, for sodium alginate microparticles obtained in aque-
ous solution at pH 5.6 and pH 2.0. These two pH values were
chosen, trying to simulate different conditions of food prod-
ucts and also stomach conditions. The pH 5.6 (deionized wa-
ter) was used because it is the most simple solvent and can
represent the most common solvent used in the preparation of
food products. The pH 2 recreates the pH of acid food formu-
lations and is also a good approximation for the pH of the
stomach. Considering the release profiles obtained at pH 2,
it was decided to not test additional conditions, namely the
enteric conditions, because the microparticles would be
completely or partially destroyed before arriving to the
intestine.

So, it is observed that sodium alginate microparticles pre-
sented a fast release pattern of 90% during the first 20 min,
followed by a slower and continuous release. The same pat-
tern was verified for both pH values proving that the release
rate of 3-CQA from the sodium alginate-based microparticles
is not significantly affected by pH. However, according to Yoo
et al. (2006), which used sodium alginate as coating material
for the microencapsulation of «-tocopherol by ionic gelation,
the in vitro releasing profile was significantly affected by pH.
Their results showed that for a simulated gastric fluid (0.05 M
HCI with 0.2% NacCl), the sodium alginate microparticle re-
lease was less than when exposed to a simulated intestinal
fluid (0.05 M phosphate buffer)—28.8% against 81.5%. The
same behavior was reported by Kumar and Krishna (2014) for
the controlled release of sodium alginate microcapsules of an
anti-diabetic drug in three different solutions (pH 1.2, 6.8, and
7.4). They verified an increased drug release at higher pH

Fig. 4 Chlorogenic acid (3- 120
CQA) release profile from modi-
fied chitosan microparticles in
distilled water at two different pH
values (pH 5.6 and pH 2.0). The
assays were done in duplicate
(n=2)

(pH 7.4 and 6.8) than at lower pH (pH 1.2). Although sodium
alginate has been reported as relatively stable at acidic pH
(pH 1.2), but easily disintegrated under mild alkali conditions
(pH 7.4 and 6.8) (Yoo et al. 2006), the results of our study
revealed no interference of pH on the release rate of 3-CQA
from sodium alginate-based microparticles.

From Fig. 3, it is also possible to estimate the microencap-
sulation efficiency that considers the amount of 3-CQA that is
encapsulated in the time zero. This value is around 60—45%
depending on the release profile (pH 2 or pH 5.6) used to do
this estimation. This result has always a significant error as-
sociated because the release is very fast and it is not possible to
measure with accuracy the real-time zero.

Regarding the release profile of 3-CQA from microcap-
sules performed with modified chitosan at two different pH
values (pH 5.6 and 2.0), a slower release was observed (Fig. 4)
and the estimated microencapsulation efficiency was around
60%.

Modified chitosan microcapsules presented a release pat-
tern of 85% during the first 1 h, followed by a continuous
release. In this case, the complete release of 3-CQA was
achieved after 4 h and the same pattern was verified for both
pH values.

As for sodium alginate-based microparticles, the obtained
release rate of chlorogenic acid from the modified chitosan
microparticles was not significantly affected by pH. The 3-
CQA microparticles were prepared using different water-
soluble biopolymers and by spray-drying method that, as
mentioned before, produces normally matrix-type microparti-
cles. The release mechanisms are controlled by solvent action

Release (%)
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and by diffusion. All these factors can be associated to a fast
release of the chlorogenic acid.

Other authors reported different release profiles using dif-
ferent wall materials. Nallamuthu et al. (2014) reported the
release profile of chlorogenic acid from microparticles pre-
pared with chitosan and the same behavior as described by
Yoo et al. (2006) was obtained. The release of chlorogenic
acid was faster at neutral pH (PBS, pH 7.4) than at lower pH
(HC1, pH 2). Shi et al. (2007) reported different chlorogenic
acid release profiles from yeast-encapsulated cells in experi-
ments at different pH values: the release rate of chlorogenic
acid in simulated gastric fluid (HCI, pH 1.2) was higher than
those obtained in distilled water and in intestine conditions
(PBS, pH 7.4). These differences confirm the significant in-
fluence of the wall material in the release profiles.

Although the chlorogenic acid microparticles produced in
this work had a relatively fast release profiles, the microen-
capsulation was successfully achieved, allowing the protec-
tion from oxidation until the moment of their administration,
increasing, consequently, their shelf life.

Antioxidant Activity

Antioxidant activity for 3-CQA microparticles, free 3-CQA,
and both encapsulating agents is presented in Table 2.
According to the results, 3-CQA microparticles, sodium algi-
nate, and modified chitosan biopolymers presented significant
values of antioxidant activity. Modified chitosan showed the
highest antioxidant activity (217 = 16 uM TE), while the
value for sodium alginate was 129 + 1 uM TE, proving to
be the best option as encapsulating agent for enhanced anti-
oxidant activity of chlorogenic acid microparticles.
Comparing the antioxidant activity of free 3-CQA
(151 £ 5 uM TE) with the values obtained for sodium alginate
and modified chitosan-loaded microparticles (279 + 2 and
240 £ 16 uM TE, respectively), it is possible to observe that
microencapsulation increases significantly the antioxidant
property of 3-CQA. The microencapsulated formulation

Table 2 Antioxidant activity of the produced microparticles, free 3-
CQA, and modified chitosan and sodium alginate biopolymers. The
assays were done in duplicate (n = 2)

Analyzed sample Antioxidant
activity (uM TE)
3-CQA microparticles prepared with modified 279 £2
chitosan
3-CQA micropatrticles prepared with sodium 240 £ 16
alginate
3-CQA 151+5
Modified chitosan 217+ 16
Sodium alginate 129 +1
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presents an increase of the antioxidant activity when com-
pared with the free formulation of 3-CQA, in part due to the
contribution of the antioxidant activity of the biopolymers.

Moisture Content

Moisture content is an important and normally required pa-
rameter in food analysis since it is extensively related with the
stability, quality, and composition of food products.

The obtained results show low moisture content for both of
the analyzed samples: 3.75% for sodium alginate and 4.52%
for modified chitosan microparticles. The values of the mois-
ture content are normal for this kind of microencapsulation
process, and they are in the range considered regular and ac-
ceptable for food products. These low values prove the stabil-
ity of the microparticles since that lower moisture content
prevents damaging interactions with external factors, such as
hosting of microorganisms. For industrial applications, the
low moisture content presented by the produced microparti-
cles can be seen as a beneficial support in the enhancement of
products’ shelf life during their storage or food processing.

In conclusion, the microencapsulation is a general way to
increase the stability of the core compounds and this can be
observed in the results. These two encapsulating agents (mod-
ified chitosan and sodium alginate) increased the antioxidant
property and stability of the microencapsulated formulations
containing 3-CQA, when compared with the free form. Future
works can be developed to study the antioxidant activity and
stability during the storage and how different parameters can
affect the bioavailability and the stability of the microparticles.

These microparticles can be used with health advantages,
for example, in drinks or gelatines prepared instantaneously
from powder formulations. Thus, the CQAs will be protected
from oxidation, light, moisture, and other factors during the
storage time. These are immediate applications of the micro-
encapsulated CQA formulations. However, the incorporation
of these microparticles in other types of food products will
require additional stability studies, and they will need to be
designed considering the type of food product pretended.

Conclusions

Sodium alginate and modified chitosan-loaded microparticles
of chlorogenic acid (3-CQA) were prepared by spray drying in
order to enhance its stability and bioavailability for food ap-
plications. The results prove that 3-CQA was successfully
encapsulated into sodium alginate and modified chitosan
using spray-drying technique and a satisfactory product yield
was obtained for encapsulation in both wall materials (41.1
and 39.3% for sodium alginate and modified chitosan,
respectively).
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The produced microparticles, with both encapsulating
agents, presented an average particle size (volume distribu-
tion) around 3 pm. All the microparticles revealed a spherical
shape and smooth surface, but chitosan microparticles showed
a more regular morphology.

Comparing the results obtained for the release profiles, a
slower release was obtained for modified chitosan micropar-
ticles. Furthermore, it was also possible to verify that the re-
lease rate of 3-CQA was not significantly affected by pH
changes.

Antioxidant assessment shows that microencapsulation
process increased significantly the antioxidant activity of 3-
CQA (279 £ 2 and 240 + 16 uM TE) when compared with its
free form (151 = 5 uM TE). Although both encapsulating
agents presented a positive response for antioxidant activity,
modified chitosan showed a higher antioxidant activity value
than sodium alginate biopolymer proving to be a better option
for enhanced antioxidant activity of 3-CQA microparticles.

Low values of moisture content prove the stability of the
microparticles and their beneficial support in the enhancement
of products’ shelf life namely for food industry applications.

The present work strongly suggests that microparticles pre-
pared by spray drying using sodium alginate and modified
chitosan as encapsulating agents can be used for food and
health applications of 3-CQA.
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