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Abstract.

BACKGROUND: The chemical instability of extracted anthocyanins (ACNs) limits their application and broader use as
food colorants and health-promoting functional ingredients. Encapsulation technology can improve ACN stability and widen
their potential applications.

OBJECTIVE: The objective of this study was to optimize the microencapsulation of ACNs from haskap berries (Lonicera
caerulea L.) in calcium-alginate particles by the extrusion/gelation method.

METHODS: Response Surface Methodology (RSM) by Box-Behnken (BB) design was used for the optimization, followed
by the desirability function. Three input variables were evaluated: concentrations of sodium alginate (x;, w/w %) and calcium
chloride (x,, w/v %), and gelation time (x3, min). The responses were encapsulation efficiency (y;, %) and particle size (y,,
pm).

RESULTS: There was a good fit for the model where encapsulation efficiency was used as a separate response (R> =97.98%),
however, the model for particle size did not give as good an agreement (R* =63.86%). The desirability function was used to
optimize the two responses simultaneously and the optimum conditions were determined as 9.0% (w/w) alginate solution,
2.0% (w/v) CaCl,, and 10 min in the gelation solution.

CONCLUSIONS: These results illustrate the application of RSM followed by a desirability function to optimize encapsu-
lation parameters for a combined response, where several measures are considered.

Keywords: Gelation, Response Surface Methodology, Box-Behnken design, encapsulation efficiency, size

1. Introduction

Anthocyanins (ACNs) are members of the flavonoid class of secondary metabolites and the most important
water-soluble pigments in higher plants, conferring red, violet, and blue colors to flowers and fruits [1]. In
addition to their colorant properties, several studies have related the consumption of these compounds to health
benefits [2—4], including the reduction of cancer [5], improved hyperglycemia and insulin resistance [6, 7],
reduction of bone loss in ovariectomized rat model [8], and neurocognitive benefits [9]. In this context, haskap
berries (Lonicera caerulea L.) have gained the attention of the scientific community due to their high levels of

*Corresponding author: Marianne Su-Ling Brooks, Department of Process Engineering and Applied Science, Dalhousie University, PO
Box 15000, Halifax, B3H 4R2 NS, Canada. Tel.: +1 902 494 6482; E-mail: Su-Ling.Brooks @dal.ca.

1878-5093/16/$35.00 © 2016 — I0OS Press and the authors. All rights reserved


mailto:Su-Ling.Brooks@dal.ca

2 G.B. Celli et al. / Optimized encapsulation of anthocyanin-rich extract

ACNs and potential antioxidant activity [10, 11]. These fruits are native to northeastern Asia, where they are
recognized as the elixir of life by Japanese aborigines, and were recently introduced in the North America market
[12]. Different health-related benefits have been associated with these berries using in vitro and in vivo studies
[10], providing scientific basis for the development of value-added products.

Despite their functionality, the incorporation of ACNs in different food matrices is limited by their stability
once extracted due to their electron deficiency [13], which is often affected by environmental conditions, such as
pH [14], temperature [15], oxygen [16], light [17], heat [ 18], water activity [19], and presence of other compounds
(e.g., phenolic compounds, enzymes, metal ions, sugars, and ascorbic acid) [20]. In this respect, encapsulation is
a versatile technology that can address these needs, contributing to the development of high-value food products
[21, 22].

Encapsulation is a general term to describe any process used to entrap one substance (termed core material or
active agent) within another (coating, shell or carrier/wall material) [23]. Encapsulation techniques can extend a
product’s shelf-life [24], protecting the active components against degradation during storage [25] and maintain-
ing their functionality [26]. They can also help to mask unwanted flavors [27] and increase the effectiveness of
natural functional compounds that normally have a lower potency at equivalent levels in comparison to synthetic
ingredients [28]. For instance, there is an increasing demand for natural antioxidants that could substitute the
synthetic butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), and tertiary-butyl hydroquinone
(TBHQ). However, some natural candidates are not as efficient as the synthetic products when added at the same
levels [29].

The aim of this work was to optimize the encapsulation of an ACN-rich haskap berry extract in calcium-alginate
microparticles by the extrusion/gelation method [30]. Firstly, the most appropriate procedure for the preparation
of the ACN extract was determined by comparing extraction under stirring conditions with maceration. Then,
statistical optimizations of the extrusion/gelation process parameters (i.e. sodium alginate and calcium chloride
concentrations and gelation time) using individual responses (encapsulation efficiency and particle size) were
conducted by Response Surface Methodology (RSM) using Box-Behnken design. This was followed by applying
a desirability function to obtain the optimal conditions for the two responses simultaneously.

2. Material and methods
2.1. Plant material

Haskap berries (variety Indigo Gem) were used in this study. Berries were mechanically harvested at the
Northern Light Orchards (Saskatchewan, Canada) and shipped frozen to LaHave Natural Farms, in Nova Scotia.
The berries were then transferred to Dalhousie University and kept at —35°C prior to freeze-drying. Frozen berries
were cut in halves and freeze-dried for approximately three days in a Labconco FreeZone 4.5 L Bench-top Freeze
Dry System (Labconco, Kansas City, MO, USA) (collector temperature was set at —85°C and pressure was below
0.100 mbar) (moisture <5%). The freeze-dried samples were stored in desiccator at —18°C until use.

2.2. Chemicals

Reagent ethanol, formic and acetic acid, and calcium chloride were purchased from Fisher Scientific (Ottawa,
ON, Canada). Alginate Protanal LFR5/60 was kindly donated by FMC BioPolymer (Philadelphia, PA, USA).

2.3. Assessment of the extraction procedure

The total ACN content obtained from extraction under stirring conditions was compared with maceration using
modified methods described by Musa et al. [31], to determine the most appropriate method for preparing the
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extract. Initial results indicated that there was no significant difference in the extraction yield using freeze-dried
berries cut in halves or ground dried berries (particle size <0.5 mm), possibly due to the delicate structure of these
berries [12], thus for convenience, freeze-dried berries were used in the extraction without further processing. For
extraction under stirring conditions, the freeze-dried samples were combined with 80% ethanol acidified with
0.5% formic acid (using a ratio of 1:25, w/v solid:liquid) and stirred at 600 rpm for 10 min at room temperature
using a magnetic-stirrer. For maceration, 80% ethanol acidified with 0.5% formic acid was added to the freeze-
dried berries (same ratio as under stirring conditions) and left for 2 h at room temperature, in the absence of
light. In both cases, the mixture was filtered through a Whatman filter paper n° 1 after extraction and kept in a
conventional freezer (at —18°C) in the absence of light until quantification of the total ACN content. The means
of the methods were compared by the unpaired #-test using SPSS Statistics version 22 software (IBM, Chicago,
IL, USA).

2.4. Microencapsulation of anthocyanin-rich extract

Prior to encapsulation, the organic solvent in the extract was removed by a rotary evaporator model BM 400
(Yamato Scientific America Inc., Santa Clara, CA, USA) with a water bath kept at T<50°C, equipped with
a vacuum pump V-700 (Biichi Labortechnik AG, Flawil, Switerzland) and a water circulation cooler WK 230
(Lauda, Lauda-Kd&nigshofen, Germany). The resultant aqueous fraction was kept at —18°C protected from light
until further use.

A system consisting of a mini-pump with variable flow rate (Fisher Scientific) and a 23 G needle was used
for the encapsulation of ACN-rich extract in calcium-alginate microparticles by the extrusion/gelation method
(Fig. 1) adapted from Santos et al. [32]. The pH of the aqueous fraction was low (approximately 2.9) and its
adjustment was essential to prevent immediate gelation of the alginate solution and precipitation of alginic acid.
The pH of the extract was thus adjusted to approximately 4.5 with 0.1 N NaOH prior to mixing with the alginate
solution. The ratio extract:alginate solution was set at 1:4 (v/v) based on preliminary results, taking into account
the concentration of ACNSs in the evaporated extract. The extract/alginate solution was then extruded through the
needle into 30 mL of CaCl, gelation medium, using an average flow rate of 0.3 mL/min. The distance between the
tip of the needle and the gelation medium surface was fixed at 10 cm. The alginate membrane formed immediately

Tube by-pass r_-1 I 23 G needle

‘ with clamp

oY d=10cm

CaCl; solution in beaker

Peristaltic pump
[Alginate + extract] solution

Fig. 1. Diagram of the system used for the preparation of alginate microparticles. A tube by-pass with clamp was used for further adjustment

of the flow-rate.
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upon contact of the solution with the CaCl, medium. After the gelation time, particles were recovered by vacuum
filtration, left for 1 min in 10 mL of distilled water, and then dried overnight in the dark at room temperature.

2.5. Experimental design and data analysis

2.5.1. Box-Behnken design for optimization of encapsulation

A Box-Behnken design with three levels (-1, 0, +1, representing low, middle, and high levels) was used to
optimize the encapsulation of ACN-rich extract from haskap berries. The following variables and levels were
considered in this study, based on previous results and reports from the literature [32, 33]: sodium alginate
concentration (£1), calcium chloride concentration acidified with 2% (v/v) acetic acid glacial (&»,), and time in
the gelation solution (£3) (Table 1).

The optimization consisted of 15 runs (with triplicate in the center point) and the design matrix is presented
in Table 2. The responses assessed were encapsulation efficiency (v, %) and size of the dried particles (y;, pm).
Design-Expert® version 9.0 software (Stat-Ease, Inc., Minneapolis, MN, USA) was used for analysis and mod-

Table 1
Input variables (natural and coded) and levels chosen for screening

Input variable Coded variable Levels
-1 0 +1
Sodium alginate concentration (% w/w) (&1) x1 =(&1 —9.5)/0.5 9 9.5 10
CaCl, concentration (% w/v) (&2) x2 = (& —2.5)/0.5 2 2.5 3
Gelation time (min) (£3) x3 =(&3 —20)/10 10 20 30
Table 2

Uncoded Box-Behnken design matrix with experimental results

No.* X1 x2 X3 Vi 2

1 9.0 2.0 20 42.25 1,119.5
2 10.0 2.0 20 46.20 1,125.1
3 9.0 3.0 20 17.97 1,119.6
4 10.0 3.0 20 50.66 1,129.3
5 9.0 2.5 10 57.84 1,113.5
6 10.0 2.5 10 63.12 1,123.6
7 9.0 2.5 30 39.39 1,120.2
8 10.0 2.5 30 62.27 1,121.9
9 9.5 2.0 10 51.85 1,118.5
10 9.5 3.0 10 46.50 1,124.3
11 9.5 2.0 30 36.79 1,115.8
12 9.5 3.0 30 32.32 1,114.6
13 9.5 2.5 20 30.57 1,121.3
14 9.5 2.5 20 27.90 1,126.1
15 9.5 2.5 20 29.33 1,125.2

Note: ?Number was used for identification purposes only and does not indicate the order in which the experimental runs were conducted;
x1 - sodium alginate concentration (%); xz - CaCl, concentration (%); x3 - gelation time (min); y; - encapsulation efficiency (%); y» - size
(pom).
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eling of the responses. A second-degree polynomial equation was fitted for each response variable, generically
expressed as:

3 3
y =80+ i1 Bixi + i1 ,Bux,' + ; =it ﬂlj-xlxj (1)

where y is the response; Sy is the constant (or model intercept); §; is the linear coefficient of the coded variables;
Bii is the quadratic coefficient; B;; the cross-product coefficient; x; and x; are the coded independent variables.

2.5.2. Desirability function

The desirability function approach [34] was used to optimize the responses simultaneously and to identify the
ideal conditions for the preparation of ACN encapsulates. This function involved two phases: (a) each response
was transformed into a desirable value (d;), which can assume values from O to 1; and (b) based on the individual
desirability values, the overall desirability function (D) for all dependent variables was determined.

The following scenarios were considered when maximizing encapsulation efficiency and minimizing size [34]:

Maximization (for encapsulation efficiency):

0 Yi = Yimin
Yi— Yi,min r .
di = {m} Yimin < Yi < Yi,max fori=1,2,....k
1 Yi = Yimax
Consequently,
di=0 response is smaller than the minimum value

0 <d; <1 response is between minimum and maximum values

di=1 response is greater than the maximum value

Minimization (for size):

1 Yi < Yimin
d; = {mﬁy Yimin < Yi < Yimax fori=1,2,... .k
0 Yi = Yimax
Consequently,
di=0 response is greater than the maximum value

0 <d; <1 response is between minimum and maximum values

di=1 response is smaller than the minimum value

where y; min and y; pnqx are the minimum and maximum acceptable values of the response (y;), respectively, and
r is the weight factor that determines the shape of the desirability graph. The r and importance (w) values were
set at 1 and 3, respectively, where the importance refers to the effect of each response on the overall desirability.

Once the d; values were found, the calculation of their geometric mean resulted in the overall desirability (D),
as follows:

k
D=@"xd"x...d") 2" )

where k is the number of variables being optimized.
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2.5.3. Responses assessed

Encapsulation efficiency or EE (y;, %) was indirectly assessed by measuring the total anthocyanin content in
the recovered CaCl; solution (i.e. amount not entrapped) by the pH differential method [35]. Absorbance values
were measured at A,,, and 700 nm against distilled water using a Genesys 10S UV-Vis spectrophotometer
(Thermo Scientific, Madison, WI, USA). These analyses were performed in triplicate. As the particles were
not completely spherical, the size of the dry particles (y2, um) was determined by measuring the major axis of
individual particles using a caliper ruler and reporting the average measurement from 10 particles.

3. Results and discussion

Two methods for extraction were evaluated in this study. Extraction under stirring and by maceration at room
temperature yielded 20.74 £ 1.07 and 18.09 &= 1.19 mg cyanidin 3-glucoside equivalents/g of dried berries by
the pH-differential method. No significant difference was observed between the methods in the unpaired #-test
(p>0.05). Reports in the literature have indicated significant differences between similar extraction methods. For
example, Musa et al. [31] found that stirring guava fruit with solvent for 1 h at 1,000 rpm resulted in significantly
higher antioxidant activity than maceration for 1 and 2 days. Adjé et al. [36] also showed that maceration under
stirring resulted in higher recovery of polyphenols and ACNs from Delonix regia tree flower than maceration
alone. However, this is very much determined by the range of extraction parameters used, and it was not the
aim of this study to optimize the extraction procedure. For this reason, the stirring method was selected for the
preparation of the extract for encapsulation as similar ACN recovery was obtained in a shorter period of time.

Alginate particles are commonly formed by extruding a solution of sodium or potassium alginate through
a needle or nozzle into a gelation solution containing calcium ions [37]. This is a mild encapsulation method
that could contribute to the retention and delivery of ACNs in food products. According to the manufacturer,
the sodium alginate used in this study contained approximately 65-75% of guluronic acid groups. Martinsen
et al. [38] showed that particles with highest mechanical strength, lowest shrinkage, and highest porosity were
obtained with alginate containing more than 70% of guluronic acid. An example of the particles produced is
presented in Fig. 2.

The ANOVA results showing the significant variables (p <0.05) for the encapsulation efficiency and size of
ACNSs in calcium-alginate particles analyzed by RSM are presented in Tables 3 and 4, respectively. The results
indicated that the models were significant for the responses analyzed (Fgg =48.39 and F';;, =6.48, p<0.05).
The non-significant lack-of-fit (p > 0.05) for both models also indicated that they fitted the experimental data. The

Fig. 2. An example of the particles produced during the optimization after being left to dry overnight at room temperature in the absence of
light.
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Table 3
ANOVA results for the model with encapsulation efficiency (y;) as the response

Source df SS MS F-value p-value P (%)
Model 7 2460.46 351.49 48.39 <0.0001 97.98
X 1 525.07 525.07 72.29 <0.0001 2091
X2 1 109.78 109.78 15.11 0.0060 4.37
X3 1 294.37 294.37 40.53 0.0004 11.72
X1x2 1 206.42 206.42 28.42 0.0011 8.22
X1Xx3 1 77.42 77.42 10.66 0.0138 3.08
x2 1 538.72 538.72 74.17 <0.0001 21.45
x32 1 795.86 795.86 109.57 <0.0001 31.69
Error 7 50.84 7.26 2.02
Lack-of-fit 5 47.27 9.45 5.29 0.1665 1.88
Pure error 2 3.57 1.79 0.14
Total 14 2511.30 100.00
S 2.70 Adjusted R? 0.9595

R? 0.9798 Predicted R? 0.8590

Note: x; - alginate concentration; x; - CaCl, concentration; x3 - time in the gelation solution; P - percentage contributions; S - standard error
of the regression; R? - regression coefficient.

Table 4
ANOVA results for the model with particle size (y,) as the response

Source df SS MS F-value p-value P (%)
Model 3 180.37 60.12 6.48 0.0087 63.86
X1 1 91.80 91.80 9.89 0.0093 32.50
x3 1 6.84 6.84 0.74 0.4087 2.42
x32 1 81.72 81.72 8.81 0.0128 28.93
Error 11 102.07 9.28 36.14
Lack-of-fit 9 89.05 9.89 1.52 0.4589 31.53
Pure error 2 13.02 6.51 4.61
Total 14 282.43 100.00
S 3.05 Adjusted R? 0.5401

R? 0.6386 Predicted R? 0.2650

Note: x; - alginate concentration; x; - CaCl, concentration; x3 - time in the gelation solution; P - percentage contributions; S - standard error

of the regression; R? - regression coefficient.

models explained 97.98 and 63.86% of the variations in EE and particle size, respectively. The model for size
was not as good as the one for EE (low R? and large discrepancies between adjusted and predicted R?); however,
the coefficients of variation (CV% =6.37 and 2.51 for EE and size, respectively) indicated an acceptable level
of precision and reliability of the models.

In relation to the terms in the model, x3 had to be included in the model for particle size for hierarchical
purposes (Table 4). The percentage contribution (P) was calculated for all terms by dividing the sum of squares
(SS) of each component by the total SS and these results indicated that x7, x;2, and x3 affected the encapsulation
efficiency by 20.91, 21.45, and 31.6%. In the case of size, the variables x; and x32 affected 32.50 and 28.93%,
respectively.
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The quadratic models for each response variable are described in coded and natural variables, as follows:

y1 = 28.10 + 8.10x1 — 3.70x3 — 6.07x3 + 7.18x1x2 + 4.40x1x3 + 12.04x% + 14.64x§ 3)

EE(%) = 5160.62 — 988.52] — 280.39&, — 14.82£3 + 28.73&1£, + 0.88%1&; 4+ 481767 + 01587 (4)

y2 = 1123.73 + 3.39x] — 0.92x3 — 4.68x3 5)

Size (pm) = 1042.50 + 6.77&; + 1.78&; — 0.05&3 (©6)

The surface graphs for the responses evaluated in relation to the variables presented in the model are illustrated
in Fig. 3. The encapsulation efficiency ranged from 17.97 to 63.12%. Figure 3A shows that higher encapsulation
efficiency (63.12%) could be obtained with a high concentrations of alginate (10%, w/w) and shorter period of
time (10 min) in the crosslinking solution, keeping the concentration of CaCly in its center point (2.5%, w/v).
When the concentration of alginate was decreased to 9% (w/w) (keeping the other variables constant), the EE
dropped considerably (17.97%), providing evidence that this variable played an important role in EE. This was
also demonstrated by Lotfipour et al. [39], who reported a significant effect of alginate concentration on the EE
of probiotics using the extrusion method, whereas the concentration of CaCl; and gelation time were considered
insignificant. A higher concentration of alginate could have blocked the diffusion of encapsulated ACNs due
to a denser and thicker membrane with greater availability of active sites for crosslinking with calcium [40];
however, this would be dependent on the concentration of calcium ions and their availability to crosslink the
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Fig. 3. Surface plots of the two responses assessed (A and B - encapsulation efficiency; C - size) versus the variables included in the model.
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alginate chains and also the time the particles remained in the gelation medium. ACNSs are hydrophilic compounds
and it is possible that they could have diffused out from the calcium-alginate particles if they remained for too
long in the CaCl, solution.

At a low concentration of alginate (9%, w/w), an increase of CaCl, concentration from 2 to 3% (w/v) resulted
in a reduction of EE from 42.25 to 17.97%. The gelation was carried out under an acidic gelling environment to
prevent the degradation of ACNSs, and the flavylium cation was most likely the ACN form found during encapsu-
lation [1, 41]. It could have been possible that higher concentrations of CaCl, could have led to an electrostatic
repulsion and attraction with calcium and chlorine ions, respectively, which could have also contributed to the
leakage of anthocyanins from the particles. Jiang et al. [42] also showed that higher concentrations of CaCl,
resulted in lower encapsulation efficiency of $-glucuronidase in alginate particles.

In relation to size, larger particles were obtained with higher concentrations of alginate (10%, w/w) around
the center point for time (20 min). The concentration of alginate is intimately related to the viscosity of the
mixture [43, 44] and the behavior during extrusion. Even though viscosity was not evaluated in this study, a
subjective assessment of the solutions has indicated a positive correlation between polymer concentration and
viscosity. A more viscous solution would reduce the flux and increase the detachment time of droplets from the
needle using the same flow rate and pressure, resulting in larger particles. Lotfipour et al. [39] also showed that
the concentration of alginate had a significant effect on the particles produced by extrusion. It is likely that the
duration of the particles in the gelling solution would impact the formation of the internal network structure
within the alginate gel and, consequently, affect the mechanical resistance of the particles, although it was not
assessed in this work. Deladino et al. [45] showed that dried calcium-alginate particles prepared with yerba mate
extract had a spherical disc shape with a collapsed center, resembling a red blood cell. In this study, the particles
also had a disc shape, but no collapse was observed. This collapse during drying has been associated with the
heterogeneous gelation mechanism where a dense surface layer and loose core would be observed [45, 46], which
was not the case in the present study.

In order to optimize the two responses simultaneously, the desirability function methodology was used in which
encapsulation efficiency was maximized, whereas size was minimized. The individual desirability functions for
encapsulation efficiency and size were approximately 1.00 and 0.81, respectively. The overall desirability (D)
was approximately 0.90, with predicted encapsulation efficiency of 68.03% and size of 1,116.6 um. Using this
strategy, the optimization of the two responses was predicted at the following conditions: alginate concentration
of 9.0% (w/w), CaCl, concentration of 2.0% (w/v), and 10 min in the gelation solution.

4. Conclusion

The encapsulation of ACN-rich extract from haskap berries (Lonicera caeruleaL.) in calcium-alginate particles
was optimized by RSM using Box-Behnken design. Three input variables (alginate and CaCl, concentrations, and
time for crosslinking) were investigated and their impacts on encapsulation efficiency and size were assessed.
Using the desirability function, it was possible to optimize the two responses simultaneously. The optimum
conditions were determined as 9.0% (w/w) alginate solution, 2.0% (w/v) CaCl,, and 10 min in the gelation
solution. Further investigation is required to determine the release profile of the ACNs from the particles and the
stability of the encapsulated ACNs under adverse conditions.
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