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Abstract
The aim of this study was the optimization of the gallic acid (GA) encapsulation effi-
ciency within calcium alginate microparticles by the ionotropic gelation technique, 
using Box-Behnken design for the surface methodology response. For this purpose, 
three independent variables were selected: sodium alginate concentration (X1), cal-
cium chloride concentration (X2), and gallic acid concentrations (X3). The influ-
ence of each variable on the encapsulation efficiency was evaluated. The optimum 
conditions to reach maximum encapsulation efficiency were found to be: X1 = 30 g/l 
(3%, w/v), X2 = 21.63 g/l (2.163%, w/v) and X3 = 15 g/l (1.5%, w/v), respectively. 
The encapsulation efficiency was determined to be 42.8%. The obtained microbeads 
were further examined using differential scanning calorimetry (DSC) and Fourier 
transform infrared (ATR-FTIR), and the inclusion of gallic acid was confirmed. The 
gallic acid concentration (X3) is the statistically significant factor in the optimiza-
tion process. In addition, no autoxidation of the gallic acid compound was observed 
in the formulated calcium alginate microbeads. Scanning electron microscope 
(SEM) analysis showed that the shape of the particle was spherical for all formula-
tions and their surface is wrinkled. The release study of the gallic acid carried out in 
an aqueous medium at pH value 6.8, showed that the GA release pattern was fast for 
all systems studied (85% at 20 min), and the profile of the release was influenced by 
the size of the calcium alginate microbeads. The obtained results reveal that the cal-
cium alginate microbeads prepared through the ionotropic gelation technique pos-
sess great prominent for gallic acid encapsulation as well as its liberation.
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Introduction

Gallic acid (3,4,5-trihydroxybenzoic acid) is a natural phenolic compound, 
which is widely used for its antimicrobial and antioxidant properties. It is mostly 
extracted from food such as tea leaves, citrus fruits, mango, bearberry and many 
others [1, 2].

Gallic acid (GA) has numerous biochemical and physiological properties, as 
antioxidant [2–4], an antimicrobial agent [5], and an antihyperglycaemic agent 
[6], antiaging, anti-inflammatory activity [7, 8], it also prevents oxidative stress 
[9], and some kinds of cancer [10]. Nevertheless, GA shows a powerful astrin-
gency and high sensitivity to pH, temperature, light, and oxygen which may 
decrease its possible uses in the functional formulation applications [11, 12]. In 
addition, gallic acid, when dissolved in aqueous medium, tends to autoxidize to a 
dimer or oligomer structure [13, 14].

To overcome its unpleasant flavor and to avoid its autoxidation, gallic acid 
requires a certain delivery system. More to the point, encapsulation is a prom-
ising technique to keep gallic acid’s health benefits. Recently, micro and nano-
particles are increasingly applied in pharmaceutical industry as delivery systems. 
Therefore, encapsulation of GA by zein submicron was previously achieved to 
develop an active packaging material with a strong antibacterial activity [13, 14]. 
Furthermore, inorganic nanosystems including silica nanoparticles and  Fe3O4 
were successfully used to transport gallic acid and control its release [15, 16]. 
To increase its applications in functional formulations, numerous biopolymer-
based hydrogel micro and nanobeads were produced to stabilize GA and control 
its release. Moreover, sodium alginate, β-cyclodextrin, acetylated starch xanthan, 
inulin and chitosan were used to encapsulate and deliver gallic acid [12, 17, 18]. 
Meanwhile, encapsulation of gallic acid through various methods such as spray 
drying, lyophilization, emulsification, electrospinning and electrospray was stud-
ied [12–14, 18–20]. In addition, these previous investigations have shown that the 
encapsulation efficiency of gallic acid (GA) varies with the technique used.

A high encapsulation efficiency of gallic acid was reported using the spray dry-
ing method for native inulin (83%) and acetylene inulin (75%). Contrarily, for the 
native starch and the acetyled starch, these EE values were lower showing 47% 
and 57%, respectively. Thus, revealing the effect of the type of wall material on 
the interaction of GA-polymer [17]. Starch and inulin are both polysaccharides, 
but they have different structural characteristics. Starch is a glucopyranose with 
linear and branched areas [21], while inulin is a fructo-oligosaccharide (FOS) 
that is mainly linear and slightly branched [22]. The encapsulation efficiency of 
gallic acid in the systems of β-cyclodextrin, xanthan and chitosane by the lyophi-
lization method and in the silica nanoparticles by the condensation mechanism is 
80, 77.5, 91.07 and 89.39% respectively [16, 18]. These differences in the struc-
ture can explain the differences of GA-polymer interactions and hence different 
encapsulation efficiencies.

Alginate acid as a natural polysaccharide extracted from brown algae possesses 
many advantages compared to the various polymers adopted for elaborating 
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hydrogel micro and nanobeads [12, 23–29]. The alginate macromolecule consists 
of chains of gluconic acid (G-block) and chains of mannuronic acid (M-block) 
and chains of mixed sequence of M-G-blocks. The sequence and ratio (M/G) of 
these uronic acids differ depending on the origin of the alginate and can deter-
mine the properties of the alginate [29, 30]. It is a natural, biodegradable and 
biocompatible material which has a large variety of applications in the functional 
formulations due to its physical-chemistry properties including gelling properties 
when cross-linked with di or trivalent ions such as calcium and aluminum cation 
 (Ca2+,  Al3+,  Ga3+,  La3+) [31, 32]. Gallic acid encapsulation by sodium alginate 
was studied by Hyun Jin Park et  al. [12], by electrospray technique, who found 
that the encapsulation efficiency was just over 20%. Although they prevented the 
loss of gallic acid during the gelling by dissolution in the collection solution the 
same concentration of gallic acid as that of the sodium alginate solution. Fur-
thermore, they reported that at the gelling process, the encapsulation of the gallic 
acid by alginate beads reached its maximum levels when sodium alginate poly-
mer is cross-linked in the presence of  Ca2+ cation forming the “eggbox” struc-
ture. Meanwhile, the free water amount decreased and at the same time, the con-
centration of GA inside the calcium alginate beads increased. On the other hand, 
GA amount in calcium alginate beads became higher compared to the collection 
solution. What is more, GA was released from the beads into the surrounding 
medium, which led to a reduction in the encapsulation rate [12].

The ionotropic gelation is based on the polyelectrolytes ability to cross-link (in 
the presence of counter ions to form hydrogel) beads also called as gelispheres. 
The utilization of expensive and toxic organic solvents in the microencapsulation 
technique has been drastically reduced due to evolution of ionotropic gelation and 
hence provides eco-friendly pharmaceutical hydrogel beads [33].

As far as we know, the encapsulation of gallic acid in a promising biodegrad-
able release system for functional applications such as calcium alginate microbe-
ads shows a weak encapsulation efficiency (EE). In addition, the increase of this 
parameter (EE) in the encapsulation science is necessary to increase the potential 
uses of the active compounds like gallic acid (GA), and as well as natural poly-
mers such as sodium alginate, hence, an optimization of encapsulation conditions 
is important.

In the current study, the Box-Behnken design was adopted to evaluate the 
effects of three selected parameters namely, sodium alginate concentration, cal-
cium chloride concentration, and gallic acid concentration to determine the 
optimal conditions for the encapsulation of gallic acid (GA) in calcium alginate 
microbeads using the ionotropic gelation technique. In addition, various analysis 
techniques such as UV–vis spectrophotometer, ATR-FTIR, differential scanning 
calorimetry (DSC) as well as scanning electron microscopy (SEM) were used 
to study and evaluate the GA encapsulation in the calcium alginate microparti-
cles, its chemical stability in the elaborated microparticles and to study the mor-
phology of obtained microbeads. Subsequently, the kinetic release of the gallic 
acid loaded microparticles at pH = 6.8, and the impact of microbeads size on the 
release profile is also investigated.
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Materials and methods

Materials

Sodium alginate (alginic acid sodium salt from brown algae, #MKBZ4415V, 
medium viscosity, 5–40 cps of 1% aqueous solution) was purchased from Sigma-
Aldrich Co. (St. Louis, USA). Gallic acid monohydrate, trisodium citrate and cal-
cium chloride dihydrate were provided by Sigma-Aldrich Co. (St. Louis, USA). Dis-
tilled water that was used for the preparation of all samples, has a conductivity less 
than 2 µS.

Methods

Preparing calcium alginate microbeads

Calcium alginate microbeads containing GA were obtained through the ionotropic 
gelation technique. Briefly, 1–3 g of the sodium alginate (X1%, w/v) and 0.5–1.5 g 
of gallic acid (X3%, w/v) were dissolved in 100 ml of water. After full hydration, 
the mixed solution was left, without stirring, for about 2 h to remove any air bubbles 
from the aqueous medium. Gelling solution was prepared by dissolving  CaCl2.2H2O 
powder in distilled water (2–6 g/100 mL) (X2%, w/v). A pump was used to transport 
the mixed solution of the sodium alginate (X1%, w/v) and gallic acid (X3%, w/v) 
through a tube which its end was connected with a polypropylene micropipette tip, 
the mixture solution (X3%, X1%, w/v) falls into the  CaCl2 solution (X2%, w/v) con-
tinuously (see Fig. 1).

Box‑Behnken optimization design

The optimization study (EE) was carried out using Box-Behnken design with three 
levels (–1, 0, + 1) to evaluate the effect of the three factors (sodium alginate concen-
tration (X1), calcium chloride concentration (X2), gallic acid concentration (X3)) on 
the encapsulation efficiency (EE) of gallic acid within calcium alginate microparti-
cles. For this purpose, fifteen runs with three replicates were investigated according 
to this experimental design. The responses measured were encapsulation percent-
age of the Gallic acid (Y). To evaluate the response factors and their interactions, a 
second-order polynomial equation was used:

where EE is the optimized response, X1, X2 and X3 are the independent parameters, 
a0 the model intercept, and ai and aj are the regression coefficients.

In the present study, we have used the JMP11 software (SAS Institute, USA) to 
analyze the obtained results and then to select the optimized conditions for an effi-
ciency encapsulation. The input variables of the Box-Behnken design are given in 
Table 1.

Y = EE = a0 +
∑

aiXi +

∑

aiiX
2
i
+

∑

aijXiXj …
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For any set of variables, the encapsulation efficiency (EE) of GA is calculated 
using the equation, EE = (Wi  −We)/Wi, with We is the non-encapsulated amount 
of gallic acid (GA) (mg), and Wi presents the initial amount of gallic acid (GA) 
(mg).

The encapsulation amount of GA was evaluated using UV–visible spectro-
photometer (UV-1800, China) at 265 nm. For each experiment, 10 mg of micro-
beads were dissolved in 30 ml sodium citrate solution (2%, w/v), the obtained 
solution was centrifuged for 5  min at 8000 rpmn. The gallic acid content in 
supernatant was determined to correct the encapsulation efficiency obtained in 
the first measure.

Fig. 1  Scheme of the preparation of gallic acid loaded in calcium alginate microbeads

Table 1  Experimental parameters of Box-Behnken design for preparation of the gallic acid- loaded cal-
cium alginate microbeads

Independent variables Process factors Levels

Low Middle High

 − 1 0 1
Sodium alginate concentration (% w/v) X1 1 2 3
Calcium chloride concentration (% w/v) X2 2 4 6
Gallic acid concentration (% w/v) X3 0.5 1 1.5
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Characterization techniques

Gallic acid content measurement and loading efficiency

The amount of GA was determined by the direct measurement of the absorbance 
using UV–visible spectrophotometer at 265 nm, the gallic acid concentration was 
obtained through a calibration curve using GA as the standard reference under the 
same experimental conditions.

Loading capacity was calculated using the following formula:

The encapsulation efficiency was calculated using the formula below:

Attenuated total reflecting‑Fourier transform infrared (ATR‑FTIR) analysis

To evaluate the interaction between alginate microbeads and GA as well as to 
confirm the existence of gallic acid in the microparticles, the ATR-FTIR tech-
nique was used. The spectrums were carried out on a Jasco4700-ATR spectropho-
tometer (Shimadzu, Japan), in the wavelength region between 400 and 4000 cm−1. 
Furthermore, each spectrum was obtained by averaging 32 scans at a resolution 
of 4 cm−1.

Differential scanning calorimetry (DSC) analysis

Thermal properties of sodium alginate polymer, gallic acid, physical mixture of gal-
lic acid and sodium alginate, blank calcium alginate microbeads, and gallic acid 
loaded calcium alginate microbeads were measured on a model Q100 differential 
scanning calorimeter (TA Instrument). About 3.0 to 10 mg of sample powder was 
weighed and sealed in an aluminum DSC pan. After holding isothermally at 0 °C for 
1 min, DSC scanning was carried out from 30 to 350 °C at a heating rate of 10 °C /
min under dry nitrogen purge of 50 ml/min.

Scanning electron microscopy (SEM) analysis and morphological characterization

The outer structure of the calcium alginate microparticles obtained under optimal 
formulation was evaluated by a scanning electron microscope (FEI ESEM “Quanta 
200”, USA) equipped with an EDX microanalysis. The scanned images were col-
lected digitally, using ETD software.

Loading capacity =
weight of gallic acid in the calcium alginate microbeads

weight of dried calcium alginate microbeads
× 100

Encapsulation efficiency =
amount of gallic acid in the beads

original amount of gallic acid
× 100
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GA release study

The release of gallic acid from the obtained microbeads in water was performed by 
using UV–visible spectrophotometer. For the analysis, a known amount of micro-
beads (of about 0.51 g) was suspended in 150 mL of distilled water. The samples 
were submitted to continuous agitation on an Multi-Position magnetic stirrer (Vario-
mag Poly 15, Germany) operating at 250 rpm. At defined time intervals (1–10 min), 
an aliquot of the supernatant was taken for the measurement of the absorbance at 
265 nm. At the end of the measurement, 30 ml of a sodium citrate solution (2%, 
w/v) are added and final absorbance is recorded. The value of the final absorbance is 
corrected by considering the dilution. The experiments were performed in triplicate.

Analysis of gallic acid release kinetics and mechanism

In order to predict and correlate the gallic acid (GA) release behavior from elabo-
rated calcium alginate microbeads loaded with GA, it is necessary to fit into a suit-
able mathematical model. The GA release data were evaluated kinetically using 
various important mathematical models such as zero-order, first-order, and Kors-
meyer–Peppas models [34, 35].

where Q represents the active compound released amount in time t(min), Q0 is the 
start value of Q, and k0 is the rate constant.

where Q represents the active compound released amount in time t(min), Q0 is the 
start value of Q, and k1 is the rate constant.

where Q represents the fraction released at t(min), kp is the rate constant, and n is 
the diffusional exponent, indicative of gallic acid release mechanism.

Furthermore, the Korsmeyer-Peppas model was employed in the active compound 
release behavior analysis of these formulations to distinguish between the compet-
ing release mechanisms such as Fickian release (diffusion-controlled release), non-
Fickian release (anomalous transport) and case-II transport (relaxation-controlled 
release) [35, 36].

This model was developed specifically for the release of an active molecule 
from a polymeric matrix, such as a hydrogel. It is also shown that this equation can 
adequately describe the release of active compounds or other solutes from slabs, 
spheres, cylinders, and discs (tablets), regardless of the release mechanism [35]. In 
addition, to determine the exponent n and to find out the mechanism of active com-
pound release, it is recommended to use the first 60% active compound release data. 
For the release data from several formulations of microcapsules or microspheres, the 

Zero-order model ∶ Q = k0t + Q0

First-order model ∶ Q = Q0e
k1t

Korsmeyer-Peppas model ∶ Q = kpt
n
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n value is utilized to characterize different release mechanisms. When n is ≤ 0.43, 
it is Fickian release. The n value between 0.43 and 0.85 is defined as non-Fickian 
release. When n ≥ 0.85, it is case-II transport [35–37]. The prediction ability and 
accuracy of these models were compared by calculation of the squared correlation 
coefficient (R2) using OriginPro 2018 software.

Results and discussion

Effect of the experimental factors on the encapsulation efficiency

Table 2 shows the mean values for each combination of the three selected parame-
ters and the theoretical predicted values by the mathematical model. Figure 2 reports 
the effect of each factor on the encapsulation efficiency of gallic acid in calcium 
alginate microbeads.

Figure 2 indicates that the encapsulation efficiency (EE) of gallic acid is initially 
inversely proportional to the sodium alginate concentration (X1). For sodium algi-
nate concentrations higher than 2% (w/v), an EE increase indicates probably a strong 
interaction between the phenolic compound and the polymer which promotes the 
formation of the microbeads with stable structures that consequently have a higher 
loading capacity. This result about the polymer concentration, agrees with that of 
REZGUI et al. [38] for valsartan (Angiotensin) encapsulation in poly (lactic acid) 
(PLA) and poly (ε-caprolactone) (PCL) polyesters, as well as Behera et al. [39] for 
encapsulation of fluorouracil (antimetabolite) in ethyl cellulose microspheres who 
showed that the encapsulation efficiency (EE) increases as well with increasing 

Table 2  Experimental conditions of Box-Behnken design and observed response

Combination X1 (% w/v) X2 (% w/v) X3 (% w/v) Experimental 
EE (%)

Predicted EE (%)

C1 1 4 1.5 39.44 39.04
C2 1 4 0.5 18.95 18.08
C3 1 2 1 25.80 27.08
C4 1 6 1 26.79 26.78
C5 2 6 0.5 16.54 17.43
C6 2 6 1.5 33.44 33.85
C7 2 2 1.5 39.66 38.78
C8 2 4 1 27.78 27.05
C9 2 2 0.5 13.92 13.51
C10 2 4 1 28.17 27.05
C11 2 4 1 25.21 27.05
C12 3 4 1.5 40.75 41.62
C13 3 4 0.5 20.48 20.88
C14 3 2 1 29.96 29.97
C15 3 6 1 30.55 29.27
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polymer concentration, this polymer concentration effect varies with the variation 
of structure and nature of polymer [29, 30, 40]. Similar results have been reported 
in the literature with other drugs [41–43]. For sodium alginate concentration lower 
than 2%, the observed increase of EE with the decrease of sodium alginate concen-
tration probably indicates the formation of a network structure without homogene-
ous distribution of pores and their size, which can retard the diffusion of GA towards 
the external medium (collection solution) during the gelling process.

The calcium chloride concentration (X2) did not show a remarkable effect on EE 
response, that is, explained by the gelling property of the polymer. It is evident that 
an increase of calcium chloride concentration can certainly lead to introduce higher 
levels of  Ca2+ ions responsible for cross linking between the alginate chains and 
consequently forms a dense cohesive structure with a spherical shape and uniform. 
As a result, can be giving more entrap capacity for the elaborated beads for the mol-
ecules in the different size and physico-chemical property compared with the gallic 
acid molecules [44–46]. However, the calcium chloride concentration did not have 
a significant effect on the encapsulation efficiency can be attributed to the size and 
geometrical structure of our encapsulated active compound which is gallic acid.

For the third parameter which is gallic acid concentration (X3), the obtained 
results show that the encapsulation efficiency (EE) increase with increasing of gallic 
acid (GA) concentration. This is explained by when we increase the concentration 
of gallic acid (GA) in the mixture of sodium alginate and GA causes an increase 
of its concentration in the collection solution  (Ca2+ solution) when the gelling 
process. Consequently, prevents the diffusion of the encapsulated GA towards the 
external medium (collection solution) during the gelling process and thus a bet-
ter and higher encapsulation efficiency (EE). Over the past 10 years, various types 
of active compounds have been incorporated successfully in the calcium alginate 
beads. Most of the active compounds have high water solubility, and therefore it is 
easier to obtain an homogeneous dispersion of the active compound in alginate solu-
tion prior to the encapsulation [12, 47]. Hence, the probability of diffusion of the 
mixed active compound with sodium alginate polymer towards the aqueous medium 
 (Ca2+ solution) during the encapsulation process was higher, it was mentioned by 
Nurazreena et al. [47] that generally, an increase in active compound content will 

Fig. 2  Influence of sodium alginate concentration (X1%, w/v), calcium chloride concentration (X2%, 
w/v) and gallic acid concentration (X3%, w/v) on EE mean value



 Polymer Bulletin

1 3

improve active compound encapsulation efficiency which is confirming our obtained 
results. Finally, the active compound content is an important factor, which impacts 
its encapsulation efficiency (EE).

Analysis of experimental data, applied model validation and optimization 
of the parameters

Model equation

To optimize the formulation with the higher EE, the RSM (Response Surface 
Methodology) was used to predict the correlation between dependent and inde-
pendent factors. Table 3 shows the coefficient factors of the theoretical model and 
their related p-values for the analyzed measure. Coefficients with p values less than 
5% (p < 0.05) had a noticeable impact on the model prediction efficiency for the 
obtained response [48]. The polynomial equation representing the relation between 
the EE response and the independent parameters is described below:

Coefficients with second-order terms and multiple factors terms characterize the 
interaction terms and the quadratic relationships in the same order [38]. The coeffi-
cients sign shows how the related factors influence the results. If the sign is negative, 
the response gets lower (antagonist effect), if it is positive the response gets higher 
(synergetic effect) [49]. Moreover, the results can be repeated without a significant 
difference as well as the standard error is smaller, and the t-ratio greater than 1.96 
(absolute value). In addition, the ratio of estimated values to the standard error rep-
resents the t-Ratio.

The Pareto diagram presents the effect of each and their interaction on the encap-
sulation efficiency (Fig. 3). Furthermore, the effect of each factor on the response is 
indicated by the length of each bar in the graph.

EE = 27.053207 + 10.424858X3 + 2.6160383X2
1
− 2.211942X2X3

Table 3  Parameter estimation 
(note: * = significant value)

Term Estimated value Standard error t Ratio Prob. >|t|

Intercept 27.053207 0.902587 29.97  < 0.0001*
(X1) 1.3452645 0.55272 2.43 0.0591
(X2)  − 0.252034 0.55272  − 0.46 0.6675
(X3) 10.424858 0.55272 18.86  < 0.0001*
(X1) * (X2)  − 0.098978 0.781663  − 0.13 0.9042
(X1) * (X3)  − 0.054334 0.781663  − 0.07 0.9473
(X2) * (X3)  − 2.211942 0.781663  − 2.83 0.0367*
(X1) * (X1) 2.6160383 0.813581 3.22 0.0236*
(X2) * (X2)  − 1.395315 0.813581  − 1.72 0.1470
(X3) * (X3) 0.2344484 0.813581 0.29 0.7848
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The principal effect of independent variables and their interaction on the encap-
sulation efficiency is given by the Pareto plot (Fig. 3a). Furthermore, the effect of 
each factor on the response is indicated by the length of each bar in the graph 
[38]. In fact, X3 has the highest influence (p-value < 0.0001) and consequently, an 
antagonistic effect. For (X1), the sign is less significant (p-value = 0.0591), as for 
the lowest effect was observed for X2 (p value = 0. 6675) (Table 3). In addition, 
a significant interaction between X1 and X1 (p value = 0.0236), also between 
X2 and X3 (p value = 0.0367) was observed. On the other hand, no significant 
interaction was detected between X1 and X2 (p value = 0.9042), X1 and X3 (p 
value = 0.9473), X2 and X2 (p value = 0.1470), and X3 and X3 (p value = 0.7848) 
(Fig. 3b).

In the Fig. 4, the 3D plots reveal the effects of each variable and their interac-
tions on the GA encapsulation efficiency. To obtain the observed surfaces, we 
plotted the obtained EE values against two parameters, holding the third at mid-
dle level. Figure 4a shows that at both high and low levels X2 rates, EE increases 
with X1. Besides, as X2 increases, EE decreases whatever the X1 value.

Fig. 3  Pareto plot a and interaction profiles b, showing the effect of sodium alginate concentration (X1%, 
w/v), calcium chloride concentration (X2%, w/v) and gallic acid concentration (X3%, w/v) on the (EE) 
response (Red curve: lower level, Blue curve: higher level of selected factor)

Fig. 4  3D surface plots of EE versus: a X1, X2; b X1, X3 and, c X2, X3
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Now considering the combined effect of X1 and X3, and as observed in Fig. 4b, 
EE response increases strongly with X3 whatever the value of X1. Mutually, the 
same plot displays that EE does not show significant change with X1 whatever the 
value of X3. Finally, Fig. 4c shows that EE increases with X3 whatever the value of 
X2. Simultaneously, the EE response decreases significantly with X2 if X3 is high, 
whereas it increases slightly with X2 if X3 is low.

In conclusion, among the three independent factors, gallic acid concentration 
(X3) played the most significant role in the GA encapsulation followed by sodium 
alginate concentration (X1) and finally calcium chloride concentration (X2) with 
a negligible role. Which shows that the sodium alginate polymer concentration, as 
well as the calcium ion concentration has no effect on the porosity of the microbeads 
for the molecules in the same size and physico-chemical property as gallic acid mol-
ecules, and that the increase in the concentration of gallic acid in the mixture causes 
an increase in its concentration in the collection solution, and consequently prevents 
the diffusion of the encapsulated GA towards the external medium.

Validation of the model

The optimization of gallic acid encapsulation efficiency by calcium alginate micro-
particles was validated by the variance analysis (ANOVA). This step is important to 
evaluate the meaning and the second-order polynomial equation fit [50]. Several sta-
tistical variables given by the software, including lack of fit test, ANOVA and multi-
ple determination coefficients (R2) tests were used to evaluate the model significance 
[51]. Table 4 presents the statistical evaluation results obtained.

When the F value is high and the p value is low, the applied model is said to be 
significant [52]. On the one hand, through p (less than 0.0003) and F values (exceeds 
42) the variance analysis shows that the applied model is significant. On the other 
hand, to reaffirm that the applied model presents a good fitting to the encapsula-
tion efficiency response it is important to report that the lack of fit of the applied 
model was non-significant (p > 0.05) [51]. The checking of the lack of fit applied 
model was made by the determination coefficient (R2). Also, the adjusted determina-
tion coefficient value was equally high (adj R2 = 0.987151), which more confirms the 

Table 4  Variance study (ANOVA) for the applied model

Source Degree of freedom Sum of squares Mean squares F value p

Model 9 938.84648 104.316 42.6828  < 0.0003*
Error 5 12.21995 2.444
Total 14 951.06644
Lack of fit 3 7.021248 2.34042 0.9004 0.5645
Pure Error 2 5.198707 2.59935
Model summary statistics
R2 Adj R2 Pred R2

0.9945 0.987151 0.964024
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high meaning of the applied model [53, 54]. The adjusted determination coefficient 
(adj R2 = 0.987151) for the encapsulation efficiency response is in accord with the 
predicted determination coefficient value (pred R2 = 0.964024) [55].

Figure  5 presents a comparison between the predicted values obtained by the 
mathematical model compared with experimental values of encapsulation efficiency 
response to validate this applied model.

As shown in Fig. 5, a good alignment of the experimental EE (black dots) with 
the predicted EE (red line) which confirms their correlation. This is confirmed by the 
determination coefficient (R2 = 0.9945), which shows that 99.45% of the response 
data is explained by this mathematical model. The correlation coefficient was very 
close to 1(R = 0.995) and shows a better correlation between the experimental and 
the theoretical response predicted by the quadratic model to evaluate the encapsula-
tion process of GA [54].

Optimal factors for the formulation of gallic acid‑loaded calcium alginate 
microparticles

After studying the effect of independent factors on the encapsulation efficiency, the 
quadratic regression model was used to determine the optimal values of the selected 
factors, as well as analyzing the response surface contour plots. Thus, all the factors 
were chosen in range, and the optimal formulation was the one with the highest gal-
lic acid encapsulation efficiency. The obtained diagram optimization with maximum 
desirability (d = 0.991082), is presented in Fig. 6. The best encapsulation conditions 

Fig. 5  Plot comparing the experimental and theoretical EE values for gallic acid in calcium alginate 
microparticles (The red line represents the regression line surrounded by dashed curvilinear boundaries 
showing the 95% confidence data distribution limit and the horizontal dashed blue line represents the 
mean of the experimental EE (%) value)
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obtained for the three selected parameters X1, X2 and X3 are: 3% (w/v), 2.163% 
(w/v) and 1.5% (w/v), respectively. In these optimized conditions, the theoretical 
encapsulation efficiency of GA obtained by the applied model was found out 42.8%.

In order to validate the quadratic model of the encapsulation study, a checkpoint 
analysis was carried out in the optimal concentration range. The prepared optimized 
formulation was indicated by an encapsulation efficiency of 42% ± 0.35 with a load-
ing capacity of 4% ± 0.035 (mean ± SD). As can be seen, the EE response obtained 
was near to the theoretical response (42.8%) with a minor error (1.87%) proving the 
accuracy of the obtained theoretical optimum conditions [54]. The obtained lower 
loading capacity was attributed to the ratio of sodium alginate gallic acid mixture 
and the weight of gallic acid molecule, Himmelstein et al. [56] showed that the drug 
loading capacity was directly proportional to the ratio of the amount of drug used 
during the preparation of microbeads to the total weight of microbeads elaborate. 
Similar results have been reported by other researchers as well [12, 56].

ATR‑FTIR analysis

Figure 7 represents the ATR-FTIR spectra of gallic acid, sodium alginate polymer, 
mixture of sodium alginate polymer and gallic acid, the blank calcium alginate 
microbeads and calcium alginate microbeads loaded with gallic acid respectively. 
Broad vibrational band located at 3273.57 cm−1 was attributed to O–H stretching. 
The two typical band of  COO− were observed at 1593.88 cm−1 and 1405.85 cm−1 
corresponding to the symmetrical and asymmetrical stretching vibrations, respec-
tively (see spectrums B–D and E in Fig. 7) [12, 23, 57–59].

Fig. 6  Schematic optimization of gallic acid encapsulation conditions
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In the blank calcium alginate microbeads spectrum, a broadband at 3361.32 cm−1 
was observed attributed to water molecules  (H2O). On the other hand, the two 
 COO− peaks were shifted to higher wavenumber at 1598.70 cm−1 and 1435.74 cm−1 
respectively, suggesting that  Ca2+ cross-linked alginate at the  COO− groups.

The ATR-FTIR spectrum of gallic acid shows small bands between 3060.48 cm−1 
and 3491.49 cm−1 corresponding to hydrogen bonds of the O–H function. Moreo-
ver, bands located at 1605.45  cm−1 and 1307.50  cm−1 represent the C = O group. 
The intense vibrational band at 1021.12 cm−1 was attributed to the vibration of the 
benzene ring [12, 16]. Furthermore, the ATR-FTIR spectrum of mixture of sodium 
alginate polymer and gallic acid present the same bands compared to the calcium 
alginate microbeads loaded gallic acid with some little differences. In the spectrum 
of calcium alginate microbeads loaded gallic acid, it is observed that the characteris-
tic bands were shifted to higher wavenumber with no new peak observed, compared 
to the blank calcium alginate microbeads spectrum, which indicates the incorpora-
tion of gallic acid in the microbeads with a possibility of its interaction with cal-
cium alginate microbead, as reported in many previous studies [12, 60]. In addition, 
as mentioned in several investigations, gallic acid tends more likely to autoxidize, 
when electrospinning zein fibers loaded with gallic acid, to dimer or oligomer struc-
ture [13, 14]. By using a similar process, our investigation shows that GA is signifi-
cantly stable in the prepared calcium alginate microbeads.

Differential scanning calorimetry (DSC) analysis

The thermal behavior of gallic acid, sodium alginate polymer, mixture of sodium 
alginate polymer and gallic acid, the blank calcium alginate microbeads and calcium 
alginate microbeads loaded gallic acid were evaluated by differential analysis DSC 

Fig. 7  ATR-FTIR spectra of a gallic acid, b sodium alginate polymer, c mixture of sodium alginate poly-
mer and gallic acid, d blank calcium alginate microbeads, e calcium alginate microbeads loaded gallic 
acid
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and given in Fig. 8. Gallic acid curves show two endothermic peaks, the first one 
at 106 °C which is attributed to the loss of free water. The second peak at 263 °C 
attributed to the melting of the crystal structure of gallic acid [12, 20]. The signifi-
cant exothermic peak determined at 241 °C in the sodium alginate thermogram was 
attributed to thermal decomposition of sodium alginate polymer (B in Fig. 8) which 
was absent in the calcium alginate microbeads thermogram (D and E in Fig. 8) [12, 
61]. The interaction of gallic acid with the alginate microbeads was confirmed by 
the endothermic peak at 255 °C observed in the gallic acid loaded alginate micro-
beads thermogram. Moreover, no exothermic peak at around 241 °C as detected in 
the blank microbeads and gallic acid loaded microbeads thermogram which indi-
cate that the microbeads are more stable compared to sodium alginate as previously 
reported in [12].

Scanning electron microscopy (SEM) analysis and morphological characterization

Scanning electron microscopy (SEM) analysis was further employed to examine the 
morphology of the obtained blank calcium alginate microbeads and calcium algi-
nate microbeads loaded gallic acid under optimal conditions for the studied system 
and examine the size effect of the microparticles on external surface. Three sizes 
are studied, 0.7  mm ± 0.038 (S1), 0.85  mm ± 0.072 (S2) and 1  mm ± 0.08 (S3) 
(mean ± SD).

The micrographs observed are shown in Fig.  9. In SEM images, a spherical 
geometry of microbeads was obtained, regardless of their size. For blank calcium 

Fig. 8  DSC thermograms of a gallic acid, b sodium alginate polymer, c mixture of sodium alginate poly-
mer and gallic acid, d blank calcium alginate microbeads, e calcium alginate microbeads loaded gallic 
acid
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alginate microbeads, the microparticles appeared spherical with smooth and 
homogenized surfaces.

The calcium-alginate microparticles loaded with gallic acid appeared spherical 
with a wrinkled surface and with uniformly sized microbeads and regular surface 
texture. In high magnification, a regular alignment of “lines” appears on the sur-
face, which corresponds to the polymer chains with a little difference in the space 
between the alignment of “lines” that was observed as a function of particle size.

Fig. 9  SEM photographs of calcium alginate microbeads blank a calcium alginate microbeads loaded 
gallic acid: b S1 (0.7 mm), c S2 (0.85 mm) and d S3 (1 mm)
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The morphological characterization results seen in Fig. 10, show that all obtained 
calcium alginate microbeads have rigid and spherical and had a smooth surface tex-
ture with relatively uniformed distribution sizes. For the wet and dried blank micro-
beads (without gallic acid) (Fig. 10A and a), the microbeads appeared white with 
a small size compared to the wet and dried of all obtained microbeads loaded with 
gallic acid (Fig. 10B–D and b–d), which is explained by the interactions between 
polymer chains, molecules of water and the GA molecules incorporated in the 
microbeads matrix.

In addition, the wet gallic acid loaded microbeads appear was milky owing to the 
GA with milk white color, similar observed results have been reported [12], after 
dry of all obtained calcium alginate microbeads the shape of the microbeads has 
similar morphology with that of wet beads, with small size, odorless, and a light 
yellow color for microbeads loaded with gallic acid as depicted in Fig. 10. This phe-
nomenon can be associated with the release of water molecules (dehydration) and 
the consequent formation of gallic acid alginate and or gallic acid  Ca2+ complexes, 
which can be yellow colored in the pH value inside the microbeads.

GA release study

The release profiles of GA from calcium alginate microbeads (S1, S2 and S3) 
obtained under optimal conditions, in distilled water at 25  °C, are presented in 
Figs. 11 and 12. In the release profile graphs, two steps can be distinguished for all 
studied systems. The first step showed an initial rapid GA release (85% within the 
first 20 min), which can be attributed to the presence of discovered gallic acid on 
the calcium alginate microbeads surface (superficial gallic acid), similar results have 
been reported by Robert et al. [17]. On the other hand, alginate microbeads encapsu-
lated with a hydrophilic compound or water extract generally have a characteristic of 
rapid release due to the porous structure of calcium alginate microbeads that did not 
offer a barrier effect to the encapsulated matter [62, 63].

The second step was characterised by a gradual GA release (50–350 min), with 
shows a lower release rate, this step was attributed to the encapsulated gallic acid 
released from the calcium alginate microbeads core. In these steps of GA release, 
the erosion of the polymer matrix due to its dissolution in the release solution was 
not observed. This could be explained by the release only being studied for a short 
period, during the long environmental stability of the calcium alginate microbeads.

As it is seen in Fig. 12, the calcium alginate microbeads size showed some con-
trol for the GA release, the release speed was rapid in all systems within the first 
20 min. The effect of size on the release kinetics of gallic acid was observed, the 
rate of release decreased when the size of the calcium alginate microbeads was 

Fig. 10  Digital photos of (A) wet microbeads of blank calcium alginate, a dried microbeads of blank 
calcium alginate, (B) wet microbeads of gallic acid loaded calcium alginate (S1), b dried microbeads of 
gallic acid loaded calcium alginate (S1), (C) wet microbeads of gallic acid loaded calcium alginate (S2), 
c dried microbeads of gallic acid loaded calcium alginate (S2), (D) wet microbeads of gallic acid loaded 
calcium alginate (S3), and d dried microbeads of gallic acid loaded calcium alginate (S3)

▸
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increased, this effect could be observed where the release of the encapsulated acid, 
which explained by the slow diffusion inside the capsule.

The gallic acid (GA) release from various elaborated calcium alginate microbe-
ads size loaded with GA, it is necessary to fit into suitable mathematical models. 
The GA release data were evaluated kinetically using various important mathemati-
cal models such as zero-order, first-order, and Korsmeyer-Peppas kinetic models. 
The squared correlation coefficient (R2) values of these models were calculated for 
evaluated the prediction ability and accuracy of these models using OriginPro 2018 

Fig. 11  Release kinetics of gallic acid from alginate microbeads in distilled water at pH = 6.8

Fig. 12  Effect of the size of the microparticles in the release kinetics of the gallic acid from alginate 
microbeads in distilled water at pH = 6.8
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software. The fitting curves, as well as the obtained release rate constant and cor-
relation coefficient of all formulations fitting by various mathematical models are, 
respectively, represented in Fig. 13 and Table 5.

The correlation coefficient (R2) values of GA loaded calcium alginate microbeads 
neither follows zero order nor first order, but the correlation coefficient (R2) values 
were close to the Korsmeyer-Peppas model. Therefore, the release kinetics of gallic 
acid loaded calcium alginate microbeads follows the Korsmeyer-Peppas model.

The presented data in Table 5 show that the n values are obtained in the range of 
0.30219–0.40689 for all formulation studies indicates the GA diffuses from the cal-
cium alginate microbeads according to Fickian type diffusion process. In the case of 
the Fickian mechanism, the rate of gallic acid diffusion is much less than that of pol-
ymer swelling and relaxation. Similar result was demonstrated by Lopez-Malo et al. 
[64] when the release of cinnamon essential oil encapsulated in alginate beads and 
Slaven et al. [65] when the kinetic release of Trichoderma viride spores loaded cal-
cium alginate microspheres. This result helps to understand the release mechanisms 
of phenolic compounds like gallic acid from calcium alginate microbeads during 
storage and throughout their use in functional applications.

Conclusion

In the current work, an optimization study was carried out using experimental design 
to evaluate the effect of three factors on the encapsulation efficiency of GA. The 
obtained results show that the gallic acid concentration (X3%, w/v) has a positive 

(a) (c)

Fig. 13  The fitting of GA release data to zero-order a first-order b and Korsmeyer-Peppas c kinetic mod-
els of the three selected sizes (S1, S2 and S3)

Table 5  Release kinetics parameters in distilled water at pH-6.8

Microbeads 
code

Mathematical models

Zero-order First-order Korsmeyer-Peppas

R2 k0 R2 k1 R2 kp n

S1 0.88592 0.16601 0.824 0.06007 0.97559 0.4349 0.36679
S2 0.97748 0.14977 0.92162 0.0518 0.99586 0.3617 0.30219
S3 0.93175 0.17425 0.8753 0.06811 0.99194 0.2294 0.40689
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effect on the gallic acid encapsulation efficiency and the sodium alginate concen-
tration (X1%, w/v) has a smaller significant effect. On the contrary, no significant 
effect was observed for the calcium chloride concentration (X2%, w/v) on the GA 
encapsulation efficiency.

ATR-FTIR results show that the gallic acid encapsulated in the calcium algi-
nate microbeads obtained by ionotropic gelation has a good stability, revealing no 
autoxidation in the spectra of alginate microbeads that is confirmed by DSC. The 
SEM results carried out on the various size shows that the calcium alginate micro-
beads appeared spherical with a wrinkled surface and uniform surface texture. In 
the release study in water (hydrophilic system), the gallic acid released from cal-
cium alginate microbeads has quick release kinetics with a sensitivity to the bead 
size when releasing the encapsulated gallic acid in the calcium alginate microbeads 
core. The fast release of the gallic acid from all systems evaluated suggests that the 
calcium alginate microparticles are preferably used in instant pharmaceutical formu-
lations or in dried products. Fitting of the GA release data to zero-order, first-order, 
and Korsmeyer-Peppas kinetic models show that the fitting close to the Korsmeyer-
Peppas model, which is revealed the underlying gallic acid release mechanism as 
Fickian diffusion kinetics.

Our results suggest that the calcium alginate microparticles formulated by the 
ionotropic gelation method are a promising system to encapsulate and controlled 
release water-soluble phenolic organic compounds such as gallic acid to increase 
further its applications for functional formulations.
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