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Abstract:



Vitamin C is widely use in cosmetics and pharmaceutics products for its active properties. However ascorbic acid shows unfavourable chemical instability such as oxidation leading to formulation problems. Therefore, carriers, such as micro- and nanoparticles, have been widely investigated as delivery systems for vitamin C to improve its beneficial effects in skin treatment. However, none of the previous studies have been able to produce microparticles with a high encapsulation entrapment of vitamin C. The aim of the present study is to use an experimental design to optimize the synthesis of polyamide microparticles for the delivery of ascorbic acid. The effect of four formulation parameters on microparticles properties (size and morphology, encapsulation efficiency and yield, release kinetics) were investigated using a surface response design. Finally, we were able to obtain stable microparticles containing more than 65% of vitamin C. This result confirms the effectiveness of using design of experiments for the optimisation of microparticle formulation and supports the proposal of using them as candidate for the delivery of vitamin C in skin treatment.
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1. Introduction


Vitamin C is an active ingredient widely used in several applications such as cosmetic, food, and pharmaceutical [1,2,3,4] for various properties of a human being. Ascorbic acid (vitamin C) is essential for numerous biological processes in the human body. These include its role as antioxidant by reducing reactive oxygen species (ROS) such as superoxide radicals [5]. It is also well known that, applied on the skin, vitamin C acts as a stimulus for collagen synthesis [6] or as a skin whitener [7]. This is why ascorbic acid is widely used in cosmetic formulation, especially in anti-aging products [8,9,10].



The main issue with vitamin C is its short half-life and its quick degradation kinetics (first-order) [11,12,13,14,15]. Smuda et al. [16] have shown that 75% of vitamin C degradations are induced by the Maillard reaction caused by oxidation triggered by light and heat. The end products are carbonyl and dicarbonyl compounds, carboxylic acids, and amides. Among other compounds, they identified N6-xylonyl lysine, N6-lyxonyl lysine, and N6-threonyl lysine as unique and characteristic end-products of vitamin C degradation through Maillard systems. Such phenomena that occur in products lead to colouration of the bulk and a decrease of efficacy of the cream. As the oxidized form of vitamin C does not have a desired effect on skin, several formulation tips have been studied [17,18], and encapsulation technology may be an alternative [4,19,20].



Encapsulation is a technique which has been used for many years [21,22,23]. It can be defined as the inclusion of an active ingredient (a solid, liquid, or gas) into a matrix core (usually a polymer) to give a small capsule with many useful properties [24,25]. For many years, industry has applied microencapsulation to [24]:

	
reduce the reactivity between the active/compound and the surrounding environment;



	
control the release of the core material;



	
vectorise the active to the application site;



	
mask the core taste, colour, or odour.








There are several microencapsulation techniques, with different specificities, that consider the morphology, the physicochemical properties, the type of controlled release, and the scale of production of the desired particles [22,26].



More specifically, numerous approaches to this technique have been used for vitamin C encapsulation [27], such as spray drying, coacervation [28], solvent evaporation, and several other processes to achieve microencapsulation. For example, Esposito et al. [4] have encapsulated vitamin C using spray drying. The results showed that a part of the vitamin C is lost during the process (less than 50% efficient) due to the high temperature involved in the spray-drying process, which causes vitamin C degradation.



Solvent evaporation can be a good alternative because vitamin C is not heated and degradation is limited. However, literature shows that solvent evaporation allows a limited encapsulation yield (around 25%, maximum), and it is mainly used for lipophilic drugs [29].



On the other hand, interfacial polymerisation is a chemical process of encapsulation that is usually used due to its high encapsulation efficiency [30,31,32]. Interfacial polymerisation is based on the reaction of a hydrophilic monomer with a lipophilic monomer at the interface of an emulsion. Typically, in polyamide interfacial polymerisation, a condensation reaction occurs between a diamine and a diacid at the interface of immiscible liquids. The water phase contains the diamine and usually an inorganic base to activate any diol and neutralise the byproduct acid. The organic phase consists of the diacid chloride and an organic solvent such as dichloromethane, toluene, or hexane [33].



The advantages of interfacial polymerisation as an encapsulation process are:

	
control of the particles’ size;



	
the choice of the polymer’s structure;



	
control of the morphology;



	
possibility of high encapsulation yield (90%).








Studies have reported results about the effect of different variables on polyamide membranes and microcapsule interfacial properties. Indeed, solvent amount, monomer concentration, and rate of addition of the second monomers have a direct impact on the membrane size [30,32,34,35,36].



The design of experiments (DoE) is used to organize the best tests accompanying scientific research or industrial studies. They are applicable to many disciplines and in industries such as:

	
chemical, petrochemical, and pharmaceutical;



	
mechanical and automotive industries;



	
metallurgical industries.








Design of experiments is used to obtain maximum information with minimum experience, where a relationship between a variable of interest (y) and variables (xi) is needed, such as y = f(xi). DoE is part of a general approach to quality improvement and there are many DoEs suitable for all cases encountered by an experimenter [37,38,39,40].



More specifically, they are used to achieve the following goals:

	
determination of the key factors in the design of a new product or a new method;



	
optimization settings of a method or an apparatus measured;



	
predictive modelling of the behaviour of a process.








The aim of this study was to obtain polyamide microcapsules containing vitamin C for cosmetic application with a high encapsulation yield (more than 80%). Interfacial polymerisation, due to its characteristics (cold process, high encapsulation efficiency, etc.) was investigated. A DoE (design of experimentation) was used to investigate and optimise the key parameters affecting particles properties (size, morphology, encapsulation efficiency and yield, and release kinetics).




2. Materials and Methods


2.1. Materials


Vitamin C was purchased from IES (International Express SER, Troy, MI, USA). Terephtaloyl dichloride (TD) and 1,6-hexamethylenediamine (HA) were kindly provided by Merck (Merck Chemical, Darmstadt, Germany). Arlacel 83 (Sorbitan Sesquioleate) was purchased from CRODA (Edison, NJ, USA). Cyclohexane was supplied by VWR (Edmonton, Canada). Deionised water (Milli-Q, Etobocoke, Canada) was purified by a Millipore system. All other chemicals were used as received. All solutions were made fresh before use.




2.2. Preparation of Microparticles


The process of preparing microparticles is described on the Figure 1. Briefly, three solutions were prepared separately:

	
Sol I: Organic phase containing 15 g/L of stabilizer (Arlacel 83);



	
Sol II: Aqueous phase containing 1,6-hexamethylenediamine (HA) and sodium hydroxide;



	
Sol III: Organic phase containing 15 g/L of stabiliser and terephtaloyl dichloride (TD).







Figure 1. Process of microparticles’ formation.
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Sol I and Sol II were mixed to form a water/oil (W/O) emulsion using a rotor stator stirrer (Ultra Turax IKA T18 basic). The stirring rate was 15,500 rpm for 10 min. Next, emulsion was transferred into a reactor vessel equipped with mechanical stirrer (280 rpm). Sol III was added, at different time, for the polycondensation reaction. After 3 h, the reaction was stopped by dilution with cyclohexane.



Particles were separated from cyclohexane using a centrifuge at 4000 rpm for 20 min and were washed three times with water.



It is important to note that amine group/hydroxide group ratio in Sol II should be 1:1 to neutralise the HCl liberated during the reaction. Furthermore, polyamide microparticles were prepared with a constant molar ratio diacid group/amine group at 3:1 [41] in order to limit the residual amine monomers in the particles. Excess was removed by washing the capsules. A series of experimentations was conducted using DoE describe below (Section 2.3).




2.3. Design of Experiment (DoE)


Previous works [26,32,42] show that different parameters have important impacts on particle morphology (size, structure, porosity) and on encapsulation efficiency. To improve the process and have a better understanding of this phenomenon, a DoE (design of experiments) was carried out, with the goal to obtain particles with appropriate properties [37,40].



Design of experiments helps to test as many factors having main effects with a minimal number of tests (often). Among the different experimental designs, factorial designs are common because they are the simplest to implement and enable the very quick identification of interactions between factors. The basic principle is to assign to each factor (normalised) its lowest value (−1) and its highest value (+1). Thus, for k factors, we are left with a set of 2k possible values.



The first step is to take an interest in the responses and their interactions. There are currently different screening methods adapted to this problem, as the experiences of matrices by Plackett and Burman, full factorial design, the experience supersaturated matrices, screening in groups, bifurcation sequential, and so on.



Four parameters were studied: concentrations of cyclohexane (X1), monomers (X2), and vitamin C (X4), and speed of addition of solution III into the emulsion (X3) (Table 1).



Table 1. Experimental factors and levels.







	
Factors

	
Signification

	
Abbreviation

	
Level (−1)

	
Level (+1)






	
X1

	
Quantity of cyclohexane into Sol I (mL)

	
V1

	
30

	
50




	
X2

	
Quantity of monomers (g)

	
Q1

	
0.7

	
1.8




	
X3

	
Speed of addition of the emulsion into Sol III (min)

	
S1

	
10

	
30




	
X4

	
Quantity of vitamin C (g)

	
Q2

	
1

	
2










Five responses were studied: particles size, encapsulation efficiency, encapsulation rates, vitamin C degradation, and vitamin C liberation. With such matrices/variables/parameters, a full factorial matrix was chosen to estimate the effects of the parameters and their interactions [38]. Yates algorithm was used for the matrix construction [43]. To have some statistics, 3 points were repeated in the middle of the experimental domain. The mathematical model calculated is a linear model:
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(1)




where [image: there is no content] is the average of the responses for all experiments, [image: there is no content] are coefficients of the factors X1, X2, ..., Xn, and [image: there is no content] is the interaction between n factors.



By solving the equation system, the model coefficients were obtained and, therefore, the equation of the model itself. To evaluate the explanatory power of this model, several statistical techniques were used.



● Variance analysis



The purpose of this analysis is to decompose the sum of squared deviations from the mean of the responses (TSS) measured in two amounts: the sum of the deviations from the average of the calculated responses (W) and the residual sum of squares (RSS) [44].


[image: there is no content]



(2)







● Lack of fit



This section examines the variances of two terms of the residue: the fit and experimental error. The adjustment is the difference between the selected model and the real model that we do not know: lack of fit. The experimental error is measured by the standard deviation of several repetitions made under the same conditions: pure error.



● Summary of fit



R2 is the coefficient of determination. It is defined as the ratio of the sum of squared deviations from the mean of the calculated responses divided by the sum of squared deviations from the mean of the measured responses.


[image: there is no content]



(3)




where [image: there is no content] is the measured response, [image: there is no content] is the calculated response, and [image: there is no content] is the mean of the responses.



If the model is simply average, the numerator is null as well as the coefficient of determination R2. If the model completely explains the measured responses, the numerator equals the denominator and R2 coefficient is 1. The closer R2 is to 1, the better the model explains the measured responses.



R2-adjusted is a statistical value whose objective is to compare various mathematical models; it considers the number of coefficient in the model


[image: there is no content]



(4)




where n is the number of experiments.



Q2 is a measure of how well the model will predict the responses, and is expressed in the same unit as R2. For each response, Q2 is computed and represents the percent variation of Y that is predictive. Q2 value of 0.6 or larger indicates that the model has good predictive ability and will have small prediction error.



The plans examined previously had only two levels of study factor, and mathematical models used were of the first degree with respect to each factor. These plans were used to allow factor screening and sometimes led to simple but adequate modelling. Yet, the modelling must go through mathematical models of the second degree to be improved. We used the plans for response surfaces. Here we will discuss a composite design. The response surface model (RSM) was used to optimise critical parameters of this formulation (amount of solvent, concentration of monomers, quantity of vitamin C). One of the main objectives of this model is the determination of the optimum settings of the control variables. Having a good-fitting model that provides an adequate representation of the mean response leads to a maximum or minimum response over a certain region of interest. The mathematical model applied to the plans used for response surface model is a second-degree model with two-way interactions; below is the global equation to solve the problem:


[image: there is no content]



(5)




where [image: there is no content] is the average of the responses for all experiments; [image: there is no content] is the coefficient of the factors X1, X2, ..., Xn; [image: there is no content] is the interaction between factors m and n; and [image: there is no content] is the curvature of the response.



Twenty-seven experiments were performed according to the surface response models method (Equation (5)) with a complete factorial matrix (16 experiments) (Table 3), 8 points on the axis and 3 points in domain’s centre.



Table 3. Coefficients’ model.







	
Factors

	
Coefficients for Particle Size

	
Confidence Interval

	
Factors

	
Coefficients for Encapsulation Efficiency

	
Confidence Interval

	
Factors

	
Coefficients for Encapsulation Rate

	
Confidence Interval

	
Factors

	
Coefficients for Release

	
Confidence Interval

	
Factors

	
Coefficients for Colorimetric Score

	
Confidence Interval






	
Constant

	
22.1944

	
2.33893

	
Constant

	
64.4278

	
1.2005

	
Constant

	
58.9961

	
1.27701

	
Constant

	
3.27778

	
0.420588

	
Constant

	
12.5944

	
0.457159




	
V1

	
−1.29375

	
2.48081

	
V1

	
−1.79125

	
1.27332

	
V1

	
−2.14687

	
1.35448

	
V1

	
0.1875

	
0.446101

	
V1

	
1.075

	
0.484891




	
Q1

	
0.81875

	
2.48081

	
Q1

	
20.4713

	
1.27332

	
Q1

	
−9.76188

	
1.35448

	
Q1

	
−0.9375

	
0.446101

	
Q1

	
−4.625

	
0.484891




	
S1

	
1.03125

	
2.48081

	
S1

	
−2.56375

	
1.27332

	
S1

	
−1.70687

	
1.35448

	
S1

	
0.1875

	
0.446101

	
S1

	
0.387501

	
0.484891




	
Q2

	
4.13125

	
2.48081

	
Q2

	
−1.8375

	
1.27332

	
Q2

	
4.88062

	
1.35448

	
Q2

	
0.5625

	
0.446101

	
Q2

	
1.525

	
0.484891




	
V1 × Q1

	
−0.35625

	
2.48081

	
V1 × Q1

	
0.00499933

	
1.27332

	
V1 × Q1

	
1.07437

	
1.35448

	
V1*Q1

	
0.0625

	
0.446101

	
V1 × Q1

	
−0.25

	
0.484891




	
V1 × S1

	
−0.468749

	
2.48081

	
V1 × S1

	
0.295004

	
1.27332

	
V1 × S1

	
−0.0606246

	
1.35448

	
V1*S1

	
−0.0625

	
0.446101

	
V1 × S1

	
−0.2875

	
0.484891




	
V1 × Q2

	
−1.74375

	
2.48081

	
V1 × Q2

	
0.166249

	
1.27332

	
V1 × Q2

	
−0.845625

	
1.35448

	
V1*Q2

	
−0.1875

	
0.446101

	
V1 × Q2

	
−0.25

	
0.484891




	
Q1 × S1

	
0.0187491

	
2.48081

	
Q1 × S1

	
−0.220003

	
1.27332

	
Q1 × S1

	
2.23687

	
1.35448

	
Q1*S1

	
0.0624999

	
0.446101

	
Q1 × S1

	
0.137499

	
0.484891




	
Q1 × Q2

	
−0.881251

	
2.48081

	
Q1 × Q2

	
−1.31625

	
1.27332

	
Q1 × Q2

	
1.34187

	
1.35448

	
Q1*Q2

	
−0.0625002

	
0.446101

	
Q1 × Q2

	
−0.850001

	
0.484891




	
S1 × Q2

	
−0.443749

	
2.48081

	
S1 × Q2

	
3.38375

	
1.27332

	
S1 × Q2

	
−1.27563

	
1.35448

	
S1*Q2

	
−0.1875

	
0.446101

	
S1 × Q2

	
−0.1875

	
0.484891










All regressions were analysed by Modde software. The regression quality was evaluated by the same statistical indicator.



After verifying the validity of the model by classical statistical tests [45], the vitamin C encapsulation could be predicted in each point of the defined domain. Analysis of variance (ANOVA) was performed to determine the significance of the fitted equation. The multiple correlation coefficient statistic (R2) revealed the part of the variation of Y1 explained by the model.




2.4. Particles’ Characterisation


Formulated microparticles are characterised by the mean particle size and morphology, encapsulation efficiency, and the release of vitamin C. These characterisations are used as an answer for the screening design.



2.4.1. Particle Size and Morphology (Y1)


Particle sizes were measured by laser scattering (Malvern Mastersizer 3000, Malvern, Malvern, UK) and were characterised by their volume mean diameter (D43). Particle morphology was studied by scanning electron microscopy (SEM) (Hitachi S800 Microscope, Hitachi, Schaumburg, IL, USA).




2.4.2. Encapsulation Efficiency (Y2) and Yield (Y3)


Prior to HPLC analysis, particles were dispersed in water and broken using a rotor stator stirrer at 24,000 rpm for 10 min. Figure 2 shows polyamide microparticles before and after treatment.


Figure 2. Microparticles before (a) and after (b) breaking treatment.
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Vitamin C analysis was conducted by HPLC using an Agilent 1260 Infinity LC (Agilent Technologies, Saint Laurant, QC, Canada) with a UV detector and Phenomenex Synergi 4 µm hydro RP 80 Å column (150 mm × 4.6 mm ×4 µm). The following parameters were used:

	
analysis time: 3.5 min



	
injection volume: 20 μL



	
flow rate: 1 mL/min



	
mobile phase: 100% water at pH 4.5



	
wavelength: 280 nm








Encapsulation efficiency is defined as the ratio between the quantities of vitamin C experimentally measured ([image: there is no content]) in the capsules and the quantity of vitamin C initially introduced ([image: there is no content]):


[image: there is no content]



(5)







Encapsulation yield is defined as the ratio between vitamin C quantities experimentally measured in the capsules and the capsules’ weight (weight of polymers ([image: there is no content]) and vitamin C ([image: there is no content])):


[image: there is no content]



(6)








2.4.3. Release of Vitamin C (Y4)


Vitamin C release was measured by HPLC with the following procedure:



Capsules were dispersed in water and stored away from light. Several samples were taken after 1, 3, 7, 15, and 30 days. Each sample was analysed by HPLC following the previous method.



The results are given in percentage of liberate active ingredient as a function of the time.




2.4.4. Colourimetric Score (Y5)


Capsules were dispersed in water and stored in light. The colour of each sample was observed at different times (1, 3, 7, 15, and 30 days). The solution turned brown due to vitamin C degradation through the Maillard reaction. A score between 1 (white solution with no degradation) and 10 (dark brown solution) was assigned to all solutions.






3. Results


The results of the 27 experiments with the 5 previously defined responses are summarised in Table 2. First, a screening design with a factorial model permits verification of the effects for each factor. Then, a central composite design with a response model is used to optimise the formulation [39]. The first 24 experiments correspond to the experimental areas, and the following 3 points (25, 26, and 27) are the centres of this area. Figure 3 illustrates the typical particles obtained.


Figure 3. Representative SEM photography of polyamide microparticles obtained (experiment 6). (a) 1000× and (b) 5000×.
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Table 2. Experimental results.







	
N° Exp

	
Particles Sizes

	
Encapsulation Efficiency

	
Encapsulation Yield

	
Release of Vitamin C

	
Colorimetric Score






	
unit

	
µm

	
%

	
%

	
day + 7

	
day + 7




	
1

	
14.3

	
53.85

	
71.2

	
3

	
11.9




	
2

	
12.6

	
49.51

	
64.86

	
4

	
17.2




	
3

	
17.9

	
95.4

	
42.25

	
1

	
5.5




	
4

	
22.9

	
90.89

	
40.12

	
2

	
7.6




	
5

	
18.9

	
39.23

	
63.24

	
4

	
14.4




	
6

	
21

	
36.12

	
61.82

	
4

	
16.1




	
7

	
20.7

	
85.21

	
45.22

	
2

	
7.4




	
8

	
18.9

	
81.51

	
44.7

	
3

	
8.9




	
9

	
31.4

	
43.32

	
79.51

	
5

	
18.1




	
10

	
24.5

	
39.32

	
75.48

	
5

	
20.9




	
11

	
25.7

	
84.54

	
58.44

	
3

	
8.1




	
12

	
22.7

	
80.7

	
54.25

	
3

	
8.8




	
13

	
26

	
47.41

	
74.21

	
5

	
19.4




	
14

	
25

	
44.49

	
60.23

	
5

	
20.2




	
15

	
35.7

	
82.39

	
55.56

	
3

	
7.8




	
16

	
22.3

	
80.15

	
53.82

	
3

	
10.1




	
17

	
21.5

	
66.45

	
67

	
2

	
10.8




	
18

	
22.4

	
64.23

	
60.44

	
4

	
13.7




	
19

	
12.8

	
31.84

	
79.58

	
5

	
25.4




	
20

	
12.3

	
98.45

	
34.51

	
1

	
5.1




	
21

	
16.8

	
66.41

	
65.45

	
2

	
11.3




	
22

	
19.5

	
62.56

	
55.42

	
3

	
16.5




	
23

	
13.1

	
78.52

	
34.21

	
1

	
4.9




	
24

	
17.9

	
61.73

	
71.44

	
4

	
20.8




	
26

	
18.7

	
62.85

	
57.55

	
2

	
12.8




	
25

	
19.3

	
62.34

	
58.21

	
2

	
12.2




	
27

	
19.7

	
63.32

	
58.81

	
2

	
12.1










3.1. Full Factorial Design


Evaluation of four experimental parameters (Table 1) was carried out using a full factorial design (FFD). Multiple regression gives a mathematical relationship between responses and independent variables. The FFD provides data to fit the mathematical model described by:


[image: there is no content]



(7)




where Y corresponds to the experimental response, Xi are the independent factors, bi are the coefficients of the model obtained by multiple regression. Second-order interactions were neglected. For each response, a confidence interval was calculated according to Equation (8). If this interval included zero, the effect was neglected. The critical value of t was selected for two-side risk (α = 5%) and ν degrees of freedom (e.g., two replicates of the centre points, ν = 2).


[image: there is no content]



(8)







Coefficient values are reported in Table 3 (the weight associated to each factor level), calculated as described above, and subjected to statistical analyses using t-test. These results represent the weight of each factor. For responses Y2–Y4, all pure settings have a significant impact on the model (Figure 4). For Y1 response, no coefficients are really significant. The coefficients of various model parameters are within the confidence interval, meaning that model coefficients are null. For Y1 response, it would be interesting to see the curvature of the model in order to check if some parameters have not been forgotten in the model for the response of particle size. This curvature check will be performed on all the responses.


Figure 4. Coefficients’ weights for all responses.



[image: Cosmetics 03 00038 g004]






If there is interaction between the two factors, straight slopes are different and interaction will be much stronger the more different the slopes are. Only two interactions, of all the interactions, appear to be important (Figure 5).


Figure 5. Interaction graph between (a) [image: there is no content] and (b) [image: there is no content].



[image: Cosmetics 03 00038 g005]






The first is the interaction between [image: there is no content] for the degree of encapsulation. Q1 and S1 seems to be interdependent as they both change the kinetics of the polycondensation which leads to a modification of the structure of the particle shell (modification of the polymer dispersity ([image: there is no content]. This modification has a direct effect on the degree of encapsulation (leak of the vitamin).



The second is the interaction between [image: there is no content] for the colourimetric score. As both influence the pH (pKa vitamin C = 4.1 and 11.8) of the solution, they impact the NH2 concentration in the system and so also the ratio [image: there is no content]. This ratio has a direct impact on the polymer structure and its kinetics formation, which could explain the colourimetric score variation.




3.2. Curvature


Experiments conducted at the centre point were used to determine curvature of each response. If there is no curvature, then the mean response of the three centre points’ experiments is equal to the estimated model response (intercept b0). In our case, for the full factorial design, no degree of freedom existed to estimate the statistics for the model’s coefficients. Consequently, the experimental variance obtained from the centre-point experiments was similar over the whole investigated domain. Comparison of these two values can be tested with a 95% confidence interval according to Equation (9):


[image: there is no content]



(9)







When zero is included in the confidence interval, the response was considered as linear. As presented in Table 4, the confidence interval computed for all responses did not include zero and a curvature was observed. This curvature was particularly relevant for particles sizes, encapsulation efficiency and yield, and release of vitamin C (Table 4). To evaluate such a curvature, a second-degree design, such as a central composite design, was selected.



Table 4. Confidence interval.







	
Number

	
Particles Sizes

	
Encapsulation Efficiency

	
Encapsulation Rate

	
Release of Vitamin C

	
Colorimetric Score






	
unit

	
µm

	
%

	
%

	
day + 7

	
day + 7




	
value

	
19.30

	
62.34

	
58.21

	
2.00

	
12.20




	
value

	
18.7

	
62.85

	
57.55

	
2

	
12.8




	
mean

	
19.00

	
62.60

	
57.88

	
2.00

	
12.50




	
standard deviation

	
0.42

	
0.36

	
0.47

	
0.00

	
0.42




	
t theorical (5%)

	
2.13

	
2.13

	
2.13

	
2.13

	
2.13




	
b0

	
22.19

	
64.43

	
59.06

	
3.44

	
12.65




	
b0- mean

	
3.19

	
1.83

	
1.18

	
1.44

	
0.15




	
confidence interval minor

	
2.52

	
1.16

	
0.50

	
0.76

	
−0.52




	
confidence interval superiror

	
3.87

	
2.51

	
1.85

	
2.11

	
0.82











3.3. Central Composite Design


The composite design allows the modelling of the quadratic effects of variables (a second-order design). Experiments, called alpha points, are added to the full factorial design (Table 2) to obtain five levels of each parameters (−α, −1, 0, 1, α). Multiple regression gives relationships between responses and independent variables. The central composite design provides sufficient data to fit a second-degree model as shown below:


[image: there is no content]



(10)




where Y correspond to the experimental response, Xi are the independent factors, and bi are the coefficients of the model obtained by multiple regression.



All regression models can be statistically evaluated with the coefficient of determination (R2); the adjusted coefficient of determination (R2adj) and the predictive power of the model (Q2).



The responses encapsulation efficiency and colourimetric score are sufficiently explained by the regression model (Table 5 and Figure 6). The particle size model is below expectations. Previous work has shown that particle sizes are mainly correlated with stirring speed and kinetic reaction [34,41,46,47,48]. The low correlation coefficient (R2 = 0.75) obtained could be due to a lack of precision on the stirring speed (rotor stator stirrer without digital display). This hypothesis can be confirmed by residue analysis. Indeed, residue analysis shows, in the case of the first response, two points with high residue (Table 6); suppression of these two points improved the model for the particle size response (also for the other response). However, for this model, some independent parameters need to be added in a future study.


Figure 6. Particle size residuals.
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Table 5. Statistical evolution of each response model.







	
X-axis

	
R2

	
Q2






	
Particles size

	
0.75

	
−0.20




	
Encapsulation efficiency

	
0.98

	
0.89




	
Encapsulation yield

	
0.98

	
0.84




	
Release of vitamin C

	
0.92

	
0.36




	
Colorimetric score

	
0.98

	
0.90










Table 6. Variance analysis of each response model.







	
Factors

	
Coefficients

	
Squares Sum

	
Freedom Degrees

	
Average Squares Sum

	
Rapport

	
Significant






	
Particle size distribution and morphology

	
Regression

	
450.60

	
14

	
32.19

	
1.07

	
46.43%




	
Residuals

	
331.56

	
11

	
30.14

	
-

	
-




	
Validity

	
331.38

	
10

	
33.14

	
184.06

	
5.73%




	
Error

	
0.18

	
1

	
0.18

	
-

	
-




	
Total

	
782.15

	
25

	
-

	
-

	
-




	
Encapsulation efficiency

	
Regression

	
9421.87

	
14

	
672.99

	
43.51

	
0.00%




	
Residuals

	
170.14

	
11

	
15.47

	
-

	
-




	
Validity

	
170.01

	
10

	
17.00

	
130.74

	
6.80%




	
Error

	
0.13

	
1

	
0.13

	
-

	
-




	
Total

	
9592.01

	
25

	
-

	
-

	
-




	
Encapsulation yield

	
Regression

	
3982.66

	
14

	
284.48

	
19.65

	
0.00%




	
Residuals

	
159.27

	
11

	
14.48

	
-

	
-




	
Validity

	
159.05

	
10

	
15.91

	
73.02

	
9.08%




	
Error

	
0.22

	
1

	
0.22

	
-

	
-




	
Total

	
4141.93

	
25

	
-

	
-

	
-




	
Liberation of active compound

	
Regression

	
39.07

	
14

	
3.91

	
11.99

	
0.01%




	
Residuals

	
3.58

	
11

	
0.33

	
-

	
-




	
-

	
-

	
-

	
-

	
-

	
-




	
-

	
-

	
-

	
-

	
-

	
-




	
Total

	
42.65

	
25

	
-

	
-

	
-




	
Solution colour

	
Regression

	
738.85

	
14

	
52.78

	
12.33

	
0.01%




	
Residuals

	
47.07

	
11

	
4.28

	
-

	
-




	
Validity

	
46.89

	
10

	
4.69

	
26.05

	
15.14%




	
Error

	
0.18

	
1

	
0.18

	
-

	
-




	
Total

	
785.92

	
25

	
-

	
-

	
-










Figure 7, Figure 8 and Figure 9 describe different sections of the area studied for different responses. This helps determine the optimum for factors.


Figure 7. Response surfaces for encapsulation efficiency by varying speed and vitamin C (a) and quantities of cyclohexane and monomers (b).
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Figure 8. Response surfaces for encapsulation yield. by varying speed and vitamin C (a) and quantities of cyclohexane and monomers (b).
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Figure 9. Response surfaces for release of vitamin C. by varying speed and vitamin C (a) and quantities of cyclohexane and monomers (b).
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The study of response surface is very interesting in three responses: encapsulation efficiency, yield, and release of vitamin C. Table 7 summarises the best level to optimize each reply individually.



Table 7. Level for each factor. (+ for level 1 and – for level −1).







	
Factors

	
Encapsulation Efficiency

	
Encapsulation Yield

	
Vitamin C Release






	
Cyclohexane quantities

	
−

	
−

	
−




	
Lipophilic monomers speed addition

	
−

	
−

	
+




	
Monomers quantities

	
+

	
+

	
−




	
Vitamin C quantities

	
−

	
−

	
+










As shown by Table 7, monomers and vitamin C amounts have the most important impact on all responses, whereas the amount of cyclohexane and the addition rate of monomers have a smaller effects. It is interesting to note that vitamin and monomer concentrations have antagonistic effects (Table 7).




3.4. Optimisation


Once all the experiments were performed, the calculation of the optimal point was given by Modde software with the following constraints:

	
Y2 (encapsulation efficiency): objectives 100%, minimum 60%



	
Y3 (encapsulation yield): objectives 100%, minimum 65%



	
Y4 (release): objectives 0% maximum 15%








The optimal point satisfying the constraints is:

	
X1 (Cyclohexane): 30 g



	
X2 (monomers): 1.5 g



	
X3 (Added Speed): 10 min



	
X4 (Vitamin C): 2 g








Giving the calculated results:

	
Encapsulation efficiency: 97.99%



	
Encapsulation yield: 73.6%



	
Size: 65



	
Release of vitamin C: 3.15



	
Stability: 10.64








An additional experiment was conducted according to these parameters. Encapsulation efficiency and yield were carried out according to the method previously described. The values obtained experimentally (Table 8) are near to those predicted by the model. Further study of the stability (Figure 10) and release of the active ingredient (Figure 11) were performed. Results show colour change as a function of time due to vitamin C degradation following the Maillard reaction. Vitamin C stability is directly connected to the release kinetics. Indeed, when the vitamin C is released from capsule, it is directly exposed to the outside environment, which includes light, oxygen, and heat. Following this study, we can observe that 33% of the vitamin C introduced was released in one month.


Figure 10. Evolution of stability as a function of time.
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Figure 11. Release of vitamin C as a function of time.
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Table 8. Optimal formulation characterisation.







	
Response

	
Result






	
Encapsulation efficiency

	
96.88%




	
Encapsulation yield

	
67.41%












4. Conclusions


In the case of a study where several parameters can influence the result, the use of DoE allowed identification of parameters which influence each response (encapsulation efficiency and yield, stability, and kinetics). In this work, it has been shown that DoE allows optimisation of a formulation, despite antagonist’s parameters. Finally, vitamin C was encapsulated in polyamide microparticles via interfacial polycondensation, with satisfactory loadings and good encapsulation efficiencies.
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