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Abstract: The proposed study aims to develop and optimize a topical formulation with Castanea sativa
shells extract considering the concept of Quality by Design, focusing on a planned development that
consider the vulnerabilities of the entire process through risk analysis tools and design of experiments
(DoE). A Box-Behnken design with three factors and three levels was used as a statistical tool for
the execution of the DoE and the analysis of the response surface methodology responses. The
independent variables studied were the quantity of sodium lauryl sulfate (%) (X1), beeswax (%) (X2)
and macadamia oil (%) (X3); the dependent variables were pH (Y1), viscosity (Y2) and adhesiveness
(Y3). According to the mathematical model, the optimal formulation contains 0.93% of sodium lauryl
sulfate, 5.00% of beeswax and 10.00% of macadamia oil. The optimal formulation with the extract was
prepared and characterized over the time, regarding organoleptic and technological characteristics,
allowing conclusions to be reached regarding its stability. The formulation presented a pleasant
odor and was light brown in color, it also demonstrated pseudoplastic-thixotropic behavior and a
small reduction in the formulation consistency after 30 days of storage. This study demonstrated the
efficiency of the Quality by Design methodology to understand the product variability, supporting
that this approach favors a better understanding of the whole process and enables to design a robust
development stage, reducing costs and generating high-quality products.

Keywords: Castanea sativa shells; design of experiments; response surface methodology; risk assess-
ment; cosmetics

1. Introduction

Skin aging is a multifactorial process that has gained attention by consumers in
recent years due to new concerns of contemporary society related to beauty and aging [1,2].
Several factors contribute to skin aging, being divided into intrinsic (related to chronological
changes) and extrinsic factors (associated with environmental influences) [3]. Nevertheless,
skin aging is a complex process and a misunderstood concept that may lead to modifications
in skin structure and functions [4]. Oxidative stress plays a key role in the aging process,
being normally generated by the excess skin of free radicals due to the accumulation
of reactive oxygen species (ROS) or a deficiency of antioxidant defenses, which lead to
the damage of biological macromolecules such as lipids, proteins and nucleic acids [5,6].
Currently, the cosmetic market has a growing interest in replacing synthetic products with
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natural ones, in particular phytocompounds, and in view of this the bioactive properties of
plants have been highlighted. Phenolics, the principal plant bioactive compounds, are well
known for their antioxidant properties that are responsible for inhibiting the formation
and/or preventing the action of free radicals or non-radical species, reducing the risk of
diseases related with oxidative stress [7,8]. Therefore, plant extracts are an excellent option
to incorporate into semi-solid cutaneous preparations as active ingredients.

Castanea sativa Mill. is a species of the Fagaceae family present in the south of Europe,
Asia and Africa. During chestnut processing large amounts of byproducts are generated,
mainly shells, inner and outer skins and burs [9,10]. The environmental concerns associated
with the increasing demand for ecological products highlights the potentialities of using
food byproduct ingredients against skin aging. Different authors discussed the antioxidant
properties of chestnut shells extracts, reporting their richness in bioactive compounds,
particularly in phenolic acids and tannins (condensed and hydrolysable) [11-14]. Squillaci
et al. [14] observed that chestnut shells extracts, in addition to antioxidant action, also
present anti-inflammatory activity, leading to a reduction of the nitric oxide production,
as well as an induction of nitric oxide synthase (responsible for catalyzing the production
of nitric oxide). Furthermore, the authors reported the skin’s hydration capacity and the
collagen protection of the extracts. In another study, Rodrigues et al. [9] confirmed the
antioxidant properties of a conventional chestnut extract prepared with water, as well as
the presence of some amino acids (in particular, arginine and leucine) and vitamin E.

Topical semisolid products are one of the fastest growing products on the market and
their requirements are constantly changing. To ensure the quality, safety and efficacy of a
product, a constant challenge must be faced, requiring well-structured projects and a deep
understanding. The application of the Quality by Design concept is an excellent strategy
which favors the development of in-depth product information as well as the study of
the formulation and process variables that influence a product’s quality, thus favoring a
deep knowledge of the design process and the possible improvements involved [15,16].
Quality by Design is encouraged by global regulatory agencies and symbolizes an innova-
tive approach and an advance for industries and regulatory authorities. This concept is a
systematic approach that allows the establishment of the product’s quality based on proven
data, recognizing knowledge and risk management [15]. In addition, this approach indi-
cates a transformation that diverges from conventional research (Quality by Testing, QbT)
which is based on the concept that the process defines the product, and the specifications
are based on the performance of the process. Since it is an empirical approach, problems
related to the manufacturing process are often difficult to identify. Furthermore, in this
type of approach there is an increased difficulty in identifying the variability of the whole
process [15,17]. Thus, Quality by Design favors the cosmetic industry, and although the
regulations in this sector are less stringent, quality and safety are increasingly important
for the formulations produced.

A development following this approach can be compromised of the following detailed
elements: the definition of the quality target product profile (QTPP) and the critical quality
attributes (CQAs), conducting risk assessments to identify critical quality attributes (CMAs)
and the critical process parameters (CPPs), the design space (DS) based on the design of
experiments (DoEs), the creation of a control strategy and the continuous improvement
during the entire product life cycle [15,17].

The design of experiments (DoE) is an important tool in the Quality by Design ap-
proach, allowing the use of structured and organized methods to evaluate the impact and
understand the possible interactions between the factors that affect the process (inputs) and
the response variable (output) [15]. The DoE has often been employed to understand the
product and the manufacturing process and to determine the optimal conditions that should
be implemented. Currently, many applications of DoE can be found in scientific literature
on screening and optimization, such as the application of the screening project that allows
the detection of CMA and CPP which affect CQAs and, therefore, the QTPP [18-22].The
project optimization has been employed in the definition of design space, product opti-
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mization, process and analytical methods [23-26]. In this work, an optimization procedure
involving the response surface methodology was performed. Despite the advantages of
Quality by Design approaches in product development, few studies are currently avail-
able regarding its applications in the development of cosmetic products. The aim of this
work was to develop and optimize a semisolid topical formulation with C. sativa shells
extract according to the concept of Quality by Design, through more planned development,
considering the vulnerabilities of the entire process through risk analysis tools and DoE
and ensuring the successful development of a high-quality formulation. It is expected to
develop an antioxidant formulation demonstrating an antiwrinkle effect, which can nearly
be tested in vivo on human volunteers.

2. Materials and Methods
2.1. Materials

Chestnut shells were kindly provided by Sortegel (Sortes, Braganca, Portugal). Cetyl
alcohol, sodium lauryl sulfate and coconut oil were purchased from Guinama SL (Valencia,
Spain). Beeswax, glycerin, methylparaben and propylparaben were provided by Acofarma
distribucion AS (Madrid, Spain). Macadamia oil was acquired in Galeno SRL (Carmiganano,
Italy). All ingredients were of pharmaceutical and cosmetic grade. Water was purified by
ion-exchange using synthetic resins.

2.2. Methods
2.2.1. Extract Preparation

C. sativa shells extract was prepared according to Pinto et al. [27]. Firstly, C. sativa shells
were dried and grounded. Then, samples (10 g) were mixed with deionized and degassed
water (100 mL) and extracted at 220 °C during 30 min in a 400 mL Parr Reactor (Series
4560 high-pressure mini-reactors, Parr Instrument Company, Moline, IL, USA) equipped
with a Parr Reactor Controller (Series 4848, Parr Instrument Company, Moline, IL, USA).
A pressure of 40 bar was maintained. During extraction, the sample was agitated with a
four-blade impeller at 200 rpm. After extraction, the extract was filtered through Whatman
n° 1 paper, centrifuged and incorporated into the formulation.

2.2.2. Preparation of the Cream Formulations

A hydrophilic cream (0o/w) was prepared by a single-phase methodology. Initially,
the raw materials were weighed (Macadamia oil: 10.00 g; Cetyl alcohol: 9.0 g; Glycerin:
8.00 g; Beeswax: 5.00; Coconut oil: 3.00 g; Sodium lauryl sulfate: 0.93 g; Propylparaben:
0.20 g; Methylparaben: 0.10 g) and manually mixed. Then, the mixture was heated in
a thermostatic bath (Nahita, 601/5, Germany) at 70-80 °C until complete fusion of all
constituents. Subsequently, the mixture was stirred in a heating plate (IKA, C-MAG HS 7,
Germany) for 5 min at 700-1000 rpm, using the propeller agitator, Heidolph (RZR 2041,
Germany). After removing the heating plate, cooling was promoted with stirring for 25 min,
and at 40 °C the extract (63.77 g; substituting the aqueous phase) was added to the mixture.
Finally, the prepared mixture was completely cooled to room temperature, conditioned and
stored at 25 + 1 °C. Formulations were prepared in triplicate.

2.2.3. Quality by Design
Definition of QTPP and CQAs

The quality target product profile (QTPP) is the first step in the development of a
product based on the Quality by Design concept, which includes the definition of the
product profile development, the dosage, the route of administration, the aspect, the
consistency, the release profile and the viscosity, among others. For the QTPP elaboration,
the quality of the final product produced was considered.

After the procedure described above, the second step took place, comprising the iden-
tification of the critical quality attributes (CQAs) that derived from the description of the
QTPP. Physical, chemical, biological, or microbiological properties or characteristics were



Sustainability 2022, 14, 129

40f17

defined, within an appropriate limit, in order to ensure the predefined product’s quality.
These attributes were investigated, controlled, and guaranteed during the development
and production process and based on prior knowledge and scientific literature.

Risk Assessment

According to the ICH Q9 guidance [28], risk assessment consists of the “identification
of hazards and the analysis and evaluation of risks associated with exposure to those hazards”. This
aspect is extremely important at the development stage due to the possibility of identifying
the potential risks in the formulation, as well as in the process, that may affect the final
product quality. Therefore, risk identification allows the definition of studies and the
determination of the critical variables, facilitating the control strategy and expanding the
knowledge of the entire process.

To carry out the risk assessment, the Ishikawa diagram was employed. A risk esti-
mation matrix (REM) was elaborated using the main factors observed in the diagram to
estimate the level of criticality of the material’s attributes and process parameters that could
influence the identified CQAs of the product. Based on the REM data, a Pareto chart was
built to demonstrate which material attributes and process parameters are critical to ensure
the product’s QTTP.

Design of Experiments

After identifying the process variables that may have a significant impact on the
product properties, the experiments were designed by a mathematical model, a response
surface methodology (RSM), using the Box-Behnken model. This design allows one to
obtain the first- and second-order polynomial response surface models [29,30]. A total of
17 experiences were designed by the computer program Design Expert (version 7, Stat-
Ease Inc., Minneapolis, MN, USA). Three independent variables of the formulation were
specified, namely the quantity of sodium lauryl sulfate (%) (X1), beeswax (%) (X2) and
macadamia oil (%) (X3). These three formulation variables varied at three levels: low
(—1), medium (0) and high (+1). Three dependent variables were studied, namely pH (Y1),
viscosity (Y2) and adhesiveness (Y3). The design variables mentioned for the development
of the product formulation of this work are summarized in Table 1.

Table 1. Variables used in the Box-Behnken plan.

Levels
Independent Variables (Factors)
Low (—1) Medium (0) High (+1)
X1: Sodium lauryl sulfate (%) 0.5 1 1.5
X5: Beeswax (%) 2 3.5 5
X3: Macadamia oil (%) 6 8 10

A second-order polynomial equation effectively expressed the responses with respect
to the selected independent variables. Three-dimensional contour plots of the adjusted
polynomial regression equations were provided to visualize the interaction effect of the
independent variables on responses. The response surface model was demonstrated by the
following equation:

Y = Bo+P1Xs +BoXo+ ..o 4 BuXy @)

where Y is the answer, X; is the independent variable, fij is the constant and f3; to f§, are the
coefficients of the response values.

An appropriate polynomial model was chosen, based on the statistical significance of
the model. The quality of fit of the model was assessed using the coefficient of determination
(R?) and the analysis of variance (ANOVA).
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2.2.4. Characterization of the Formulations
Appearance

The centrifugation test was carried out by placing 2 g of formulation in a 15 mL
centrifuge tube which was then centrifuged for two runs of 10 min at 5000 rpm in centrifu-
gation machine. At the end of each cycle, tubes were investigated macroscopically for the
presence of any possible phase separation.

Determination of pH

The pH was determined at room temperature, using pH meter equipment (Basic
20 pH—Crison, Spain). The pH meter was calibrated using standard buffer solutions of
pH 4.01, 7.01 and 9.00. The analysis was performed by diluting 1.0 g of the formulation
in 9.0 g of neutral water. The sample was vigorously shaken, and the pH value was
immediately read on the equipment. The determination was carried out in triplicate 48 h
after manufacture.

Rheological Tests

To measure viscosity, a rotational rheometer with plate-plate geometry was used
(Malvern Kinexus Lab+, Germany) at a temperature of 25 °C and with a 1 mm gap between
the plates. A small amount of the sample was inserted onto the bottom plate of the
equipment, and torque was applied to the upper plate, promoting a shear stress on the
sample. The rSpace Kinexus Lab+ (Version 1.75) software was employed with an initial
frequency of 10.00 Hz and a final frequency of 0.100 Hz, using 10 samples per decade, and
a 0.25% strain.

Texture Analysis

The spreadability test was carried out on a Texturometer (Stable Micro Systems TA-
XT2i, Godalming, UK), using the Exponent software (version 6.1.12.0). Samples were
inserted into the female cone (bottom probe) and kept in a stove at 25 £ 1 °C for 30 min
before testing. Then, the appropriate probe was chosen and connected to the equipment at
an initial position of 25 mm. For measurement, the upper probe (male cone) penetrated
the sample in the female cone at a speed of 3 mm/s over a distance of 23 mm and then the
probe returned to the starting position, providing the result. Due to the conical shape of
the probe, compression and tangential forces were involved.

Size of the Internal Phase

For the evaluation of the droplet size, a Mastersizer 3000 laser diffractometer was used,
with a liquid dispersion unit for samples with flexible volume Hydro EV (Malvern, UK).
The sample was prepared by diluting a small amount with water in a test tube. Afterwards,
the sample was inserted into a graduated beaker containing the chosen dispersing medium
(500 mL of water), until a level of obscuration between 5 and 10% was reached. The Mie
Model was used to determine the particle size distribution and five readings were taken by
the equipment. The obtained result revealed the density in volume (%) in function of the
size of the particles, in three parameters: Dv10, Dv50 and Dv 90 (percentile 10, percentile 50
and percentile 90).

2.3. Statistical Analysis

For statistical analysis of the results, the Design Expert (version 7, Stat-Ease Inc.,
Minneapolis, MN, USA) software was employed. An analysis of variance test (ANOVA)
evaluated the statistical significance between the formulations. The differences were
considered significant if p < 0.05. All tests were performed in triplicate and the results were
expressed as mean =+ standard deviation.
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3. Results
3.1. Preliminary Study

The objective of the present study was to develop and optimize a semisolid topical
formulation with C. sativa shells extract as aqueous phase. To achieve this goal, a systematic
approach outlined in Quality by Design principles was adopted, to develop a product in
a more reproducible and faster way. The formulation composition as well as the prepa-
ration process were selected after extensive bibliographic research. Following this, test
batches were prepared to estimate the associated risks, the process parameters and the
ideal formulation conditions. These data helped in the elaboration of the risk assessment.
The preliminary study was essential to prepare for the next stages of the formulation
development and optimization.

3.2. Definition of QTPP, CQAs, CMAs and CPPs

Initially, compliance with regulatory aspects, product quality expectations, consumer
desire and scientific knowledge was studied, forming the product’s QTPP. The QTPP
determination is summarized in Table 2.

Table 2. Determination of the QTTP and CQA of the formulation with extract of C. sativa shells.

QTPP Target CQAs Justification
Product type Cosmetic - -
Dosage form Cream ) Multiphase preparations consisting of a lipophilic phase
and an aqueous phase.
R.O qte Of. Topic - Product administration location.
administration
Dosage NA - -
Changes in the aspect/appearance of the product may
affect quality, safety and effectiveness.
Homogeneous smooth cream Changes in aspect/appearance are related to possible
Aspect/ Appearance with Castanea sativa Mill. Shell Yes changes in the physical-chemical and/or microbiological
extract stability of the product.
The aspect/appearance has an influence on the acceptance
and adherence.
Changes in the odor of the product may indicate physical,
Characteristi Y chemical and/or microbiological changes in the product.
Odor aracteristic s Odor has an influence on consumer acceptance and
adherence.
The color of the product indicates the presence of C. sativa
shells which have a brown color, in addition to indicating
Color Light brown Yes product stability.
Color has an influence on consumer acceptance and
adherence.
The determination of viscosity is eventually used to assess
the quality of a product.
Changes in the product’s viscosity demonstrate a possible
Viscosity 700-2500 Pa.s Yes change in the physical structure of the product, which

may interfere with the time the product will remain in the
application site.
Viscosity is a critical factor in assessing product stability.

Identification Eur. Ph/USP - It is a critical factor for product safety and effectiveness.
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Table 2. Cont.

QTPP

Target CQAs Justification

pH

The pH has an influence on the physical-chemical stability
of the product.
4.0-8.0 Yes The pH of the product must be compatible with the pH of
the skin in order to avoid irritation and damage to the
integrity of the skin after application of the product.

Crystallization

Crystallization has an impact on the uniformity and

Eur. Ph/USP Yes stability of the formulation.

Particle size

100 nm-100 pm Yes Particle size has an impact on effectiveness and stability.

Compressibility

The compressibility is related to product consistency.
Changes in the consistency of the product may modify the
characteristics of the product, impacting its spreadability

and adherence.

Compressibility has an influence on acceptance and

adherence.

20.0-60.0 N.mm Yes

Adhesiveness

Adhesiveness is related to cream retention on the skin. It

20.0-60.0 N-mm Yes has an impact on the preservation of cream in situ.

Preservative testing

The testing of preservatives present in the product will

Eur. Ph/USP Yes ensure the safety and stability of the formulation.

Microbial limits

Change in microbiological limits may impact product

Eur. Ph/USP Yes
safety.

Stability

Changes in product stability may impact the quality of the

ICH Q1A /Eur. Ph/USP Yes product during the storage period.

It is a quality requirement.

Container closure
system

Appropriate for the dosage form -

The packing material must be appropriate to contain the
physical form of the product.

Material integrity

The integrity of the material must be maintained in order

fail - . .
No failure to guarantee the quality, effectiveness and safety.

NA, note applicable; Eur. Ph., European Pharmacopeia; USP, United states Pharmacopeia.

The physico-chemical attributes designed for the product, categorized as critical
(CQAs) were identified and flagged in Table 3, along with a theoretical justification regard-
ing the criticality of the attribute. The attributes identified as most critical for the product
quality were subsequently controlled. After determining the QTTP and identifying the
CQAs, the selection of critical material attributes (CMAs) and critical process parameters
(CPPs) was performed.

3.3. Initial Risk Assessement

After grouping the variables that may influence the product’s CQAs and, consequently,
may lead to failure in the product’s quality, the Ishikawa diagram (Figure 1) and REM
(Figure 2) were performed.

The Ishikawa diagram depicts the relations between the cause and effect of the vari-
ables that may influence the CQAs of the formulation and the process. The structure of this
diagram has a horizontal line, with the end representing what the product seeks to obtain.
Diagonal lines represent the main influencing factors. Finally, the sub-line on the diagonal
lines is categorized by the influence of critical process parameters and critical material
attributes. The diagram provided a clear picture of the entire preparation process and
systematically distinguished the reasons that could generate a product “non-conformity”,
in addition it also predicted the working conditions that should be performed to control
and prevent the occurrence of errors.
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Table 3. Matrix and result of planning the experiences and the responses observed in the
Box-Behnken.
Independent Variables Dependent Variables
Run Li(lll;}?losd::ll;;e X,: Beeswax X3:Macadamia Oil Y;: pH Y,: Viscosity Y;. Adhesiveness
(%) (%) (%) (Pas) (N.mm)
C1 1.5 5 8 7.11 £ 0.09 1520.6 4+ 90.45 40.39 +5.91
C2 1.5 3.5 10 7.30 +0.13 931.3 4+ 187.31 30.15+1.73
C3 1 3.5 8 743 +£0.13 1820.8 + 276.21 35.83 + 6.58
C4 1 3.5 8 7.33 £ 0.06 2086.2 £+ 229.12 41.30 + 3.62
C5 0.5 5 8 7.14 £ 0.03 2831.9 £ 1951.98 26.09 + 14.41
Cé6 1.5 3.5 6 743 £+ 0.09 1029.0 + 813.49 49.31 + 8.54
c7 0.5 3.5 6 7.32 +£0.04 1415.9 4+ 1074.74 22.86 +4.71
C8 0.5 3.5 10 7.22 +£0.03 1353.5 + 1171.70 28.85 +9.91
9 1.5 2 8 7.33 +£0.01 700.3 4+ 585.02 46.56 + 9.63
C10 1 3.5 8 7.30 & 0.06 1517.1 4+ 1341.24 44.62 +0.33
C11 1 5 10 7.50 £ 0.01 1667.5 + 1465.21 58.82 + 18.07
C12 1 5 6 743 £+ 0.03 1428.0 4+ 1205.44 57.80 + 3.67
C13 1 2 6 7.86 = 0.03 1015.6 + 896.53 47.35 + 1.52
Cl4 1 3.5 8 7.56 £ 0.07 1670.7 4= 1344.08 52.13 +4.33
C15 0.5 2 8 7.50 £+ 0.03 1804.7 4+ 1433.45 23.18 + 3.38
Cleé 1 3.5 8 7.66 £ 0.05 1288.0 +1117.73 50.98 + 3.38
C17 1 2 10 7.60 + 0.01 877.7 £ 709.41 4497 £7.80

vvvvvvvv

Figure 1. Ishikawa diagram summarizing the cause-and-effect relationships of the variables that
affect CQAs in the development of the formulation with C. sativa shells extract.

Then, the main factors mentioned in Figure 1 were classified in an REM (Figure 2).

Evaluating this risk matrix, it is possible to visualize information about a certain set of
risks, in addition to the possibility of concluding which risks should be prioritized. For the
elaboration of the risk matrix, the correlation between the CQAs and the material attributes
and process parameters was built, with the risks being assessed and classified individually
by considering the probability of occurrence and the impact. A combination of values was
used on a scale from one to five, with five representing a very high risk, four a high risk,
three a medium risk, two a low risk and one a very low risk. Values were calculated and
ordered in a risk classification system with high (red), medium (yellow) and low (green)
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priority. In general, through the initial risk analysis, it is possible to conclude that the
product’s aspects, such as viscosity, droplet size, adhesiveness, and compressibility, highly
influence the CQAs.

Based on the REM results, two Pareto charts were generated (Figure 3a,b). The Pareto
chart illustrates the severity scores and demonstrates the CQAs and CPPs that had values
higher than 100. Based on the results of the risk assessment, viscosity and aspect were
classified as highly critical factors for CQAs. In contrast, odor and color are the least critical
issues. In addition, according to Figure 3b, homogenization speed and homogenization
time are highly critical factors for CQAs. Pareto charts also prioritize the critical attributes
that should be more controlled and investigated in this study.

Product CQAs

Aspect/
Prance  Odor Color Viscosity pH

Compressibility “"":"'"'

Stross yiold Stability

Cetyl alcohol
Booswax

Coconut oil

Oily excipients

Macadamia oil

Sodium laury! sulfate

Surfactant

Methylparaben

Material attributes

Propylparaben

Glycerin

Castanea sativa shell
extract

Aqueous excipients | Preservatives

Blending of components

Heating time

Heating temperature

Homogenization time

Process parameters

Homogenization speed

Homogenization temperature

Figure 2. Initial risk analysis of the individual product formulation and process parameters:
Low = low risk parameter (green); Medium = medium risk parameter (yellow); High = high risk
parameter (red).

3.4. Design of Experiments

The construction of the experimental Box—Behnken project with three input factors
related to product formulation (amount of sodium lauryl sulfate (%) (X1), beeswax (%) (X2)
and macadamia oil (%) (X3)) was used to investigate the effects on the output’s responses
(pH (Y1), viscosity (Y2) and adhesiveness (Y3)). The experimental planning matrix created
by the statistical program is shown in Table 3. Low (—1), medium (0) and high (+1) values
for each factor studied were defined based on the risk analysis, previous knowledge and
scientific principles, whose variations were considered a risk for the QTTP (Table 2).

A total of 17 formulations were suggested by the Design Expert software and were
successfully prepared without any visual signs of separation or coalescence after prepa-
ration. The formulations were carefully characterized according to their main quality
attributes, and the effects of the variables on the responses were studied in detail and
summarized below.
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CQAs
250 120%
200 -=-T 100%
- 80%
150 -
-
- 60%
100 -
_ 40%
50 -7 20%
0%
CPPs
120 120%
100 - 100%
80 _-- 80%
60 -~ 60%
40 -7 40%
20 20%
0 0%
2 < & & & &
< N & L & &
0 ° ,b&\{\ @Q @Q @Q
. (\/’b Q\N \2@1 <@ <@ s\(‘o
& g & & o
\z\o& X B %Q’(\\ &
&® ©
Q‘O
(b)

Figure 3. Pareto chart for (a) CQAs and (b) CPPs screening.

The experimental matrix of random executions for the independent and dependent
variables are summarized in Table 3. All responses were fitted to a quadratic model (second-
order); the adequacy of this model was validated by an ANOVA analysis, lack of fit test
and multiple correlation coefficient tests.

The statistical analysis (Table 4) indicated that models were significant for all responses
(p < 0.05). Table 4 presents the results of the analysis of variance, as well as the F-value and
the p-value. For each answer, a mathematical equation (Equations (2)-(4)) was obtained,
as determined by a multiple regression analysis. A detailed factor to factor analysis is
provided below.
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Table 4. Summary of the model and analysis of variance (ANOVA) of the dependent variables.

Sum of Squares Mean of Squares F-Value p-Value
Y1 Y2 Y3 Y1 Y2 Y3 Y1 Y2 Y3 Y1 Y2 Y3
l;(&;ysloscllliffl;se 0.0 1.2999 x 10° 535.136 0.0 12999 x 106  535.136 0.0 1424 11.60 1.0000 0.0195 0.0271
X2:Beeswax 0.180 1.1626 x 10° 55.3352 0.18 1.1626 x 10° 553352 7.83 1274 120 0.0489 0.0234 0.3349
X3:
Macadamia 0.02 427.781 26.3901 0.02 427.781 26.3901 0.87 0.00 057 04039 09487 0.4915
oil
X1.X1 0.252737 765.096 970.21 0.252737 765.096 97021 10.99 0.01 21.03 0.0295 0.9314 0.0101
X1.X2 0.01 10,701.9 20.6116 0.01 10,701.9 20.6116 043 012 045 05457 0.7493 0.5404
X1.X3 0.0 311.522 158.131 0.0 311.522 158.131 0.000 0.00 343 1.0000 09562 0.1378
X2.X2 0.0127368  11,078.6 76.5096  0.0127368 11,078.6 765096 055 012 166 04981 0.7451 0.2672
X2.X3 0.04 35,607.7 2.89 0.04 35,607.7 2.89 174 039 006 02577 05661 0.8147
X3.X3 0.0464211  972,755.0 379011  0.0464211 972,755.0 379011 202 1066 0.82 02284 0.0309 0416
a d%sggr?efnt 0.02 383,258.0 124.704  0.00666667 127,753.0 415681 029 140 090 0.8316 0.3653 0.5147
Pure error 0.092 365,051.0 184.517 0.023 91,262.7 46.1292
Total 0.66 423937 x 106 2152.85

R2 (Y1) = 0.8303; R2 aj. (Y1) = 0.6121; R2 (Y2) = 0.8234; R2 aj. (Y2) = 0.5965; R2 (Y3) = 0.8563; R? aj. (Y3) = 0.6716.

3.4.1. Effect of Independent Variables on Dependent Variables
Effects on pH

The results obtained from the pH evaluation are shown in Table 3. The formulation
showed pH values between 7.11 (C1) and 7.86 (C13). Although pH was not considered
a threat to QTTP, it was included in the experimental design as a qualitative variable to
have a better understanding of its influence on the formulation. The semisolid topical
formulation’s pH is a quality parameter that may interfere with the physical stability of the
product and must be compatible with the pH of the skin [31]. The extract presented a pH
of 4.78. The formulation should have a pH in line with this value in order to maximize the
skin effects of the extract, particularly the antioxidant and antiradical activities.

The determined effects of factors, the p-value and the F-value correlated of ANOVA
on pH (Y1) are shown in Table 4. As it is possible to observe, a p = 0.832 was calculated
for the lack of fit, meaning that the model is adequate for the data observed at a 95.0%
confidence level. Regarding the R?, the value obtained explains 83% of the pH variability.
The adjusted R?, which is better suited to compare models with different numbers of
independent variables, is 0.61.

As shown in Table 4, two factors demonstrated a significant antagonistic effect on pH,
namely variables X2 (p = 0.0489) and the interaction between factors X1 (p = 0.0295).

Figure 4a shows the graph obtained for the Y1 (pH) response, illustrating the rela-
tionship between the pH value, the concentration of two factors (amount of beeswax (X2)
and macadamia oil (X3)) and the amount of surfactant (X1) fixed at the medium level (1.0).
According to the obtained result, at the lowest X2 level, the pH value decreased when the
amount of X3 increased from 6 to 10. On the other hand, at the highest level of X2, the pH
value did not change significantly.

The influence of the different factors and their interactions on pH values can be
represented by the following equation:

pH (Y1) = 6.917 + 1.889 x X1 — 0.1 x X2 — 0.944 x X22 )

Effects on Viscosity

The viscosity values (Y2) for the formulations tested are shown in Table 3. The results
revealed that viscosity ranged between 700 (C9) and 2832 (C5) Pa.s. The p-value and the
correlated F-value of ANOVA on viscosity (Y2) are show in Table 4. Three significant effects
for Y2 response were observed, namely X1 (p = 0.019), X2 (p = 0.023) and the interaction X3
(p =0.031).
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Figure 4. Response surface graph representation (3D) main effects of input factors X1, X2 and X3 in
relation to the response: (a) pH; (b) viscosity; (c) adhesiveness and (d) response surface graph of the
combination of factors that achieves desirability.

The lack of fit (p = 0.365) demonstrated that the model is adequate for the data observed
at a significant confidence level of 95.0%. The R? indicated that the model explains 82% of
the viscosity variability. The adjusted R? showed a value of 0.596.

The response surface graph (Figure 4b) shows the effects of the different factors (two
input factors (amounts of beeswax (X2), macadamia oil (X3)) and the amount of surfactant
(X1) fixed at 1.35) for viscosity (Y2). It is possible to observe a non-linear interaction.
Figure 4b indicates that the viscosity and concentration of oily components had a notable
impact on the formulation.

The influence of the different factors and their interactions on viscosity can be repre-
sented by the following equation:

Viscosity (Y2) = —6017.55 — 806.2 x X1 + 254.142 x X2 +1910.56 x X3 — 119.64 x X32 (3)

Effects on Adhesiveness

According to the results obtained for the measurements of adhesiveness for the prepa-
rations, the values ranged from 22.86 (C7) to 58.82 (C11) N.mm (Table 3). The p-value and
F-value of this parameter are shown in Table 4. The ANOVA table demonstrated that the
effects X1 (p = 0.0271) and the interaction X1 (p = 0.0101) were significant.

The lack of fit (p = 0.5147) demonstrated that the model is adequate for the data at a
confidence level of 95.0%. The R? indicates that the model explains 86% of the adhesiveness
variability. The adjusted R? is 0.6717.

Figure 4c shows the response surface analysis for adhesiveness in relation to input
factors X2 and X3 (with X1 set at 0.8). As it is possible to observe, the concentration of oily
components had an impact on product adhesiveness, indicating that with an increase in
factors X2 and X3, a greater force is used to remove the product from a surface and a higher
retention of the cream on skin occurs.
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The follow equation represents the influence of different factors and their interactions
on adhesiveness:

Adhesiveness (Y3) = —27.262 + 134.567 x X1 — 59.105 x X12 (4)

Optimization and Validation by Box-Behnken Response Surface Methodology

A multiple response optimization process was carried out by combining the exper-
imental factors to optimize the three responses simultaneously. Thus, responses Y1, Y2
and Y3 were transformed into the desirability scale being maximized. For the individual
desirability function of each answer, maximum and minimum values were taken as the
highest and lowest values of the responses, respectively (Table 3). The desirability value
was calculated using the Design Expert software and the optimal conditions are shown in
the desirability graph (Figure 4d).

The general desirability of an optimized formulation proposed by the software was
0.594. The optimal values for the factors were X1 = 0.93, X2 = 5.00 and X3 = 10.00. To
confirm the adequacy of the model and validate the optimization process, the suggested
optimized formulation was prepared. The results are shown in Table 5.

Table 5. Comparison of experimental and intended values prepared under optimal conditions.

Y; Y, Y3
Experimental value 7.43 £+ 0.09 2214.44 4+ 211.74 45.19 +2.42
Intended value 7.49 1779.08 53.66
p-value 0.61 0.27 0.09

3.5. Characterization of the Optimized Formulation over Time

The formulation containing the ideal conditions established by the DoE was pre-
pared and characterized to assess the accuracy of the model in optimal conditions regard-
ing organoleptic and technological characteristics. The study was carried out over time
(30 days) and the sample was stored at a controlled temperature (25 = 1 °C).

3.5.1. Appearance

Organoleptic analysis demonstrated that the formulation presented a homogeneous
aspect, without phase separation, and the consistency was considered adequate, as shown
in Figure 5. A light brown and fruity odor like caramel was also observed.

3.5.2. Determination of pH

The pH values ranged between 4.9 and 4.76, without changes over time. These values
are compatible with the skin pH (4.0-6.0) [31].

Figure 5. Optimal formulation with C. sativa shells extract.
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3.5.3. Rheological Tests

The rheological tests were performed on the optimal formulation with the aim of
analyzing the behavior when subjected to a certain tension, evaluating the force applied
when the product is spread on the skin. Furthermore, the viscosity was screened. The
assessment of viscosity over time is a significant parameter for estimating the product’s
stability [32]. The values obtained were between 2618 Pa.s and 2205 Pa.s. As shown
in Figure 6, a small viscosity reduction was observed until a certain period, which was
probably related to internal structure modifications. Nevertheless, this decrease is not
significant, as it stabalized after 5 days.
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Figure 6. Result of the viscosity of the formulation optimized over time.

The formulation has a pseudoplastic-thixotropic behavior since a sharp decrease in
viscosity (43%) in the third stage was observed, demonstrating that the restoration of the
structure will occur more slowly than the initial destruction.

To determine the stress yield, an external strain was applied under the material. A
shear stress superior to 82.79 Pa was required to produce a flow.

3.5.4. Texture Analysis

Regarding texture analysis, adhesiveness and compressibility were evaluated. A small
reduction in the formulation consistency was observed over time, which may be related to
modifications in the internal structure of the material, presenting values for compressibility
from 26.51 N.mm to 21.42 N.mm, for adhesiveness between 32.19 N.mm and 24.74 N.mm
and for firmness between 9.58 N and 8.38.

3.5.5. Size of the Internal Phase

The formulation presented diameters on a micrometric scale (um), revealing that
values below 80 um remained stable over time. The values obtained for Dv10 were between
8.91 and 8.55, for Dv were between 40.20 and 31.30 and for Dv 90 were between 79.20 and
73.20.

In fact, the results of the investigations described above all presented satisfactory
results, in which it can be observed that there have been no significant changes over time.
Therefore, it is possible to confirm the stability of the semisolid topical formulation with
Castanea sativa shells extract. In addition, the results demonstrated fulfill the requirements
outlined in the initial QTPP of the product.
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4. Conclusions

The present study allowed us to demonstrate the applicability and relevance of using
the Quality by Design approach during the development of a topical semisolid product,
as this approach assists in understanding the formulation and manufacturing process,
reduces product variability, and provides the desired quality of the final product. The
design of experiments along with risk analysis allowed us to predict the parameters
that could have a high impact on the quality of the product and establish safe ranges
for its variations. Optimization was used through response surface analysis using the
Box-Behnken model with three factors at three levels. A formulation containing 0.93%
sodium lauryl sulfate, 5.00% beeswax and 10.00% macadamia oil was considered the most
promising. After validation of the optimal formulation, its organoleptic and technological
characteristics were evaluated, and it was verified that the formulation is stable and
fulfils the requirements outlined in the product’s QTPP. The present study allowed us
to demonstrate the practical gain of the Quality by Design approach in the development
of cosmetic products, resulting in a shorter development time, lower costs, avoiding the
specification products and decreasing the need of human resources. Although the results
were satisfactory, other studies related to safety, efficacy and extended stability need to be
done to fully understand the formulation process.
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