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Abstract: With the increased demand for sustainable, hypoallergenic products, plant surfactants
are a promising, eco-friendly option for cleaning products due to their low toxicity or even the
absence of toxicity. In the present study, surfactant-rich extracts from Chenopodium quinoa, Glycine
max, and Malpighia emarginata were assessed for their stability, antioxidant capacity, toxic potential,
and cleaning potential in shampoo formulations. The surfactants in the extracts were isolated and
characterized by NMR, UV-Vis, and FTIR spectroscopy. The results demonstrated that the extracts
remained stable within the temperature and pH ranges tested. The antioxidant properties were
also determined. In the analysis of irritation potential, G. max and C. quinoa exhibited low toxicity
and no toxicity, respectively. The cleaning potential analysis confirmed that the extracts could be
used as primary surfactants. Seven shampoo formulations were developed, which showed potential
to reduce surface tension to the range of 27.1-31.7 mN/m and interfacial tension to the range of
5.4-7.3 mN/m. The wettability, percentage of solids, density, pH, and dirt dispersion of the formulas
were within standard ranges, and the sebum removal capacity of the seven formulations was similar
to or even better than that of a commercial shampoo.

Keywords: plant extracts; shampoo; innovative cosmetics; plant-derived surfactants; cleaning agents

1. Introduction

Hair has considerable cultural, social, and economic importance and is associated
with improved self-esteem and inclusion of individuals in social, cultural, or ethnic groups.
Thus, it is no surprise that hair care products are among the most widely used, especially
innovative formulations specific to each type of hair [1].

Shampoos consist basically of a solution composed of surfactants, which are the main
components responsible for cleaning the hair and scalp, and other adequate ingredients and
additives that provide benefits to the hair as well as make the appearance and consistency
of the shampoo attractive [2,3]. Some of the challenges faced by the cosmetic industry
regarding shampoo formulations are related to allergies, hair loss, and irritation of the skin
and eyes caused by synthetic surfactants, which also affect soil and groundwater, causing
harm to the environment [4].
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Therefore, the cosmetics market has prioritized natural, renewable, biodegradable, and
less toxic active ingredients/components that can reduce or replace synthetic compounds
in formulations. According to Cosmetics Europe [5], large companies in the cosmetics
industry reformulate 25 to 30% of their products every year, and approximately 10% of
these reformulations depend on new active ingredients/components.

Natural surfactants constitute one of the options to meet this demand. Microorganisms
and plants are producers of these natural surfactants or biosurfactants. Biosurfactants of
plant origin include phospholipids, saponins, and proteins or protein hydrolysates [6].
Among these, saponins have the potential for several biotechnological applications due
to their physical-chemical and biological properties [6-8]. Sophorolipids, rhamnolipids,
and mannosylerythritol lipids are examples of microbial surfactants that have been used in
cosmetics formulations [9].

With considerable biotechnological potential, plant-derived biosurfactants stand out
due to their tensioactive and biological properties, as well as their greater yield in extraction
processes compared with microbial biosurfactants [10]. The development of cosmetic
formulations using plant-derived biosurfactants is promising and constitutes an alternative
to cosmetics formulated exclusively with synthetic surfactants.

Therefore, the aim of the present study was to formulate shampoos using biosurfactant-
rich extracts from three plants, namely Chenopodium quinoa (quinoa), Glycine max (soybean),
and Malpighia emarginata (acerola cherry), analyzing the tensioactive properties of these
extracts in formulations as well as their potential to diminish or replace the use of synthetic
surfactants in shampoos.

2. Materials and Methods
2.1. Plant Material and Obtaining Extracts

Seeds from Chenopodium quinoa and Glycine max, and the dried fruit of Malpighia
emarginata were used for the hydroalcoholic extraction of biosurfactants [11].

The M. emarginata fruit was macerated and dried at 50 °C for 48 h. The dried pulp was
then pulverized, using a crusher, to obtain the flour. The seeds of C. quinoa and G. max were
also pulverized before the extraction processes. The resulting powders were sieved in a
vertical sieve to obtain fractions with a granulometry of <250 pm.

The ethanol concentrations and temperature values used in the extraction process were
50% and 50 °C for C. quinoa, 60% and 40 °C for G. max, and 50% and 40 °C for M. emarginata.
Such conditions were determined after carrying out an experimental design as described
previously by Bezerra et al. [11]. The mixtures were then agitated in an orbital shaker
(24 h at 180 rpm) and were ultrasounded for 30 min (Ultrasonic bath, Unique USC-1400),
centrifuged (10 min at 4500 rpm), and filtered. The extracts were concentrated to evaporate
the solvent and the aqueous part was lyophilized.

2.2. Stability of Extracts

The stability of the extracts at a concentration of 10% (w/v) was evaluated at different
temperatures (40, 60, 80, and 100 °C) and pH values (2, 4, 6, 8, 10, and 12). The response vari-
ables were the surface tension (ST) and the emulsification index (E;4), expressed in mN/m
and %, respectively [12]. Surface tension was determined using a Sigma 700 Tensiometer
(KSV Instruments LTD, Helsinki, Finland) at room temperature. The emulsification index
was determined following the method described by Cooper and Goldenberg [13], which
consisted of a mixture of 2 mL of the emulsifying agent and 2 mL of the hydrophobic
compound in test tubes, which were stirred in a vortex for 2 min and left to stand for 24 h.
After that period, measurements of the height of the emulsions were carried out and the
emulsification index was calculated by the ratio between the height of the emulsion layer
and the total height multiplied by 100.
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2.3. Radical Scavenging Activity of Extracts

The radical scavenging activity of the extracts was determined based on their capability
to scavenge 2,2-diphenyl-1-picrylhydrazyl radical (DPPH.:), 2,2’-azino-bis(3-ethylbenzothia-
zoline-6-sulfonic acid radical cation (ABTS-*), total antioxidant capacity (TAC), hydroxyl
radical (-OH), and superoxide radical anion (O,- ) [14-16]. The concentration required to
eliminate 50% of each radical (IC5p) was calculated from spectrophotometric measures and
expressed in pug/mL.

2.4. Assessment of Eye Irritation Potential of Extracts

The hen’s egg chorioallantoic membrane test (HET-CAM) was performed following
the in vitro method described by Wilson and Steck [17] for a semi-quantitative analysis of
the irritant potential (IP) of the extracts at a concentration of 1% (w/v). The membranes
were observed for 300 s for signs of hemorrhage, lysis, and coagulation. The times at which
each process began were incorporated into Equation (1).

IP = [(301 — H) x 5] + [(303 — L) x 7] + [(301 — C) x 9]/300 1)

where H, L, and C are, respectively, the number of seconds elapsed from irritant application
to first signs of hemorrhage, lysis, and coagulation, in an observation period with a 300 s
maximum duration.

The irritant potential (IP) of the extracts was defined as suggested by the guidelines
listed in Table 1. All assays were repeated five times.

Table 1. Scoring Scheme for Irritation Testing.

Score Effect
0.0-0.9 Non-irritant
1.0-4.9 Low irritant
5.0-8.9 Moderate irritant

9.0-21.0 Irritant

2.5. Cleaning Potential of Extracts

To select the best combinations of plant-derived extracts and best concentrations (4% or
10%) to develop shampoo formulations, the cleaning potential of the extracts was assessed
by determining primary and secondary surfactants based on the methods described by
Thompson et al. [18] and Azadbakht et al. [19]. Disodium cocoyl glutamate (DCG) was
selected as the synthetic surfactant and tested in combination with the extract at different
concentrations (Table 2).

Table 2. Concentrations and combinations of plant extracts to determine the primary and secondary
surfactants in formulations.

Plant Extracts (4% and 10%) 1 Plant Extracts + Disodium Cocoyl Glutamate (DCG)
Condition 1 Condition 2 Condition 3
1. C. quinoa
2. G. max
3. M. emarginata Plant extracts (4%) Plant extracts (10%)
4. C. quinoa + G. max + +
DCG (10%) DCG (4%)

5. C. quinoa + M. emarginata

6. G. max + M. emarginata

7. C. quinoa + G. max + M. emarginata

1 Total concentrations of individual or combined plant extracts.
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2.5.1. Artificial Sebum

The artificial sebum used to simulate fatty material was prepared according to Thomp-
son et al. [18] with some adaptation and had the following composition: 20% olive oil, 15%
coconut oil, 30% oleic acid, 15% paraffin, and 20% jojoba oil.

2.5.2. Washing Process

Hair discard from a local beauty salon was used in the simulation of the washing
process. The hair was separated into locks with a standard length of 11 cm and mass of 1.5 g,
which were immersed in a hexane solution containing the artificial sebum at a concentration
of 10% and weighed after complete drying. Washing was performed following the bulk
process described by Thompson et al. [18].

The sebum removal rate (percentage) was determined using the following equation:

Sebum removal (%) = [(W1 — W)/ (W1 — W3)] x 100 (2)

where W is the weight of the lock with sebum, W, is the weight of the lock after washing,
and W3 is the initial weight of the lock without sebum.

2.6. Determination of Hydrophilic/Lipophilic Balance of Extracts

The hydrophilic/lipophilic balance (HLB) of the extracts was estimated using the
water solubility method described by Gadhave [20], as surfactants’ solubility in water can
be used as an index of the HLB value (Table 3).

Table 3. Water solubility and hydrophilic/lipophilic balance (HLB).

Water Solubility HLB Range
No dispersibility in water 1-4
Poor dispersibility 3-6
Milky dispersion after 6-8
Stable milky dispersion 8-10
Translucent to clear 10-13
Clear solution >13

2.7. Isolation of Biosurfactants

Biosurfactants were isolated in two steps, namely pre-isolation based on the method
described by Obasi et al. [21] and subsequent purification using liquid chromatography in
a silica gel column 60 (70-230 mesh) with 12:3:5 (w/v) n-butanol-acetic acid—-water as the
mobile phase.

2.8. Characterization of Biosurfactants in Plant Extracts

The isolated biosurfactants were dissolved in deuterated chloroform and their respec-
tive NMR spectra were recorded at 25 °C using a 300 MHz spectrometer (Agilent, Santa
Clara, CA, USA) operating at 300.13 MHz. Chemical shifts (§) in relation to tetramethylsi-
lane were expressed in ppm.

The isolated biosurfactants were also characterized by Fourier-Transform Infrared
(FTIR) spectrometry (Spectrum 400, Perkin Elmer). Signals were collected from 400 to
4000 wavenumbers with a resolution of 4 cm~1.

The absorption properties of biosurfactants dispersion were analyzed by ultravio-
let/visible (UV /Vis) spectrometry (Digital Spectrophotometer SP-22, Biospectro, Shanghai,
China) in the wavelength range from 100 to 400 nm.

A saponin standard (Sigma Aldrich, St. Louis, MO, USA) was also used in all charac-
terization analyses for comparison purposes.



Processes 2023, 11, 879

50f 20

2.9. Development of Shampoo Formulations

After determining the cleaning potential of extracts, seven combinations were chosen
to develop formulations. Production was performed in partnership with a compounding
pharmacy. A commercially available moisturizing shampoo was chosen for comparison
with formulations that has considerable acceptability among consumers and no sulfates in
its composition, which makes it closer to the proposal of the present study.

2.10. Characterization of Formulations
2.10.1. Determination of superficial and interfacial tension

A 10% (w/v) solution of the formulations was used to determine surface and interfa-
cial tension using a Sigma 700 Tensiometer (KSV Instruments LTD, Helsinki, Finland) at
room temperature. Interfacial tension was determined using n-hexadecane as the heavy
phase [22].

2.10.2. Determination of pH, Wettability, Solid Content, and Density

The pH of the shampoo solutions formulated at 10% (w/v) in distilled water was
measured using a pH meter at room temperature. The content of solids was determined by
drying 2 g of the formulation in a previously weighed Petri dish in a laboratory oven at
105 °C for 4 h and expressed as a percentage [23].

Wettability was determined using filter paper disks that were 0.5 cm in diameter. The
smooth surface of the disk was placed on the surface of 1% (w/v) formulations, and the
time required for the disk to begin to submerge was considered the wettability time [19].
The density of each formulation was determined in a test tube by dividing the mass of a
given shampoo sample by its volume [24].

2.10.3. Foam Formation and Dirt Dispersion Test

The foaming capacity was determined using the agitation method in a cylinder. Fifty
milliliters of 10% (w/v) shampoo solutions were placed in a graduated 250 mL cylinder,
which was capped and manually shaken ten times. The total volume of foam was recorded
1.5 and 10 min after agitation [23].

Two drops of shampoo were added to 10 mL of distilled water in a large test tube,
followed by one drop of methylene blue. The test tube was capped and shaken manually
ten times, and the amount of dye in the foam (none, light, moderate, or heavy) was
determined [23].

2.10.4. Cleaning Capacity of Formulations

The cleaning capacity of the formulations was determined based on the method
reported by Thompson et al. [18] and Azadbakht et al. [19], as described in Section 2.5. A
10% concentration of the formulations was used for washing the hair locks.

2.10.5. Preliminary Stability Test

The preliminary stability test was performed following the Cosmetic Product Stability
Guide published by the Brazilian Health Surveillance Agency (ANVISA) [25]. After cen-
trifugation at 3000 rpm for 30 min, the formulations were placed in transparent neutral
glass flasks with lids and submitted to alternating cycles of heating and cooling for 24 h,
as follows:

e Cyclesof24hat37 £2°Cand 24 hat5 £ 2 °C for 12 days;
e Cyclesof24hat40+2°Cand24hat5 4+ 2°C for 12 days;
o Cyclesof24hat45+2°Cand24hat5 £ 2 °C for 12 days.

At the end of each cycle, the organoleptic characteristics (appearance, color, and odor)
of the formulations were assessed and the pH was determined.
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2.11. Statistical Analysis

The results were expressed as the mean and standard deviation of three independent
determinations, calculated using Microsoft Office Excel. The data were analyzed by the
analysis of variance (ANOVA) (p < 0.05).

3. Results and Discussion
3.1. Stability of Extracts

Stability is a fundamental factor in cosmetic products and is governed by different
guidelines, such as the Cosmetics Europe Guidelines on Stability of Cosmetic Products,
which state that the manufacturer must assess pertinent criteria in each type of formulation
at different temperatures to enable the deduction of the real or predicted stability of the
product [26].

It is essential to ascertain the chemical and physical attributes of additives prior to their
incorporation in cosmetics to determine their susceptibility to instability and degradation,
which can be caused by various factors, such as exposure to light, air, and oxygen, as
well as changes in pH and temperature [27]. Thus, plant extracts with potential cosmetic
applications need to maintain their desired functions in the presence of environmental
variations and considering the particularities of each formulation.

The effects of variations In temperature and pH on the surface tension (ST) and
emulsifying index (Ep4) of the solutions containing the Chenopodium quinoa, Glycine max,
and Malpighia emarginata extracts are described below.

For the C. quinoa extract, variations in temperature did not affect either ST or Ey4,
which remained almost stable at 31 mN/m and 50%, respectively (Figure 1a). As for pH,
ST remained stable in the pH range of 6-8, whereas more acidic and alkaline conditions
(2 and 12) resulted in an increase up to 37 mN/m. Even though E;4 was almost stable in
the pH range of 6-8, it was 50% at the starting pH of the solution with the extract (5.6), but
then reached 56% as the pH increased to 6 (Figure 1b).

70 1 100 70 T 7 100
= Surface Tension —= Surface Tension
(a) —e— Emulsification index (b) —e— Emulsification Index
60 80 60 80
£l —~ E .
:230 60=\= ;50” *(J(Ja\c
40 40 g Za0+ g &
[#2] wn
30 20 30 H H ’_‘ 120
20 0 20 0
40 60 80 100 2 4 6 8 10 12
Temperature (°C) pIL

Figure 1. Influence of temperature (a) and pH (b) on Chenopodium quinoa extract surface tension (ST)
and emulsification index (Epg).

Exposure to variations in temperature and pH did not affect the ST of the solution
with the G. max extract, which remained at 32 mN/m. However, a slight decrease in
Ey4 was found after heating the extract to 100 °C, decreasing from 50% at 40 °C to 43%
(Figure 2a). pH variations in the range of 4-10 did not significantly change the Ey4 value
of the emulsions compared with the initial pH (5.7), which remained at around 52%
(Figure 2b). Hajimohammadi et al. [28] reported similar results on the influence of the pH
and emulsification of plant extract from Glycyrrhiza glabra. The emulsification index was
unaltered in the pH range of 5.5 to 13; however, the emulsification index decreased from
100% to 57% at pH 2.
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Figure 2. Influence of temperature (a) and pH (b) on Glycine max extract surface tension (ST) and

emulsification index (Epg).

For the solution with the M. emarginata extract, both ST and Ej4 remained almost stable
under all temperatures and pH values tested (Figure 3a,b).

70 1 T 100 70 1 7 100
(a) —= Surfuace Tension (b) 2 Surface Tension
. —e— Emulsification Index —o— Cmusification Index
60 1 T 80 60 1 T 80
Eso 160 g%o 160 &
z > S
= 40 TA0Q =40 | t40 S
7 =
[77]
20 i " " ' 0 20 0
40 60 80 100 2 4 6 8 10 12
Temperature (°C) pH

Figure 3. Influence of temperature (a) and pH (b) on Malpighia emarginata extract’s surface tension
(ST) and emulsification index (Epy).

Although each plant extract has its own particularities in terms of stability, in gen-
eral, biosurfactants show good stability under different temperatures and pH values [29].
The stability results of G. max and M. emarginata extracts studied here confirm this ten-
dency, as their surface activity did not undergo significant changes, while in the case of
C. quinoa, changes occurred in a pH range that is generally not used in cosmetic formula-
tions, demonstrating that the tensioactive molecules present in the extracts did not lose
their surfactant function.

In the field of cosmetics, many emulsions, such as shampoos, creams, and conditioners,
are prepared with heating, and their pH is generally between 4 and 7 to maintain compati-
bility with skin and hair [30,31]. Therefore, all three C. quinoa, G. max, and M. emarginata
extracts showed characteristics suitable for possible applications in diverse formulations.

3.2. Radical Scavenging Activity of Extracts

Antioxidant compounds are capable of inhibiting or retarding oxidative harm caused
by oxidants through several mechanisms, such as the inhibition of free radicals and metal
complexation [32]. Antioxidant compounds are widely used in cosmetics, especially “anti-
aging” products, as they assist in restoring the skin and preventing signs of aging, promot-
ing a reduction in wrinkles [33]. Regarding hair, antioxidants increase blood circulation,
preventing hair loss and assisting in healthy hair growth [34].

Studies indicate that there is no single method capable of precisely quantifying the
antioxidant properties of a given compound; thus, the use of several different methods is
recommended [35]. Therefore, different assays were used in the present study to assess the
radical scavenging activity of plant extracts and combinations, whose results in terms of
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the concentration (ug/mL) required to scavenge 50% of radicals (ICsg) are compared in
Table 4.

Table 4. Radical scavenging activity of extracts of Chenopodium quinoa, Malpighia emarginata, and
Glycine max expressed as the concentration required to eliminate 50% of radicals (ICs).

ICs (ug/mL)

Sample DPPH 1

ABTS+2

TAC?

OH4

02‘75

C. quinoa 267.23 +3.28 ¢
G. max 355.12 +4.48¢

M. 184.12 + 4.33b
emarginata
Mixture 319.45 £ 5.12 ¢
Quercetin N.T.®
Trolox 7 7412 +£ 4294
BHT 8 193.10 4+ 3.25P
Ascqrblc NT.
acid

934.02 + 13.87 4
1025.06 + 17.06

602.91 +10.23 ¢

895.23 +£19.34 ¢
N.T.
291.43 £29.457
398.10 4 38.75®

N.T.

2189.39 +18.23 ¢
1249.30 + 18.45°¢

1632.70 + 14.12

1104.39 + 12.48 ¢
N.T.
N.T.
500.00 £ 0.01 2

500.00 +0.01 2

249.08 +3.914
263.10 + 4.214

149.07 +£ 1.08 P

189.09 £2.39 ¢
4529 £0.192
N.T.

N.T.

N.T.

299.23 +10.23 4
29463 +3.14¢

213.29 + 5.19P

27430 £2.19°¢
5278 £0.19°
N.T.

N.T.

N.T.

abe Different letters in the same column indicate statistically significant differences among the mean values
(p < 0.05), one-way ANOVA followed by the Bonferroni test. ! DPPH': 2,2-diphenyl-1-picrylhydrazyl rad-
ical; 2 ABTS™*: 2,2/ -azino-bis(3-ethylbenzothiazoline-6-sulfonic acid radical cation; 3 TAC: total antioxidant
capacity " OH: hydroxyl radical; > O, ~: superoxide radical anion; ® N.T.: not tested; 7 Trolox: 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid; 8 BHT: butylated hydroxytoluene.

The results show that all the aqueous extracts of the three plants analyzed and their
mixture had appreciable antioxidant activity, with that of M. emarginata standing out as
it showed the lowest ICs5) values in all the methods tested, except for CAT. This result,
which is consistent with the excellent antioxidant activity reported for its fruit (acerola
cherry) [36], is a positive feature in cosmetic formulations. Although the extracts did not
present sufficient antioxidant activity to be used specifically for this purpose, they could be
exploited as promising multifunctional additives.

3.3. Assessment of Ocular Irritation Potential of Extracts (HET-CAM Test)

The results of the ocular irritant potential (IP) of the extracts assessed by the hen’s
egg chorioallantoic membrane test (HET-CAM) are summarized in Table 5. The C. quinoa
extract was classified as a non-irritant (IP = 0), G. max as a low irritant (IP = 3.86 4 0.19),
and M. emarginata as a moderate irritant (IP = 5.84 £ 0.09), while sodium lauryl sulfate
1%, which is widely used as a surfactant in shampoos, proved to be a severe irritant
(IP =18.78 £ 0.82).

Table 5. Results of hen’s egg chorioallantoic membrane test applied to the extracts of Chenopodium
quinoa, Glycine max, and Malpighia emarginata.

Type of Irritation Time Each Process Started (Seconds)

C. quinoa G. max M. emarginata 1% SLS 1
Lysis - 137.5+10.5 52+5 475+ 4.5
Hemorrhage - - - 14 +1
Coagulation - - - 39+3
Irritation potential 0 3.86 £0.19 5.84 £ 0.09 18.78 £ 0.82

! Sodium lauryl sulfate.

Owing to the lack of and low irritation potential of C. quinoa and G. max extracts,
respectively, their use in cosmetic applications would not pose any risk, enabling formula-
tions of shampoos for individuals with sensitive skin. On the other hand, the M. emarginata
extract, despite being considered a moderate irritant, showed a much lower irritation
potential than sodium lauryl sulfate.
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3.4. Cleaning Potential of Extracts

The analysis of the cleaning potential of the extracts alone and in mixture revealed
that only that of M. emarginata and mainly the combination of C. quinoa and G. max at 4%
concentration allowed detectable sebum removal yields of 4.4% and 7.6%, respectively
(Figure 4).

100 100
S| @ S| ®
= =
2 60 z 60
§ 40 E 40
E g
2 5 2 20
& = [
@ @

1 2 3 4 5 6 7 1 2 3 4 5 6 7
Extract Combination Extract Combination

Figure 4. Cleaning potential of plant extracts at concentrations of (a) 4% and (b) 10%. Extract
combinations: 1. C. quinoa; 2. G. max; 3. M. emarginata; 4. C. quinoa + G. max; 5. C. quinoa + M.
emarginata; 6. G. max + M. emarginata; and 7. C. quinoa + G. max + M. emarginata.

Regarding the extracts at the same concentration but containing 10% disodium cocoyl
glutamate (DCG) (Figure 5a), the best result was achieved with the same combination
(DCG + C. quinoa and G. max), which allowed a cleaning yield (80.79%) 2.3-fold greater
than that of DCG alone. However, the presence of extracts increased the cleaning potential
compared with DCG alone of only two other combinations (DCG + M. emarginata and

DCG + C. quinoa + M. emarginata), with the worst performance (1.29%) being detected for
DCG + C. quinoa.

100 100
3 80 (a) s ®
= it
— Ed
£ 60 2 60
E E 40

40
E £
3 2
@ 20 30

0 0

CGD 1 2 3 4 5 6 7 CGD 1 2 3 4 5 6 7
Extract Combination Extract Combination

Figure 5. Cleaning potential of plant extracts at concentrations of (a) 4% + 10% disodium cocoyl
glutamate and (b) 10% + 4% disodium cocoyl glutamate. 1. C. Quinoa; 2. G. Max; 3. M. Emarginata;
4. C. Quinoa + G. Max; 5. C. Quinoa + M. Emarginata; 6. G. Max + M. Emarginata; and 7. C. quinoa + G.
max + M. emarginata.

As for the formulations containing the extracts at concentrations of 10% and 4%
DCG, the cleaning yield of DCG alone was much lower (0.94%) than that of all extract
combinations, with the best performance (52.73%, 56-fold greater) being obtained with the
mixture of the three extracts (Figure 5b). As the aim of the present study was to reduce
the quantity of synthetic surfactants in formulations as much as possible, and the extracts
increased the cleaning capacity of 4% DCG, shampoo formulations could be prepared
using the extracts as primary surfactants and DCG as a secondary surfactant. It should be
remembered that DCG was selected in the present study because it is a milder synthetic
surfactant than sulfates and the favorite when the goal is to formulate products that are
less likely to cause an allergic reaction [37].
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3.5. Determination of Hydrophilic/Lipophilic Balance of Extracts

The determination of the hydrophilic/lipophilic balance (HLB) of extracts is important,
as emulsion is the most widely used physical form to integrate liposoluble and water-
soluble ingredients in cosmetic formulations. In particular, knowing the HLB of emulsifying
agents is fundamental to knowing what liposoluble ingredients these agents can emulsify.
The emulsifying capacity of the extracts studied here was confirmed for some vegetable oils
in a previous study [11]. The C. quinoa extract exhibited a milky, stable dispersion in contact
with water, with HLB in the range of 8-10, whereas those of G. max and M. emarginata
formed a translucent dispersion with HLB in the range of 10-13.

3.6. Characterization of Biosurfactants in Plant Extracts

The 'H NMR spectrum of the biosurfactants isolated from the extracts suggested the
presence of hydrogens of the methyl group (0.8-1.0 ppm), aliphatic carbons (1.2-1.4 ppm,
1.4-1.6 ppm, and 1.6 ppm), and carbonyl groups (2.2-2.4 ppm). The region between 3 and
4 ppm from the biosurfactants isolated from G. max and M. emarginata is an indication of
the presence of hydrogens bonded to atoms close to oxygen, quite common in alcohol
functions, probably from the sugar fraction present in the biosurfactant molecule. The
5.2-5.4 ppm region was attributed to hydrogens near double bonds. The 'H NMR spectra
of standard saponin showed signals in regions similar to those of the biosurfactants isolated
from the extracts, confirming the presence of hydrogens both in the methyl group and near
double bonds, aliphatic carbons, and carbonyl groups. Ester groups were also identified in
the biosurfactants isolated from C. quinoa and M. emarginata (Figures 6-9).

[ 4 ifd

T—
8 7 6 i 2 1 ] 1 ppm
—— et L T e et
o oo I I T B B
4] [ ] o [T ] M~ 00

- = =

Figure 6. 'H NMR spectrum (CDCl3, 300 MHz) of the biosurfactant from Chenopodium quinoa.
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Figure 7. "H NMR spectrum (CDCl3, 300 MHz) of the biosurfactant from Glycine max.
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Figure 9. "H NMR spectrum (D,0, 300 MHz) of the standard saponin from Sigma.

Doublets from anomeric protons of sugar residues bonded to aglycone triterpenoid,
which constitute one of the most characteristic NMR signals corresponding to saponins [38],
were identified in all isolated biosurfactants between 4.1 and 4.3 ppm and in the standard
at 4.5 ppm.

The 3C NMR spectra revealed double bond peaks between 128 and 130 ppm for
all samples, as well as methyl signals attributed to triterpene saponins both in the stan-
dard (20 ppm) and the isolated biosurfactants (20-30 ppm). Signals characteristic of
oxygenated carbons were also found between 60 and 62 ppm. Peaks of aromatic car-
bons (152-154 ppm) were detected in both the standard and biosurfactants isolated from
C. quinoa and M. emarginata (Figures S1-54). These results are consistent with the findings
of Nascimento et al. [39]. No characterization of saponins from M. emarginata was found in
the literature, which makes this study the first such report.

In the UV spectra, all samples showed a maximum absorption peak at 220 nm and a
second peak between 270 and 290 nm, demonstrating a consistent tendency (Figure 10).
These peaks may be related to proteins, sugars, and flavonoids in saponins [40].

The FTIR spectra of the standard and isolated, partially purified plant-derived surfac-
tants indicated characteristic absorbance peaks of saponins (Figure 11). The long, sharp
peak at 3402 cm~! indicates the presence of the hydroxyl groups (-OH), the peak at
2940 cm ! indicates the characteristic alkyl groups (C-H) of alkanes, and the peaks at 1634
and 1063 cm~! indicate the C=C and C-O-C bonds, respectively, with -OH, C-H, and C=C
being characteristic of saponins, while the C-O—-C of glycosidic bonds is characteristic of
sapogenins. The FTIR spectra correspond to signals indicative of saponins in the extracts
and are in agreement with the results of similar studies found in the literature [41,42].
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Figure 10. UV spectra of standard saponin (Sigma) (Amax 220 and 285 nm) and biosurfactants from
Chenopodium quinoa (A max 220 and 270 nm), Glycine max (Amax 220 and 290 nm), and Malpighia
emarginata (Amax 220 and 285 nm).
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Figure 11. FTIR spectra of standard saponin (Sigma) and biosurfactants from Chenopodium quinoa,
Glycine max, and Malpighia emarginata.

3.7. Development of Shampoo Formulations

The components used in shampoo formulations are listed in Table 6. Synthetic thicken-
ers, wetting agents, and moisturizers were replaced with natural ingredients, i.e., xanthan
gum, plant-derived glycerin, and coconut oil, respectively, and the quantity of synthetic
surfactants was reduced by the use of natural surfactants in the extract, which is the focus
of the present study.

The combination of surfactant agents, concentration, and primary and secondary
surfactants were selected based on the results of the cleaning potential test performed on
plant extracts. As shown in Table 7, formulation F1 was developed without the addition
of any surfactant, F2 with 4% DCG, and the other formulations using the extracts alone
or in combination at a concentration of 10% of primary surfactants and 4% DCG as a
secondary surfactant.
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Table 6. Shampoo formulations developed using criteria established in the present study.
Component INCI * % Function
Water Water q.s. ** Solvent
Chenopodium quinoa seed extract and/or
Extracts Glycine max seed extract and/or 10 Surfactant
Malpighia emarginata fruit extract
Amisoft CCS 22 Disodium cocoyl glutamate 4 Surfactant
Glycerin Glycerin 3 Wetting agent
Xanthan gum Xanthan gum 0.85 Thickener
Coconut oil Hydrogenated coconut o0il 0.5 Moisturizer
Sodium benzoate Sodium benzoate 0.2 Preservative
ACEF Faces Fragrance 0.2 Fragrance
Sodium gluconate Sodium gluconate 0.1 Scavenger
Citric acid Citric acid qsp pH corrector
Sodium hydroxide Sodium hydroxide qsp pH corrector

* International Nomenclature of Cosmetic Ingredients.** Quantum sufficient.

Table 7. Composition of formulations, showing primary and secondary surfactants.

Formulation Combination of Surfactants
F1 No surfactant
F2 DCG
F3 DCG + C. quinoa
F4 DCG + G. max
F5 DCG + M. emarginata
F6 DCG + C. quinoa + G. max
F7 DCG + C. quinoa + M. emarginata
F8 DCG + G. max + M. emarginata
F9 DCG + C. quinoa + G. max + M. emarginata

3.8. Characterization of Formulations
3.8.1. Determination of Surface and Interfacial Tension

The determination of surface and interfacial tension in shampoo formulations is
fundamental, as these aspects perform important functions in terms of product quality and
stability. The detergency of a shampoo is directly related to the surface tension, i.e., the
lower the surface tension, the greater its cleansing action [43]. On the other hand, interfacial
tension is related to the affinity among molecules of different components and their mixing
capacity, i.e., the lower the interfacial tension, the greater the affinity, mixing capacity, and
stability [44]. The results of surface and interfacial tensions of the shampoo formulations
developed in this study are presented in Figure 12.

The surface tension was 47.3 £ 0.08 mN/m in the absence of any surfactant (F1),
25.6 + 0.36 mN/m using DCG alone (F2), and 28.5 &+ 0.04 mN/m in the commercial sham-
poo (CS) taken as a reference, while it ranged from 27.1 & 0.04 (F7: CGD + C. quinoa +
M. emarginata) to 31.7 = 0.06 mN/m (F4: CGD + G. max) in the other formulations (F3
to F9). On the other hand, interfacial tension was the highest in the absence of a surfac-
tant (13.5 £ 0.1 mN/m) and the lowest in the commercial shampoo (3.1 £ 0.05 mN/m), was
6.1 £ 0.07 mN/m using DCG alone, and ranged from 5.4 &= 0.05 mN/m (F3: DCG + C. quinoa)
to 7.3 £ 0.04 mN/m (F5: DCG + M. emarginata) in the other formulations. These results
suggest that the C. quinoa extract enhanced the action of DCG in F1, F3, and F7, which had
the lowest interfacial tensions among the extract-containing formulations.

According to AlQuadeib et al. [45], a shampoo is considered to have good quality when
it reduces the surface tension of water from 72 to 40 mN/m or less. All the formulations
with plant extracts tested here had surface tension values lower than 32 mN/m, showing
potential for the development of quality shampoo products. Bhatt et al. [46] prepared a
shampoo using G. max seeds, whose surface tension (33.3 mN/m) was close to the range
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found in this study, while no recent studies reported the surface tension of shampoos
formulated with C. quinoa or M. emarginata.

F1
F2
w F3
S m
& F5
g F6
;o: F7
F8 ® Interfacial Tension
F9
CS m Surface Tension

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Surface and interfacial tension(mN/m)

Figure 12. Surface and interfacial tensions of formulations tested in this study. The codes of the
formulations are given in Table 7.
3.8.2. Determination of pH, Wettability, Solids Content, and Density

The results of pH, wettability, percentage of solids, and density of tested formulations
are listed in Table 8.

Table 8. pH, wettability, percentage of solids content, and density of formulations. The codes of the
formulations are given in Table 7.

Formulation pH Wettability (s) Solids Content (%)  Density (g/cm?)
F1 5.64 £ 0.01 >24h 53+£03 1.029 £ 0.029
F2 5.44 £ 0.01 11.52 £0.25 6.5+0.1 1.089 + 0.023
F3 5.81 £ 0.00 10.31 £1.19 155+ 0.8 1.042 £ 0.055
F4 5.96 £ 0.00 6.07 = 0.44 173 £ 0.1 1.152 £ 0.019
F5 522 £0.00 6.50 £+ 0.44 172 +£0.1 1.124 £ 0.028
F6 5.64 £ 0.00 7.61 £0.72 134+ 0.0 1.181 £ 0.046
F7 5.10 &= 0.00 6.30 = 1.07 16.5 £ 0.1 1.088 + 0.054
F8 5.14 £ 0.00 4.09 £0.34 17.6 £0.1 1.099 + 0.012
F9 521 £0.01 322 +0.20 144+ 0.0 1.096 £ 0.021
CSs 5.94 £ 0.00 2.94 & 0.06 120 £ 0.0 1.053 £ 0.011

Values are the means =+ standard deviations of triplicate measurements.

Due to the naturally acidic pH of the scalp, which serves as a barrier to viruses, bacteria,
and other contaminants, slightly acidic shampoos are generally recommended [47]. Among
the formulations, the pH ranged from 5.10 + 0.00 (F7: DCG + C. quinoa + M. emarginata) to
5.96 &+ 0.00 (F4: DCG + G. max), which is within the natural range of the scalp (4.5-6.2).

Wettability is the capacity of a liquid to spread on a surface. At times, however, this is
not possible due to the hydrophobicity of the surface and the high surface tension of water.
For a shampoo to come into contact with the scalp and hair fibers, a significant amount
of surfactants must be incorporated into its formulation [48]. Surfactant molecules are, in
fact, able to absorb at the hair/water and scalp/water interface, leading to a reduction in
interfacial tension, as well as the promotion of wetting and, consequently, cleaning [49].

The wetting of the formulation without the addition of surfactant (F1) took more
than 24 h, which means that it was almost negligible. The presence of DCG alone in
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the formulation (F2) reduced the wetting time to 11.52 s, and the addition also of any
of the extracts further improved the wettability, achieving a minimum value (3.22 s) in
F9 (DCG + C. quinoa + G. max + M. emarginata), which was quite close to that of the
commercial shampoo. According to AlQuadeib et al. [45], the shorter the time until the
disk’s submergence, the greater the detergency of a shampoo and its ability to remove dirt
and sebum.

The solid content of shampoos has an effect on rinsing, i.e., the lower the solid content,
the faster and easier the rinse [19]; therefore, a good shampoo should have a maximum
content of solids of 30% [23,50]. All formulations developed in the present study had
a solids content within the range of 13.4% (F6: DCG + C. quinoa + G. max) to 17.6%
(F8: CGD + G. max + M. emarginata), while that of the commercial shampoo was 12%. As
all these values are lower than the recommended threshold value (<30%), the proposed
formulations can easily be applied and rinsed from the hair.

The importance of determining the density of a shampoo resides in the fact that this
parameter indicates the loss of volatile ingredients or the incorporation of air. The mean
density of formulations tested in the present study (1.112 & 0.04 g/cm?) was very close to
that of the commercial shampoo taken as reference in this study (1.053 & 0.01 g/cm?) and
within the range reported for commercial shampoos (0.950-1.100 g/cm?) [51].

3.8.3. Foam Formation and Dirt Dispersion Test

Although the generation of foam has little to do with the cleaning capacity of sham-
poos, it is of the utmost importance to consumers and therefore an important criterion in
the evaluation of shampoos. All formulations exhibited stable foam-forming characteristics,
with a mean foam volume of 19.5 & 2.1 mL, with the exception of F4 (DCG + G. max) and F6
(DCG + C. quinoa + G. max), whose foam decreased over time. All formulations with extracts
produced more foam than that with DCG alone (F2), confirming the foam-forming potential
of the extracts, the one without surfactant (F1) produced no foam, and the commercial
shampoo (CS) produced no less than 34 mL of stable foam.

Regarding dirt dispersion, a shampoo that allows dye to concentrate in the foam is
considered to have poor quality, as the dirt should stay in the water. Dirt that remains
in the foam is difficult to remove and can be redeposited on the hair [45]. In the present
study, all formulations, including the commercial shampoo, provided similar results, with
the amount of dye in the foam considered light. These results indicate that almost no dirt
would remain in the foam. Considering the commercial shampoo as the standard, the
formulations exhibited satisfactory results (Table 9).

Table 9. Foam stability and dirt dispersion of formulations. The codes of formulations are given in
Table 7.

Foam Volume (mL)

Formulation Time (min) Amount of Dye in the Foam
0 5 10
F1 0 0 0 Light
F2 10 10 10 Light
F3 23 23 23 Light
F4 18 15 14 Light
F5 20 20 20 Light
F6 19 18 17 Light
F7 20 20 20 Light
F8 20 20 20 Light
F9 20 20 20 Light

Cs 35 34 34 Light




Processes 2023, 11, 879

16 of 20

3.8.4. Cleaning Potential of Formulations

The F4 (DCG + G. max), F6 (DCG + C. quinoa + G. max), and F5 (DCG + M. emarginata)
formulations exhibited the greatest cleaning potential, with sebum removal yields (98 & 4.2%,
87 + 3.1%, and 74 + 0.5%, respectively) significantly higher than that found for the com-
mercial shampoo (63 £ 2.3%). Moreover, the formulation with DCG alone as the surfactant
(F2) showed a sebum removal yield of 57 & 0.2%, which means that the cleaning action of
the formulations was enhanced by the addition of those plant extracts. On the contrary, the
F3, F7, F8, and F9 formulations had lower mean sebum removal yields (51 =+ 3.8%) and the
one without the addition of surfactants (F1) had no cleaning potential (Figure 13).
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Figure 13. Cleaning potential of formulations: F1: no surfactant; F2: DCG; F3: DCG + C. quinoa;
F4: DCG + G. max; F5: DCG + M. emarginata; F6: DCG + C. quinoa + G. max; F7: DCG + C. quinoa +
M. emarginata; F8: DCG + G. max + M. emarginata; and F9: DCG + C. quinoa + G. max + M. emarginata;
CS: commercial shampoo.

3.8.5. Preliminary Stability Test

The first step of preliminary stability tests consists of subjecting the product to cen-
trifugation for 30 min at 3000 rpm, after which all formulations remained stable and were,
therefore, approved for the stability test.

The appearance, color, and pH of the formulations underwent no alterations when sub-
mitted to heating and cooling cycles. However, the odor of F6 (DCG + C. quinoa + G. max)
was altered after the first cycle under all temperatures, becoming pungent, likely due to
contamination. In contrast, all other formulations kept their fragrant aroma (Table 10). A
non-uniform appearance was found for F4 (DCG + G. max) prior to the stability test, likely
due to the non-emulsifying feature of coconut oil used as a moisturizer, which separated
from the formulation and appeared in the form of small, whitish spheres. This occurrence
may have been due to the higher HLB of G. max extract (10-13) compared with coconut oil
(8), which may have hindered the formation of a stable emulsion.

The preliminary stability study consists of a test in the initial phase of product devel-
opment, the duration of which is short. Extreme temperature conditions are employed to
accelerate possible reactions among the components and the emergence of signs that can
be analyzed with regard to specific characteristics. Owing to the conditions by which it
is conducted, the purpose of this test is not to estimate the useful life of the product, but
rather to assist in the screening of formulations. Thus, the F4 and F6 formulations needed
to undergo a reassessment process regarding their sterility during production and storage
(F6) and the effectiveness of the conservative used, with the choice of another vegetable oil
that has an ideal HLB to serve as a moisturizer (F4).



Processes 2023, 11, 879

17 of 20

Table 10. Organoleptic characteristics of the formulations submitted to alternating heating and cooling cycles

. The codes of the formulations are given in Table 7.

Cydles/ F1 F2 F3 F4 F5 F6 F7 F8 F9 cs
Characteristics
Aspect Uniform Uniform Uniform Non-uniform * Uniform Uniform Uniform Uniform Uniform Uniform
Cycle 1 Color White White Yellow Yellow Dark Brown Yellow Brown Brown Brown White
(5and37°C)  Odor Fragrant Fragrant Fragrant Fragrant Fragrant Pungent * Fragrant Fragrant Fragrant Fragrant
pH 5.64 5.44 5.81 5.96 522 5.64 5.10 5.14 5.21 5.94
Aspect Uniform Uniform Uniform Non-uniform * Uniform Uniform Uniform Uniform Uniform Uniform
Cycle 2 Color White White Yellow Yellow Dark Brown Yellow Brown Brown Brown White
(5and 40 °C) Odor Fragrant Fragrant Fragrant Fragrant Fragrant Pungent * Fragrant Fragrant Fragrant Fragrant
pH 5.64 5.44 5.81 5.96 522 5.64 5.10 514 521 5.94
Aspect Uniform Uniform Uniform Non-uniform * Uniform Uniform Uniform Uniform Uniform Uniform
Cycle 3 Color White White Yellow Yellow Dark Brown Yellow Brown Brown Brown White
(5and 45 °Q) Odor Fragrant Fragrant Fragrant Fragrant Fragrant Pungent * Fragrant Fragrant Fragrant Fragrant
pH 5.64 5.44 5.81 5.96 522 5.64 5.10 5.14 521 5.94

* Not stable.
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4. Conclusions

The present study showed that formulating shampoos with a lower concentration of
synthetic surfactants than the current practice would be possible and that plant-derived
surfactants have properties suitable for obtaining good alternative natural products.

The structural characterization of the biosurfactants present in the extracts of Chenopodium
quinoa, Glycine max, and Malpighia emarginata confirmed the presence of saponin biosurfac-
tant. The plant surfactants had an excellent performance in terms of stability, maintaining
their surface-active and emulsifying properties when exposed to pH ranges compatible
with the pH used in shampoo formulations, as well as remaining stable at the tempera-
tures used to form emulsions in cosmetic products. The extracts also showed excellent
performance in terms of toxicity, showing no or low toxicity compared with sodium lauryl
sulfate, proving to be good primary surfactants.

Among the formulations produced, five of them (F4, F5, F6, F7, and F8) have the
potential to undergo subsequent quality-control tests and become commercial formulations,
as the results of the reduction in surface and interfacial tensions, wettability, foaming
capacity, dirt dispersion, and cleaning capacity were within the standards of formulations
already available on the market.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr11030879/s1, Figure S1: 13C NMR spectrum (D,0, 300 MHz)
of standard saponin from Sigma.; Figure S2: 13C NMR spectrum (CDCl3, 300 MHz) of saponin from
Chenopodium quinoa.; Figure S3: 13C NMR spectrum (CDCl3, 300 MHz) of saponin from Glycine max;
Figure S4: 13C NMR spectrum (CDCl3, 300 MHz) of saponin from Malpighia emarginata.
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