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Abstract: Preservation using combinations of antibacterial molecules has several advantages, such
as reducing the level of usage and broadening their antimicrobial spectrum. More specifically, the
use of quaternary ammonium surfactants (QAS)—which are profusely used in hair care products
and some are known as efficient antimicrobial agents—is limited due to some potential cytotoxicity
concerns. This study shows that the concentration of some widely used cosmetic preservatives can
be decreased when combined with very small quantities of QAS, i.e., Polyquaternium-80 (P-80)
and/or Didecyldimethylammonium chloride (DDAC). The antimicrobial activity of their mixtures
was first evaluated by determining the minimum inhibitory concentration (MIC) before and after
the addition of QAS. Following up on this finding and targeting an ultimate consumer friendly
antimicrobial blend, yet with optimal safety, we chose to utilize the food-grade preservative Maltol as
the main natural origin antimicrobial agent mixed with minimum concentrations of QAS to improve
its moderate antimicrobial properties. The preservatives were tested for MIC values, challenge tests
and synergy using the fractional inhibitory concentration index (FICI). The antimicrobial efficacy of
Maltol was found to be synergistically improved by introducing catalytic amounts of P-80 and/or
DDAC.

Keywords: preservation; antimicrobial activity; quaternary ammonium surfactants; Maltol

1. Introduction

Surfactants are the core compounds of cosmetic formulations and contribute to a wide
range of roles [1,2]. Their primary function is cleansing (mainly by anionic surfactants);
however, they are also important for foaming and building product viscosity. In addition,
surfactants play a key role in the performance of solubilization and deposition systems
used to deliver active molecules onto the hair, scalp and skin [3].

Cationic surfactants are used for quite different purposes than the anionic surfactants,
since they are not effective as anionic detergent in cleansing systems. However, they have
a greater affinity for various surfaces such as skin and hair that are negatively charged [4].
Therefore, cationic surfactants are mostly found in conditioners, typically cetyltrimonium
chloride or stearalkonium chloride [4]. At pH above the isoelectric point of hair, i.e.,
pH 3.67, the cationic surfactants bind to the negative charges on the hair’s keratin with
their cationic heads close to the negatively charged sites on the fiber surface and their
hydrophobic tail oriented away from the fiber. This results in a hydrophobic coating of the
fiber, which is soft and easy to comb [5,6].

Several cationic surfactants are also acknowledged for their antimicrobial properties.
They have been used as antimicrobial agents in various fields, such as food and cosmetic
industries as well as hospitals [7]. Their action is generally based on their ability to
disrupt the negatively charged bacterial membrane via electrostatic and hydrophobic
interactions [8-11].

Preservation of cosmetic formulations is a vital task in protecting the product against
contamination during manufacture, storage and use. Microbiological contamination can
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cause spoilage of cosmetic products, ultimately leading to consumers being infected by the
microorganisms [12,13].

Some of the leading cationic antimicrobial surfactants are quaternary ammonium
surfactants (QAS), which are amphiphilic molecules with a positively charged quaternary
ammonium polar head group and one or two non-polar chains, usually n-alkyl, attached
to it [14]. They can be used at a wide pH range which allows a great flexibility in for-
mulations, with retention of the antimicrobial efficacy. Their microbiocidal activity has
been established since the mid-1930s and during the past two decades there has been a
dramatic increase in their use and their field of applications. Currently, QAS are used
for various industrial purposes, including healthcare products, cleaning and disinfecting
farm buildings, water and waste-water treatment, antifungal treatment in agriculture and
in pharmaceutical products [15-17]. In cosmetics, QAS such as benzethonium chloride,
stearalkonium chloride and cetrimonium chloride/bromide (cetrimide) have been utilized
in facial cleansers, acne treatment, sun protection creams and lotions, moisturizers, hair
conditioners, hair color and styling products [16,17].

The cationic charge and hydrophobic tail of the surfactants are essential factors for their
antimicrobial activity but they also affect surfactants’ toxicity levels [18,19]. Most traditional
quaternary ammonium surfactants indiscriminately disrupt the biomembranes, regardless
of cell type, showing some toxic side effects [20,21]. In addition, the huge consumption of
surfactants worldwide has caused their build-up in the environment, which triggered the
emergence of antimicrobial resistance [7,22]. Therefore, extensive efforts have been devoted
to developing highly efficient antimicrobial surfactants to minimize their doses and reduce
the selective stimulation to bacteria, thereby significantly lowering their toxicity [23,24].

Incorporation of biocompatible groups, such as amino acids, amides or cyclodextrin,
was found to reduce the cytotoxicity of cationic surfactants [7]. Combinations of natural
preservatives derived from animal, plant and microbial sources is another alternative
used to reduce toxicity levels [25]. Mixtures of antimicrobial molecules can potentially
have additive or synergistic effects against microorganisms, hence, the concentrations
needed for sufficient preservation of a cosmetic product can be lowered. Moreover, an
optimal combination of preservatives could be effective against a wider spectrum of
microorganisms [13].

In the current study, the susceptibility of Escherichia. coli, Staphylococcus aureus,
Pseudomonas aeruginosa, Candida albicans and Aspergillus brasiliensis microorganisms to
analogs of cationic surfactants was determined using MIC assay. The most effective
antibacterial cationic molecules were further mixed with common cosmetic preservatives
and tested at catalytic amounts to investigate whether these combinations exhibit enhanced
antimicrobial properties.

To locate highly efficient antimicrobial surfactants for cosmetic uses which will be
consumer friendly, we conceived new blends of preservatives containing a few beneficial
QAS at catalytic amounts with the natural, food-grade preservative Maltol (2-methyl-3-
hydroxy-1,4-pyrone) [26]. We selected Maltol, which is found in pine needles and larch
bark and has been widely used in the food industry as flavor-enhancing ingredient [27], to
be incorporated in the preservative mixtures. Maltol has been listed by the Food and Drug
Administration (FDA) as generally recognized as safe (GRAS) for a synthetic flavoring
substance [28].

The antimicrobial properties of these blends were determined by MIC values and
challenge tests. FICI was further calculated to examine the potential synergistic behavior.

2. Materials and Methods

Didecyldimonium Chloride (DDAC, 80% purity) was purchased from Lonza, Morristown,
NJ, USA. Dodecyltrimethylammonium chloride (>99%), Maltol (>99%) and Polyquaternium-2
(63.5%) were purchased from Merck, Herzliya, Israel. Benzyldimethyldodecylammonium chlo-
ride (>98%) and 1-Dodecyltriphenylphosphonium bromide (>98%) were purchased from
Holland Moran, Alfa Aesar, Yehud, Israel; Polyquaternium 52 (>98%) and Polyquaternium



Cosmetics 2021, 8, 54 30f13

55 (>99%) from Wuhan Golden Wing Industry & Trade, Wuhan, China; and Polyquaternium-
80 from Colonial Chemical, Inc., Pittsburg, TN, USA. Ethylhexylglycerin was bought from
Jeevan Chemicals Pvt. Ltd., Sarigam, India; Phenoxyethanol from Tristar Intermediates
Pvt. LTD, Sarigam, India; Chlorphenesin from Unilab Chemicals & Pharmaceuticals Pvt.
LTD., Maharashtra, India; and Caprylyl Glycol from Daedal Industrial Co., LTD, Seoul,
Korea. Sodium Benzoate was purchased from Nantong Acetic Acid Chemical Co Ltd.,
Jiangsu, China and Potassium Sorbate from Wuhan Youji Industry Company Limited,
Wuhan, China.

All ingredients were used without further purification.

The molecular structure of cationic surfactants used in the present work including
their chemical or trade names are listed in Figure 1.
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Figure 1. The chemical or trade names and molecular structure of the diverse cationic molecules
studied in this work.

The following cosmetic products were used in challenge tests to evaluate the preser-
vative abilities of selected antimicrobial blends (Figure 2).
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Nonionic basic cream Rinse off anionic shampoo Rinse off cationic hair mask

Phase | % Phase | % Phase | %
\Water, demineralized Qs 100| [Water Demineralized Qs 100 [Water, demineralized Qs 100
Glycerin 4.00 Glycerin 0.30 Glycerin 3.00
Phase Il Cocamidopropyl Betaine 1.00 Phase 11

Cetearyl Glucoside (and) Cetearyl Alcohol | 5.00 Cocamide DEA 1.00 Cetearyl Glucoside (and) Cetearyl Alcohol | 2.00
Caprylic Capric Triglycerides 3.00 SLES 70% 15.00| [Caprylic Capric Triglycerides 3.00
Cetearyl Alcohol (and) Ceteareth-20 4.80 Citric acid 0.07 Cetearyl Alcohol (and) Ceteareth-20 5.00
Phase 11 Phase Il Behentrimonium Chloride 1.00
ITocopheryl acetate 0.10 Preservative Phase Il

Phase IV Phase Il Preservative

Preservative NaCl 3.50

Figure 2. Formulations of three different cosmetic products that were used for challenge tests. From left to right: nonionic
basic cream, rinse-off anionic shampoo and rinse-off cationic mask.

2.1. Challenge Test

Microorganisms’ strains and growth conditions were described previously [29]. Chal-
lenge tests of preservative efficacy in formulations were performed according to ISO 11930
regulations. In order to evaluate the antimicrobial and antifungal activity of each preser-
vative blend, samples were inoculated separately with each microorganism (Escherichia
coli (ATCC 8739), Staphylococcus aureus (ATCC 6538), Pseudomonas aeruginosa (ATCC 9027),
Candida albicans (ATCC 10231) and Aspergillus brasiliensis (ATCC 16404) at a final concen-
tration of 10°—10° CFU/mL for bacteria and 10*—10° for yeast and mold. Samples were
incubated in the dark at 22 °C for 28 d. The preservative efficacy was determined by
sampling 1 g from the formulation at each time point of 2, 7, 14, 21 and 28 d. To enumerate
the microorganisms at each time point, serial dilutions were made up to 107, and 1 mL
were seeded onto a petri dish with the appropriate media TSA/SDA (bacteria vs. yeast
respectively), using the pour plate method. Plates were incubated at 32 °C for 3 d for
bacteria while yeast and mold were incubated at 22 °C for 5 d until the enumeration of
viable microorganisms.

2.2. Minimum Inhibitory Concentration (MIC)

The minimum inhibitory concentration (MIC) for all the previously mentioned molecules
were evaluated using a microdilution broth assay against the five pharmacopeia strains.
Growth of E. coli, S. aureus, P. aeruginosa, C. albicans and A. brasiliensis was observed
during incubation with two-fold serial dilutions of the compounds in Mueller Hinton
(MH) broth for bacteria, and Sabouraud Dextrose broth for yeast and mold, using a
96-well plate (JET BIOFIL, Be’er Sheva, Israel). The concentrations of the antimicrobial
compounds ranged from up to 20,000 ppm for compounds with weaker activity, down to
lower concentrations of few ppm for highly active compounds, such as DDAC. Wells were
inoculated with the test cultures to give a final concentration of 5 x 10° CFU/mL of bacteria
and 5 x 10® CFU/mL of yeast and mold. Bacteria inoculated plates were incubated for 24 h
at 32 °C with shaking, while yeast and mold inoculated plates were incubated at 23 °C for
48-72 h with shaking. The microorganism growth was evaluated by a spectrophotometer
O.D. reads (BioTek, Bad Friedrichshall, Germany).

3. Results and Discussion
3.1. The Antimicrobial Activity of Cationic Surfactants

The antimicrobial efficacy of some analogous cationic surfactants and polymers,
mainly quaternary ammonium compounds, were investigated (shown in Table 1). The
chosen molecules are partially hydrophobic to allow interaction with the microbial cell
membrane, however, they also possess a degree of polarity to enable their solubilization in
the aqueous medium, where the microorganisms grow. The results demonstrate different
antimicrobial activities for diverse molecular structures, in which DDAC exhibited the
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lowest inhibitory concentrations needed to eradicate all microorganisms’ growth, similar
to previous studies [30,31].

Table 1. MIC (minimum inhibitory concentration) values (expressed in ppm) of cationic surfactants
against Escherichia. coli, Staphylococcus aureus, Pseudomonas aeruginosa, Candida albicans and Aspergillus
brasiliensis microorganisms.

Preservative E. coli S. aureus P. aeruginosa C. albicans A. brasiliensis
Didecyldimethylammonium
chloride (DDAC) 2 05 15 3 7
Dodecyltrlmethylammomum 45 20 360 45 360
chloride
Benzyldimethyldoc.lecylammonium 45 15 120 20 <60
chloride
1—Dodecyltriphen}/lphophonium <200 <200 <200 <200 <200
bromide
Polyquaternium-2 15 7.5 60 45 2000
Polyquaternium-52 >2000 >2000 >2000 900 >3000
Polyquaternium-55 >600 >600 >600 >1200 >1200
Polyquaternium-80 360 120 >600 240 120

The antimicrobial activity can be affected by the chemical structure, mainly the number
and length of hydrophobic chains, position and number of cationic charges and the polar
head structure. Increasing the cationic charge and hydrophobicity is known to improve
antimicrobial properties of cationic surfactants [25].

When examining the cationic ammonium surfactants (having one cationic site), the
activity was found to be as follows: Didecyldimethylammonium chloride (DDAC) > Ben-
zyldimethyldodecylammonium chloride (BDAC) > Dodecyltrimethylammonium chloride.
These results emphasize that hydrophobic interactions are necessary for antimicrobial
activity; therefore, DDAC, having two decyl chains (2 x Cjp), was more efficient than
Dodecyltrimethylammonium chloride with one dodecyl tail (1 x Cj5).

Furthermore, 1-Dodecyltriphenylphophonium bromide, which has three phenyl
groups in addition to a different cationic site and phosphonium instead of ammonium,
exhibited lower antimicrobial activity.

The hydrophobic part of antimicrobial agents has been previously identified as a
key role in disrupting the cell membrane, which leads to the death of bacteria [25]. It
is reasonable to assume that the tested alkyls chains, with carbon length of 8§-12, would
be more effective in perturbating the microbes’ cell wall than multiple bulky groups
as phenyls.

The impact of antimicrobial lipophilicity and number of cationic sites was observed by
testing various polyquaternium. Polyquaternium-2 possesses two quaternary ammonium
sites per monomer unit and demonstrated the highest antimicrobial activity among the
tested polymers.

Polyquaternium-52 and Polyquaternium-55 with one quaternary ammonium group
per monomer unit and longer alkyl chain, i.e., C18, were significantly less effective. It
is well known that the activity of quaternary ammonium molecules is an approximate
parabolic function of the compound’s lipophilicity (alkyl chain length), which is maximized
with chain lengths of 10-16 carbons [16].

The naturally derived Polyquaternium-80 with one cationic site and two alkyl chains
(Cq0, Cg) was relatively highly active against the tested organisms.

3.2. Cationic Surfactants as Antimicrobial Catalysts

To design a preservative agent with a broader spectrum of activity and improved safety,
quaternary ammonium mixtures were further blended with additional common preservatives.
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The two leading QAS, DDAC and BDAC, were tested at low doses to examine their
catalytic antimicrobial abilities with known preservative blends, made for example of
Ethylhexylglycerin (EHG) and Phenoxyethanol [32].

The MIC values of EHG/Phenoxyethanol (14/86 wt/wt ratio) were 30004000 ppm
(Table 2). Introducing 5 wt% of BDAC or DDAC to the expense of Phenoxyethanol signif-
icantly reduced MIC values to 100-800 and 100-200 ppm, respectively. The addition of
either cationic surfactant drastically improved the antimicrobial activity of the mixture.
Once more, DDAC displayed higher preservative abilities than BDAC.

Table 2. MIC values (expressed in ppm) of Ethylhexylglycerin and Phenoxyethanol mixture and
with addition of 5% Benzyldimethyldodecylammonium chloride or 5% Didecyldimethylammonium
chloride cationic surfactants.

Preservative E. coli S. aureus P. aeruginosa C. albicans A. brasiliensis

14% Ethylhexylglycerin
86% Phenoxyethanol 4000 4000 4000 4000 3000

14% Ethylhexylglycerin
81% Phenoxyethanol
5% Benzyldimethyldodecylammonium
chloride

400 100 800 100 100

14% Ethylhexylglycerin
81% Phenoxyethanol
5% Didecyldimethylammonium
chloride

100 200 200 100 100

The MIC values of additional common combinations of preservative blends were
determined, in the absence and presence of DDAC (Table 3). The blend composed of
Phenoxyethanol 85%, Chlorphenesin 10% and Caprylyl Glycol 5% showed relatively
good antimicrobial activity. Replacing 5% of Phenoxyethanol by DDAC led to a drastic
enhancement of the antimicrobial abilities against all microorganisms.

Table 3. MIC values (expressed in ppm) of 85% Phenoxyethanol, 10% Chlorphenesin, 5% Caprylyl
Glycol mixture; and 80% Phenoxyethanol, 10% Chlorphenesin, 5% Caprylyl Glycol and 5% DDAC.

Preservative E. coli S. aureus P. aeruginosa C. albicans A. brasiliensis

85% Phenoxyethanol, 10%
Chlorphenesin, 5% Caprylyl Glycol >1000 >1000 >1000 >1000 >1000
mixture

80% Phenoxyethanol, 10%
Chlorphenesin, 5% Caprylyl Glycol 62 4 250 62 125
mixture and 5% DDAC

Similarly, the preservative ability of a mixture comprised of 29% Sodium Benzoate,
14% Potassium Sorbate and 57% water were limited especially against P. aeruginosa and
A. brasiliensis (Table 4). However, the addition of only 2.5% DDAC (on the expense of water)
was sufficient to reduce the minimum inhibitory concentration by 1-2 order of magnitude.

Table 4. MIC values (expressed in ppm) of 54.5% Water, 29% Sodium Benzoate, 14% Potassium
Sorbate; and of 52% Water, 29% Sodium Benzoate, 14% Potassium Sorbate with addition of 2.5%
Didecyldimethylammonium chloride cationic surfactants.

Preservative E. coli S. aureus P. aeruginosa C. albicans A. brasiliensis
57% Water, 29% Sodlum Benzoate, 14% 7000 4000 13,000 4000 2500
Potassium Sorbate
0, 0, 1 0
54.5% Water, 29% Sodium Benzoate, 14% 100 50 300 75 150

Potassium Sorbate and 2.5% DDAC
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The concentrations needed for sufficient preservation of the different mixtures, mea-
sured by MIC, were decreased due to the highly efficient antimicrobial activity of DDAC,
thereby alleviating its toxicity concerns.

To widen the use of cationic surfactants in preservative solutions, the antimicrobial ability
of DDAC and P-80 in the presence of ingredients that are known in the preservative field,
not as antimicrobials but as additives, was further evaluated. Commonly used as co-solvent,
2-Methyl-1,3-propanediol was combined with the preservative catalyst, Caprylyl glycol, and
their antimicrobial activity was examined using MIC assay (Table 5). As anticipated, the

‘phenoxyethanol-free” combination (2-Methyl-1,3-propanediol and Caprylyl glycol) has a very

low preservative ability prior to the addition of DDAC and P-80, mainly against C. albicans
and P. aeruginosa. However, once 10% P-80 and 2.5% DDAC were added to the blend, the
antimicrobial activity was drastically increased. For example, in the case of C. albicans and
P. aeruginosa, upon addition of DDAC and P-80, the minimum inhibitory concentration values
decreased from 20,000 and 10,000 ppm to 800 and 2000 ppm, respectively.

Table 5. MIC values (expressed in ppm) of 2-Methyl-1,3-Propanediol 40%, Caprylyl Glycol 25%,
Water 35%; and 2-Methyl-1,3-Propanediol 40%, Caprylyl Glycol 25%, Water 22.5%, Polyquaternium-
80 10%, Didecyldimethylammonium chloride (DDAC) 2.5% mixtures.

Preservative E. coli S. aureus P. aeruginosa C. albicans A. brasiliensis

40% 2-Methyl-1,3-propanediol, 25%
Caprylyl Glycol, 35% Water

40% 2-Methyl-1,3-propanediol, 25%
Caprylyl Glycol, 22.5% Water, 10% 1600 200 2000 800 200
Polyquaternium-80 and 2.5% DDAC

5000 5000 10,000 20,000 5000

3.3. Maltol/QAS Nature-Based Preservatives

The natural substance Maltol was previously reported to exhibit antimicrobial activity
against Bacillus subtilis, S. aureus, Staphylococcus epidermidis, E. coli, P. aeruginosa, Klebsiella
pneumoniae, A. brasiliensis, Aspergillus flavus, C. albicans and Saccharomyces cerevisiae [33].

In this study, we aimed to utilize Maltol’s advantages as a naturally occurring an-
timicrobial, with a wide window of pH efficacy and water solubility, as a natural basis for
conceiving highly efficient, consumer friendly preservative blends [34].

The minimum inhibitory concentration of Maltol was tested (Figure 3) and demon-
strated its antimicrobial activity against E. coli, S. aureus, P. aeruginosa, C. albicans and
A. brasiliensis.

& 4500 . . . - .
& mE. coli mS. aureus m P. aeruginosa m C. albicans m A. brasiliensis
S
c 4000
9
S 3500
E >
c
@ 3000
]
5
9 2500
o
8 2000
=
o
Y= 1500
<
g
— 1oo0
g
.= 500
0 [ I [
Maltol Maltol/P-80 Maltol/p-80/DDAC  Maltol/DDAC
(90/10) (95/2.5/2.5) (95/5)

Figure 3. MIC values (ppm) of Maltol, Maltol /P-80 (90/10), Maltol/P-80/DDAC (95/2.5/2.5) and
Maltol/DDAC (95/5).
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To develop ideal natural-based preservatives, their usage concentrations should be as
low as possible in order to minimize their interference with the final product performance.
To achieve this goal, Maltol was combined with catalytic amounts of cationic surfactants,
i.e., P-80, which is a naturally derived compound, and/or DDAC to enhance its efficiency.

The results presented in Figure 3 indicate that incorporation of either 10% P-80, 5% P-
80/DDAC 1/1 or 5% DDAC significantly improved Maltol’s antimicrobial activity. The
nature-based mixture of Maltol/P-80 (9/1) showed good antimicrobial activity, while
introducing DDAC further enhanced the antimicrobial properties. It is reasonable to
conclude that P-80 or DDAC enhanced Maltol’s antimicrobial activity by introducing
electrostatic and hydrophobic interactions, while Maltol hydrogen bonds and chelation
abilities would further contribute targeting and interacting with the bacterial surface. As a
result, the Maltol/QAS mixtures possess amplified antimicrobial abilities.

The tested Maltol/QAS mixtures demonstrated a particularly strong activity against
the microorganisms’ growth, even when compared to the commonly used preservatives
that are not natural originated. Their minimal inhibitory concentration values were 100-400
and 50-100 ppm for Maltol/P-80/DDAC and Maltol/DDAC mixtures, respectively.

3.4. Challenge Tests

It is difficult to accurately predict the effectiveness of a preservative in the final
product. A challenge test is a procedure in which a product is challenged by exposure to
specified types of microbes to determine whether it is adequately preserved. It is required
both for the selection of preservative molecules for new formulations and to establish
that manufactured products are effectively preserved during storage and use, i.e., for
stability testing.

Both the European Pharmacopoeia (EP) and the United States Pharmacopoeia (USP) [33]
recommend (i) a Gram-positive coccus, Staphylococcus aureus, (ii) a Gram-negative rod,
Pseudomonas aeruginosa and Escherichia coli, (iii) a mold, Aspergillus brasiliensis and (iv) a
yeast, Candida albicans [35]. Since USP is less strict, we followed EP acceptance criteria.
The preservative properties are considered adequate when there is 100-fold and 1000-fold
reduction from the initial bacteria inoculated count at days 2 and 7, respectively. Moreover,
no increase in bacterial count should appear from day 14 to day 28 [17,25,36]. Yeast and
mold must show 2 log reduction after 14 d with no further increase in the following
weeks [17,25,36].

The known antimicrobial substances, EHG and Phenoxyethanol, that were empowered
upon the addition of DDAC and exhibited reduced MIC values (Table 2), were further
evaluated by challenge tests.

The susceptibility of the microorganisms to 0.5% of EHG/Phenoxyethanol/DDAC
blend in three different cosmetic formulations—anionic surfactant-based shampoo, cationic
surfactants-based hair mask and nonionic surfactants-based cream—is shown in Table 6.
The formulation description of each cosmetic product is shown in Figure 2.

The challenge tests’ results showed that the cosmetic formulations containing either
cationic or nonionic surfactants passed the EP test criteria which is in accordance with
the detected, relatively low MIC values. However, when using the anionic-based cos-
metic formulation, the reduction of E. coli inoculated count was not adequate to meet the
test criteria.

At this point, it could be invoked that the inherent differences between the typical
formulations used—i.e., the basic cream and the cationic rinse-off (hair mask) are emulsion
systems, while the anionic rinse-off (shampoo) is a mono-phasic aqueous medium—are
involved in the above mentioned difference of performance. Noteworthy is the fact that the
shampoo formulation, being rich in sulfate anionic species (SLES), could potentially interact
with the preservative system’s cationic nature. (This phenomenon is further investigated
and will be fully addressed in a following article.)
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Table 6. Challenge test of classical preservative mixture (0.5%) composed of Ethylhexylglycerin and Phenoxyethanol (14/81)
with addition of 5% Didecyldimethylammonium chloride in three different cosmetic formulations: shampoo (based on
anionic surfactants), hair mask (cationic) and basic cream (nonionic) as described in Figure 2.

Cosmetic Product

. Time of Reading . P. aeruginosa C. albicans A. brasiliensis
Prezefrl\}::!l\éesi;:vel (days) E. coli (cfu/mL) S. aureus (cfu/mL) (cfu/mL) (cfu/mL) (cfu/mL)
Inoculum 1.1 x 100 1 x 100 1.1 x 10° 1 x 10° 1.1 x 10°
2 2 x 10° 8.5 x 102 <10 1 x 10° 1.1 x 10%
5 3 3
Shampoo—Anionic 7 2 x 10 <10 <10 1.8 x 10 1.2 x 10
14 2 x 10° <10 <10 2.5 x 102 1 x 10°
21 2 x 10° <10 <10 <10 8.5 x 102
28 2.6 x 10° <10 <10 <10 6.6 x 102
Inoculum 1 x 10° 1 x 100 1 x 10° 1x 10° 1 x 10°
2 2 x 10 3.8 x 10° 8 x 10° <10 4 x 10*
Hair 7 <10 1 x 10 <10 <10 5 x 10°
mask—Cationic 14 <10 <10 <10 <10 2 x 103
21 <10 <10 <10 <10 1 x 10%
28 <10 <10 <10 <10 1 x 10%
Inoculum 1 x 100 1 x 100 1 x 100 1 x 10° 1 x 10°
2 4 x 10* <10 6.6 x 10° 5.5 x 102 3.1 x 10*
Basic 7 <10 <10 <10 <10 8.5 x 10°
cream—Nonionic 14 <10 <10 <10 <10 2 x 10°
21 <10 <10 <10 <10 1 x 10°
28 <10 <10 <10 <10 1 x 10°

The susceptibility of E. coli, S. aureus, P. aeruginosa, C. albicans and A. brasiliensis

microorganisms to Maltol/QAS blends was evaluated by challenge tests (Table 7). The
three combinations of Maltol/QAS were used at a low level of 0.5% of the total finished
cosmetic product of nonionic surfactant-based cream (see description in Figure 2).

Table 7. Challenge tests of 0.5% natural origin preservative mixtures composed of Maltol/P-80 90/10, Maltol/P-80/DDAC
95/2.5/2.5 and Maltol/DDAC 95/5 in basic cream cosmetic formulation (based on nonionic surfactants), as described in

Figure 2.
Preservative Level of = Time of Reading E. coli S. aureus P. aeruginosa C. albicans A. brasiliensis
Use 0.5% (days) (cfu/mL) (cfu/mL) (cfu/mL) (cfu/mL) (cfu/mL)
Inoculum 1.1 x 10° 1 x 106 1.1 x 10° 1.1 x 10° 1 x 10°
2 <10 <10 <10 <10 43 x 10*
3
Maltol /P-80 (90,/10) 7 <10 <10 <10 <10 6.7 X 1?
14 <10 <10 <10 <10 3x10
21 <10 <10 <10 <10 2 x 10
28 <10 <10 <10 <10 <10
Inoculum 1 x 10° 1 x 100 1 x 100 1x10° 1 x 10°
2 <10 <10 <10 <10 <10
Maltol /P-80/DDAC 7 <10 <10 <10 <10 <10
(95/2.5/2.5) 14 <10 <10 <10 <10 <10
21 <10 <10 <10 <10 <10
28 <10 <10 <10 <10 <10
Inoculum 1 x 100 1 x 100 1 x 10° 1% 10° 1 x 10°
2 <10 <10 <10 1.7 x 103 3 x 10*
3
Maltol/DDAC (95/5) 7 <10 <10 <10 <10 7.2 x 10
14 <10 <10 <10 <10 3 x 102
21 <10 <10 <10 <10 2 x 10!
28 <10 <10 <10 <10 <10

The challenge tests’ results demonstrated that all cosmetic formulations, containing

different preservative combinations, passed the EP test criteria which is in accordance with

the detected relatively low MIC values.
Even at low levels of natural origin preservative, incorporation of either 0.05% P-

80, 0.025% P-80/DDAC 1/1 or 0.025% DDAC (of the total product)—i.e., 500, 250 and
250 ppm—significantly improved Maltol’s antimicrobial activity in the final product. The
nature-based mixture of Maltol/P-80 (9/1) showed excellent preservative properties, while
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the addition of DDAC further enhanced the antimicrobial properties, especially against
A. brasiliensis. We concluded that even minimal concentrations of P-80 and /or DDAC in
conjunction with Maltol were still adequately preserving the cosmetic formulation and
complied with the EP criteria.

3.5. Synergistic Effect

Measuring synergy between preservatives can be realized by the widely described
Fractional Inhibitory Concentration Index (FICI) [37,38].

While the MIC is defined as the lowest concentration of molecule alone or in combina-
tion that inhibited visible growth, the in vitro interactions can be quantified as FICI and
calculated using the following formula:

MIC of Compound A combined

MIC of compound B | 1.4 1)
MIC of compound A

FICI =
¢ MIC of compound B

alone alone

FICI values were interpreted as follows: <0.5 synergy, 0.5-0.75 partial synergy,
0.75-1.0 additive effect, 1.0-4.0 no interaction and a FICI of >4.0 was defined as antago-
nism [38].

The combined use of Maltol and QAS against all microorganisms resulted in a FICI of
0.05-1.75 (Table 8). None of the blends exhibited an antagonistic effect (FICI > 4.0).

Table 8. FICI values for the three blends: Maltol/P-80 (90/10), Maltol/P-80/DDAC (95/2.5/2.5) and
Maltol/DDAC (95/5) based on the MIC results presented in Table 1 and Figure 3.

Preservative (ppm) E. coli S. aureus P. aeruginosa C. albicans A. brasiliensis
Maltol /P-80 (90/10) 0.32 0.26 0.77 0.67 0.33
Maltol/P-80/DDAC
(95/2.5/2.5) 1.76 0.86 0.97 0.54 0.14
Maltol/DDAC (95/5) 0.37 0.76 0.73 0.04 0.05

Mixing Maltol with P-80 synergistically reduced all microorganisms’ levels. Higher
synergism was displayed against E. coli, S. aureus and A.brasiliensis. The ternary mixture of
Maltol/P-80/DDAC had good activity against all the microorganisms; however, synergy
was detected only against mold and yeast (A. brasiliensis and C. albicans). The Maltol and
DDAC blend revealed the lowest FICI values which interpreted as the most synergetic
interaction in the current study. Extremely high synergy levels were observed against mold
and yeast (A. brasiliensis and C. albicans) with minimal FICI values of 0.04-0.05. In addition,
a good synergy was seen against E. coli.

FICI values confirmed that combining Maltol with the current cationic quaternary
surfactants can be used at lower levels to sufficiently suppress microbe growth, since the
mild antimicrobial activity of Maltol is intensified by the addition of P-80 and/or DDAC.

4. Tentative Mode of Action and Conclusions

Membranes are primarily composed of proteins, embedded within a lipid matrix.
Many of these membrane proteins are required for maintaining the membrane’s structural
integrity, while others are needed for more functional tasks [25].

Each protein is surrounded by phospholipids that interact with the protein, thereby
moderating the protein’s functionality. The outermost surface of the bacterial cells generally
carries a net negative charge, which is often stabilized by the presence of divalent cations
such as Mg?* and Ca?".

DDAC or P-80 cationic antimicrobials are considered to initially interact with the
microorganism’s cell wall by displacing these divalent cations. Maltol is assumed to act as
a chelator that can perturb membrane structure through the sequestration of stabilizing
metal cations [16].
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Further interactions of the cationic surfactants with the lipid bilayer are known to
depend on the specific nature of the antimicrobial molecule, mainly the length of the n-alkyl
chain [16].

We conclude that the combined preservative molecules can therefore disrupt the mem-
brane, thus increasing its fluidity and allowing the release of vital intracellular elements,
leading to the microbe’s cell death.

Combinations of typical and widely used conventional preservatives and compounds
with antimicrobial activity, EHG/Phenoxyethanol, Phenoxyethanol/Chlorphenesin/Caprylyl
Glycol and Sodium Benzoate/ Potassium Sorbate, were less effective in MIC assay when
compared with minimal additional concentrations of DDAC and/or P-80 (e.g., 250-500 ppm
of a final product).

Efficacious antimicrobial protection was demonstrated mainly for the natural origin
Maltol/QAS combinations based on MIC and challenge results. FICI calculations revealed
a synergetic effect due to the incorporation of catalytic amounts of P-80 and/or DDAC.

Taken together, we conclude that catalytic quantities of specially selected QAS were
sufficient to create novel, synergistic, natural-based preservative blends displaying high
antimicrobial efficacy, while maintaining a low level of use in the finished cosmetic product.
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