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Tea tree oil is an essential oil extracted from Melaleuca alternifolia (Maiden & Betch) Cheel with known antibacterial, anti-
inflammatory, and antioxidant properties and widely used in cosmetic products to treat acne vulgaris.
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| 1. Components of Tea Tree Oil (TTO) and Their Variability

Melaleuca alternifolia (Maiden & Betch) Cheel is an evergreen Australian native tree and belongs to the Myrtaceae family.
The leaves and branches of this species are rich in EOs, which along with other Melaleuca species (M. dissitiflora Smith,
M. linariifolia F. Mueller, and M. uncinata R. Br.), EOs are known as tea tree oil (TTO). This TTO is used in the
pharmaceutical, cosmetic, and food industries due to its antimicrobial, antioxidant, anti-inflammatory, and antineoplastic
properties B! Adulteration of TTO happens, which may be related to confusion with the common name (tea tree) of
some species in the genus Leptospermum, and species in the genera Kunzea and Baeckea from Australia and New
Zealand, which also have the same common name. Nevertheless, the financial gain can be the most important factor in
the adulteration of TTO &, through the addition of lower-cost byproducts derived from Eucalyptus essential oil or even
through the addition of pure chemical compounds obtained by chemical synthesis or fermentation 4.

The Australian tea tree industry exports 90% of its production to international markets, around 900 metric tonnes of oil per

annum. The production is mainly based on genetically improved populations resulting from a long-term breeding program
[5]

There are six oil chemotypes in M. alternifolia identified by the presence of distinct percentages of terpinen-4-ol, 1,8-
cineole, and terpinelone: terpinen-4-ol chemotype containing 30 to 40% of this monoterpenoid (used in commercial TTO
production); terpinolene chemotype; 1,8-cinecle chemotype; and three chemotypes all dominated by 1,8-cineole but
differing in either terpinen-4-ol or terpinolene content . According to the International Standard Organization (ISO
4730:2017) @ TTO must have a minimum terpinen-4-ol content of 35% and a maximum 1,8-cineole content of 10%,
nevertheless market prefers a TTO with the highest terpinen-4-ol (higher than 38%) and the lowest 1,8-cineole content
(less than 3%) possible [BIE Ten monoterpene/monoterpenoids and five sesquiterpene/sesquiterpenoids can be found
in TTO (Figure 1).
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Figure 1. Chemical structures of the monoterpene/monoterpenoids and sesquiterpene/sesquiterpenoids present in the
TTO and their concentrations in percentages (&,

To avoid adulterated TTO with other compounds, the revised international standard, ISO 4730-2017 @ included a chiral
ratio parameter, indicating that oil from the terpinen-4-ol chemotype must have a chiral ratio of 67—71% for (+)-terpinen-4-
ol and 29-33% for (-)-terpinen-4-ol. Southwell et al. 19 characterized the enantiomeric ratios of the key chiral
monoterpenes limonene, terpinen-4-ol, and o-terpineol in the 6 most common chemotypes of M. alternifolia. The study
found that there was a difference among the average chiral ratios of the 6 chemotypes of this species. So, the authors
concluded that oil blended from more than one chemotype has the potential to change the chiral ratio from a chemotype
average.

In the same chemotype of TTO, there is chemical variability, as can be observed in Figure 1, since it is permitted an
interval of percentages for each volatile compound. This variability can be attributed to genetic 112 and environmental
factors BIIL |eaf age and mechanical damage 2], and harvesting season 4, hydrodistillation-induced artifact formation
(2151 Other isolation procedures L8IIL7! have been used for isolating the volatiles of tea trees, which may contribute to the
chemical variability, but they are not considered in the present entry, due to the definition of 1ISO 8 for EOs.

| 2. Biological Properties of TTO

According to the review made by Carson and Riley 22 TTO was applied for many purposes: perionychia, empyema,
gynaecological conditions, epidermophyton infections, impetigo contagiosum, pediculosis, ringworm, tinea, throat,
psoriasis, and mouth conditions. A systematic review to assess preclinical and clinical studies focused on the antiparasitic
activity of TTO against Demodex mites, scabies mites, house dust mites, lice, fleas, chiggers, and bed bugs revealed the
efficacy of TTO and its components against ectoparasites of medical importance. Such results can justify the use of TTO
in the pharmacotherapy of ectoparasitic infections 22 with the advantages to be simple to use and having better side
effects than the current treatments [24],

In Australian traditional medicine, Aboriginal people used M. alternifolia to treat bruises, insect bites, and skin infections
(221, puring World War II, TTO was used as an insect repellant to reduce the infection rate following skin injuries 1222
However, after that period, a declining use was observed owing to unreliable supply and variable quality 9. Currently, to
prevent this variability, the ISO has established limits for the proportions of volatile constituents that must be present in
any product(s) marketed as the terpinen-4-ol chemotype of TTO. This norm also includes the enantiomeric ratio of
terpinen-4-ol (4231,

The ethnopharmacological studies made on the utilization of TTO may disclose their antimicrobial, antioxidant, and anti-
inflammatory activities.



2.1. Antimicrobial Activity of TTO

Melaleuca alternifolia essential oil has antibacterial, antifungal, and antiviral activities, and such properties have been
attributed to terpinen-4-ol. For example, May et al. 24 reported that a terpinen-4-ol-rich TTO was more effective against
several multi-drug-resistant organisms, including MRSA, glycopeptide-resistant enterococci, aminoglycoside-resistant
Klebsiella, Pseudomonas aeruginosa and Stenotrophomonas maltophilia, and also against sensitive microorganisms than
a TTO with a lower percentage of that monoterpenoid and higher percentage of 1,8-cineole. However, the antimicrobial
activity of TTO that can be attributed to the loss of membrane integrity and function, letting the intracellular material out,
disabling to maintain homeostasis, and inhibiting respiration 25 is not only attributed to the amount of terpinen-4-ol, but
from to the complex interaction among different components such as 1,8-cineole, a-terpinene, y-terpinene, terpinolene,
among other ones of the TTO [E[28, The antimicrobial activity of ten EOs of terpinen-4-ol chemotype assessed against
Candida glabrata, Herpes simplex virus type 1 (HSV-1), methicillin-resistant Staphylococcus aureus (MRSA), and
Pseudomonas aeruginosa grown in planktonic mode or biofilms showed that only five had significant antimicrobial activity
by reducing bacterial survival in biofilms, generating oxidative damage in C. glabrata, and decreasing HSV-1 infectivity
(28] The authors were not able to correlate such activities to the amounts of terpinen-4-ol in the sample oils.

In Escherichia coli, S. aureus, and C. albicans, Cox et al. &1 concluded that the antimicrobial activity of TTO results from
its ability to disrupt the permeability barrier of microbial membrane structures, that is, similar to that of other disinfectants
and preservatives, such as phenol derivatives, and chlorhexidine. Nevertheless, this observation was more evident when
E. coli cells were in the exponential phase because, at the stationary phase, E. coli showed an increased TTO tolerance
(2811291 According to the authors, such results can be partially explained by alterations in membrane/structure that occur
during the stationary phase. The disruption of the cell walls and membranes were also reported by Li et al. B9, They
observed that TTO penetrated through the cell walls and cytoplasmic membranes of E. coli, S. aureus, C. albicans, and
Aspergillus niger, damaging these structures with subsequent loss of cytoplasm content and cell death. Cuaron et al. 31
reported that TTO was able to denature proteins, alter the membrane, cell wall structure, and function of S. aureus. In
addition, TTO was able to down-regulate the genes involved with energy-intensive transcription and translation and alter
the regulation of genes involved with heat shock and cell wall metabolism in S. aureus. For example, the inactivation of
those heat shock genes, which encodes a regulatory system that responds to peptidoglycan biosynthesis inhibition in S.
aureus, led to an increase in TTO susceptibility B11.

Although the absence of a correlation between the terpinen-4-ol amount and the biological activity of TTO, the majority of
the antimicrobial activities are made with the terpinen-4-ol chemotype against several microorganisms: Table 1 depicts
the antimicrobial activity of TTO found in diverse works and against several microorganisms.

Table 1. Antimicrobial activity, biofilm reduction, or biofilm inhibition induced by TTO, according to several works made by
diverse research teams.

. Diameters . . L
Main ¢ Minimal Minimal Biofilm
0
Components, ) _ o Bactericidal Inhibitory Reduction (R)
Microorganism Inhibition ) . o Reference
Percentage Zones Concentration  Concentration  or Inhibition (1)
(>5%) (MBC) TTO (MIC) TTO (Concentration)
(mm)
Terpinen-4-ol,
42 Legionella 0.25-0.5% 0.06-0.125% a2
Terpinen-4-ol pneumophila (Wv) (w/v)
standard
B-Pinene, 9
Planktonic
B-Terpineol, 6 Enterococcus
faecalis [33]
Terpinen-4-ol, - 0.5% 0.25% >0.25% (1)
10 E. faecalis biofilm
inhibition

o-Terpineol, 20



Main
Components,
Percentage
(>5%)

a-Terpinene, 9
y-Terpinene, 20

Terpinen-4-ol,
43

a-Terpinene, 11
y-Terpinene, 19

Terpinen-4-ol,
33

Microorganism

Escherichia coli
22BT

E. coli 45DT

Enterococcus
faecium A29

E. faecalis VAN3

Staphylococcus

aureus C3

S. aureus O

14 Clinical and 2

references S.
aureus strains

Diameters
of
Inhibition
Zones
(mm)

Liquid
8-30
Volatile

0-15

Minimal
Bactericidal
Concentration
(MBC) TTO

Minimal
Inhibitory
Concentration
(MIC) TTO

128 pg/mL
1 pg/mL

1 pg/mL
64 pg/mL
8 pg/mL

8 pg/mL

Liquid
0.1-0.8%
(vv)
Liquid
(biofilm)

Biofilm
Reduction (R)
or Inhibition (1)
(Concentration)

128 pg/mL (R)
1 pg/mL (R)

1 pg/mL (R)
64 pg/mL (R)
8 pg/mL (R)

8 pg/mL (R)

Liquid (biofilm)

0.8-6.3% (V/v)
(minimal biofilm
eradication)

Reference

[35]



. Diameters o o o
Main Minimal Minimal Biofilm

of
Components, ) ) L Bactericidal Inhibitory Reduction (R)
Microorganism Inhibition ) . o Reference
Percentage 2 Concentration  Concentration or Inhibition (1)
ones
(>5%) (mm) (MBC) TTO (MIC) TTO (Concentration)
Methicillin-
susceptibility
Staphylococcus
aureus
Area by il
Methicillin-resi
standard GC- ethicillin-resistant
MS Staphylococcus 1% (v/v)
aureus
0,
a-Pinene, 12 0.50% (v/v)
Escherichia coli
0,
1,8-Cineole, 15 0.25% ()
Extended Spectrum
y-Terpinene, 10  Beta-Lactamases 2% (V) 0.50% (v/v)
Carbapenem-
2% (V/v) 0.25% (v/v)
o-Cymene, 6 Susceptible Kp
. 0.25 0.25% (v/v)
Terpinen-4-ol, Extended Spectrum
35 Beta-Lactamases 0.50 1% (V/V) (26]
Carbapenem-
Area by Head Resistht 0.25 Fractional
Space GC-MS inhibitory
a-Pinene. 23 Acinetobacter 0-25 concentration
baumannii 1 index
1,8-Cineole, 17
Pseudomonas 0.32
y-Terpinene, 11 aeruginosa (synergism)
0-Cymene, 9 Methicillin- 0.32
. susceptibility (synergism)
Terpinen-4-ol,
29 Staphylococcus

aureus + oxacillin

Methicillin-resistant
Staphylococcus
aureus + oxacillin



Diameters

Main ¢ Minimal Minimal Biofilm
0
Components, ) ) o Bactericidal Inhibitory Reduction (R)
Microorganism Inhibition ) . o Reference
Percentage 2 Concentration  Concentration or Inhibition (1)
ones
(>5%) (mm) (MBC) TTO (MIC) TTO (Concentration)

Bacillus subtilis

Enterococcus
faecalis MIC 90
. (ML/mL)
Micrococcus luteus ~ 9-33
18.36
Staphylococcus 10.67
aureus 767 18.45
Pseudomonas 733 18.68
aeruginosa
6.00 14.26
Terni 4ol Yersinia
erpinen-4-ol, o
P enterocolitica 6.00 12.32
40
) Salmonella enterica 7.33 15.46
y-Terpinene, 12 [37]
) Serratia 6.67 16.36
1,8-Cineole, 7
marcescens 6.00 16.24
p-Cymene, 6 '
Pseudomonas 28.59
6.00 )
fluorescens
(biofilm) 10.67 25.43
Salmonella enterica 7 g7 26.76
(biofilm)
6.33 29.85
Candida albicans
8.33 26.32
C. glabrata
27.46
C. krusei

C. tropicalis



Main
Components,
Percentage
(>5%)

Terpinen-4-ol,
36

Diameters
of
Inhibition

Zones

Microorganism

(mm)
Staphylococcus
aureus
Coliform bacilli
Proteus spp.
Klebsiella spp.
Escherichia coli
Citrobacter spp.
Enterobacter spp.

E. coli (NCTC
11560)

Fecal streptococci
Fecal streptococci

B-Hemolytic
streptococci GP.2

Enterococcus
faecalis
(ATC29212)

B-Hemolytic
streptococci

Streptococcus
pyogenes

Coagulase-negative
staphylococci

MRSA

Staphylococcus
aureus (NCTC
6571)

Candida spp.
P. aeruginosa

P. aeruginosa
(NCTC10662)

Minimal
Bactericidal
Concentration
(MBC) TTO

>8
>8
>8
>8

1-4

Biofilm
Reduction (R)
or Inhibition (1)
(Concentration)

Minimal
Inhibitory
Concentration
(MIC) TTO

>8

>8

>8

0.5-2

0.5

2-6

Reference



Main
Components,
Percentage
(>5%)

Without a
chemical profile,
only with the
following
information:
TTO complied
with the 1ISO
4730 and
European
Pharmacopoeia
standards

TTO (enterprise
1)

TTO (enterprise
2)

Terpinen-4-ol
(racemic)

L-Terpinen-4-ol

TTO (enterprise
1)

TTO (enterprise
2)

Terpinen-4-ol
(racemic)

L-Terpinen-4-ol

Microorganism

Twenty-seven
clinical isolates of
S. aureus and the
reference strain

S. aureus NCTC
8325-4

Thirty MRSA
isolates

Twenty-eight CONS
isolates

Diameters
of
Inhibition
Zones
(mm)

Minimal
Bactericidal
Concentration
(MBC) TTO

0.25-1% (v/v)

0.5% (v/v)

1-8% (v/v)
1->8% (V/V)

0.125-1%
(Wv)

0.125-1%
(Wv)

0.5-2% (v/v)
0.5-2% (v/v)

0.25-0.5%
(Wv)

0.25-0.5%
(v/v)

Minimal
Inhibitory
Concentration
(MIC) TTO

0.125-0.5%
(V/v)

0.5% (v/v)

0.125-1%
(V/v)
0.125-1%
(vv)
0.0625-0.5
(w/v)
0.0625-0.5
(w/v)
0.25-0.5%
(v/v)
0.125-0.5%
(wv)
0.0625—

0.25% (v/v)

0.0625-
0.25% (v/v)

Biofilm
Reduction (R)
o Reference
or Inhibition (1)
(Concentration)
2% (v/v)
[39]
1% (v/v)
[@]



Main
Components,
Percentage
(>5%)

Terpinen-4-ol,
40

o-Terpinene, 9

y-Terpinene, 21

Microorganism

Staphylococcus
aureus

Escherichia coli

Candida albicans

Diameters o
Minimal

of

Inhibition

Zones

Bactericidal
Concentration

(MBC) TTO
(mm)

1 mg/mL
(16.57)

0.5
mg/mL
(15.54)

0.01
mg/mL
(11.08)

1 mg/mL
(16.75)

0.5
mg/mL
(15.13)

0.01
mg/mL
(9.87)

0.01
mg/mL
(12.21)

Minimal
Inhibitory
Concentration
(MIC) TTO

Biofilm
Reduction (R)
or Inhibition (1)
(Concentration)

Reference



Main
Components,
Percentage
(>5%)

Terpinen-4-ol,
44

y-Terpinene, 22
o-Terpinene, 7

a-Terpineol, 6

Not determined

Diameters

of
Microorganism Inhibition
Zones
(mm)
C. albicans
Trichophyton
e TTO
mentagrophytes
S. aureus 20.3
. . 21.1
S. epidermidis
19.2
Streptococcus
pyogenes 217
MRSA 19.2
Klebsiella 19.5
pneumoniae
18.1
P. aeruginosa
13.2
AgN03
C. albicans
17.7
Trichophyton
mentagrophytes 19.2
S. aureus 18.2
S. epidermidis 19.2
Streptococcus 22.4
pyogenes 176
MRSA
S 24.2
Klebsiella
. 15.3
pneumoniae

P. aeruginosa

Bacteroides
Prevotella
Fusobacterium

Peptostreptococcus
anaerobius

Other gram-positive
anaerobic cocci

Minimal
Bactericidal
Concentration
(MBC) TTO

Minimal
Inhibitory
Concentration
(MIC) TTO

0.03-0.5%
(v/v)

0.03-0.25%
(vv)

0.06-0.55%
(V/v)

0.06-0.25%
(wv)

0.03-0.25%
(w/v)

Biofilm
Reduction (R)
or Inhibition (1)
(Concentration)

Reference



Main
Components,
Percentage
(>5%)

Three batches

Terpinen-4-ol,
41-44

o-Terpinene,
10-11

y-Terpinene,
21-23

Terpinen-4-ol,
40

1,8-Cineole, 5

a-Terpinene, 9
y-Terpinene, 19

Terpinen-4-ol,
46

Microorganism

Cutibacterium
acnes

Trichophyton
rubrum

T. mentagrophytes
Microsporum canis
Candida albicans
Candida sp.

Trichosporon
cutaneum

Malassezia furfur
isolated from
patients with

Dandruff

Seborrheic
dermatitis

Pityriasis versicolor

Chromobacterium
violaceum CV026

Diameters

Minimal
of -
o Bactericidal
Inhibition )
Concentration
Zones
(MBC) TTO
(mm)
At MIC
0.25
mg/mL:
14.3

Minimal
Inhibitory
Concentration
(MIC) TTO

0.25% (v/v)

0.11-0.22%
(m/v)

0.11-0.44%
(m/v)

0.11% (m/V)
0.44% (m/V)

0.22-0.44%
(m/v)

0.22% (m/Vv)

0.05-0.44%
(mWv)

0.11-0.22%
(m/\v)

0.05-0.22%
(mhv)

2 mg/mL

Biofilm
Reduction (R)
or Inhibition (1)
(Concentration)

Reference

[44]

[46]



Main
Components,
Percentage
(>5%)

a-Terpinene, 10
p-Cymene, 24

Terpinen-4-ol,
25

B-Fenchyl
alcohol, 9

Oregano + TTO

TTO +
Cinamom

TTO + Lavender
TTO + Laurel
Oregano + TTO

TTO +
Cinamom

TTO + Lavender
TTO + Laurel
Oregano + TTO

TTO +
Cinamom

TTO + Lavender

TTO + Laurel

Microorganism

Streptococcus
pyogenes ATCC
19625

Staphylococcus
aureus ATCC
25923

Streptococcus
agalactiae ATCC
12386

Streptococcus
pyogenes ATCC
19625

S. aureus ATCC
25923

Streptococcus
agalactiae ATCC
12386

Diameters

Minimal Minimal

of
Inhibition

Zones

Bactericidal Inhibitory
Concentration  Concentration
(MBC) TTO (MIC) TTO

(mm)

15.00
29.50
26.50

No
interaction

Additive
effect

Synergic
effect

No
interaction
Synergic 5 49 1.00
effect

0.25 0.125
No

interaction  Growth 1.00

No
interaction

Additive
effect

Synergic
effect

No
interaction

Synergic
effect

No
interaction

Reduction (R)
or Inhibition (1)
(Concentration)

Reference



Main
Components,
Percentage
(>5%)

Cupressus
sempervirens +
TTO

Myrtus
communis +
TTO

Origanum
marjorana +
TTO

Origanum
vulgare + TTO

Microorganism

Streptococcus
agalactiae ATCC
55618

S. pneumoniae
ATCC 49619

S. pyogenes ATCC
12344

Mycobacterium
smegmatis ATCC
19420

Moraxella
catarrhalis ATCC
23246

Cryptococcus
neoformans ATCC
14116

Staphylococcus
aureus ATCC
25924

Streptococcus
agalactiae ATCC
55618

S. pneumoniae
ATCC 49619

S. pyogenes ATCC
12344

Mycobacterium
smegmatis ATCC
19420

Klebsiella
pneumoniae ATCC
13883

Moraxella
catarrhalis ATCC
23246

Cryptococcus
neoformans ATCC
14116

Staphylococcus
aureus ATCC
25924

Diameters o
Minimal

of

Inhibition

Zones

Bactericidal
Concentration

(MBC) TTO
(mm)

Additive
effect

Additive
effect

Additive
effect

Synergic
effect

Additive
effect

Synergic
effect

Synergic
effect

Additive
effect

Synergic
effect

Synergic
effect

Synergic
effect

Synergic
effect

Synergic
effect

Synergic
effect

Additive
effect

Additive
effect

Additive
effect

Synergic
effect

Synergic
effect

Minimal Biofilm

Inhibitory
Concentration
(MIC) TTO

1.00 mg/mL
2.00 mg/mL
1.50 mg/mL
1.00 mg/mL
2.00 mg/mL
0.09 mg/mL
2.00 mg/mL
1.00 mg/mL
1.00 mg/mL
2.00 mg/mL
1.00 mg/mL
1.00 mg/mL
0.25 mg/mL
2.00 mg/mL
1.00 mg/mL
1.50 mg/mL
3.00 mg/mL
1.00 mg/mL
1.00 mg/mL
0.25 mg/mL
1.00 mg/mL
1.00 mg/mL
2.00 mg/mL
1.00 mg/mL

0.50 mg/mL

Reduction (R)
or Inhibition (1)
(Concentration)

Reference



Main
Components,
Percentage
(>5%)

y-Terpinene, 17

4-Terpinenyl
acetate, 67

Diameters

of Minimz.il -
Microorganism Inhibition Bacter|C|da.I
Zones Concentration
(MBC) TTO
(mm)
Streptococcus Synergic
agalactiae ATCC effect
55618
Additive
S. pneumoniae effect
ATCC 49619
Synergic
Mycobacterium effect
smegmatis ATCC _
19420 Synergic
effect
Klebsiella )
pneumoniae ATCC Synergic
13883 effect
Moraxella Additive
catarrhalis ATCC effect
23246
Cryptococcus
neoformans ATCC
14116
Streptococcus
agalactiae ATCC
55618
S. pneumoniae
ATCC 49619
Mycobacterium
smegmatis ATCC
19420
Klebsiella
pneumoniae ATCC
13883
Cryptococcus
neoformans ATCC
14116
Cutibacterium
acnes 0.053 g/mL
Staphylococcus 0.053 g/mL

epidermidis

Minimal
Inhibitory
Concentration
(MIC) TTO

0.053 g/mL

0.053 g/mL

Biofilm
Reduction (R)
or Inhibition (1)
(Concentration)

R: No effect

I: 0.107 g/mL

Reference



Diameters

Main ¢ Minimal Minimal Biofilm
0
Components, ) ) o Bactericidal Inhibitory Reduction (R)
Microorganism Inhibition ) . o Reference
Percentage 2 Concentration  Concentration or Inhibition (1)
ones
(>5%) (mm) (MBC) TTO (MIC) TTO (Concentration)
Staphylococcus
aureus strain EG-
AE1l
The 155 78 mg/mL 78 mg/mL
quantification of ~ Staphylococcus
the components  epidermidis strain 21.02 78 mg/mL 78 mg/mL (50]
were not EG-AE2
provided 20.85 39 mg/mL 39 mg/mL
Cutibacterium

acnes Strain EG-
AE1

Legionella pneumophila is responsible for severe pneumonia named Legionnaires’ disease 1. Mondello et al. B2 tested
TTO and terpinen-4-ol against diverse strains of L. pneumophila and reported that both had activity against this
microorganism (Table 1). In addition, the authors also found that the activity was temperature-dependent, that is, the
values of minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) decreased with increasing
temperature (36 to 45 °C).

One of the main causes of endodontic failure is persistent root canal infection and Enterococcus faecalis, a Gram-positive
facultative anaerobe, is associated with this persistent endodontic infection. Chlorhexidine (CHX) has been used to
eliminate E. faecalis from superficial layers and dentinal tubules if applied for seven days. Even so, the microorganism is
able to survive harsh environments and develop resistance to CHX and antibiotics as well B3I, Qi et al. B3] evaluate the
antimicrobial effects of TTO on planktonic E. faecalis and biofilms compared with 0.2% CHX. The results are compiled in
Table 1. In what concerns the biofilm formation, the effects of TTO on pre-formed E. faecalis biofilm, at 12, 24, and 48 h
time points there was no difference between 2%, 1%, 0.5% TTO, and the CHX group forl2 h, 24 h or 48 h. However,
when the TTO concentration was <0.25%, the activity was statistically different from the CHX group at all time points 23],
The results obtained by these authors permitted them to conclude that TTO could inhibit E. faecalis by destroying cell
membranes, inhibiting the formation of E. faecalis biofilms, and eliminating mature-formed biofilms.

The biofilm is a structured community of microorganisms, enclosed in a self-produced polymeric matrix, able to adhere to
an inert or living surface in an aqueous medium. In hospital-acquired infections, many times the bacteria involved in the
infection are found within biofilms. These may have a single microbial species or a set of microorganisms (including fungi,
algae, and protozoa) 4. The authors 24 studied the effect of two EOs being one of them TTO, against both mature
biofilms and biofilms in the process of formation, produced by vancomycin-resistant enterococci (VRE), methicillin-
resistant Staphylococcus aureus (MRSA) and broad-spectrum-lactamase-producing Escherichia coli (ESBL). The MIC
values are presented in Table 1. However, the authors also determined the MIC of the associations of TTO and other EO,
and the combinations of TTO and antibiotic (not depicted in Table 1). Their results confirmed a synergistic effect among
the EOs and antibiotics. The same synergistic effect among the EOs and antibiotics was also observed for the biofilm
formation and the anti-mature biofilm activity B4,

Not only liquid EOs but also volatile forms of EOs show antimicrobial activity. The utilization of the volatile form of EOs has
the advantage to provide higher concentrations of active compounds to the infection site and avoid the side effects of the
systemic administration of EOs B3], Taking this in mind, the authors B2 evaluated the antimicrobial and antibiofilm in vitro
activity of seven volatile and liquid EOs against MRSA and methicillin-sensitive (MSSA) clinical and reference strains,
generally responsible for wound and bone infection. Table 1 only depicts the results of TTO. Liquid and volatile thyme EO
had the highest antibiofilm activity in contrast to the vapor phases of tea tree and lavender. The antimicrobial activity of the
vapor phase of TTO was also performed and compared with the liquid phase against methicillin-sensitive Staphylococcus
aureus (MSSA), Escherichia coli, and clinical strains of methicillin-resistant S. aureus (MRSA), extended-spectrum beta-
lactamases producer carbapenem-sensitive Klebsiella pneumoniae (ESBL-CS-Kp), carbapenem-resistant K. pneumoniae
(CR-Kp), Acinetobacter baumannii (CR-Ab), and Pseudomonas aeruginosa (CR-Pa) 8. Moreover, synergistic activity
between TTO and different antimicrobials were also determined. TTO showed bactericidal activity against all the tested



microorganisms (Table 1). TTO in combination with oxacillin showed a high level of synergism at sub-inhibitory
concentrations, against MRSA. The vapor phase assay showed high activity of TTO against CR-Ab. According to these
results, the authors B8 suggest that TTO in the vapor phase might represent a promising option for local therapy of
pneumonia caused by CR-Ab.

Pseudomonas fluorescens can form biofilm in soil and water habitats, can influence food spoilage, water quality, and plant
diseases, and create nosocomial infections BZ. Salmonella enterica is the main cause of acute foodborne illness and is a
source of infection from poultry meat, and can form biofilm even in low temperatures. Moreover, the biofilm can be formed
on glass and wooden surfaces, which can cause cross-contamination of vegetables B2, Antibiofilm activity was observed
against P. fluorescens and enterica through the observation of degradation of the protein spectra using the matrix-assisted
laser desorption/ionization—time-of-flight mass spectrometer (MALDI-TOF MS) and under the effect of TTO B4. TTO was
also used on Gram-positive, and Gram-negative bacteria, and yeasts, and the values found for the growth inhibitions are
depicted in Table 1.

Banes-Marshall et al. 88 investigated the effect of TTO on diverse isolates from leg ulcers, pressure sores, skin, and
vagina. The MIC and MBC values are resumed in Table 1. According to the results, S. aureus and Candida spp. were
particularly sensitive to the action of TTO, and therefore, it may have a positive role in the growth inhibition of the

commonly isolated wound pathogens, and in the frequent infection in immunosuppressed and antibiotic-treated patients
[38]

The activity of TTO against twenty-seven clinical isolates of S. aureus and the reference strain S. aureus NCTC 8325-4
were assayed B4 either in planktonic cells or biofilm (Table 1). The killing rate for stationary phase cells was less affected
by increasing TTO concentration than that for exponential phase cells. Moreover, the fastest killing of biofilm occurred
during the first 15 min of contact with TTO, and concentrations above 1% did not affect the results (39,

Loughlin et al. [44 compared the bactericidal activity of the racemic terpinen-4-ol and the L-isomer terpinen-4-ol with TTO
manufactured by two enterprises, against clinical skin isolates of MRSA and coagulase-negative staphylococci (CoNS).
The MIC values are depicted in Table 1. Terpinen-4-ol was a more potent antimicrobial against MRSA and CoNS isolates
than the TTO. In any case, the concentrations tested displayed toxicity to human fibroblast cells 22,

The antimicrobial effect of TTO against S. aureus, E. coli, and C. albicans was also studied by Blejan et al. 1 (Table 1).
These authors compared the activity of TTO with other EOs and concluded that oregano and basil EOs had a similar
antimicrobial effect against S. aureus, while against E. coli, the antimicrobial activity was similar for oregano, basil EO,
and TTO. Against C. albicans, TTO and basil EO showed strong antifungal properties 2. According to these authors,
linalool might be responsible for the activity against S. aureus, whereas, for E. coli, the effect could be attributed to
linalool, 1,8-cineole, terpinen-4-ol, a-pinene, p-cymene, a/y-terpinene, whereas for C. albicans, 1,8-cineole, and terpinen-
4-ol could be responsible for the activities found.

Silver nanoparticles (AgNPs) have displayed antimicrobial effects against a wide range of microorganisms, including
antibiotic-resistant strains. Several methods have been used to synthesize AgNPs. The green synthesis method, in which
aqueous plant extracts are used, provides a simple, cheap, fast, energy-efficient, and eco-friendly alternative to the
traditional chemical and physical methods of nanoparticle synthesis 42, Ramadan et al. #2 studied the antimicrobial
potential of TTO and AgNPs (obtained by using an aqueous extract of M. alternifolia) against selected skin-infecting
pathogens, including bacteria, fungi, and viruses (Table 1). AGNPs had better antiviral activity against both herpes simplex
virus type 1 (HSV-1) and herpes simplex virus type 2 (HSV-2) than TTO at its maximal noncytotoxic concentration
(0.043%, v/v).

The activities of TTO against lactobacilli and a range of organisms associated with bacterial vaginosis were evaluated by
Hammet et al. 3l Table 1 lists MIC data. It is possible to observe that all lactobacilli tested were appreciably more
resistant to TTO than organisms known to be associated with bacterial vaginosis, with at least a twofold difference in MIC
values. Three batches of TTO were able to inhibit the growth of C. acnes, with a MIC value of 0.25% (v/v) (Table 1) 441,

Nenoff et al. 45 evaluated the antifungal activity of TTO against several dermatophyte and yeast strains, among the latter
31 strains of the Malassezia furfur, and determined the MIC values (Table 1).

Ngeng et al. 48] evaluated the anti-quorum sensing activity of TTO through the violacein production in Chromobacterium
violaceum. The quorum sensing inhibition diameter zone in C. violaceum was 14.3 + 0.5 mm at MIC concentration (Table
1). However, Citrus sinensis, also studied by these authors, presented better activity than TTO, since it could inhibit
violacein production right down MIC/16 whereas TTO did not inhibit violacein production beyond MIC/4 8], violacein is an



antioxidant that protects the bacterial membrane against oxidative stress. When TTO inhibits violacein production and
swarming motility, it can suppress virulence and reduce biofilm risks during infections 81,

The synergistic effect between some EOs has also been performed through the Fractional Inhibitory Concentration Index
(FICI) of the binary combinations of EOs determined by the checkerboard method. Following this method, and evaluating
the MIC and Minimum Bactericidal Concentration (MBC), the authors concluded that TTO/lavender oil mixtures showed a
synergistic effect against Streptococcus pyogenes and Streptococcus agalactiae; TTO/oregano oil had a synergistic effect
against Staphylococcus aureus and S. agalactiae. According to these results, the authors 2 concluded that combination
against pathogens should be preferred as potential antimicrobial agents. Combinations of commercial EOs mainly applied
in aromatherapy for respiratory tract infections were also studied by 48 aiming the antimicrobial, anti-inflammatory, and
toxicity properties. Five combinations were found presenting antimicrobial activity, reduced cytotoxicity, and improved anti-
inflammatory effects, having four the presence of TTO: Cupressus sempervirens L. + M. alternifolia; Origanum marjorana
L. + M. alternifolia; Myrtus communis L. + M. alternifolia; Origanum vulgare L. + M. alternifolia at 1:1 ratios. The
microorganisms included the Gram-positive strains Staphylococcus aureus (ATCC 25924), Streptococcus agalactiae
(ATCC 55618), Streptococcus pneumoniae (ATCC 49619), and Streptococcus pyogenes (ATCC 12344); the Gram-
negative strains Haemophilus influenzae (ATCC 19418), Klebsiella pneumoniae (ATCC 13883) and Moraxella catarrhalis
(ATCC 23246); and the non-pathogenic Mycobacterium strain M. smegmatis (ATCC 19420) and yeast strain
Cryptococcus neoformans (ATCC 14116) 8],

Abdelhamed et al. 29 reported that TTO (Table 1), thyme and clove EOs have the capacity for inhibiting the growth of C.
acnes and Staphylococcus epidermidis, although thyme essential oil was more effective since it was able to eliminate the
initial bacterial inoculum after 10 h and 6 h of exposure for C. acnes and S. epidermidis, respectively. In contrast, Esmael
et al. B9 reported that TTO was more effective than rosemary oil as a growth inhibitor of three groups of the acne-inducing
bacteria C. acnes EG-AE1, S. epidermidis EG-AE2 and S. aureus EG-AEL, from Egypt. The chemical composition of TTO
described by both teams was distinct, Abdelhamed et al. 49 described that 4-terpinenyl acetate dominated the EO
extracted from the buds and terpinen-4-ol was absent. TTO used by Esmael et al. B9 for the determination of
antimicrobial activity did not present those compounds.

Invasive fungal wound infections reported in trauma patients cause considerable morbidity and mortality despite the
standard of care treatment in trauma centers 43 Homeyer et al. B assessed the activity of various concentrations of
TTO (without chemical composition provided) against 13 clinical filamentous fungal isolates comprising nine species
(Exophiala sp., Apophysomyces sp., Aspergillus fumigatus, Aspergillus flavus, Aspergillus terreus, Actinomucor sp.,
Mucor sp., Fusarium sp., and Absidia sp.). Seven concentrations of TTO were assayed (100%, 75%, 50%, 25%, 10%,
5%, and 1%). For the majority of isolates, fungicidal activity was observed for all of the concentrations tested, 1, 10, and
100% (v/v), following 12—-24 h exposures. Aspergillus terreus and Absidia spp. were more tolerant to the activity of TTO
requiring higher concentrations for greater log-reductions. Cell viability assays were also performed in vitro using human
fibroblasts, keratinocytes, osteoblasts, and umbilical vein endothelial cells. The activities found were dose-dependent with
significant cytotoxicity at concentrations of >10% 51, Despite these results, a recent meta-analysis showed that TTO had
a limited antifungal effect (Trichophyton rubrum, Trichophyton mentagrophytes complex, and C. albicans) when compared
to other EOs (Cinnamomum zeylanicum and Thymus vulgaris) 52, Thus, the use of TTO against dermatophytes would not
be advisable.

As can be seen in Table 1 there was a wide range of MIC values for the antimicrobial potency, which can be due to the
diverse bacterial species and strains used, their culture methods, and the chemical composition of the TTO samples, and
previously reported 53! in a compilation about the utilization of fifteen plant-based natural compounds on the antimicrobial
activities.

2.1.1. Tea Tree Oil Formulations with Antimicrobial Activity

Carson et al. 24 in a revision, and May et al. 24 reported that microorganisms colonizing skin transiently were more
susceptible to TTO than commensal microorganisms. Such results would be promising since the commensal
microorganisms would constitute a barrier against the development of pathogenic microorganisms. The in vitro
antimicrobial activities of TTO have led to the development of formulations to achieve better biological activities, as
compiled below in a brief way.

The antimicrobial activity of TTO is widely described, but allergic contact dermatitis in susceptible individuals can occur,
particularly if the oil is old, which can happen during the daily opening of bottles where TTO is kept B3], So, an alternative
to overcome this inconvenience could be of interest. Minghetti et al. 23 developed a patch (monolayer device) prepared
by using methacrylic copolymers, Eudragit E100 (EuE100) or Eudragit NE (EUNE), and a silicone resin, BioPSA7-4602



(Bio-PSA). TTO and oleic acid (skin penetration enhancer in patches) contents were fixed at 10% w/w and 3% w/w,
respectively. The patches were prepared by a casting method and characterized in terms of terpinen-4-ol amounts and
skin permeability. The patches were self-adhesive controlled release matrix with TTO and a removable protecting foil 221,
The skin permeation of terpinen-4-ol enhanced when TTO was used in combination (1:1) with oleic acid, being up to 10-
fold higher than pure TTO. This ability of oleic acid of enhancing the penetration of TTO can be a kick-off for the
optimization of the efficacy and safety of TTO patches 25,

A TTO lipid-based nano-formulation (TTO-LNF) was developed 28 using a quality-by-design (QbD) approach. Using a
mixture experimental design, TTO-LNF was optimized with 5% TTO, 10% surfactant (Kolliphor. RH40:Tween-80 = 50:50,
w/w), 5% co-surfactant (Transcutol P), and 80% water. To make easier the topical administration, it was formulated a TTO-
LNF gel adding xanthan gum. The in vitro antibacterial tests of TTO-LNF, TTO-LNF, TTO-LNF, and 5% TTO solution
against Staphylococcus epidermidis ATCC 35984 and Pseudomonas aeruginosa PAO1 were performed. The results
showed that P. aeruginosa was more susceptible than S. epidermidis to the TTO-LNF gel. The respective inhibition zones
were 7.8 mm and 4.2 mm. Similarly, the TTO-LNF showed 6.4 mm for P. aeruginosa and 5 mm for S. epidermidis. The
formulation was also shown to be more effective than the 5% TTO solution. The bacterial growth curve conducted over
time showed that the treatment of S. epidermis with TTO-LNF gel and TTO-LNF had a notable suppression of bacteria
growth for 24 h, even better than the antibiotic kanamycin. The antibacterial effects of blank LNF and blank LNF gel
(without TTO) can be explained by the antimicrobial activity of Tween 80 (5%) (28],

Hydrogels are biodegradable three-dimensional crosslinked polymer networks able to assimilate large amounts of water
or biological fluids and provide controlled release of drugs B4, The remarkable water absorption capacity of these systems
is due to the high content of functional hydrophilic groups (carboxyl, hydroxyl, and amino groups) contained in the polymer
58], The polymers can be synthetic or natural (collagen, gelatin, polydopamine, elastin, chitosan, hyaluronic acid, alginate,
and cellulose) B8 Low et al. 57 used chitosan to fabricate hydrogels combined with TTO and silver ions (Ag*) to treat
common wound-infecting pathogens. Silver ions are recognized as possessing antibacterial, antiviral, antiprotozoal, and
antifungal activity 24, The hydrogels loaded with TTO and Ag* displayed antimicrobial activity against P. aeruginosa, S.
aureus, and C. albicans. The combination lowered the effective concentrations needed for the antimicrobial activity.
According to the results obtained, the authors 24 proposed that the relationship between the variables in the fabrication of
hydrogels requires deeper studies to be used as antimicrobials in the treatment of acute wounds. This approach will
achieve smarter delivery systems &4,

Ghosh et al. 22 fabricated a hydrogel scaffold with B-cyclodextrin and chitosan along with pectin, carboxymethyl cellulose,
and polyethylene glycol 400 (PEG 400) as a plasticizer, and copper sulfate as crosslinker loaded with TTO, to enhance
the antimicrobial activity in the treatment of acne and other skin infections. These scaffolds could be used as sheet masks
or patches. Two hydrogels were formulated differing in the ratio of pectin, carboxymethyl cellulose, chitosan, and f3-
cyclodextrin (1:1:0.8:0.8 or 1:1:0.8:0.1) plus the plasticizer and the crosslinker. At the moment of the antimicrobial assay,
10 pL of TTO were infused in the scaffold which was in the hole of a plate. Pseudomonas sp. was the microorganism used
in the assay. Only the first formulation with TTO presented better physical characteristics along with the best antibacterial
activity 2. It could also deliver TTO in a more efficient way enhancing, therefore, the antibacterial activity. The authors 52
concluded that this hydrogel can be used as a sheet mask to deliver TTO, for treating infection and acne.

Antimicrobial in situ-forming alginate wound dressing with TTO microemulsions was assayed in which alginate hydrogels
were prepared by a layer-by-layer spray deposition. This formulation would be useful as an advanced dressing for
infected wounds 9. Diverse combinations of TTO, water, polysorbate 80, and ethanol were tested and through the
pseudoternary phase diagrams, it was possible to find a stable spherical microemulsion with TTO at 20%, with good
antimicrobial activity. The antimicrobial effect of alginate/TTO microemulsion hydrogels on Escherichia coli strains was
remarkable. Catanzano et al. 8% considered that such a formulation has the potential to as a bioactive wound dressing.

Emulgels with jelly-like consistency are used in dermatological products due to their better applicability, thixotropic
behavior, greaseless nature, improved spreadability, and controlled rheological properties. They present the properties of
both emulsions and gels (61, Sinha et al. EX optimize a nanoemulsion-based emulgel formulation as a vehicle for topical
delivery of TTO. The central composite design was used to choose the best processing conditions for nanoemulsion
preparation by high energy emulsification method, namely surfactant concentration (Tween® 20), co-surfactant
concentration (Cremophor EL®), and stirring speed. The TTO concentration used was 5% (v/v) dissolved in Cremophor
EL®. After optimization, the nanoemulsion was converted into emulgel using the polymer Carbopol 940 and
triethanolamine as an alkalizer. The antimicrobial activity of the emulgel was assayed against the following
microorganisms: Staphylococcus aureus MTCC-96, Streptococcus mutans MTCC-890, Pseudomonas aeruginosa MTCC-
741, Escherichia coli MTCC-723, Candida albicans (wild) MTCC-1637, and Candida albicans (CA) AIIMS. The results



were compared with those assays using a conventional gel and pure TTO. The emulgel revealed broader zones of growth
inhibitions than conventional gel or pure TTO 841,

Other TTO delivery system was studied 62 for combating Gram-positive and Gram-negative bacteria and to be used as
an antimicrobial and healing agent in skin wounds. Semisolid bicontinuous microemulsions containing TTO is an example,
in which a formulation consisting of Kolliphor® HS 15 (31.05%), Span® 80 (3.45%), isopropyl myristate (34.5%), and
distilled water (31%) with TTO incorporated in the proportion of 3.45% (v/v) was selected after optimization through
diagram construction 82, In vivo studies using male and female Swiss mice (Mus musculus Linnaeus, 1758) showed that
the TTO-loaded bicontinuous microemulsion was effective in the healing process of skin wounds because it promotes a
higher percentage of wound edge contraction. Antibacterial activity for Gram-positive and Gram-negative bacteria was
also observed. According to these results, Assis et al. 62 suggest that this new formulation can be an alternative for
topical application in skin wounds as a healing and antimicrobial agent.

Pickering emulsions are those stabilized by solid particles which possess higher biosafety and biocompatibility than
classical emulsions stabilized by conventional surfactants. Pickering emulsions are able to spray and recover to high
viscosity after spraying onto the wounds. High viscosity can be desired to provide a long residence time and intimate
contact with the wounds [63]. A sprayed Pickering emulsion stabilized by chitosan nanoparticles was developed and the
TTO was used as its oil phase. Curcumin was added to the oil phase to enhance the antioxidant and anti-inflammatory
effects of the emulsion. Pickering emulsions were characterized and their antibacterial activities were evaluated, and the
wound healing test was also performed. The authors also formulated a classical emulsion for comparing the results of
both emulsion types. The classical emulsion also had the surfactants Tween® 80 and Span® 85. After injecting Balb/c
mice, 6—8 weeks of age, with the mixed bacteria suspension subcutaneously, the wounds of the group treated with
chitosan nanoparticles and the blank group presented purulence in contrast to the wounds treated with the Pickering
emulsion. Moreover, it was observed that the wounds treated with the Pickering emulsion could heal normally and had the
smallest area on the fifth day, suggesting that the Pickering emulsion displayed an excellent killing ability to bacteria
avoiding wound infections. The wound healing rate in percentage and on day 10 was significantly higher (95.06%) in the
group treated with the Pickering emulsion than those treated with classical emulsion (82.93%), chitosan nanoparticles
(80.28%), and TTO (84.31%). Those results can be partially explained by the synergistic effects of TTO, curcumin, and
chitosan nanoparticles. TTO had antimicrobial activity, anti-inflammatory properties, and scar prevention effects, while
curcumin had great antioxidant and anti-inflammatory effects reducing the production of ROS during the inflammatory
phase and promoting wound repair 3. According to these results, the authors suggested that Pickering emulsion is a
promising candidate for sprayed wound dressings.

Liposomes are phospholipid bilayer (unilamellar) and/or a concentric series of multiple (multilamellar) vesicles with a large
agueous inner core. They are constituted by synthetic and/or natural phospholipids (soybean lecithin, egg yolk, sunflower)
and other membrane components (cholesterol). The size of liposomes ranges from 20 nm (nanoliposomes) to the
micrometer scale with the phospholipid bilayer being 4-5 nm thick. Liposomes can encapsulate hydrophobic and
hydrophilic drugs in their structure, being effective in drug delivery [B4I6SIE6] Agyilar-Pérez et al. 88 formulated and
characterized nanoliposomes comprising various TTO concentrations (1.2-6.2 mM) and tested the antifungal activity
against Trichophyton rubrum through the mycelial growth inhibition test. The same procedure was carried out for clove
essential oil. Soybean and cholesterol were used as lipids, and Tween® 80 as surfactant. The mycelial growth inhibition
results of essential oil-loaded nanoliposomes were compared with pure EOs. The concentrations used for the assays
were 0.25, 0.5, 1.0, and 1.5 pyL/mL. The maximum encapsulation efficacy was observed for clove essential oil-loaded
nanoliposomes. Nanoliposomes’ anti-fungal potential demonstrates their capability to inhibit mycelial growth at lower
concentrations than the pure EOs against T. rubrum (€8],

TTO-loaded nanoliposomes were also fabricated by Ge and Ge 82 using soybean phosphatidylcholine, cholesterol, and
Tween® 80. They characterized them and the antimicrobial activity was also assayed against Staphylococcus aureus
ATCC 6538, Escherichia coli ATCC 8739, and Candida albicans ATCC 10231. Liposomes encapsulated TTO to form a
stable liposome suspension, and the TTO-loaded nanoliposomes showed a significant increase in antimicrobial activity
after encapsulation.

Liposomes may be part of nanofibers such as, for example, chitosan/poly(ethylene oxide) nanofiber mats containing TTO
liposomes fabricated by using an electrospinning process €8, These nanofibers had long-term and better antimicrobial
activity against S. aureus, E. coli, and C. albicans than chitosan/poly(ethylene oxide) nanofiber mats. The combination of
TTO-loaded liposomes and chitosan nanofiber mats act synergistically destroying the cell membrane, preventing cell
adhesion, and causing the irregular aggregation of cytoplasm, according to the transmission electron microscope
observation [68],



Ethosomes’ composition is based on phospholipids (such as soybean phosphatidylcholine), water, and ethanol content
comprised between 20 and 45% v/v 89 Similar to liposomes, ethosomes are able to solubilize both lipophilic and
hydrophilic drugs inside the vesicles; nevertheless, ethanol has a higher loading capacity for lipophilic drugs than
liposomes €9, Azelaic acid, a dicarboxylic acid analog inhibits follicular keratinization and can be used topically to treat
mild to moderate acne % Bisht et al. 9 fabricated ethosomes with azelaic acid and TTO to achieve a system with
synergistic anti-acne properties within carbopol hydrogel. This hydrogel would make an easier application, adhesion, and
drug penetration. The physical characterization was made and the authors also tested antibacterial activity against S.
aureus, S. epidermidis, and C. acnes. The developed optimized ethanolic vesicle formulation of azelaic acid and TTO was
compared with the topical marketed formulation in the testosterone-induced acne model in Swiss Albino mice X9, The
new hydrogel formulation with azelaic acid and TTO within ethosomes had significantly lower MIC values than TTO alone,
maybe to the synergistic effect of azelaic acid and TTO, associated with the improved contact with the bacteria cell walls,
increased contact time, and sustained drug delivery of the hydrogel Z9. Moreover, the new formulation-treated animals
had a significant decrease in lesions, sebaceous gland hyperplasia, and seborrhea induced by testosterone in Swiss
Albino mice 9,

Nanocapsules are polymeric nanocarriers prepared with poly e-caprolactone, which is biocompatible, and biodegradable,
of low toxicity, high stability, and low cost. The surface of nanocapsules can be modified to develop delivery systems able
to interact more specifically with biological targets and enhance the intended biological activity /4. In the pharmaceutical
area, the modification has been conducted by using chitosan owing to its biocompatibility and biodegradability, and low
toxicity [, Silva et al. 4] fabricated TTO-loading poly e-caprolactone nanocapsules coated by chitosan for the topical
acne treatment acting against anti-C. acnes. Chitosan with bioadhesive capacity would favor the drug retention in the skin
surface and the positive charge would also contribute to the antimicrobial activity in combination with TTO, which would
act synergistically. This hypothesis was confirmed by the authors after their experiment in which the coating of TTO-
nanocapsules with chitosan presented higher anti-C. acnes activity (MIC = 0.14%, v/v) than the pure TTO (MIC = 0.56%,
v/v) I The poly e-caprolactone nanocapsules did not present antimicrobial activity (4.

TTO has been also used for hand hygiene. For example, Youn et al. 74 compared the hand disinfection effects of TTO (5
mL of 10% tea tree oil disinfectant mixed in a ratio of 2:2:1:15 of M. alternifolia oil, solubilizer, glycerin, and sterile distilled
water) with alcohol (2 mL of a gel-type hand sanitizer comprising 83% ethanol used without water), and benzalkonium
chloride group receiving 0.8 mL of a foam-type hand sanitizer containing benzalkonium chloride used without water, and a
control group with no treatment. The results were followed through subjective skin condition, transepidermal water loss,
adenosine triphosphate, and a microbial culture test. The TTO group showed a remarkably higher disinfection effect,
whereas the benzalkonium chloride group exhibited no disinfection effect based on adenosine triphosphate
measurements. The control group demonstrated similar results to the benzalkonium chloride group. In view of the results,
Youn et al. /@ suggest that TTO disinfectants should be introduced to nursing practice to prevent and reduce healthcare-
associated infections.

The activity of different concentrations of TTO in diverse TTO-containing products such as a hygienic skin wash (HSW),
an alcoholic hygienic skin wash (AHSW), and an alcoholic hand rub (AHR) was investigated against S. aureus,
Acinetobacter baumannii, E. coli and P. aeruginosa 3. The activity of the same formulations without TTO was used as a
control. The efficacy of TTO was dependent on the formulation and the concentration tested, the concentration of
interfering substances and the organism tested.

A complex based on natural antimicrobial and anti-irritant compounds, constituted by TTO (0.3%), eucalyptol (0.15%), a-
bisabolol (0.10%), and silver citrate (0.01%) in specific ratio 30:15:10:1, respectively was mixed with soap base
ingredients and tested for skin hygiene 4. The antimicrobial activity was determined against the following
microorganisms: Bacillus cereus ATCC 10702, S. epidermidis ATCC 14990, S. aureus ATCC 6538-P or ATCC 29213, E.
coli ATCC 25922 and P. aeruginosa ATCC 9027, Micrococcus luteus 10240a, and C. albicans ATCC 10231. The
combination displayed additive or synergistic activities against most strains studied, and a balanced performance between
antimicrobial activity and biological safety, without skin irritant potential (4],

The antimicrobial activity of lavender, TTO, and lemon in washing liquid (1% alone or in mixtures) and O/W soft body balm
(0.5% alone), was evaluated as well as combined with the synthetic preservative 1,3-dimethylol-5,5-dimethylhydantoin
and 3-iodo-2-propynyl butyl carbamate mixture (0.1 and 0.3%) against S. aureus ATCC 6538, P. aeruginosa ATCC 9027,
Candida sp. tOCK 0008 and A. niger ATCC 16404 3], |n soft body balm formulations, oils at a concentration of 0.5% did
not present any activity. The introduction of a solubilizer (polysorbate 80) to a system containing 0.5% TTO induced a
substantial increase in bacteriostatic activity. A combination of 0.5% TTO, 5% solubilizer (polysorbate 80), and 0.3%
synthetic preservative warranted the microbiological stability of soft body balm 2,



In antimicrobial terms, the comparison of three soaps for hand hygiene: 2.0% TTO, 0.5% triclosan, and 2.0%
chlorhexidine was evaluated along with the perception of healthcare professionals about TTO [ For this, a
determination of the logarithmic reduction of E. coli K12 colony-forming units before and after the hand hygiene of 15
volunteers was done, and interviews with 23 health professionals were performed. All the soaps demonstrated
antimicrobial activity (a logig reduction factor of 4.18 for TTO, 4.31 for triclosan, 3.89 for chlorhexidine, and 3.17 for
reference soap), nevertheless, the TTO soap had the advantage to present a pleasant aroma and did not cause skin
dryness [Z8],

Sgorbini et al. 4 investigated the permeation and release kinetics of the main constituents (terpinen-4-ol, a-terpineol, and
1,8-cineole) of TTO at different percentages (5-30% w/w) from several semisolid formulations (creams, ointments, and
gels). The gel formulation had the highest percentages of those monoterpenoids’ release and permeation than creams
and ointments, even at lower TTO concentrations, which means the possibility of using less concentrated formulations. By
decreasing order, terpinen-4-ol, o-terpineol and 1,8-cineole were the most released and permeated compounds. In all
cases, their skin retention was negligible, below 0.1% of the total amount in the formulation .

| 3. Efficacy in acne vulgaris

Various studies have demonstrated the efficacy of TTO in several human pathologies, such as dentistry, infectious
diseases, ophthalmology, and dermatology, amongst others 8. In dermatology, and specifically, in acne vulgaris, several
essential oils have shown beneficial results. Tea tree oil is one of the oils described in tests in vivo as having biological
activity on acne, thanks to its antimicrobial, anti-inflammatory, and antioxidant properties (9],

Several human studies have been found evaluating the efficacy of TTO in topical preparations for acnhe vulgaris [B811[82]
(B3](84][85](86I(87][88](89] A\|| of them have shown efficacy in the treatment of this pathology, namely in inflammatory lesions. In
addition to this demonstrated efficacy, the low incidence of adverse effects described is also an advantage for the use of

this oil in topical products for the treatment of acne vulgaris.

In 1990, a single-blind random clinical trial (RCT) was carried out on subjects with mild-moderate acne, for three months,
comparing the use of a TTO (5%) water-based gel and benzoyl peroxide (BP) 5% water-based lotion. Although both
groups showed a reduction in the inflammatory lesions, the group that applied BP showed a significantly greater
improvement than the group that applied TTO (p < 0.001). Although the results point towards greater efficacy of the BP in
reducing acne lesions, the results regarding safety point to better results with the TTO gel. In this group, the adverse
events reported were less (44%) than in the BP group (79%), with a statistically significant difference (p < 0.001) 8%,

Compared with the placebo (carbomer gel), the TTO 5% gel demonstrated good anti-inflammatory and antibacterial
capacities, leading to a significant reduction in inflammatory lesions (papules 46.06%; pustules 47.45%) in a double-blind
RCT developed by Enshaieh et al. Bl on subjects with mild-moderate acne, for 45 days. This RCT also showed a
significant decrease in the number of comedones (40.24%), the total number of lesions (43.64%), and the acne severity
index (ASI) (40.49%) (811,

The use of TTO in cleansing and moisturizing products for ache was evaluated in a dual-center, open-label, phase Il pilot
study, which assessed the efficacy and safety of two products containing TTO, a Face Wash (7 mg/g) and a Gel (200
mg/g), on mild-moderate acne vulgaris, for 12 weeks. The results showed a significant 54% decrease in the total number
of lesions (p < 0.001), as well as in the investigator's global assessment score (p < 0.05). Furthermore, skin oiliness
decreased significantly (p < 0.01). Even with a twice-daily application, no serious adverse reactions were reported [83],

Compared with Lactobacillus-fermented Chamaecypatris obtusa (LFCO), TTO demonstrated less efficacy in reducing the
number of inflammatory and non-inflammatory lesions 82, However, the anti-inflammatory properties of TTO were
enhanced in this research with a significant decrease in inflammation-related proteins, namely IL-8 and TLR-2 mRNA.
Adverse reactions such as dryness, erythema, and desquamation were once again described as the most prevalent in the
use of topical TTO (&2,

The efficacy of the association of adapalene and TTO vs. adapalene was evaluated in a triple-blind RCT in subjects with
mild-moderate acne vulgaris for 12 weeks, The efficacy was evaluated demonstrating good results of the association of
TTO with adapalene in reducing the number of total lesions, inflammatory and non-inflammatory lesions. The association
between adapalene and TTO makes it possible to obtain a topical formulation that covers the four main factors in the
development of acne: hyperseborrhoea, hyperkeratinization, inflammation, and bacterial colonization. Despite the good
results obtained, further studies should be carried out to obtain more consistent results that corroborate those already
obtained in the work developed by Najafi-Taher et al. 3],



The anti-inflammatory and antibacterial properties of TTO have been described and are mainly due to terpinen-4-ol 2%,

being widely used and studied in the treatment of acne. However, this compound does not have excellent antiseborrheic

and keratolytic properties, and it may therefore be necessary to associate it with other compounds that not only reinforce

but also complement its activity in the treatment of acne, as described above. Other studies have associated TTO with

various plant extracts with known activity on acne, also showing good results in reducing acne lesions [B4I88IE7I[B8]89]

In general, the studies found in the literature demonstrate the good properties of TTO in treating acne, both in isolation

and associated with other ingredients with complementary activities.
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