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Abstract: Spanish marjoram (Thymus mastichina) and cardamom (Elettaria cardamomum) are traditional
aromatic plants with which several pharmacological properties have been associated. In this study,
the volatile composition, antioxidative and antimigratory effects on human breast cancer (MDA-
MB-468 cell line), antimicrobial activity, and antibiofilm effect were evaluated. Results obtained
via treatment of human breast cancer cells generally indicated an inhibitory effect of both essential
oils (EOs) on cell viability (after long-term treatment) and antioxidative potential, as well as the
reduction of nitric oxide levels. Antimigratory effects were revealed, suggesting that these EOs
could possess significant antimetastatic properties and stop tumor progression and growth. The
antimicrobial activities of both EOs were determined using the disc diffusion method and minimal
inhibition concentration, while antibiofilm activity was evaluated by means of mass spectrometry.
The best antimicrobial effects of T. mastichina EO were found against the yeast Candida glabrata and
the G+ bacterium Listeria monocytogenes using the disc diffusion and minimal inhibitory concentration
methods. E. cardamomum EO was found to be most effective against Pseudomas fluorescens biofilm
using both methods. Similarly, better effects of this oil were observed on G− compared to G+ bacterial
strains. Our study confirms that T. mastichina and E. cardamomum EOs act to change the protein
structure of older P. fluorescens biofilms. The results underline the potential use of these EOs in
manufactured products, such as foodstuffs, cosmetics, and pharmaceuticals.

Keywords: essential oil; T. mastichina; E. cardamomum; MDA-MB-468 cell line; antimicrobial effect;
antibiofilm activity

1. Introduction

Healthier lifestyles and a healthier environment are new goals of modern civilization.
One of the many issues influencing human health is the consumption of less natural
and more processed food products. In order to increase the quality, safety, and shelf
life of food, industrial processes include the addition of preservatives [1]. The use of
synthetic preservatives for this purpose is extensive, but their impact on human life is
under discussion [2]. One way of dealing with this issue is the replacement of synthetic
preservatives with more effective, low-cost ones obtained from natural sources.

Antibiotics represent one of the most important therapies in dealing with infectious
diseases. However, extensive use of antibiotics in community settings, hospitals, and
agriculture has led to antibiotic resistance. This growing problem has caused a resurgence
in the screening of natural products for medicinal uses [3].

Breast cancer is the second leading cancer-related disease among women. Even though
there has been much clinical research, this disease is still the most common cause of cancer
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death in women worldwide. It has been reported that factors influencing the occurrence
of this type of cancer are closely related to estrogens [4,5]. Available treatments such as
radiotherapy or chemotherapy cause damage to healthy cells as well as to cancer cells and
can increase resistance. This can lead to failure of treatment, so the urgent need to discover
alternative ways of treating this disease is currently a focus of investigation. Herbal medicine
represents one of many ways of dealing with these limitations. It is well known that plants
are rich in bioactive compounds that could serve as bases for chemotherapeutic development.

Plants are known to produce wide ranges of secondary metabolites to ensure the
survival of their species. One group of plant metabolic products are volatile or essential
oils. Essential oils (EOs) have shown increasing potential in the pharmaceutical, food, and
cosmetic industries, as they are widely recognized as safe (by the US FDA (Food and Drug
Administration) and the EPA (Environmental Protection Agency)) and are already in use
in these industries [6–8]. Moreover, many studies have characterized EOs as therapeutics
(antioxidant, antimicrobial, anti-allergic, antiviral, enzyme inhibitory, insecticidal, anti-
tumor, and pro-apoptotic) depending on their chemical compositions, but further studies
are still needed to update the current knowledge base.

Commonly known as Spanish marjoram, Thymus mastichina L. is an endemic species
that belongs to the Lamiaceae family and usually inhabits the Iberian Peninsula. It is
characterized by leaves arranged in opposite pairs and small zygomorphic and bilabiate
flowers [9,10]. Traditionally, due to its strong scent of eucalyptus, this plant has been used
for treating respiratory, digestive, and rheumatic disorders [11,12]. EOs of this aromatic
plant consist of a complex mixture of volatile terpenes and are widely used in the perfume
and cosmetics industries [13]. It is well known that the chemical composition of an EO
depends on various factors including the plant species, culture, and environmental condi-
tions [9]. Literature data show that the most abundant EO components of this species are
1,8 cineole and linalool, followed by α-pinene, β-pinene, and α-terpineol [10,14]. Previous
studies have indicated antibacterial, antifungal, anti-inflammatory, antioxidant, anticancer,
antiviral, insecticidal, insect-repellent, and anti-enzymatic (anti-Alzheimer’s, α-amylase,
and α-glucosidase) effects of EOs obtained from the aerial parts of this plant, indicating
their potential use in the food and pharmaceutical industries [10,13–15].

Green or true cardamom (Elletaria cardamomum L. Maton), belonging to the Zingib-
eraceae family, is a plant native to India and Sri Lanka but also cultivated in Guatemala,
Nepal, Indonesia, Costa Rica, Mexico, and Tanzania [16–19]. Plants of this species can grow
up to 8-foot-high shrubs with thick, fleshy, lateral roots [20]. Traditionally, it is known as the
“Queen of Spices”, since its dried fruit is highly priced as a spice around the world, and in
India it is considered the second essential “national spice” [21,22]. Due to its characteristic
aroma, this plant is widely used in the food and cosmetics industries as a flavoring and
fragrance agent. Moreover, from the pharmaceutical point of view, it is used to treat various
disorders, such as gum infections, asthma, bronchitis, nausea, and cataracts, as well as
cardiac, digestive, and kidney diseases [16–21]. The biological effects of cardamom are in
close relationship with their volatile composition. Cardamom EOs are rich in volatiles that
have therapeutic benefits, such as ester α-terpinyl acetate, and monoterpenes 1,8-cineole,
limonene, linalool, terpinolene, myrcene, and α-pinene, which are responsible for these EOs’
effectiveness in curing different ailments [16–18]. Literature data show that EOs obtained
from this plant show various biological effects such as antioxidant, antihypertensive, an-
tidiabetic, gastroprotective, laxative, antispasmodic, antibacterial, anti-platelet-aggregation,
and anticancer activities [16–19,23].

Therefore, herein, the chemical composition; effects on cell viability, redox homeostasis,
and migratory capacity of the breast cancer MDA-MB-468 cell line; and antibacterial, and
antibiofilm activity of Thymus mastichina and Elletaria cardamomum EOs are investigated,
clarified, and discussed compared to results from other previously conducted studies.



Plants 2022, 11, 3213 3 of 26

2. Results
2.1. Volatile Composition of T. mastichina Essential Oil

The volatile composition of the analyzed T. mastichina EO was determined using GC
and GC/MS analysis. The obtained results are presented in Table 1, while Table 2 shows the
percentage amounts of each class of identified components. Corresponding chromatograms
are presented in Figures S1–S4. In total, 71 volatiles were identified, representing 99.5%
of the total. Oxygenated monoterpenes (in the amount of 80.2%) were the dominant
components, out of which monoterpene epoxide (47.1%) and monoterpene alcohols (27.8%)
were found in the highest amounts. The major constituent of T. mastichina essential oil
was a monoterpene epoxide (1,8 cineole) at 47.1%, followed by the monoterpene alcohols
linalool (19.4%) and α-terpineol (4.6%). Monoterpene hydrocarbons were identified as the
second major class of compounds, with α-pinene (3.7%), sabinene (2.1%), and limonene
(2.1%) identified as components in high amounts. Other identified classes of compounds
were found in amounts less than 1.8%.

Table 1. Volatile composition of essential oil of T. mastichina.

No Compound b %
AI a KI a

(lit.) (calc.) (lit.) (calc.)

1 tricyclene tr c 912 922 926 925
2 α-thujene 0.1 924 924 930 928
3 α-pinene 3.7 932 932 939 937
4 camphene 0.6 946 949 954 953
5 verbenene tr 961 952 967 957
6 sabinene 2.1 969 971 975 975
7 β-pinene 4 974 976 979 980
8 3-octanone tr 979 983 983 986
9 β-myrcene 1.5 988 987 990 990
10 dehydro-1,8-cineole tr 988 990 991 991
11 3-octanol tr 988 998 991 997
12 δ-2-carene tr 1001 1000 1002 999
13 α-phellandrene 0.1 1002 1007 1002 1007
14 δ-3-carene tr 1008 1009 1011 1009
15 α-terpinene 0.2 1014 1016 1017 1019
16 p-cymene 0.8 1020 1024 1024 1027
17 limonene 2.1 1024 1028 1029 1031
18 1,8-cineole 47.1 1026 1037 1031 1038
19 (E)-β-ocimene 0.7 1044 1044 1050 1049
20 γ-terpinene 0.4 1054 1056 1059 1060
21 cis-linalool oxide 0.3 1067 1069 1072 1072
22 α-terpinolene 0.1 1086 1084 1088 1085
23 trans-linalool oxide 0.2 1084 1086 1086 1087
24 p-cymenene tr 1089 1089 1091 1090
25 linalool 19.4 1095 1104 1096 1104
26 hotrienol 0.2 e 1105 1109 d 1106
27 cis-p-menth-2-en-1-ol tr 1118 1124 1137 1141
28 nopinone tr 1135 1138 1140 1142
29 trans-pinocarveol 0.1 1135 1140 1139 1145
30 camphor 0.7 1141 1147 1146 1151
31 pinocarvone tr 1160 1162 1164 1166
32 δ-terpineol 1.2 1162 1170 1169 1174
33 borneol 0.7 1165 1172 1169 1175
34 4-terpineol 1.2 1174 1180 1177 1182
35 p-cymen-8-ol tr 1179 1187 1182 1188
36 α-terpineol 4.6 1186 1196 1188 1196
37 verbenone tr 1204 1207 1205 1205
38 trans-carveol tr 1215 1218 1216 1219
39 nerol tr 1227 1223 1229 1225
40 citronellol tr 1223 1225 1225 1229
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Table 1. Cont.

No Compound b %
AI a KI a

(lit.) (calc.) (lit.) (calc.)

41 isobornyl formate 0.1 1235 1227 1239 1229
42 carvone tr 1239 1242 1243 1245
43 linalool acetate 1.8 1254 1249 1257 1253
44 geranial tr 1264 1266 1267 1270
45 bornyl acetate 0.3 1284 1283 1285 1284
46 thymol 0.1 1289 1289 1290 1290
47 δ-terpinyl acetate 0.3 1316 1311 1317 1313
48 α-terpinyl acetate 1.8 1346 1345 1349 1348
49 neryl acetate 0.1 1359 1357 1361 1360
50 α-ylangene (α-copaene) tr 1373 1373 1375 1376
51 geranyl acetate 0.2 1379 1377 1381 1379
52 β-bourbonene tr 1387 1381 1388 1383
53 β-elemene tr 1389 1387 1390 1389
54 α-gurjunene tr 1409 1404 1409 1405
55 trans-caryophyllene 1.1 1417 1417 1419 1419
56 α-trans-bergamotene tr 1432 1430 1434 1433
57 aromadendrene 0.1 1439 1435 1441 1439
58 α-humulene tr 1452 1452 1454 1456
59 germacrene D 0.1 1480 1478 1481 1481
60 viridiflorene 0.1 1496 1489 1496 1492
61 bicyclogermacrene 0.2 1500 1492 1500 1494
62 α-muurolene tr 1500 1495 1500 1497
63 δ-amorphene 0.1 1511 1509 1512 1512
64 γ-cadinene 0.1 1513 1515 1513 1518
65 α-cadinene tr 1537 1533 1538 1537
66 elemol 0.2 1548 1545 1549 1549
67 spathulenol 0.1 1577 1573 1578 1577
68 caryophyllene oxide 0.1 1581 1578 1582 1583
69 veridiflorol 0.2 1592 1590 1592 1594
70 γ-eudesmol 0.1 1630 1628 1632 1628
71 α-eudesmol 0.2 1651 1651 1653 1648

total 99.5
a Values of retention indices on HP-5MS column; b identified compounds; c tr—compounds identified in amounts
less than 0.1%; d literature value; e not found in literature data.

Table 2. The total amounts of volatiles, presented in percentages for each class of compounds.

Class of Compounds %

monoterpenes 96.6
monoterpene hydrocarbons 16.4
oxygenated monoterpenes 80.2
monoterpene epoxide 47.1
monoterpene alcohols 27.8
monoterpene ketones 0.7
monoterpene esters 4.6
sesquiterpenes 2.7
sesquiterpene hydrocarbons 1.8
oxygenated sesquiterpenes 0.9
sesquiterpene alcohols 0.8
sesquiterpene epoxides 0.1
nonterpenic compounds 0.2
ketones tr
alcohols 0.2

total 99.5
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2.2. Volatile Composition of E. cardamomum Essential Oil

The chemical composition of E. cardamomum essential oil, determined via GC and
GC/MS analysis, is shown in Table 3, while percentage amounts of each class of identified
compounds are presented in Table 4. The obtained chromatograms are shown in Figures
S5–S8. Forty-six components in total were identified, which represented 99.5% of the
total. The main constituents of the analyzed sample belonged to the class of oxygenated
monoterpenes (84.0%) with the monoterpene ester α-terpinyl acetate (37.3%) and the
monoterpene epoxide 1,8 cineole (28.6%) as the dominant compounds. Other oxygenated
monoterpenes identified in high amounts were linalool acetate (7.9%), linalool (4.5%),
and α-terpineol (2.4%). The second major class of identified compounds was monoter-
pene hydrocarbons at the amount of 13.5%, with sabinene (5.1%), limonene (2.3%), and
β-myrcene (2.1%) as the dominant ones. Other identified classes of compounds belonging
to the sesquiterpenes and nonterpenic compounds were found in amounts less than 1.3%.

Table 3. Volatile composition of essential oil of E. cardamomum.

No Compound b %
AI a KI a

(lit.) (calc.) (lit.) (calc.)

1 α-thujene 0.3 924 923 930 926
2 α-pinene 1.9 932 931 939 933
3 α-fenchene tr c 945 946 952 947
4 camphene tr 946 948 954 949
5 sabinene 5.1 969 971 975 973
6 β-pinene 0.5 974 977 979 977
7 6-methyl-5-hepten-2-one tr 981 981 985 985
8 β-myrcene 2.1 988 987 990 990
9 octanal tr 998 1003 998 1004
10 α-phellandrene tr 1002 1006 1002 1007
11 α-terpinene 0.1 1014 1016 1017 1020
12 p-cymene 0.3 1020 1023 1024 1029
13 Limonene 2.3 1024 1028 1029 1034
14 1,8-cineole 28.6 1026 1034 1031 1041
15 (E)-β-ocimene tr 1044 1043 1050 1052
16 γ-terpinene 0.8 1054 1056 1059 1063
17 cis-sabinene hydrate 0.7 1065 1069 1070 1074
18 α-terpinolene 0.1 1086 1084 1088 1087
19 linalool 4.5 1095 1100 1096 1101

20 (E)-4,8-dimethyl-1,3,7-
nonatriene tr e 1112 1110 d 1114

21 cis-p-menth-2-en-1-ol tr 1118 1123 1121 1127
22 cis-limonene oxide tr 1132 1131 1136 1135
23 trans-limonene oxide tr 1137 1135 1142 1140
24 δ-terpineol tr 1162 1169 1166 1173
25 borneol tr 1165 1171 1169 1174
26 4-terpineol 1.1 1174 1180 1177 1182
27 p-cymen-8-ol tr 1179 1186 1182 1188
28 α-terpineol 2.4 1186 1195 1188 1196
29 decanal tr 1201 1206 1201 1207
30 octanol acetate 0.1 1211 1209 1213 1211
31 neral 0.2 1235 1237 1238 1240
32 linalool acetate 7.9 1254 1250 1257 1254
33 geranial 0.3 1267 1266 1264 1270
34 bornyl acetate tr 1284 1283 1285 1285
35 δ-terpinyl acetate tr 1316 1313 1317 1313
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Table 3. Cont.

No Compound b %
AI a KI a

(lit.) (calc.) (lit.) (calc.)

36 methyl geranate 0.1 1322 1320 1324 1322
37 α-terpinyl acetate 37.3 1346 1352 1349 1355
38 α-ylangene tr 1373 1368 1375 1372
39 geranyl acetate 0.9 1379 1377 1381 1379
40 β-elemene tr 1389 1387 1390 1390
41 aromadendrene tr 1439 1446 1441 1451
42 germacrene D tr 1480 1478 1481 1482
43 β-selinene 0.3 1489 1486 1490 1490
44 α-selinene 0.1 1498 1492 1498 1496
45 γ-cadinene 0.2 1513 1510 1513 1514
46 (E)-nerolidol 1.3 1561 1559 1563 1562

Total 99.5
a Values of retention indices on HP-5MS column; b identified compounds; c tr—compounds identified in amounts
less than 0.1%; d literature value; e not found in literature data.

Table 4. The total amounts of volatiles, presented in percentages for each class of compounds.

Class of Compounds %

monoterpenes 97.5
monoterpene hydrocarbons 13.5
oxygenated monoterpenes 84.0
monoterpene epoxide 28.6
monoterpene alcohols 9.0
monoterpene aldehydes 0.2
monoterpene esters 46.2
sesquiterpenes 1.9
sesquiterpene hydrocarbons 0.6
oxygenated sesquiterpenes 1.3
sesquiterpene alcohols 1.3
nonterpenic compounds 0.1
ketones tr
aldehydes tr
esters 0.1

total 99.5

2.3. Cell Viability Assays

The next step of this research was to evaluate the effects of the tested EOs on the cell
viability of a human breast cancer cell line (MBA-MB-468). During the experiment, cells
were treated with six different concentrations (1, 10, 20, 50, 100, and 200 µg/mL) of both
tested EOs over short-term (24 h) and long-term (72 h) treatments. The results of the cell
viability of MDA-MB-468 cells after 24 and 72 h of exposure to the investigated treatments
are presented in Figure 1.

The obtained results showed that all applied treatments of T. mastichina EO caused
a statistically significant increase in cell viability after 24 h. That effect was pronounced
for applied concentrations of 1, 10, and 20 µg/mL. In contrast, applied concentrations of
100 and 200 µg/mL reduced cell viability compared to the control values, but they were
not statistically significant. After 72 h of treatment, the viability of cells exposed to all
six concentrations of both EOs was decreased compared to control cells, but statistically
significant decreases were detected only for E. cardamomum essential oil. In addition, cell
viability after 72 h of exposure to the examined treatments was further decreased compared
to both 24 h and control, indicating time dependence.
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The effects of short-term and long-term exposure of MDA-MB-468 cells to different con-
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production of total glutathione levels in the breast cancer cells. The level of total GSH
after short-term (24 h) exposure of MDA-MB-468 cells to all applied concentrations of
EOs was significantly increased compared to control cells. The increase in total GSH level
was dose-dependent. The lowest production of GSH was measured in cells treated with
1 µg/mL. After a 72 h incubation period, the same trend in the level of GSH was observed.
The decrease in GSH concentration was also proportional to the applied dose of treatment.

2.5. Transwell Assay for Cell Migration

To examine the effects of two EO treatments at two concentrations on the migration
capacity of MDA-MB-468 cells over long-term treatment, a 2D transwell migration assay
was performed. The results indicated a significant dose-dependent decrease in the cell
migration index of the cells exposed to both EOs compared to the nontreated cells, as
presented in Figure 4. Long-term exposure (72 h) to 10 µg/mL of T. mastichina produced
the strongest decrease in migration capacity of 33% compared to the control.
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2.6. Antimicrobial Testing

The antimicrobial activity of T. mastichina EO was evaluated using the disc diffusion
method (Table 5) and minimal inhibition concentration (Table 6). In this study, we tested
seven bacterial and three yeast strains. Using the disc diffusion method, this EO showed the
best antimicrobial activity against yeast C. glabrata (9.33 ± 1.15 mm) and G+ L. monocytogenes
(9.00 ± 1.00 mm), while the most resistant was G− E. coli (5.33 ± 0.58 mm). Overall, the
presented results showed weak antimicrobial activity of T. mastichina EO. The minimal
inhibition concentration (MIC) values ranged from MIC 50 0.86 and MIC 90 2.11 µL/mL
to MIC 50 12.35 and MIC 90 15.46 µL/mL. The best antimicrobial effect of T. mastichina
EO was found against G− H. influenzae and Y. enterocolitica, as well as against the yeast
C. glabrata (MIC 50 0.86 and MIC 90 2.11 µL/mL). However, G+ S. pneumoniae, S. aureus,
and yeast C. albicans were the most resistant to treatment with this EO (MIC 50 12.35 and
MIC 90 15.46 µL/mL for all).

Table 5. Disc diffusion method.

Microorganism Zone of
Inhibition (mm)

Activity
of EO

Zone of
Inhibition (mm)

Activity
of EO

T. mastichina EO E. cardamomum EO

Escherichia coli CCM 3954 5.33 ± 0.58 a,b * 1.33 ± 0.58 b,a -
Haemophilus influenzae CCM 4454 8.00 ± 1.00 a,b * 10.33 ± 0.58 b,a **
Streptococcus pneumoniae CCM 4501 6.33 ± 0.58 a,b * 1.00 ± 0.00 b,a -
Listeria monocytogenes CCM 4699 9.00 ± 1.00 a,b * 1.00 ± 0.00 b,a -
Staphylococcus aureus CCM 2461 6.33 ± 1.53 a,b * 1.67 ± 0.58 b,a -
Yersinia enterocolitica CCM 7204 5.67 ± 0.58 a,b * 10.00 ± 0.00 b,a *
Pseudomonas fluorescens-biofilm 5.67 ± 0.58 a,b * 13.33 ± 1.15 b,a **
Candida glabrata CCM 8270 9.33 ± 1.15 a,b * 11.33 ± 1.53 b,a **
Candida tropicalis CCM 8264 8.33 ± 1.53 a,b * 11.00 ± 1.00 b,a **
Candida albicans CCM 8261 6.33 ± 0.58 a,b * 8.00 ± 1.00 b,a *

Letters (a,b) in lower case indicate a statistical difference p ≤ 0.05 between the essential oils within a single
microorganism. * Weak antimicrobial activity, ** moderate inhibitory activity.
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Table 6. Minimal inhibition concentration.

Microorganism MIC 50
(µL/mL)

MIC 90
(µL/mL)

MIC 50
(µL/mL)

MIC 90
(µL/mL)

T. mastichina EO E. cardamomum EO

Escherichia coli CCM 3954 3.56 5.75 49.86 56.21
Haemophilus influenzae CCM 4454 0.86 2.11 1.65 3.48
Streptococcus pneumoniae CCM 4501 12.35 15.46 49.86 56.21
Listeria monocytogenes CCM 4699 1.65 3.48 49.86 56.21
Staphylococcus aureus CCM 2461 12.35 15.46 49.86 56.21
Yersinia enterocolitica CCM 7204 0.86 2.11 1.65 3.48
Pseudomonas fluorescens-biofilm 6.36 9.54 0.86 2.11
Candida glabrata CCM 8270 0.86 2.11 0.86 2.11
Candida tropicalis CCM 8264 6.36 9.54 1.65 3.48
Candida albicans CCM 8261 12.35 15.46 12.35 15.46

Table 6 shows the antimicrobial activity of E. cardamomum EO against ten microorgan-
isms (seven bacterial and three yeast strains).

Compared to T. mastichina EO, the disc diffusion method (Table 5) showed moderate
antimicrobial activity of EO obtained from E. cardamomum against five microbial strains
(G− H. influenzae, P. fluorescens, and yeasts C. glabrata, and C. tropicalis). Antimicrobial
activity ranged from 1.00 ± 0.00 to 13.33 ± 1.15 mm, and the most sensitive to treatment
with E. cardamomum EO was P. fluorescens biofilm. Moreover, results obtained using min-
imal inhibition concentration (Table 6) confirmed that P. fluorescens was susceptible to
E. cardamomum EO (MIC 50 0.86, MIC 90 2.11 µL/mL), but also showed a sensitivity of
yeast C. glabrata to this EO. On the other hand, G− E. coli and G+ S. pneumoniae, L. monocyto-
genas, and S. aureus strains showed resistance to treatment with this EO (MIC 50 49.86 and
MIC 90 56.21 µL/mL for all).

2.7. Antibiofilm Testing

The effects of T. mastichina and E. cardamomum EOs against biofilm-producing
P. fluorescens were evaluated using mass spectrometry over 14 days. This experiment
was performed using a MALDI-TOF MS Biotyper in order to analyze the protein spectra of
P. fluorescens so that changes in the molecular structure of the bacteria following growth
inhibition could be observed. The spectra of biofilms and planktonic cells in the control
group developed identically and, therefore, the spectra of planktonic cells were used for
greater clarity compared to the control spectrum. Experimental treatments consisted of
two different surfaces (stainless steel and plastic) treated with both EOs. To make results
clearer, control planktonic cells were used to compare the molecular changes of the biofilm.

2.7.1. The Effect of T. mastichina EO on P. fluorescens Biofilms

Results of the effects of T. mastichina EO on the developmental stages of P. fluorescens
biofilm over 14 days are presented in Figure 5. During days 3 to 9 of the experiment, only
slightly lower peak intensity in experimental groups was observed, indicating similarity in
the bacterial biofilms of the experimental and control groups (Figure 5A–D). Significant
changes in the mass spectra of biofilms on stainless steel and plastic were observed on days
12 and 14 compared to the control sample (Figure 5E,F). No differences in the evolution
of the protein profile between the plastic surface and the stainless steel were observed. This
finding confirms that T. mastichina EO acted to change the protein structure of older biofilms.
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conditions. The first spectral changes were noticed on the 7th day of cultivation in the 
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day, (C) 7th day, (D) 9th day, (E) 12th day, and (F) 14th day.

A dendrogram constructed according to the mass spectra also confirmed the similarity
of the experimental groups of biofilms with the planktonic cells until the 9th day of the
experiment. The short MSP distance observed in the dendrogram confirms this conclusion.
On the 12th and 14th days of the experiment, there was an increase in the MSP distance
of the experimental groups compared to the control groups, indicating that the EO of T.
mastichina affected the disruption of biofilm homeostasis or contributed to its degradation
(Figure 6).
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2.7.2. The Effect of E. cardamomum EO on P. fluorescens Biofilms

Figure 7 shows the spectra of the developmental stages of P. fluorescens biofilm through-
out the experiment. The mass spectra of young biofilms obtained on the 3rd and 5th days
(Figure 7A,B) of cultivation also showed very similar spectra between the control and
experimental groups. These results indicate the same protein production in the early
conditions. The first spectral changes were noticed on the 7th day of cultivation in the
experimental group of P. fluorescens biofilm on the stainless steel surface (Figure 7C). Based
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on the recorded evolution of the spectra, on the 7th day, no significant changes in the
protein profile were observed for the experimental group on the plastic surface compared
to the control spectra. On day 9, the effect of E. cardamomum EO was noted in both exper-
imental groups (Figure 7D). The trend of increasing effect in both experimental groups
was maintained until the end of the experiment (Figure 7E,F). Changes were visible in the
protein profiles of the E. cardamomum EO-treated biofilms, which led to the conclusion that
this treatment affected the homeostasis of bacterial biofilms formed on stainless steel and
plastic surfaces.
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Figure 7. MALDI-TOF mass spectra of P. fluorescens during the development of biofilm: (A) 3rd day,
(B) 5th day, (C) 7th day, (D) 9th day, (E) 12th day, and (F) 14th day.

A dendrogram was constructed as a visualization of the mass spectra to determine
some similarities in biofilm structure concerning MSP distance. It can be concluded from
the constructed dendrogram (Figure 8) that the planktonic stage (P), together with the
control groups and young biofilms, had the shortest distance during days 3 and 5 (PFS
3, PFP 3, PFS 5 PFP 5). The similarities in the protein profiles of the control groups were
confirmed by short MSP distances. Young biofilms and control planktonic cells also had
short MSP distances that matched the mass spectra. The MSP distances of the experimental
groups gradually increased over time. Mass spectra analyzed on days 12 and 14 of the
experiment had the longest MSP distances, which indicated changes in the molecular
profiles of P. fluorescens bacteria.
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3. Discussion

There are many reports in the literature of studies involving EOs obtained from
T. mastichina and E. cardamomum. Previously reported studies of the chemical composition
of T. mastichina indicate different chemotypes, defined by main compounds present in high
amounts: 1,8-cineole, linalool, and 1,8-cineole/linalool [13]. Considering this, our results
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reveal that the T. mastichina EO investigated in this study was of the 1,8-cineole chemotype.
Studies on E. cardamomum mainly suggest α-terpinyl acetate and 1,8-cineole as major
constituents of this EO, which is in accordance with our results [16,24,25]. Additionally,
some reports indicate that these two components are responsible for the fragrance of this
EO [26]. Previously published studies on EOs of E. cardamomum have reported between
11 and 67 compounds identified in total. Slight differences have been noted throughout
the literature regarding other compounds present in high amounts. In some studies,
4-terpinen-4-ol and sabinene were detected; in others, linalool, dihydrocarveol, geraniol,
Z-caryophyllene, E-nerolidol, eugenol, and terpinen-4-ol, or sabinene, 4-terpinen-4-ol, and
myrcene; in still others, linalool acetate, sabinene, and linalool, in line with our present
findings [19,24,27,28]. Reported differences in the chemical profiles of both plant species
could affect the observed biological activities of their essential oils, and are observed as a
result of different environmental factors influencing plant development as well as the part
of the plant used to obtain the EOs.

Medicinal, aromatic plants have been used for centuries for their beneficial properties.
Due to their high contents of bioactive secondary metabolites, they have been especially
used to treat a variety of human diseases [29]. The current concentrations of conventional
chemotherapeutic drugs used in therapies could potentially be reduced if combined with
specific doses of EOs, which could also decrease chemotherapy-associated toxicity. How-
ever, there is still a lack of preclinical studies of EOs as effective anticancer agents and
protective components, requiring further extensive safety and toxicity studies of EOs prior
to their applications in clinical trials [30]. EOs have been shown to possess a wide range
of anticancer properties and mechanisms of action. Breast cancer is the most common
cancer in women globally, with an increasing incidence and persistently high level of
mortality [31–33]. In attempts to solve this problem, EOs are being considered promising
agents for novel anticancer therapies to overcome the side effects and the high cost of
chemotherapy approaches in dealing with breast cancer [34]. Considering the number
of bioactive components present in EOs, as well as their synergistic actions, it is of high
importance to perform further studies regarding content evaluation and the contributions
of individual EO components to the overall biological effects of these mixtures. Selective
specificity of action against cancer cells is highly required due to a lack of conventional
chemotherapeutic strategies [30].

It has been suggested that the preventive effect of EOs against cancer disorders could
be related to the promotion of cell cycle arrest, stimulating cell apoptosis and DNA repair
mechanisms while inhibiting cancer cell proliferation, metastasis formation, and multidrug
resistance. All the above-mentioned factors make EOs potential candidates for supporting
anticancer therapeutic agents [35].

Reactive oxygen species produced via various metabolic pathways in the tissues
damage the cells by binding to cell components such as carbohydrates, proteins, and
DNA. The antioxidant activity of T. mastichina has also been widely explored through
different assays, representing an interesting alternative to synthetic antioxidants. In some
studies, these effects were related to the sample’s composition and tests were conducted
to understand whether some compounds were primarily responsible for the observed
activity [14].

Results obtained after 24 h and 72 h of incubation with various concentrations of both
essential oils generally indicated a slight proliferative effect compared to the nontreated
cells after 24 h of incubation with T. mastichina EO, but dose-dependent inhibition of cell
viability was detected after 72 h treatment with both EOs, indicating considerable antitumor
outcomes. The observed antiviability outcomes could be due to the reduced proliferative
potential of the tested cells and to the proapoptotic effects of the main constituents of the
EOs. Certain studies have also reported the antiproliferative activity of T. mastichina EO
against human breast carcinoma cell lines, which could be related to 1,8-cineole content [13,36].
However, in the case of complex mixtures, it is more likely that a synergy between various
components is responsible for the expressed effects.
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Reactive oxygen species (ROS) appear to be involved in the regulation of various phys-
iological pathways, including signal transduction and differentiation. Recently, emerging
evidence has suggested the involvement of ROS and the aberrant activation of redox-
sensitive signaling pathways in tumor invasion and migration. In our study, significant
dose-dependent and time-dependent antioxidative effects were shown in cells treated both
EOs compared to the control cells. Some antioxidants may enhance the effects of cytotoxic
regimes, improving the response rate of tumors to chemotherapeutic agents, while some
others can ameliorate their antitumor activity [37]. Disturbance of oxidative homeostasis is
one of the major features of cancer cells in general, so our data indicate that the exerted
antioxidant impact could be crucial in the breast cancer cell survival and viability detected
in the study.

Nitric oxide (NO) has been suggested to possess both antitumor and protumor proper-
ties, depending on tissue type and timing [38]. MDA-MB-468 cells treated with T. mastichina
EO showed a significant decrease in the production of nitrite, the main indicator of NO
concentration, compared to the control after both treatment times. However, E. cardamomum
EO only induced a significant drop of NO level after long-term treatment. Changes in the
production of NO could affect various signaling pathways that involve nitric oxide, leading
to potential antitumor outcomes. The recorded NO decrease could be due to transcriptional
and post-translational regulation of iNOS enzyme activity, consequently affecting various
protumor signal pathways, but could also inhibit angiogenesis and blood supply in the
tumor tissue, thus attenuating tumor growth.

The tested EOs’ actions on migration capacity in breast cancer cells were assessed by
2D transwell migration assay. The results indicated a significant dose-dependent decrease
in the cell migration index of MDA-MB-468 cells exposed to both EOs compared to the
nontreated cells. The inhibitory effects on NO production detected in the study could be
one of the mechanisms of antimigratory potential of the tested EOs, since numerous studies
indicate that the reduction of nitric oxide levels can inhibit cell migration [39,40].

Previously published studies of the antimicrobial activity of T. mastichina EO indicate that
a higher concentration of linalool is responsible for better antimicrobial properties [10,13]. Since
the EO tested in the present study was from the 1,8-cineole chemotype, lower amounts of
linalool could have contributed to weak antimicrobial effects. The observed effect could
also be a product of antagonistic and synergistic effects of the various other constituents
present in this EO. However, studies conducted by Faleiro et al. showed moderate an-
timicrobial activity of Algarve T. mastichina EOs from the 1,8-cineole chemotype measured
by the agar disc diffusion method. In this study, Algarve T. mastichina EOs showed the
best activity against G+ S. aureus, showing zone of inhibition diameters of 13.7 mm and
15.7 mm for the flower and leaf essential oils [41]. Using the same method, Ballester-Costa
et al. investigated the antimicrobial activity of T. mastichina EO of the same chemotype
against several bacterial strains. They confirmed that this EO had inhibitory activity against
eight bacterial strains, but the highest activity was observed against G+ L. innocua and G−

A. faecalis [42]. In the same study, the authors observed better activity of this EO when
using a microdilution assay, i.e., the less sensitive bacteria strains in the agar disc diffusion
method showed higher susceptibility in the microdilution assay [42]. Cutillas et al. investi-
gated the antimicrobial activities of four different T. mastichina EOs using a microdilution
assay. Their results also suggested weak inhibition of growth of E. coli, S. aureus, and C.
albicans by both chemotypes (linalool and 1,8-cineole), with MIC values from 2.3 mg/mL to
9.4 mg/mL [10].

Literature reports indicate that E. cardamomum EO varieties exhibit moderate-to-high
activity against selected bacteria and fungi using different antimicrobial bioassays. Tarfaoui
et al. investigated the antimicrobial activity of E. cardamomum EOs on several bacterial
(S. aureus, S. epidermidis, E. coli, K. pneumoniae, P. mirabilis, P. aeruginosa, and A. bauman-
nii) and yeast (C. tropicalis and C. albicans) strains [24]. Using a disc diffusion assay, the
best antimicrobial effects among the bacterial strains were observed against S. aureus and
S. epidermidis, with inhibition zones of 20 mm and 14 mm, respectively. The effects of this
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EO against both yeast strains were similar, showing a zone of inhibition of 13 mm for
C. albicans and 12 mm for C. tropicalis. The results obtained in this study using a microdilu-
tion assay only confirmed the findings of disc diffusion assay. The overall conclusion was
that G+ bacteria are more sensitive to treatment compared to G− bacterial strains [24]. The
same conclusion was drawn in the more recent study performed by Al-Zereini et al. [43].
The authors noticed the better antimicrobial activity of E. cardamomum EOs against G+

B. subtilis compared to G− E. coli and E. aerogenes, which were not inhibited up to the
maximum applied concentration in agar diffusion and microbroth dilution assays.

The antibacterial activities of T. mastichina and E. cardamomum EOs were expressed in
terms of zones of inhibition in mm and minimal inhibition concentrations in µL/mL. The
results obtained in this study using the disc diffusion method showed a weak antimicrobial
effect of the EO from T. mastichina against all tested microorganisms. However, the EO from
E. cardomomum showed moderate antimicrobial activity against four microorganisms and a
weak effect against six microorganisms. The EO obtained from T. mastichina was the most
effective against C. glabrata, while E. cardamomum showed the best effect against the biofilm-
producing bacterium P. fluorescens. Additionally, the results obtained in this study, unlike
previous findings, showed that the E. cardamomum EO displayed better effects against G−

bacterial strains compared to G+ ones. However, in line with previously published data,
G− E. coli was resistant to treatment with this EO.

The antibiofilm activities of EOs have been the focus of recent investigations [44–46].
It is known that bacterial biofilms can protect bacteria against antimicrobial pressures by
taking the form of a physical barrier. Biofilm formation makes bacteria highly resistant to
environmental stress compared to planktonic bacteria of the same species [47]. Similarly,
it is considered that the planktonic single-celled state is a transitional phase, while the
biofilm is in most cases the usual mode of bacterial growth. Various studies have reported
abnormalities in protein production associated with biofilm formation and degradation
after treatment with EOs [48]. Those abnormalities can be observed using MALDI-TOF
mass spectra by comparing untreated samples to treated ones, which was used in this study.
Herein, for the first time, we examined the effects of T. mastichina and E. cardamomum EOs
on biofilm-forming P. fluorescens bacteria on different surfaces. The results showed changes
in the biofilm protein profile of the P. fluorescens after treatment with these two EOs. It
can be concluded that T. mastichina and E. cardamomum EOs affected the homeostasis of
bacterial biofilms formed on stainless steel and plastic surfaces. Previous studies revealed
that treatment with T. mastichina EO prevented the formation of biofilms by P. aeruginosa
and S. aureus [49]. Additionally, E. cardamomum EO showed high antibiofilm potential
against biofilms formed by E. coli and B. subtilis [25]. In another study, this EO inhibited
biofilm formation inhibition by E. coli and S. typhimurium [50]. Even though many studies
have shown an inhibitory activity of EOs on the formation of biofilms, the mechanism
behind their antibiofilm activity is generally not understood well to date. The current
predictions suggest that the inhibition of some enzymes that are involved in the formation
of biofilm could be responsible for EOs’ activity [25].

4. Materials and Methods
4.1. Essential Oils

Thymus mastichina and Elettaria cardamomum EOs were purchased from Hanus, s.r.o.
(Nitra, Slovakia) and were prepared by steam distillation of dried flowering stalks. They
were stored in the dark at 4 ◦C throughout the analysis.

4.2. Gas Chromatography–Mass Spectrometry and Gas Chromatography Analyses of T. mastichina
and E. cardamomum

Identification of volatile constituents in EO samples was performed on an Agilent Tech-
nologies (Palo Alto, Santa Clara, CA, USA) 6890 N gas chromatograph. The chromatograph
was equipped with a quadrupole mass spectrometer 5975 B (Agilent Technologies, Santa
Clara, CA, USA), using an HP-5MS capillary column (30 m × 0.25 mm × 0.25 µm). The
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chromatograph was interfaced and operated by HP Enhanced ChemStation software (Agi-
lent Technologies). The injection volume of the EO sample diluted in hexane (10% solution)
was 1 µL. The carrier gas used was helium 5.0, with a flow rate of 1 mL/min. Split/splitless
injector temperature was set at 280 ◦C, MS source and MS quadruple temperature were set
at 230 ◦C and 150 ◦C, respectively, and the mass scan range was 35–550 amu at 70 eV. The
solvent delay time was 3.20 min for EO sample analysis. For n-alkanes (C7–C35), solvent
delay time was 2.30 min in order to obtain the retention index for n-heptane.

GC and GC-MS analysis of the T. mastichina sample for Kovats retention index calcula-
tions was done under the following chromatographic conditions: temperature program
of 50 ◦C to 90 ◦C (rate of increase 3 ◦C/min), held 2 min at 90 ◦C, 90 ◦C to 130 ◦C (rate of
increase 4 ◦C/min), and 130 ◦C to 290 ◦C (rate of increase 5 ◦C/min); the total run time
was 57 min, and split ratio was 40.8:1. For the purpose of experimental determination of
Van den Dool retention indices, some minor changes were made to the chromatographic
conditions. The temperature program was 60 ◦C to 260 ◦C with an increasing rate of
3 ◦C/min, the total run time was 67 min, and the split ratio was 20:1.

The chromatographic conditions for GC and GC-MS analysis of the E. cardamomum
sample for Kovats retention index calculations were as follows: temperature program of
50 ◦C to 70 ◦C (rate of increase 3 ◦C/min), held 3 min at 70 ◦C, 70 ◦C to 120 ◦C (rate of
increase 4 ◦C/min), and 120 ◦C to 290 ◦C (rate of increase 5 ◦C/min); total run time was
56 min and split ratio was 40.8:1. Analysis of Van den Dool retention indices included the
following chromatographic conditions: temperature program of 60 ◦C to 260 ◦C with a rate
of increase of 3 ◦C/min, total run time of 67 min and split ratio of 20:1.

The volatile components of the analyzed EOs were identified by comparison of their
retention indices (RI) as well as the reference spectra reported in the literature and the ones
stored in the MS library (Wiley7Nist) [51,52]. Semiquantification of the components was
performed via GC-FID using the same HP-5MS capillary column, taking into consideration
amounts higher than 0.1%.

4.3. Cell Culture and Treatment

The human breast cancer cell line MDA-MB-468 was obtained from the American Tis-
sue Culture Collection. The cells were cultivated in DMEM with 10% FBS and an antibiotic
mixture (100 IU/mL penicillin and 100 µg/mL streptomycin) to the confluence of 70 to
80%. The cells were placed in a 96-well microplate (10,000 cells per well) and propagated in
a humidified atmosphere with 5% CO2 at 37 ◦C. After 24 h of incubation, 100 µL measures
of medium containing different concentrations of EOs of T. mastichina and E. cardamomum
(1 µg/mL to 200 µg/mL) were added and the cells were incubated for 24 h and 72 h, after
which the measurements of cell viability, redox balance parameters, and migration capacity
were conducted. Nontreated cells were used as a control, and all treatment concentrations
were obtained by serial dilutions of stock solution. All concentrations were applied in
triplicate for all the methods.

4.4. Determination of Cell Viability (MTT Assay)

The viability of the cells was determined using an MTT assay [53]. The cells were
plated at a density of 100,000 cells/mL (100 µL/well) in 96-well plates with DMEM. After
an incubation period of 24 h at a temperature of 37 ◦C in a 5% CO2 atmosphere, six different
concentrations of EOs ranging from 1 to 200 µg/mL were added to the wells at 100 µL
volume per well. The untreated cells served as a control. Both treated and control cells
were incubated for 24 and 72 h, after which the cell viability was determined via MTT assay.
After a period of incubation, 20 µL of MTT (concentration of 5 mg/mL) was added to each
well. MTT is a yellow tetrazolium salt that is reduced to purple formazan in the presence
of mitochondrial dehydrogenase. During this reaction, which started after approximately
three hours, the formed crystals were dissolved in 20 µL of DMSO. The color formed in the
reaction was measured using an ELISA reader at a wavelength of 550 nm. The percentage of



Plants 2022, 11, 3213 21 of 26

viable cells was calculated as the ratio between the absorbance at each dose of the treatment
and the absorbance of the nontreated control multiplied by 100 to give a percentage.

4.5. Measurement of Superoxide Anion Radical (NBT Test)

The concentrations of superoxide anion radical (O2
•−) in the samples were determined

via the spectrophotometric method, which is based on the reduction of nitroblue tetrazolium
(NBT) to nitroblue-formazan in the presence of O2

•− [54]. The assay was performed by
adding 20 µL of 5 mg/mL NBT to each well, followed by cell incubation for 1 h at 37 ◦C in 5%
CO2. To quantify the formazan production, formazan was solubilized in 20 µL DMSO. The
absorbances were measured using an ELISA microplate reader at 550 nm. The concentrations
of O2

•− were expressed as nanomoles per milliliter (nmoL NBT/mL) in 105 cells/mL.

4.6. Measurement of NO Concentration (Griess Method)

The spectrophotometric determination of nitrites (NO2
−) as an indicator of the nitric

oxide (NO) level was performed using the Griess method [55]. The concentration of NO2
−

is directly proportional to the intensity of the purple color measured by an ELISA reader
at 550 nm. THe Griess reaction is based on the coupling of NO-generated diazonium
ion with N-(1-napthyl) ethylenediamine, wherein a chromophoric product is formed.
Equal volumes of 0.1% (1 mg/mL)N-1-napthylethylenediamine dihydrochloride and 1%
(10 mg/mL) sulfanilamide solution in 5% phosphoric acid were mixed to form the Griess
reagent immediately prior to application to the plate. Over 10 min of incubation (at
room temperature, protected from the light sources), a purple color developed. After
incubation, absorbances were measured and the nitrite concentrations were expressed in
µmoL NO2

−/mL in 105 cells/mL.

4.7. Total Glutathione Concentration

The determination of total glutathione was based on the oxidation of reduced glu-
tathione using the DTNB reagent to form a yellow TNB product [56]. The method was
performed on cells seeded in a microtiter plate (10,000 cells in 100 µL). After a period of
incubation with treatment, the supernatant was removed, 150 µL of 2.5% sulfosalicylic acid
was added, and the plate was sonicated. After sonication, 50 µL of supernatant was reacted
with 50 µL of the reaction mixture (1 mM DTNB, 1 mM NADPH, and 0.7 U glutathione
reductase in 100 mM phosphate buffer). After 5 min of incubation in the dark at room
temperature, absorbances were read using an ELISA reader, and the concentration of total
glutathione was expressed as µmoL/mL in 105 cells/mL.

4.8. Transwell Assay for Cell Migration

The cell migration capacity was determined by the ability of cells to pass through the
pores of polycarbonate membranes (pore size 8 µm; Greiner Bio-One, Gallen, Switzerland)
at the bottom of transwell chambers. The migration test was performed according to
the protocol described by Chen [56]. The cells were exposed to 1 µg/mL and 10 µg/mL
concentrations of both essential oils for 72 h. The control cells were cultured in DMEM only.
After the treatment exposures, all groups of treated cells were trypsinized and placed in the
upper chambers at a density of 100,000 cells/well in 500 µL of DMEM with 10% FBS. The
lower chambers of the control cells contained 750 µL of DMEM supplemented with 10% FBS,
whereas the lower chambers with treated cells were filled with 1 µg/mL and 10 µg/mL
concentration of both treatments. After 6 h of incubation at 37 ◦C, the cells from the
upper surface of the filter were completely removed with gentle swabbing. The remaining
migrated cells were fixed for 20 min at room temperature in 4% paraformaldehyde and
stained with 0.1% crystal violet in 200 mM 2-(N-Morpholino) ethanesulfonic acid (pH 6.0)
for 10 min. Next, 10% acetic acid was used to dissolve the dye and the absorbance was
measured at 595 nm. The migration index was calculated as the ratio of absorbance of
the treated samples divided by the absorbance of the nontreated control cell value and
multiplied by 100 to give a percentage.



Plants 2022, 11, 3213 22 of 26

4.9. Tested Microorganisms

Microorganisms (Escherichia coli CCM 3954, Haemophilus influenzae CCM 4454,
Streptococcus pneumoniae CCM 4501, Listeria monocytogenes CCM 4699, Staphylococcus
aureus subsp. aureus CCM 2461, Yersinia enterocolitica CCM 7204, Candida glabrata CCM
8270, Candida tropicalis CCM 8264, Candida albicans CCM 8261) were obtained from the
Czech Microorganism Collection. The biofilm-forming bacterium Pseudomonas fluorescens
was obtained from fish. Identification of Pseudomonas fluorescens was performed using
16 S rRNA sequencing and a MALDI-TOF MS Biotyper.

4.10. Antimicrobial Activity—Disc Diffusion Method

The susceptibility of a bacterial strain to treatment with the T. mastichina and E. car-
damomum EOs was determined using the disc diffusion method. The microbial inocula
were cultivated over a period of 24 h on Tryptone soya agar (TSA, Oxoid, Basingstoke,
UK) at 37 ◦C for bacteria, and on Sabouraud dextrose agar (SDA, Oxoid, Basingstoke,
UK) at 25 ◦C for yeasts. The inoculum density was set at 0.5 McFarland density standard
(1.5 × 108 CFU/mL). A volume of 100 µL of inoculum was added to plates with Mueller
Hinton agar (MHA, Oxoid, Basingstoke, UK). Sterile discs with a diameter of 6 mm were
saturated with 10 µL of T. mastichina and E. cardamomum EOs. Discs prepared in this
way were placed on the layer of agar with a microbial suspension. Incubation of samples
lasted for 24 h at a temperature of 37 ◦C for bacteria and 25 ◦C for yeasts. Two antibiotics
(cefoxitin, gentamicin, Oxoid, Basingstoke, UK) were used as positive controls for G+

and G− bacterial strains. For yeast, the antifungal fluconazole (Oxoid, Basingstoke, UK)
was used as a positive control. A disc impregnated with 0.1% DMSO (dimethylsulfoxide,
Centralchem, Bratislava, Slovak) served as the negative control. After 24 h incubation,
the radius of the inhibition zone (from the edge of the disc to the edge of the zone) was
measured. The experiment was performed in three repetitions and the average inhibition
zone was calculated [57].

Criteria for detection of inhibitory activity were as follows: an inhibition zone diameter
above 5 mm—weak inhibitory activity, above 10 mm—moderate inhibition, and above
15 mm—very strong inhibition. Each test was done in triplicate.

4.11. Minimum Inhibitory Concentration (MIC)

In order to determine MIC values, the microorganisms were aerobically cultured.
Cultivation was performed in Mueller Hinton Broth (MHB, Oxoid, Basingstoke, UK) at
37 ◦C for bacteria and in Sabouraud dextrose broth (SDB, Oxoid, Basingstoke, UK) at
25 ◦C for yeasts over a period of 24 h. The microbial suspension was applied in a 96-well
microtiter plate at a volume of 50 µL (optical density of 0.5 McFarland standard). MHB
(100 µL) containing EO in a concentration range of 400 µL/mL to 0.2 µL/mL was added
to the sample. The concentration ranges were obtained by serial dilution. The contents of
each well were thoroughly mixed by pipetting. MHB and SDB with inocula were used as
positive controls. The negative controls were MHB, SDB, and EOs [58].

4.12. Analysis of Differences in Biofilm Development with MALDI-TOF MS Biotyper

The representative G− biofilm-forming bacterium P. fluorescens, obtained from fish,
was used in this experiment. Using a MALDI-TOF MS Biotyper, the various phases of
change in the protein structure of the biofilms developing on plastic and stainless steel
surfaces were estimated after treatment with the tested EOs. The samples (experimental
and control) were prepared in polypropylene tubes (50 mL) using 20 mL of MHB and a
plastic and a stainless steel slide. The experimental groups used were MHB enriched with
0.5% of the EOs. The inoculated experimental groups were incubated at 37 ◦C on a 45◦ slope
shaker at 170 rpm. Before analysis, samples of biofilm were taken using a cotton swab from
the plastic and stainless steel slides. Analysis was performed by imprinting samples onto
a MALDI-TOF metal target plate. Samples of biofilm and planktonic cells were analyzed
on the 3rd, 5th, 7th, 9th, 12th, and 14th days. The planktonic cells were obtained by
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removing 300 µL of culture medium, which was centrifuged at 12,000 rpm for 1 min. The
obtained supernatant was removed, and the planktonic cells were washed three times using
ultrapure water. Washed cells were applied to a target plate in a suspension volume of
1 µL. Next, 1 µL of α-cyano-4-hydroxycinnamic acid matrix (10 mg/mL) was applied to the
biofilm and planktonic cell samples and dried at room temperature. Using a MALDI-TOF
MicroFlex (Bruker Daltonics, Billerica, MA, USA), the samples were processed in the range
of m/z 200–2000 after crystallization (in linear and positive mode). Spectral data were
obtained via automatic analysis. The same sample similarities were used to generate a
standard global spectrum (MSP). The dendrograms were obtained using Euclidean distance.
For this purpose, 19 MSP from the spectra generated by the MALDI-TOF Biotyper 3.0 were
grouped [59].

4.13. Statistical Analyses

All data were evaluated using IBM-SPSS 23 software for Windows (SPSS Inc., Chicago,
IL, USA). The data were presented as a mean ± standard error (S.E.M). The statistical sig-
nificance was determined using a paired-sample T test. The level of statistical significance
was set at p < 0.05. One-way analysis of variance (ANOVA) was performed using Prism
8.0.1 (GraphPad Software, San Diego, CA, USA), followed by Tukey’s test at p < 0.05.

5. Conclusions

In conclusion, attending to their traditional uses and reported biological activities,
T. mastichina and E. cardamomum EOs could play noteworthy roles as preservatives in the
food industry, and as sources of bioactive compounds in the pharmaceutical industry.

The examined EOs showed desirable outcomes regarding certain features of breast
cancer cells important for tumor development. The EOs exerted an overall inhibitory effect
on cell viability and showed antioxidative potential, and also reduced the levels of nitric
oxide. Similarly, the effects of these oils on the migration capacity of MDA-MB-468 cells
suggest that the tested EOs could exhibit significant antimetastatic properties and stop
tumor progression and growth. These data indicate that these oils could be interesting and
promising agents for further investigation with the aim of advancing the present antitumor
chemotherapeutic strategies.

The results of the studies of antimicrobial effects showed that E. caradamomum EO was
more effective against the tested microorganisms than T. mastichina, which displayed only
a weak antimicrobial effect. The yeast C. glabrata was the most sensitive to both EOs in
this study. E. caradamomum EO also showed better activity towards G− bacterial strains
compared to G+ ones. Our study also determined that both EOs degraded old biofilms.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11233213/s1, Figure S1. GC/MS chromatogram of series of
n-alkanes (C7–C35) for calculation of Kovats retention indices for T. mastichina EO; Figure S2. GC/MS
chromatogram of T. mastichina EO for calculation of Kovats retention indices; Figure S3. GC/MS
chromatogram of series of n-alkanes (C7–C35) for calculation of Van den Dool retention indices for T.
mastichina EO; Figure S4. GC/MS chromatogram of T. mastichina EO for calculation of Van den Dool
retention indices; Figure S5. GC/MS chromatogram of series of n-alkanes (C7–C35) for calculation of
Kovats retention indices for E. cardamomum EO; Figure S6. GC/MS chromatogram of E. cardamomum
EO for calculation of Kovats retention indices; Figure S7. GC/MS chromatogram of series of n-alkanes
(C7–C35) for calculation of Van den Dool retention indices for E. cardamomum EO; Figure S8. GC/MS
chromatogram of E. cardamomum EO for calculation of Van den Dool retention indices.

Author Contributions: Conceptualization, N.L.V., M.D.V., A.D.O., M.M.M., L.G. and M.K.; method-
ology, N.L.V., M.D.V., A.D.O., M.M.M., L.G. and M.K.; software, N.L.V., M.D.V. and L.G.; validation,
N.L.V., M.D.V., A.D.O., M.M.M., L.G. and M.K.; formal analysis, N.L.V., M.D.V., A.D.O., M.M.M., L.G.
and M.K.; resources, N.L.V., M.D.V., A.D.O., M.M.M., L.G. and M.K.; data curation, N.L.V., M.D.V.,
A.D.O., M.M.M., L.G. and M.K.; writing—original draft preparation, N.L.V., M.D.V., A.D.O., M.M.M.,
L.G. and M.K.; writing—review and editing, N.L.V., M.D.V., A.D.O., M.M.M., L.G. and M.K.; project

https://www.mdpi.com/article/10.3390/plants11233213/s1
https://www.mdpi.com/article/10.3390/plants11233213/s1


Plants 2022, 11, 3213 24 of 26

administration, M.K.; funding acquisition, M.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the grant APVV-20-0058: The potential of the essential oils
from aromatic plants for medical use and food preservation.

Data Availability Statement: Not applicable.

Acknowledgments: This work was supported by VEGA grant no. 1/0180/20 and by the Serbian
Ministry of Education, Science and Technological Development (Agreement nos. 451-03-68/2022-
14/200122).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bondi, M.; Lauková, A.; de Niederhausern, S.; Messi, P.; Papadopoulou, C. Natural Preservatives to Improve Food Quality and

Safety. J. Food Qual. 2017, 2017, 1090932. [CrossRef]
2. Yap, P.S.X.; Yiap, B.C.; Ping, H.C.; Lim, S.H.E. Essential Oils, A New Horizon in Combating Bacterial Antibiotic Resistance. Open

Microbiol. J. 2014, 8, 6–14. [CrossRef] [PubMed]
3. Key, T.J.; Verkasalo, P.K.; Banks, E. Epidemiology of Breast Cancer. Lancet Oncol. 2001, 2, 133–140. [CrossRef] [PubMed]
4. Britt, K.L.; Cuzick, J.; Phillips, K.-A. Key Steps for Effective Breast Cancer Prevention. Nat. Rev. Cancer 2020, 20, 417–436.

[CrossRef] [PubMed]
5. Pavela, R.; Benelli, G.; Pavoni, L.; Bonacucina, G.; Cespi, M.; Cianfaglione, K.; Bajalan, I.; Morshedloo, M.R.; Lupidi, G.;

Romano, D.; et al. Microemulsions for Delivery of Apiaceae Essential Oils—Towards Highly Effective and Eco-Friendly Mosquito
Larvicides? Ind. Crops Prod. 2019, 129, 631–640. [CrossRef]

6. Baptista-Silva, S.; Borges, S.; Ramos, O.L.; Pintado, M.; Sarmento, B. The Progress of Essential Oils as Potential Therapeutic
Agents: A Review. J. Essent. Oil Res. 2020, 32, 279–295. [CrossRef]

7. Falleh, H.; ben Jemaa, M.; Saada, M.; Ksouri, R. Essential Oils: A Promising Eco-Friendly Food Preservative. Food Chem. 2020, 330,
127268. [CrossRef]

8. Méndez-Tovar, I.; Martín, H.; Santiago, Y.; Ibeas, A.; Herrero, B.; Asensio-S.-Manzanera, M.C. Variation in Morphological Traits
among Thymus mastichina (L.) L. Populations. Genet. Resour. Crop. Evol. 2015, 62, 1257–1267. [CrossRef]

9. Cutillas, A.-B.; Carrasco, A.; Martinez-Gutierrez, R.; Tomas, V.; Tudela, J. Thymus Mastichina L. Essential Oils from Murcia
(Spain): Composition and Antioxidant, Antienzymatic and Antimicrobial Bioactivities. PLoS ONE 2018, 13, e0190790. [CrossRef]

10. Taghouti, M.; Martins-Gomes, C.; Schäfer, J.; Santos, J.A.; Bunzel, M.; Nunes, F.M.; Silva, A.M. Chemical Characterization and
Bioactivity of Extracts from Thymus Mastichina: A Thymus with a Distinct Salvianolic Acid Composition. Antioxidants 2019, 9,
34. [CrossRef]

11. Gordo, J.; Máximo, P.; Cabrita, E.; Lourenço, A.; Oliva, A.; Almeida, J.; Filipe, M.; Cruz, P.; Barcia, R.; Santos, M.; et al. Thymus
mastichina : Chemical Constituents and Their Anti-Cancer Activity. Nat. Prod. Commun 2012, 7, 1934578X1200701. [CrossRef]

12. Rodrigues, M.; Lopes, A.C.; Vaz, F.; Filipe, M.; Alves, G.; Ribeiro, M.P.; Coutinho, P.; Araujo, A.R.T.S. Thymus Mastichina:
Composition and Biological Properties with a Focus on Antimicrobial Activity. Pharmaceuticals 2020, 13, 479. [CrossRef] [PubMed]

13. Delgado, T.; Marinero, P.; Asensio-S.-Manzanera, M.C.; Asensio, C.; Herrero, B.; Pereira, J.A.; Ramalhosa, E. Antioxidant Activity
of Twenty Wild Spanish Thymus Mastichina L. Populations and Its Relation with Their Chemical Composition. LWT Food Sci.
Technol. 2014, 57, 412–418. [CrossRef]

14. Aazza, S.; El-Guendouz, S.; Miguel, M.G.; Antunes, M.D.; Faleiro, M.L.; Correia, A.I.; Figueiredo, A.C. Antioxidant, Anti-
Inflammatory and Anti-Hyperglycaemic Activities of Essential Oils from Thymbra capitata, Thymus albicans, Thymus caespititius,
Thymus carnosus, Thymus lotocephalus and Thymus mastichina from Portugal. Nat. Prod. Commun. 2016, 11, 1934578X1601100.
[CrossRef]

15. Ashokkumar, K.; Murugan, M.; Dhanya, M.K.; Warkentin, T.D. Botany, Traditional Uses, Phytochemistry and Biological Activities
of Cardamom [Elettaria cardamomum (L.) Maton]—A Critical Review. J. Ethnopharmacol. 2020, 246, 112244. [CrossRef] [PubMed]

16. Anwar, F.; Abbas, A.; Alkharfy, K.M.; Gilani, A.-H. Cardamom (Elettaria cardamomum Maton) Oils. In Essential Oils in Food
Preservation, Flavor and Safety; Elsevier: Amsterdam, The Netherlands, 2016; pp. 295–301.

17. Alam, A.; Rehman, N.U.; Ansari, M.N.; Palla, A.H. Effects of Essential Oils of Elettaria cardamomum Grown in India and Guatemala
on Gram-Negative Bacteria and Gastrointestinal Disorders. Molecules 2021, 26, 2546. [CrossRef]

18. Abdullah; Asghar, A.; Butt, M.S.; Shahid, M.; Huang, Q. Evaluating the Antimicrobial Potential of Green Cardamom Essential Oil
Focusing on Quorum Sensing Inhibition of Chromobacterium violaceum. J. Food Sci. Technol. 2017, 54, 2306–2315. [CrossRef]

19. Elmati, J.; Mountassif, D.; Amarouch, H. Antimicrobial Activity of Elettaria Cardamomum: Toxicity, Biochemical and Histological
Studies. Food Chem. 2007, 104, 1560–1568. [CrossRef]

20. Al-Yousef, H.M.; Alqahtani, A.S.; Hassan, W.H.B.; Alzoubi, A.; Abdelaziz, S. Chemical Profile, In Vitro Antioxidant, Pancreatic
Lipase, and Alpha-Amylase Inhibition Assays of the Aqueous Extract of Elettaria cardamomum L. Fruits. J. Chem. 2021, 2021,
5583001. [CrossRef]

http://doi.org/10.1155/2017/1090932
http://doi.org/10.2174/1874285801408010006
http://www.ncbi.nlm.nih.gov/pubmed/24627729
http://doi.org/10.1016/S1470-2045(00)00254-0
http://www.ncbi.nlm.nih.gov/pubmed/11902563
http://doi.org/10.1038/s41568-020-0266-x
http://www.ncbi.nlm.nih.gov/pubmed/32528185
http://doi.org/10.1016/j.indcrop.2018.11.073
http://doi.org/10.1080/10412905.2020.1746698
http://doi.org/10.1016/j.foodchem.2020.127268
http://doi.org/10.1007/s10722-015-0229-3
http://doi.org/10.1371/journal.pone.0190790
http://doi.org/10.3390/antiox9010034
http://doi.org/10.1177/1934578X1200701120
http://doi.org/10.3390/ph13120479
http://www.ncbi.nlm.nih.gov/pubmed/33352776
http://doi.org/10.1016/j.lwt.2013.12.041
http://doi.org/10.1177/1934578X1601100739
http://doi.org/10.1016/j.jep.2019.112244
http://www.ncbi.nlm.nih.gov/pubmed/31541721
http://doi.org/10.3390/molecules26092546
http://doi.org/10.1007/s13197-017-2668-7
http://doi.org/10.1016/j.foodchem.2007.02.043
http://doi.org/10.1155/2021/5583001


Plants 2022, 11, 3213 25 of 26

21. Morsy, N.F.S. A Short Extraction Time of High Quality Hydrodistilled Cardamom (Elettaria cardamomum L. Maton) Essential Oil
Using Ultrasound as a Pretreatment. Ind. Crops Prod. 2015, 65, 287–292. [CrossRef]

22. Jamal, A.; Javed, K.; Aslam, M.; Jafri, M.A. Gastroprotective Effect of Cardamom, Elettaria cardamomum Maton. Fruits in Rats. J.
Ethnopharmacol. 2006, 103, 149–153. [CrossRef] [PubMed]

23. Tarfaoui, K.; Brhadda, N.; Ziri, R.; Oubihi, A.; Imtara, H.; Haida, S.; al kamaly, O.M.; Saleh, A.; Parvez, M.K.; Fettach, S.; et al.
Chemical Profile, Antibacterial and Antioxidant Potential of Zingiber Officinale Roscoe and Elettaria cardamomum (L.) Maton
Essential Oils and Extracts. Plants 2022, 11, 1487. [CrossRef] [PubMed]

24. Pourkhosravani, E.; Dehghan Nayeri, F.; Mohammadi Bazargani, M. Decoding Antibacterial and Antibiofilm Properties of
Cinnamon and Cardamom Essential Oils: A Combined Molecular Docking and Experimental Study. AMB Express 2021, 11, 143.
[CrossRef] [PubMed]

25. Alam, A.; Majumdar, R.S.; Alam, P. Systematics Evaluations of Morphological Traits, Chemical Composition, and Antimicrobial
Properties of Selected Varieties of Elettaria cardamomum (L.) Maton. Nat. Prod. Commun. 2019, 14, 1934578X1989268. [CrossRef]

26. Savan, E.K.; Küçükbay, F.Z. Essential Oil Composition of Elettaria cardamomum Maton. J. Appl. Biol. Sci. 2013, 7, 42–45.
27. Masoumi-Ardakani, Y.; Mandegary, A.; Esmaeilpour, K.; Najafipour, H.; Sharififar, F.; Pakravanan, M.; Ghazvini, H. Chemical

Composition, Anticonvulsant Activity, and Toxicity of Essential Oil and Methanolic Extract of Elettaria cardamomum. Planta Med.
2016, 82, 1482–1486. [CrossRef]

28. Souissi, M.; Azelmat, J.; Chaieb, K.; Grenier, D. Antibacterial and Anti-Inflammatory Activities of Cardamom (Elettaria cardamo-
mum) Extracts: Potential Therapeutic Benefits for Periodontal Infections. Anaerobe 2020, 61, 102089. [CrossRef]

29. Blowman, K.; Magalhães, M.; Lemos, M.F.L.; Cabral, C.; Pires, I.M. Anticancer Properties of Essential Oils and Other Natural
Products. Evid. -Based Complement. Altern. Med. 2018, 2018, 3149362. [CrossRef]

30. Huang, J.; Chan, P.S.; Lok, V.; Chen, X.; Ding, H.; Jin, Y.; Yuan, J.; Lao, X.; Zheng, Z.-J.; Wong, M.C. Global Incidence and Mortality
of Breast Cancer: A Trend Analysis. Aging 2021, 13, 5748–5803. [CrossRef]

31. de Fátima Braga Magalhães, I.; Junqueira Moraga Tellis, C.; da Silva Calabrese, K.; Lucia Abreu-Silva, A.; Almeida-Souza, F.
Essential Oils’ Potential in Breast Cancer Treatment: An Overview. In Essential Oils—Bioactive Compounds, New Perspectives and
Applications; IntechOpen: London, UK, 2020.

32. Bagheri, S.M.; Asl, A.A.; Shams, A.; Mirghanizadeh-Bafghi, S.A.; Hafizibarjin, Z. Evaluation of Cytotoxicity Effects of Oleo-Gum-
Resin and Its Essential Oil of Ferula Assa-Foetida and Ferulic Acid on 4T1 Breast Cancer Cells. Indian J. Med. Paediatr. Oncol. 2017,
38, 116–120. [CrossRef]

33. Yeo, S.K.; Ali, A.Y.; Hayward, O.A.; Turnham, D.; Jackson, T.; Bowen, I.D.; Clarkson, R. β-Bisabolene, a Sesquiterpene from the
Essential Oil Extract of Opoponax (Commiphora guidottii), Exhibits Cytotoxicity in Breast Cancer Cell Lines. Phytother. Res. 2016,
30, 418–425. [CrossRef]

34. Torgovnick, A.; Schumacher, B. DNA Repair Mechanisms in Cancer Development and Therapy. Front. Genet. 2015, 6, 157.
[CrossRef]

35. Fitsiou, E.; Pappa, A. Anticancer Activity of Essential Oils and Other Extracts from Aromatic Plants Grown in Greece. Antioxidants
2019, 8, 290. [CrossRef] [PubMed]

36. Wang, Z.; Li, Y.; Sarkar, F. Signaling Mechanism(S) of Reactive Oxygen Species in Epithelial-Mesenchymal Transition Reminiscent
of Cancer Stem Cells in Tumor Progression. Curr. Stem Cell Res. Ther. 2010, 5, 74–80. [CrossRef] [PubMed]

37. Hu, Y.; Xiang, J.; Su, L.; Tang, X. The Regulation of Nitric Oxide in Tumor Progression and Therapy. J. Int. Med. Res. 2020, 48,
030006052090598. [CrossRef] [PubMed]

38. Yan, F.; Wu, Z.; Li, Z.; Liu, L. Celastrol Inhibits Migration and Invasion of Triple-Negative Breast Cancer Cells by Suppressing
Interleukin-6 via Downregulating Nuclear Factor-KB (NF-KB). Med. Sci. Monit. 2020, 26, e922814-1–e922814-9. [CrossRef]

39. Xing, X.; Ma, J.-H.; Fu, Y.; Zhao, H.; Ye, X.-X.; Han, Z.; Jia, F.-J.; Li, X. Essential Oil Extracted from Erythrina corallodendron L.
Leaves Inhibits the Proliferation, Migration, and Invasion of Breast Cancer Cells. Medicine 2019, 98, e17009. [CrossRef]

40. Faleiro, M.L.; Miguel, M.G.; Ladeiro, F.; Venancio, F.; Tavares, R.; Brito, J.C.; Figueiredo, A.C.; Barroso, J.G.; Pedro, L.G.
Antimicrobial Activity of Essential Oils Isolated from Portuguese Endemic Species of Thymus. Lett. Appl. Microbiol. 2003, 36,
35–40. [CrossRef]

41. Ballester-Costa, C.; Sendra, E.; Fernández-López, J.; Pérez-Álvarez, J.A.; Viuda-Martos, M. Chemical Composition and in Vitro
Antibacterial Properties of Essential Oils of Four Thymus Species from Organic Growth. Ind. Crops Prod. 2013, 50, 304–311.
[CrossRef]

42. Al-Zereini, W.A.; Al-Trawneh, I.N.; Al-Qudah, M.A.; TumAllah, H.M.; al Rawashdeh, H.A.; Abudayeh, Z.H. Essential Oils from
Elettaria cardamomum (L.) Maton Grains and Cinnamomum Verum J. Presl Barks: Chemical Examination and Bioactivity Studies.
J. Pharm. Pharmacogn. Res. 2022, 10, 173–185. [CrossRef]

43. Dias-Souza, M.V.; dos Santos, R.M.; de Siqueira, E.P.; Ferreira-Marçal, P.H. Antibiofilm Activity of Cashew Juice Pulp against
Staphylococcus Aureus, High Performance Liquid Chromatography/Diode Array Detection and Gas Chromatography-Mass
Spectrometry Analyses, and Interference on Antimicrobial Drugs. J. Food Drug Anal. 2017, 25, 589–596. [CrossRef] [PubMed]
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59. Galovičová, L.; Borotová, P.; Valková, V.; Vukovic, N.L.; Vukic, M.; Štefániková, J.; Ďúranová, H.; Kowalczewski, P.Ł.; Čmiková,
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