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A B S T R A C T   

The COVID-19 pandemic has substantially impacted the world health systems, causing public health concerns, 
and the search for new compounds with antiviral activity is of extreme interest. Natural molecules with bioactive 
potential are a trend, with essential oils (Eos) being the focus of recent studies. Thus, this study evaluates in 
chemico the D-limonene inhibitory activities in the viral genome of SARS-CoV-2 and analyzes the cytotoxic po
tential and safety profile of D-limonene and lime and orange EOs with a high content of D-limonene. The EOs were 
extracted and characterized, and the in chemico computational analysis for the determination as a potential anti- 
SARS-CoV-2 was performed with D-limonene, the major compound in EOs. The cytotoxicity analysis of EOs and D- 
limonene was carried out with MRC-5 and HaCaT, and the preliminary safety profile was also evaluated by the 
HET-CAM assay. D-limonene was suggested as a promising compound for anti-SARS-CoV-2 research, since the 
molecule does not provide mutagenic and cytotoxic fragments, and does not have irritating potential when 
diluted, in addition to having favorable pharmacokinetic characteristics, through in chemico analysis. Collec
tively, the results reveal the antiviral potential of lime and orange EOs, as well as their major compound. In this 
sense, further studies should be conducted to understand the antiviral mechanisms.   

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a 
highly transmissible and pathogenic coronavirus that emerged in late 
2019 and caused an acute respiratory illness pandemic, called “coro
navirus disease 2019” (COVID-19). Its unprecedented global social and 
economic impact marked the third zoonotic introduction of a highly 
pathogenic coronavirus into the human population (Hu et al., 2020). 
Following the emergence of severe acute respiratory syndrome coro
navirus (SARS-CoV) and Middle East respiratory syndrome coronavirus 
(MERS-CoV), SARS-CoV-2 is the third zoonotic human coronavirus of 
the century (Rawson et al., 2020). Substantially, the coronavirus disease 
pandemic impacted healthcare systems around the world, causing 
infection and mortality (Wang et al., 2020). Despite major vaccination 
campaigns, many public health measures are still needed to contain the 

virus transmission, at this time mainly caused by mutations and vari
ants: Omicron, identified for the first time in South Africa, and Delta, 
identified for the first time in India (CDC, 2021). 

Essential oils (EOs) are alternatives for controlling and reducing viral 
load, with inhibitory activities demonstrated in modeling studies in 
chemico, in silico, in vitro, and in vivo. Different OEs and its compounds 
showed antiviral activity against influenza A (H1N1), hepatitis A (HAV), 
human and simian immunodeficiency virus (HIV and SIV) (Battistini 
et al., 2019; Brochot et al., 2017; Mediouni et al., 2020). The in chemico 
studies allow a chemical-based analytical tests in multiple compounds, 
according to the chemical mechanisms of the molecule when reacting 
covalently with the viral genome; thus, predicting the decreasing viral 
load possibility (Taylor, 2019). 

Faced with the SARS-CoV-2 pandemic, different modeling studies are 
analyzing plant-derived natural products, such as OEs and 
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phytotherapeutic agents, effects on the virus genome (Ansari et al., 
2022; Khan et al., 2021). Recently, the compounds of garlic, eucalyptus, 
and tea tree EOs showed antiviral action, opening the possibility of 
studies to analyze different EOs compounds (My et al., 2020; Sharma & 
Kaur, 2020; Thuy et al., 2020). Thus, in view of the SARS-CoV-2 
pandemic, it is extremely relevant for public health to develop 
research on compounds that make it possible to inactivate or reduce the 
viral load. And there is a need for further research to determine which 
OE components have antiviral characteristics (Silva et al., 2020). Thus, 
the objective of this study was to evaluate the yet unexplored in chemico 
the D-limonene inhibitory activities in the viral genome of SARS-CoV-2 
and to analyze the cytotoxic potential and safety profile of D-limonene 
and lime and orange EOs with a high content of D-limonene. 

2. Materials and methods 

2.1. Chemicals and reagents 

Substances used in gas chromatography and cell culture were pur
chased from Sigma Aldrich Co. (St. Louis, MO), including alkane stan
dard solution, D-limonene standard, C8-C20, culture mediums, fetal 
bovine serum, antibiotic solution, DMSO (dimethyl sulfoxide), MTT (3- 
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide). 
Medium-chain triglycerides (MCT: capric and caprylic acids) were 
purchased from Mapric Greentech Company (Diadema, SP, Brazil). Ul
trapure water was obtained from a Milli-Q apparatus (Millipore, Merck, 
Darmstadt, Germany). 

2.2. Evaluation of the essential oil chemical composition 

Commercial samples of Tahiti lime (Citrus × latifolia) and orange 
(Citrus sinensis) were purchased from a producer in Canoas, Rio Grande 
do Sul, Brazil (29◦ 55′ 12′′ S and 51◦ 10′ 48′′ W). Each sample (peels) was 
placed separately in a 2 L flask and was mixed with ultrapure water and 
hydrodistilled using a Clevenger apparatus for 90 min at 100◦C. A 
sterilized glass vial was used to collect the EO. 

The EO compounds chemical characterization and quantification of 
lime and orange were carried out through gas chromatographic and 
mass spectrometry, according to Hussain et al. (2010), with some 
modifications. 

The EO was diluted in ethyl ether and analyzed on a gas chromato
graph (GC) (Shimadzu QP2010 Plus), equipped with an AOC-20i auto- 
sampler and coupled to a QP2010 Plus single quadrupole mass spec
trometer (MS) (Shimadzu Corporation, Kyoto, Japan). Compounds were 
separated using an Rtx-5MS capillary column (Shimadzu, 30 m x 0.25 x 
0.25 μm). The injector and detector temperatures were set at 220 and 
250◦C, respectively. The column temperature was from 80 to 220◦C at a 
rate of 4◦C/min. Helium was used as carrier gas with a flow rate of 1.5 
mL/min. 

An electron ionization mode with 70 eV ionization energy was used 
for mass spectrum detection. Injector and MS transfer line temperatures 
were set at 220 and 290◦C, respectively. A 1.0 μL aliquot was injected 
using the split mode (split ratio, 1:40). For the EO components identi
fication, the retention indexes (Eq. (1)) were calculated based on the 
comparison of their retention indexes with n-alkanes solution (C8-C20). 
The compounds were identified and authenticated using their mass 
spectrum data compared to the MS NIST11 library. 

RI (x)= 100 Pz + 100
[

(RT (x) − RT (Pz))
(RT (Pz + 1) − RT (Pz))

]

(1)  

Where: RI (retention index); Pz (number of alkane carbons before the 
peak of interest); Pz+1 (retention time of the alkane after the peak of 
interest); RT (x) (peak sample retention time to be identified); RT (Pz) 
(retention time of the alkane before the peak of interest). 

2.3. Computational and in chemico analysis 

The computational analysis was performed using the OSIRIS pro
gram (version 2.15.1, National Center for Biotechnology Information), 
which allows the identification of possible toxic structural fragments 
known and previously computed in the RTECS database (Registry of 
Toxic Effects of Chemical Substances) (Brito, 2011). In addition, the 
partition coefficient (logP) and molecular weight were determined, 
aiming to correlate the Lipinski et al. (2001) parameters, where the 
molecular weight must be <500 Da (Da), and the logP must be <5. 

In the in chemico analysis, a structural comparison of limonene (the 
major compound in the studied EOs) was performed with the SARS-CoV- 
2 virus complete viral genome obtained from the GenBank database of 
the National Center for Biotechnology Information (NCBI) (2020). The 
electronic surface analysis was determined by the MolView web server 
(Bergwerf, 2015). 

2.4. In vitro cytotoxicity assessment 

The human keratinocytes (HaCaT) and fibroblasts (MRC-5), were 
acquired from the Rio de Janeiro Cell Bank, cultivated at 37◦C with 5% 
CO2 in DMEM supplemented with 10% fetal bovine serum and 1% an
tibiotics solution (penicillin 100 U/mL and 100 μg/mL streptomycin). 

To evaluate the cytotoxicity of EOs and D-limonene, the MTT method 
was described by (Mosmann, 1983) and adapted for 96-well plates. 
Initially, cells were transferred to 96-well plates at 2x105 cells/mL 
(HaCaT) and 2x104 cells/mL (MRC-5) and incubated for 24 h under the 
same atmospheric conditions described above. On the second day of the 
experiment, solutions of each EO and D-limonene (15.6 to 1000.0 
μg/mL) were prepared in DMSO, not exceeding 0.1% v/v DMSO in the 
wells. Then the solutions were transferred to the plates and the cells 
were incubated again for 24 h. For positive cytotoxicity control, 6% v/v 
DMSO solution was applied to the MRC-5 and 1% v/v H2O2 solution to 
the HaCaT, both prepared in a culture medium. Especially for the pos
itive control of 1% v/v H2O2, an exposure time of 30 min was applied on 
the last day of the experiment. 

After the treatment exposure period, MTT solution (5 mg/mL) was 
added to all wells. Then, the plates were incubated for 2.5 h and the 
absorbance was verified at 570 nm and 630 nm, after the formazan 
crystals solubilization with DMSO. The cell inhibition percentage was 
calculated based on the negative control absorbance, composed of cells 
+ culture medium according to Equation (2). 

% cell inhibition= 100 −
(AA570 − AA630 ) 100
(AC570 − AC630 )

(2)  

Where: AA570 - sample absorbance value at 570 nm; AA630 – sample 
absorbance value at 630 nm; AC570 - control absorbance value at 570 
nm; AC630 – control absorbance value at 630 nm. 

2.5. Preliminary safety profile assessment 

2.5.1. Obtaining eggs and Ethical aspects 
Embryonic chicken eggs were purchased from Aviário de Ensino e 

Pesquisa da Universidade Federal do Rio Grande do Sul - UFRGS (Porto 
Alegre, Rio Grande do Sul, Brazil) on the first day of laying and incu
bated until the tenth day in an automatic incubator (Chocar Choca
deiras, Conceição do Coité, Brazil). Temperature and humidity were 
maintained at 37.5 ± 0.5◦C and 65% ± 5% RH, respectively. After in
cubation (48 h), the eggs were submitted to automatic turning every 60 
min and the development of the embryos was verified by the candling 
technique, throughout the incubation period. This study was previously 
approved by the Ethics Committee on the Use of Animals at UFRGS 
(protocol number: 40087). 
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2.5.2. Hen’s egg chorioallantoic membrane assay (HET-CAM) 
The preliminary safety profile of lime and orange EOs, and the 

D-limonene, were evaluated by the HET-CAM assay (Luepke, 1985). The 
analyzed groups (n = 4/group) were: 0.1 M NaOH (positive control, 
hemorrhage and coagulation), 1% w/v sodium lauryl sulfate in water 
(positive control, vasoconstriction), 0.9% NaCl m/v in water (negative 
control), MCT (diluent control), D-limonene at 10 mg/mL in MCT, lime 
EO at 10 mg/mL in MCT, orange EO at 10 mg/mL in MCT. For the assay, 
300 μL of each solution was applied to the chorioallantoic membrane of 
the embryonated eggs (day 10) and the irritating effects (hemorrhage, 
coagulation, and vasoconstriction) were observed for 5 min. Afterward, 
the irritation score was calculated for each sample, according to Equa
tion (3). Results were expressed as mean ± standard deviation. 

IS=
[

5 (301 − H seg)
300

]

+

[
7 (301 − V seg)

300

]

+

[
9 (301 − C seg)

300

]

(3)  

Where: IS (irritation score); H sec (start second of hemorrhage effect); V 
sec (start second of vasoconstriction effect); C sec (start second of 
coagulation effect). Classification: IS 0 - 0.9: non-irritant; IS 1.0 – 4.9: 
slight irritant; IS 5.0 – 8.9 moderate irritant; IS 9.0 – 21.0 severe irritant. 

2.6. Statistical analysis 

For statistical analysis, the one-way ANOVA test was applied fol
lowed by the Tukey post hoc test, with a significance level set at 5% 
(P<0.05). Analyzes were conducted with GraphPad Prism software, 
version 6.0. 

3. Results and discussion 

3.1. Essential oil chemical composition 

The lime EO GC-MS analysis identified 18 different constituents 
representing 96.94% of the total EO mass (Table 1). D-limonene 
(54.71%) was the major constituent followed by γ-terpinene (16.53%), 
β-pinene (10.29%), α-citral (2.51%), β-bisabolene (2.02%) and β-citral 
(1.77%). The other constituents identified in the EO ranged from 0.16% 
to 1.47%. The orange EO GC-MS analysis identified 10 different con
stituents representing 99.04% of the total EO mass (Table 2). D-limonene 
(90.90%) was the major constituent followed by linalool (2.49%), 
octanal (1.99%), and β-myrcene (1.34%). The other constituents iden
tified in the EO were in the range of 0.20%–0.88%. 

EOs of various citrus peels such as pomelo (Citrus grandis L.), sweet 
lime (Citrus limetta), chinotto (Citrus × myrtifolia Raf.), green mandarin 
(Citrus reticulata) have limonene as their major compound, with the area 

% of this compound ranging from 76.83% to 97.68% (Caputo et al., 
2020; Maurya et al., 2018; Ngan et al., 2020; Ngo et al., 2020). The 
results presented by Tran et al. (2020) corroborate the lime EO 
composition obtained in the GC-MS analyses, with the monoterpenes 
D-limonene (51.64%), γ-terpinene (12.8%), and β-pinene (12.79%) 
representing the largest volatile compounds area on lime EO. Similar 
compositions were also reported by Zhang et al. (2019) and Radünz 
et al. (2021), where D-limonene was the orange EO major constituent 
with 90.75% and 96% of the area, respectively. 

The area (%) of minor compounds such as the sesquiterpene 
β-bisabolene and the monoterpenes α-phellandrene and β-myrcene also 
resemble the composition recently described (Ledesma-Escobar et al., 
2019). Knowing the minor compounds area is just as important as the 
major compounds of EOs. Since, with the EOs complex composition, 
several components may act synergistically. Thus, due to the synergistic 
action of its compounds, the antiviral activity of an EO may be greater 
than that of its isolated major compound (Silva et al., 2020). 

3.2. D-limonene computational and in chemico analysis 

The in chemico analysis allows the evaluation of the compounds 
chemical similarity with the interest target. It is an important tool to 
assist in the prediction of pharmacological or toxicological properties, 
with the advantage of reducing the cost with procedures and mainly, 
meeting the 3Rs principles (Reduction, Refinement, Replacement), 
aiming at reducing the animal use in research, as well as optimize the 
studies conduct (de Astrogildo, 2018). 

Based on the volatile profile (Tables 1 and 2), the compound D- 
limonene was present as the major compound in the orange (90.90%) 
and lime (54.71%) EOs. 

The logP is a parameter used to evaluate the bioactive compounds 
hydrophilicity. Being an ideal value for drugs in the range of 2 to 5 
(Lipinski et al., 2001). Through the OSIRIS, D-limonene presented a logP 
value equal to 3.36, which makes it a good drug candidate. Value similar 
to the obtained with the OSIRS was described for D-limonene in Pub
Chem (XLogP3 = 3.4) (NCBI, 2021). In addition, D-limonene had a 
molecular weight of 136.23 Da, thus suggesting that this substance 
diffuses across the cell membrane, as it meets the “rule of five” by Lip
inski et al. (2001), whose value must be <500 Da. 

The OSIRIS computational analysis showed that mutagenic and 
cytotoxic fragments were not evidenced in the D-limonene molecule. 
Thus, this predictive analysis through computational resources suggests 
that D-limonene is a promising compound for antiviral research. 

The SARS-CoV-2 genome has numerous thymidine molecules, which 
have structural similarities to the compound D-limonene in chemico 
analysis. (Fig. 1) (NCBI, 2020). The D-limonene cyclohexene ring re
sembles the viral thymidine pyrimidine nucleus (NCBI, 2021). 

D-limonene has a lipophilic characteristic, due to the absence of ox
ygen and nitrogen atoms in the molecule, but it has 2 unsaturations that 
confer greater electron density, as can be seen in red color in Fig. 2. This 
feature may confer greater nucleophilic affinity of the molecule to the 

Table 1 
Chemical composition of lime EO (Citrus × latifolia).  

# Retention 
time 

Compound % 
Similarity 

Mol 
Wt 

Area Area 
% 

1 4.128 β-Phelandrene 93 136 438699 1.47 
2 4.230 β-pinene 96 136 3067369 10.29 
3 4.377 β-Myrcene 96 136 365882 1.23 
4 4.992 (+)-4-Carene 93 136 127404 0.43 
5 5.165 o-Cymeno 92 134 47533 0.16 
6 5.268 D-limonene 95 136 16302966 54.71 
7 5.978 γ-Terpinene 96 136 4925308 16.53 
8 6.760 Terpinolene 96 136 207480 0.70 
9 7.002 Linalool 92 154 128422 0.43 
10 9.357 Terpinen-4-ol 92 154 156870 0.53 
11 9.752 α-Terpineol 94 154 343645 1.15 
12 10.870 Nerol 91 154 355989 1.19 
13 11.293 β-Citral 95 152 528429 1.77 
14 11.685 Geraniol 95 154 429310 1.44 
15 12.220 α-Citral 97 152 747055 2.51 
17 16.948 Caryophyllene 92 204 112395 0.38 
18 19.600 β-bisabolene 93 204 601716 2.02  

Table 2 
Chemical composition of orange EO (Citrus sinensis).  

# Retention 
time 

Compound % 
Similarity 

Mol 
wt 

Area Area 
% 

1 4.134 Sabinene 90 136 81622 0.28 
2 4.383 β-Myrcene 96 136 392362 1.34 
3 4.626 Octanal 97 136 583886 1.99 
4 4.877 3-careno 94 128 57772 0.20 
5 5.277 D-limonene 95 136 26664048 90.90 
6 6.193 1-octanol 96 136 258528 0.88 
7 7.005 Linalool 92 154 730035 2.49 
8 9.759 α-Terpineol 93 154 111897 0.38 
9 10.149 Decan 93 154 92474 0.32 
10 11.304 Citral 90 156 75037 0.26  
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bonds of amino bases, as occurs with alkylating agents that act as 
cytotoxic agents in clinical chemotherapy. Thereby our observation is 
corroborated by studies conducted by Chaudhary et al. (2012), who 
demonstrated that D-limonene can inhibit cancer cells by preventing the 
incorporation of thymidine, acting as an antimetabolite drug. 

There is knowledge of drugs available in the pharmaceutical market, 
which acts as antimetabolites that can disrupt the viral nucleic acid 

synthesis by substituting for the natural metabolite. An example is 
zidovudine, nucleoside antiretroviral drugs, due to their similarity to 
nitrogenous bases (thymidine), is a potent inhibitor of HIV replication 
(Paton et al., 2021). According to the study by Roberto et al. (2010), 
there was a reduction in thymidine concentration in cells exposed to 
D-limonene. In addition, perillic acid, a majoritarian limonene metabo
lite detected in human plasma, also has an inhibitory effect through 
thymidine incorporation, which presented a dose-dependent effect 
(Mukhtar et al., 2018). Thus, there is still a need for further research on 
how D-limonene acts on the viral genome. However, based on alkylating 
agents and antimetabolites drugs, by the structural similarities with 
thymidine, D-limonene may have a biological effect and inhibit the viral 
protein synthesis (NCBI, 2012; Rao & Shetty, 2022). 

3.3. In vitro cytotoxicity 

The cytotoxicity assessment of the D-limonene and lime and orange 
EOs was measured after exposure of MRC-5 and HaCaT cells to solutions 
from 15.6 to 1000.0 μg/mL. According to the results shown in Figs. 3 
and 4, the DMSO 0.1% v/v in culture medium (negative control), 
applied as a diluent for lipophilic substances, did not differ from the 
negative control composed of cells + culture medium. 

Regarding cytotoxicity in MRC-5 cells, D-limonene did not show high 
cytotoxicity, showing cell viability of 82.43% ± 4.26% and 73.85% ±
3.80% at 500.0 and 1000.0 μg/mL, respectively (Fig. 3-A). The other 
concentrations evaluated did not differ in cell viability values when 
compared to the negative control. This cell viability result is in agree
ment with that obtained in different studies of the cytotoxicity of 
limonene and other monoterpene derivatives, where limonene did not 
exhibit significant cytotoxicity (Hajizadeh et al., 2019; Souto et al., 
2020). 

The lime EO sample showed an increase in cell viability with 
decreasing concentration, and the concentration of 1000.0 μg/mL 
showed the lowest cell viability value, 24.15% ± 5.03% (Fig. 3-B), 
among all groups. According to Nikolić et al. (2017), analyzing the 
cytotoxicity of Citrus limon L. EO in MRC-5 cells, the high concentration 
of EO in the cell results in lower cell viability. However, lime EO from 
15.6 to 62.5 μg/mL showed superior cell viability than control cells +
medium (greater than 100.0%). The orange EO sample showed lower 

Fig. 1. Structure of D-Limonene and thymidine compounds (NCBI, 2021, 2022).  

Fig. 2. The electronic surface of D-Limonene and Thymidine molecules. Carbon and Hydrogen: green. Red: unsaturation or oxygen. Blue: nitrogen. (For interpre
tation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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cell viability values than the negative control in the evaluated concen
tration range. However, concentrations from 15.6 to 250.0 μg/mL 
showed cell viability values greater than 75% (Fig. 3-C). The lower 
cytotoxicity of lime EO, when compared to orange EO (at concentrations 
from 15.6 to 500.0 μg/mL), may be related to the limonene content 
present in the lime EO (54.71%), when compared to orange EO 
(90.90%). Since, according to Aumeeruddy-Elalfi et al. (2018), the 
higher the concentration of limonene in the EO, the lower the cell 
viability in high amounts of EO in contact with MRC-5. However, 
consideration should also be given to possible synergistic or antagonistic 
effects for EO constituents, such as pinenes, γ-terpinene, terpinen-4-ol, 
cymene, linalool, and others (Silva et al., 2020). 

The cell viability profiles of D-limonene and lime and orange EO 
samples in the HaCaT strain (Fig. 4) were similar to the profiles in MRC- 
5. When evaluating the cell viability percentages for the concentration 
range from 15.6 to 1000.0 μg/mL, the lime EO showed slight cytotox
icity, followed by the orange EO, and limonene. Furthermore, at 1000.0 
μg/mL the EO of lime presented a lower value of cell viability, 32.40% 
± 5.17% (Fig. 4-B), compared to values of 69.03% ± 3.36% (Fig. 4-C) 
and 96.35% ± 14.88% (Fig. 4-A) obtained for the orange EO and D- 
limonene samples, respectively. However, no sample showed a differ
ence with the negative control at the mean concentration of 125.0 μg/ 
mL. The cytotoxicity results obtained in this study for D-limonene in the 
HaCaT are in agreement with Kulig et al. (2022), where the authors 
suggest that D-limonene has a weak activity for the HaCaT cells. The 
toxic impact on the viability of HaCaT at high concentrations of lime EO 
has been previously demonstrated (Lv et al., 2018). However, in the lime 
and orange EOs at concentrations up to 250.0 μg/mL, the inhibition of 
growth was less than 30%, which may indicate a low toxic effect for 
HaCaT (Alexa et al., 2022; Souto et al., 2020). 

3.4. Preliminary safety profile assessment 

Preliminary safety profile results by the HET-CAM assay are shown in 
Table 3 and representative images of the chorioallantoic membrane are 

shown in Fig. 5. Irritant bleeding and clotting effects were observed in 
the 0.1 M NaOH positive control (Fig. 5-A) and vasoconstriction effect 
after application of the positive control sodium lauryl sulfate 1% w/v 
(Fig. 5-B). The negative control and the diluent (Fig. 5-C and 5-D) had 
the expected results. Lime EO, orange EO, and D-limonene at 10 mg/mL 
had no irritating effects on the chorioallantoic membrane (Fig. 5-H, 5-I, 
and 5-J). Results similar to those presented were obtained by Mehanna 
et al. (2020), where the HET-CAM test showed no signs of hemorrhage, 
coagulation, or lysis for the loaded limonene nanoemulgel (levo
floxacin-loaded limonene-based nanoemulsion). 

However, D-limonene and pure lime and orange OEs implied mod
erate irritation of the chorioallantoic membrane, visualized by the ef
fects of vasoconstriction and hemorrhage (Fig. 5-E, 5-F, and 5-G). 
Several studies demonstrate that both limonene and citrus EO, when 
diluted in low concentrations, present no signs of irritation in HET-CAM. 
However, when the compounds or EOs were analyzed in high 

Fig. 3. In vitro cytotoxicity assessment of D-limonene (A), lemon EO (B), and Orange EO (C) in MRC-5 cells after 24 h of exposure. Values expressed as mean ±
standard deviation. Statistical analysis: One-way ANOVA, post hoc Tukey test, * (P<0.05) compared to the negative control (cell + medium). 

Fig. 4. In vitro cytotoxicity assessment of D-limonene (A), lemon EO (B), and Orange EO (C) in HaCaT cells after 24 h of exposure. Values expressed as mean ±
standard deviation. Statistical analysis: One-way ANOVA, post hoc Tukey test, * (P<0.05) compared to the negative control (cell + medium). 

Table 3 
Irritation score and classification of damage to the chorioallantoic membrane (n 
= 4/group).  

Sample Irritation score (IS) Classification 

NaOH 0,1 M 13,31 ± 0,26a Severe irritant 
Sodium lauryl sulfate 1% m/v 10,65 ± 0,23a Severe irritant 
NaCl 0,9% m/v 0,00 ± 0,00b Non-irritant 
MCT 0,00 ± 0,00b Non-irritant 
D-limoneno pure 6,24 ± 0,32a,b Moderate irritant 
Pure Lime EO 8,57 ± 0,24a,b Moderate irritant 
Pure Orange EO 6,95 ± 0,0,29a,b Moderate irritant 
D-limonene 10 mg/mL 0,00 ± 0,00b Non-irritant 
Lime EO 10 mg/mL 0,00 ± 0,00b Non-irritant 
Lime EO 10 mg/mL 0,00 ± 0,00b Non-irritant 

Statistical analysis: ANOVA, post hoc Tukey test (p<0,05): a - different from 
negative control (NaCl 0,9% m/v); b – different from positive control (NaOH 0,1 
M and sodium lauryl sulfate 1% m/v). MCT: medium-chain triglycerides; EO: 
essential oil. 
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concentrations, they showed irritating potential. These results do not 
prevent the use of these compounds in low concentrations, since several 
EO are already used diluted in several product formulations (Lanzer
storfer et al., 2021; Mehanna et al., 2020; Weimer et al., 2021). 

The results obtained for the pure lime or orange EOs are similar to 
the values by Lanzerstorfer et al. (2021) testing citrus EO at a 10% (v/v) 
concentration, where the IS was 6.8 ± 1.1. Furthermore, Weimer et al. 
(2021) showed IS values of 11.730 ± 0.167 and 10.410 ± 0.147 for EO 
extracted from leaves and peel of ripe fruits of Citrus aurantiifolia, 
respectively. These values were classified as severely irritating, unlike 
the pure lime and orange OEs tested which were classified as a moderate 
irritant. 

4. Conclusions 

D-limonene was the major compound in orange and lemon citrus 
essential oils. Based on in chemico analysis, D-limonene is suggested as a 
promising compound for anti-SARS-CoV-2 research, as it does not have 
mutagenic and cytotoxic fragments in the molecule and has good ab
sorption. In addition, D-limonene has structural similarity with the 
thymidine of the SARS-CoV-2 viral genome since the cyclohexene ring of 
D-limonene resembles the pyrimidine nucleus of thymidine. D-limonene 
has a more lipophilic characteristic and higher electron density; it 
confers greater nucleophilic affinity of the molecule to the bonds of the 
amino bases. The low cytotoxicity of D-limonene and citrus OEs was 
confirmed in vitro by analysis in MRC-5 and HaCaT cells, and the dilution 
of these presented no signs of irritation in HET-CAM analysis. Thus, we 
determined that citrus lemon and orange OEs are candidates for future 
studies of their anti-SARS-CoV-2 effects. 
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