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ABSTRACT 

Thymus daenensis Celak, an endemic species of the Lamiaceae family, is widely used in 

traditional Persian medicine in Iran. In this study, a novel approach is presented to enhance the extraction of essential oil 

(EO) from dried aerial parts of the plant by integrating an online ultrasound-assisted extraction (UAE) technique into a 

continuous flow batch-mode system coupled with a Clevenger apparatus. A response surface methodology (RSM) was 

applied to evaluate the interactions among key variables—temperature, extraction time, and feed-to-solvent (F/S) ratio. The 

optimal extraction conditions were determined to be 30.06 °C, an F/S ratio of 14.52 g·L⁻¹, and an extraction time of 53.96 

minutes. Under these conditions, the EO yield obtained via UAE was 10.51 mg·g⁻¹ of plant material, representing a 23.8% 

increase compared to the yield from the conventional method (8.49 mg·g⁻¹). Chemical composition analysis of the EO 

revealed that carvacrol (57.82%) and thymol (22.20%) were the predominant constituents. Ultrasound treatment also induced 

significant morphological alterations in the plant cell structure compared to traditional extraction techniques. Moreover, the 

EO extracted under optimal UAE conditions exhibited a notable anti-inflammatory effect, achieving 89% inhibition of albumin 

denaturation at a concentration of 900 µg·mL⁻¹. 
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Introduction 

Essential oils (EOs) are complex natural and 

aromatic compounds derived from various parts of the 

plants. The main EO constituents are phenols, 

terpenoids, polyphenols, lectins, polyacetylenes, 

alkaloids, and polypeptides, which possess 

antioxidant, antibacterial, antifungal, antiviral, and 

cytotoxic activities (1-3). Plant EOs have a wide range 

of medicinal properties, making them ideal candidates 

to be utilized in the food, pharmaceutical, and cosmetic 

industries (4). Thymus daenensis Celak is a member of 

Lamiaceae family that is commonly recommended in 

traditional medicine owing to its pharmacological and 

biological properties (5, 6). Iranian Thymus-derived 

EOs and their constituents have a wide range of uses 

as natural food preservatives, as well as therapeutic 

properties (7-11). 

Various methods like  hydro-distillation, steam-

distillation, solvent extraction, and hydro-diffusion have 

been mainly utilized for the extraction of EO from 

aromatic plants (12). Although they are easily 

accessible and inexpensive, some disadvantages such 

as lower yield and hazardous solvent residues have 

been recognized. Additionally, the quantity and quality 

of EOs are impacted by the loss of more volatile and 

heat-sensitive EO components the longer the 

extraction procedure lasts. More efficient 

unconventional approaches such as pressurized liquid 

extraction (PLE), microwave-assisted extraction 

(MAE), pulsed electric field extraction (PEFE), and 

ultrasound-assisted extraction (UAE) have been 

reported (13-15). These methods can operate, at high 

temperatures or pressures, with minimal use of organic 

solvents and minimal extraction time. UAE uses 

solvents and ultrasonic energy to extract target 

ingredients from different plant matrices (16, 17). 

Ultrasound is a mechanical wave with a frequency 

of > 20 kHz that propagates through a fluid medium, 

displacing molecules from their original position (18). 

The propagation of ultrasonic waves is accompanied 

by alternating high and low-pressure cycles in liquid 

media which results in cavitation phenomena (19). The 

implosion of the cavitation bubbles can also generate 

liquid jets at a high velocity of up to 280 m.s-1, resulting 

in shear forces that mechanically rupture the cell wall 

and membrane, and eventually promote the release of 

the cell components (20). The UAE method has 

become more common than traditional extraction 

methods due to a number of benefits, including an 

increased extraction yield, shorter duration of 

extraction, lower energy consumption, and less 

damage to active compounds (21, 22). In this regard, 

Palmieri et al., (2020) compared various conventional 

and new techniques for extraction of bioactive 

molecules including maceration, soxhlet, UAE, and 

rapid solid-liquid dynamic from Thymus vulgaris L (23). 

(thyme), Cannabis sativa L. (industrial hemp) and 

Coriandrum sativum L. (coriander). Based on the 

report, the extracts obtained by the unconventional 

Rapid Solid-Liquid Dynamic Extraction (RSLDE) and 

UAE techniques were shown higher extraction yield. 

Another study reported the extraction kinetics of thymol 

extract using UAE (24). They showed that UAE can 

disrupt the structural surface of the leaves and extract 

compounds from internal structures of the leaves into 

the solvent medium. 

A purposeful flow system can control the capacity of 

acoustic cavitation caused by ultrasound waves to 

increase the efficiency of extraction and the mass 

transfer rates between two phases (25). Rahimi et al. 

(25, 26) developed a novel ultrasound-assisted 

continuous flow approach to improve the contact area 

between two immiscible liquid phases by the injection 

strategy. On the other hand, the extraction variables 

can have a significant impact on the EO extraction 

efficiency. For EO extraction to yield more, the 

important variables must be identified and optimized. 

As a result of its capacity to concurrently examine the 

effects of numerous variables and their interactions, 
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the response surface methodology (RSM) is frequently 

used to refine and enhance complicated extraction 

conditions (27, 28). There is no report considering the 

optimization process of extraction towards obtaining 

active EO compounds particularly from T. daenensis 

using an efficient UAE system. 

This study aims to develop a system for the 

extraction of EO from the aerial parts of T. daenensis 

using a continuous flow technique with the aid of 

ultrasonic waves. In terms of time, EO quality, and 

quantity, this method is compared to conventional 

approach. The chemical profile of the extracted EO 

was determined by GC-MS analysis. The influence of 

EO extraction variables (UAE time, UAE temperature, 

and F/S ratio) on EO yield was evaluated using the 

RSM. The microscopic structural changes in the aerial 

leaves of T. daenensis after ultrasonic treatment and 

traditional extraction were employed to explain the 

morphology changes. Finally, to look into anti-

inflammatory activity of T. daenensis EO, the 

Mizushima method was exploited to study the inhibition 

of albumin denaturation, and the outcomes were 

compared with those of conventional diclofenac 

sodium. 

Material and methods 

Plant materials and chemicals 

T. daenensis has been attained and endorsed by 

Shahid Beheshti University's Department of 

Phytochemistry, Medicinal Plants and Drugs Research 

Institute (Herbarium No MPH-1942, Tehran, Iran). The 

aerial parts of the plant were dried at room temperature 

before being ground by hand into a fine powder, and 

sieved through a 2.00 mm mesh sieve (No. 10). The 

chemicals employed in this research were classified as 

analytical grade and did not need to be purified further. 

Merck Co. provided diclofenac sodium, hydrochloric 

acid 1 N (HCL), and phosphate buffer saline (PBS) 

(Germany). Darou Pakhsh Pharmaceutical MFG Co, 

Ltd provided human serum albumin (HSA) for the anti-

inflammatory assay (Iran, Tehran). Distilled water was 

also used for the injections throughout the tests. 

Instrumentation 

The performance of two-phase systems is greatly 

enhanced by expanding the surface contact between 

the phases. The "active zone" is the region below the 

ultrasonic horn's point where the strongest and most 

irregular velocity component fluctuations occur, 

allowing for the highest level of energy dissipation. 

Furthermore, the high temperature and pressure 

created by the power of ultrasound near the 

sonotrode's tip produce more active hydroxyl radicals 

(OH•) than in other zones, suggesting that this region 

is practically active chemical zone. As a result, this 

active point can be considered a suitable place for the 

introduction of a mixture of solid and liquid phases, 

where maximum energy dissipation occurs. 

Fig. 1 illustrates a schematic diagram of a 

continuous-flow batch-mode system aided by an 

ultrasonic horn combined with a Clevenger device for 

extracting EO from the aerial parts of T. daenensis. T. 

daenensis powder (30, 45, and 60 g) sieved with a 10-

mesh sieve was combined with 4L of water in a round 

bottom flask. A 500 mL working capacity sono-tank 

was used to hold the water and solids mixture. Using a 

magnetic compressor, it was recirculated over the 

procedure (SPC Magnet pump/Model: MD -

70RZ/Voltage: 220V/Speed: 2860 rpm) with a 

maximum capacity of 40 L. min-1. The pretreatment 

procedure was turned off after the sonication was 

finished. Later on, the tank temperature was raised up 

to the boiling point of the aqueous solvent, and the 

hydro-distillation (HD) was carried out with the help of 

a Clevenger device attached to the system. The 

Clevenger device has a 500W electric heating jacket. 

Preliminary experiments revealed that 3 hours was the 

ideal extraction period for conventional HD. The 

extracted EOs were dried using anhydrous sodium 
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chloride. The collected EOs were then weighed and 

kept in sealed containers at 4°C for future research. In 

terms of mg of EOs per g of dried T. daenensis powder, 

the EO yields were reported. It should be mentioned 

that each extraction process was carried out 3 times 

and the mean values of the extraction yields were 

reported. Comparable plant samples, serving as 

controls, were examined under similar conditions 

without ultrasonic irradiation. 

 

Fig 1. Schematic representation of continuous flow-flow batch mode operation of ultrasound-assisted 

extraction system include: (1) Organic phase tank, (2) Flask Heater, (3) Clevenger, (4) Cold water in, (5) 

Condenser, (6) Water out, (7) Valve – outlet, (8) Suction pump, (9) Sono –reactor, (10) Ultrasonic 

transducer, (11) Valve – inlet, and (12) Power supply. 

 

Experimental design  

The one-factor-at-a-time (OFAT) method in 

conventional optimization is a time-consuming, labor-

intensive, and expensive procedure. Additionally, the 

conventional approach does not reveal information 

about the interactions between different process 

variables on the process output. For identifying the 

ideal operational variables in technological processes, 

the statistical design of experiments (DOE), including 

Box-Behnken Design (BBD), orthogonal array design,  

and Central Composite Design (CCD) is used 

frequently (29-31). The effect of extraction variables on 

the yield of EO was evaluated using a three-factor, 

three-level Box–Behnken design (BBD). The most 

effective variables to examine the extraction efficiency 

in the UAE system were UAE time (𝑋1), UAE 

temperature (𝑋2), and feed-to-solvent ratio (𝑋3). Based 

on the preliminary studies, the acceptable ranges for 

all three process variables are shown in Table 1. 
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Table 1. Experimental ranges and levels used for the optimization of the extraction process. 

Factors Symbol coded 

Range and levels 

-1 0 1 

Time (min) X1 30 60 90 

Temperature (ºC) X2 25.00 42.50 60.00 

Feed to solvent ratio (F/S, g.L -1) X3 7.50 11.25 15.00 

 

To calculate the relationship between the 

determined EO extraction yield and the extraction 

variables, the following equation (1) was used: 

𝑌 = 𝛽0 + 𝛽1 𝑋1 +  𝛽2 𝑋2 + 𝛽3 𝑋3 + 𝛽12 𝑋1𝑋2 +  𝛽13 𝑋1𝑋3 +  𝛽23 𝑋2𝑋3 +  𝛽11𝑋1
2  +  𝛽22𝑋2

2  +

 𝛽33𝑋3
2     

(

1) 

where 𝑌 is the yield of EO (mg EO of T. daenensis 

/g dry weight of plant); 𝛽0 is the intercept coefficient, 𝛽1, 

𝛽2 and 𝛽3 are the linear coefficients, 𝛽11, 𝛽22, and 𝛽33 

are the squared coefficients, and 𝛽12, 𝛽13, and 𝛽23 are 

the interaction coefficients; showing the linear, 

quadratic and interaction effects of the variables. 

Design-Expert Software {Design, 2021 

 #129120} was applied to determine the predicted 

responses. The statistical experimental design was 

then utilized in additional validation tests to make sure 

it was feasible. 

Scanning electron microscopy 

Scanning electron microscopy (SEM, Hitachi, 

SU3500) was applied to ascertain the impact of 

ultrasound treatment on the structural alterations of T. 

daenensis leaf samples. Two samples of T. daenensis 

leaves are prepared: a sample was taken from a 

control sample of untreated T. daenensis leaves 

(extracted with the conventional method), and the other 

from UAE treated under the optimal circumstances for 

operation. Under high vacuum conditions, the SEM 

was employed with a 20.0 kV accelerating voltage, and 

a working distance of 8-9 mm. Having fixed in the 

sample container, each sample was coated with 10 nm 

gold in a sputter coater. 

 

Phytochemical measurements by Gas 
chromatography–mass spectrometry (GC–MS) 

GC analysis was performed using a TRACE GC gas 

chromatograph (Thermo Quest, Finnigan, Manchester, 

UK) with a DB -5 column of fused silica (30 m × 0.25 

mm; 0.25 µm film thickness). The temperature in the 

oven was maintained at 60 °C for 5 min before being 

increased to 250°C at a rate of 5 °C.min-1. The 

temperatures for the injector and detector (FID) were 

250°C and 280°C, respectively; nitrogen was used as 

the carrier gas at a linear rate of 1.1 mL.min-1 and a 

split ratio of 1:10. Gas chromatography/mass 

spectrometry was used to identify the volatile 

components in thyme EO (GC-MS). The GC-MS 

analyzes (mass spectroscopy, GC-MS, TRACCE MS, 

Thermo Quest-Finnigan) were carried out using the 

following temperature and column program: The 

temperature on the transmission line  was 250°C, the 

carrier gas was helium with a linear flow rate of 1.1 

mL.min-1, the split ratio was 1:10, the ionization energy 

was 70 eV, and the scan time was 0.4 seconds. The 

components of the EO were determined by comparing 

their mass spectra to those of a GC/MS system 

equipped with a DB-5 fused silica computer library or 

standard compounds, and their retention indices were 

confirmed by comparing them to those of standard 

compounds or data published in the literature. The 

retention index of all volatile elements was determined 

using a series of n-alkanes homologs (32). 
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Evaluation of anti-inflammatory activity by inhibition of 
protein denaturation  

The protein denaturation inhibition method was 

used to calculate the in vitro anti-inflammatory efficacy. 

It was modified from the original Mizushima and 

Kobayashi (1968) technique (33).  Various EO sample 

solution concentrations and reference medicine 

(diclofenac sodium) were created (100, 300, 500, 700, 

and 900 µg.mL-1). The test control solution was made 

up of 0.5 mL of 3 % (w/v) aqueous human serum 

albumin, HSA (0.45 mL), and 0.05 mL distilled water. 

Similarly, the 0.5 mL product control solution contained 

distilled water (0.05 mL), and the test solution (0.45 

mL). HSA (0.45 mL) and test solution were also 

included in the 0.5 mL test solution (0.05 mL). 

Diclofenac sodium (0.05 mL) and HSA were included 

in the 0.5 mL standard solution (0.45 mL). The pH of 

the aforementioned solutions was adjusted to 6.4 using 

HCl (1 N). The solutions were then heated at 51°C for 

60 min after being incubated at 37°C for 20 min. After 

chilling, the preceding combinations were added with 

phosphate buffer (2.5 mL). HSA denaturation was 

evaluated using the absorbance at 416 nm using a UV-

Visible spectrophotometer, and the inhibitory 

percentage of was calculated as follows: 

 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  100 − [ 
𝐴 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 − 𝐴 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝐴 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 
× 100] 

(1) 

 

Results and discussion 

Statistical analysis in the UAE process 

To optimize the extraction parameters, a subset of 

RSM called the Box-Behnken design was used (34). 

The combination of independent variables listed in 

Table 2 was used to determine the EO yield. There are 

a total of 17 sets of trials in the BBD design, including 

5 midpoints. With a low coefficient of variation, the 

midpoint tests were sufficiently repeatable and reliable 

(Table 2). Consequently, the connection between the 

input variables and the measured response could be 

described by the second-order polynomial model in 

Table 3. 

The ANOVA results of the proposed quadratic 

model are shown in Table 4. The p-value is a statistical 

significance index that is used to determine each 

coefficient's statistical significance. The model is 

statistically significant if the F-value is high (F = 27.22) 

and the p-value is low (p<0.0001). Furthermore, the 

coefficient of determination (𝑅2) was used to assess 

the model's quality. The 𝑅2 value was 0.97, indicating 

that the experimental and expected values are well 

correlated. The lack of a fit index is not significant 

compared to the pure error, indicating that the model 

fits well, and the independent variables have a 

significant impact on the response. In conclusion, the 

proposed model is able to plot response surface curves 

and predict ideal extraction settings to optimize EO 

values. 

  



Volume 1, Issue 1 

Table 2. Box–Behnken design matrix in coded values, experimental and predicted results. 

Run 

 Factors    Response   

Time 

(min) 

X1 

Temperature 

(ºC) 

X2 

F/S 

(g.L-1) 

X3 

 

Experimental  

essential oil  

(mgEO/g of plant) 

 

Predicted 

 essential oil  

(mgEO/g of plant) 

 |Error|* 

(%) 

1 30 25.00 11.25 

 

8.21 

 

8.63 4.87 

2 60 42.50 11.25 10.11 10.40 2.79 

3 90 42.50 7.50 6.47 6.78 4.57 

4 30 42.50 7.50 8.01 7.72 3.76 

5 60 42.50 11.25 10.58 10.40 1.73 

6 90 60.00 11.25 6.08 5.66 7.42 

7 60 42.50 11.25 10.82 10.40 4.04 

8 60 60.00 7.50 6.27 6.38 1.72 

9 60 42.50 11.25 10.11 10.40 2.79 

10 60 42.50 11.25 10.55 10.40 1.44 

11 30 60.00 11.25 7.26 7.44 2.42 

12 90 42.50 15.00 8.20 8.49 3.41 

13 30 42.50 15.00 8.91 8.60 3.60 

14 60 60.00 15.00 6.60 6.72 1.78 

15 90 25.00 11.25 9.54 9.36 1.92 

16 60 25.00 15.00 10.23 10.10 1.29 

17 60 25.00 7.50 7.98 7.86 1.53 

*Percentage of Error calculated as [100 × (EO Predicted - EO Experimental)/ EO Predicted], where EO is the essential oil values. 

 

Table 3. Final equation for the essential oil value of T. daenensis in terms of coded or actual factors. 

Response Types Equations 

Essential oil value  Actual −18.05313 + 0.19023 ×  𝑡𝑖𝑚𝑒 + 0.47140 ×  𝑡𝑒𝑚𝑝 + 2.40506 × 
𝐹

𝑆
− 1.19524𝐸 − 003 ×  𝑡𝑖𝑚𝑒 ×

 𝑡𝑒𝑚𝑝 + 1.84444𝐸 − 003 ×  𝑡𝑖𝑚𝑒 × 
𝐹

𝑆
− 7.31429𝐸 − 003 ×  𝑡𝑒𝑚𝑝 × 

𝐹

𝑆
 − 1.40778𝐸 −

003 × 𝑡𝑖𝑚𝑒2 − 4.55347𝐸 − 003 × 𝑡𝑒𝑚𝑝2  − 0.09276 × (
𝐹

𝑆
)

2

   

 

 Coded +10.43 − 0.26 𝑋1 − 1.22 𝑋2 + 0.65 𝑋3 − 0.63 𝑋1𝑋2 + 0.21 𝑋1𝑋3 − 0.48 𝑋2𝑋3 − 1.27 𝑋1
2 − 1.39 𝑋2

2

− 1.27 𝑋3
2 

 

Table 4. The ANOVA analysis for the response surface quadratic model. 

Source Sum of squares Degree of freedom Mean square F-value p-value 

Prob > F 

Model  42.78 9 4.75 27.22   0.0001 significant. 

X1 0.55 1 0.55 3.16   0.1188 

X2 11.88 1 11.88 68.06 <0.0001 

X3 3.39 1 3.39 19.43   0.0031 

X1.X2 1.58 1 1.58 9.02   0.0198 

X1.X3 0.17 1 0.17 0.99   0.3537 

X2.X3 0.92 1 0.92 5.28   0.0552 

X1
2 6.76 1 6.76 38.71   0.0004 

X2
2 8.19 1 8.19 46.90   0.0002 

X3
2 6.79 1 6.79 438.87   0.0004 

Residual 1.22 7 0.17   

Lack of fit 0.83 3 0.28 2.81   0.1722 not significant. 

Pure error 0.39 4 0.098   

Cor total 

R2 

Adjusted R2 

44.00 

0.9722 

0.9365 

16 
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Fig. 2A shows a plot of actual response versus 

expected response values. It helps in identifying a 

value or collection of values that the model function 

cannot readily predict (35). The Fig. 2A also 

demonstrates that the prediction is relatively close to 

the practical data using the suggested correlation. Fig. 

2B also presents the residuals versus the fitted 

response. The assumption of constant variance is 

challenged. The plot should behave like a random 

scatter, with a constant range of residuals distributed 

across the graph (35). These findings support the 

validity and dependability of the proposed correlation. 

The variance between the predicted response and the 

actual data is also shown in Fig. 2C as a normal 

probability plot of the residuals. The normal probability 

plot shows whether or not the residuals have a normal 

distribution. The points in this scenario are connected 

by a straight line (Fig. 2C). As shown in Fig. 2C, the 

points in this plot follow a normal distribution around a 

straight line. 

 

Fig. 2. Evaluation of RSM proposed correlation between predicted and experimental essential oil 

values from T. daenensis aerial parts; A) Predicted versus actual values plot, B) Residual versus 

predicted plot, C) Normal plot of residuals. 

 

Common effect of extraction factors 

Since the operating parameters can show 

considerable influence on the extraction processes, the 

extraction conditions of EO from T. daenensis were 

evaluated. Fig. 3 demonstrates the relationship 

between the independent and interactive dependent 

variables is depicted as a three-dimensional response 

level diagram in Fig. 3. It is noted that the high-

frequency vibration, shear stress, and radiation 

pressure are all mechanical effects of ultrasound wave 

propagation. They have the potential to damage the 

tissues and cells of T. daenensis. It enables the solvent 

to completely penetrate plant tissue and cells allowing 

therapeutic agents to be extracted from the cells of T. 

daenensis. In addition, the ultrasonic waves cause 

cavitation, which breaks down cell walls and 

membranes, making it easier to release the therapeutic 

substances (24, 36). The UAE time is acknowledged as 

a significant aspect of the EO extraction process since 
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it's crucial to establish the extraction time in order to 

prevent wasting too much energy. The F/S ratio is yet 

another crucial factor that has been studied to increase 

extraction effectiveness. To maximize extraction yield, 

it is also important to take into account the ratios of 

sample to solvent and particle size since these 

variables affect cavitation phenomena and the final 

extraction concentration. (37).  

Increasing the solvent-to-feed ratio within a certain 

ratio can dissolve the target compounds more 

efficiently, leading to a higher extraction yield (38). Fig. 

3A depicts the impact of UAE duration and F/S ratio on 

the volume of extracted EO. A considerable curvature 

can be shown, indicating that two parameters have an 

interaction effect on the response. It was found that the 

best region for extracting the most EO is in the middle 

of UAE time and at a fairly high level of the F/S ratio 

(see also Table 2). However, the quantity of extracted 

EO was slightly reduced at the high UAE time and high 

F/S ratio. Fig. 3B illustrates the impact of UAE time and 

temperature affect the quantity of EO extracted. 

According to Fig. 3B, simultaneous increase in the 

UAE time and temperature variables (movement on the 

dimeter axis) lead to increase the amount of EO then 

decreases the extracted EO. It was revealed that the 

most favorable condition for achievement of the high 

yield is using low temperature (35 - 45°C) and low UAE 

time (45 - 60 min) during extraction. 

Based on the slope of the curve in Fig. 3B, the 

temperature has a significant impact on the extraction 

process for each UAE time value. Lower temperatures 

lead to greater extraction of 9.75 mg.g-1. This might be 

explained by the EO compounds' characteristics. 

Despite having boiling points of 200°C or higher, EO 

compounds only volatilize at about 100°C when vapor 

or boiling water is present and atmospheric pressure is 

present  (39). Since heat is probably contributing 

toward the formation of free radicals, it is crucial that 

autoxidation and hydroperoxide degradation speed up 

as the temperature increases. (40). It's ought to be 

mentioned that thermolabile flavors or aromatic 

metabolites, which are susceptible to degradation by 

heat, play an important role in altering the properties of 

EO (41). Higher temperatures actually led to yield 

reduction of EO due to undesirable processes such as 

decomposition and hydrolysis. Another theory 

suggests that the problem is caused by the higher 

temperatures and the long UAE time associated with a 

process known as "supercavitation" (42). Increasing 

the vapor pressure reduces the ultrasonic power 

transmitted to the medium by increasing the production 

of bubbles around the ultrasonic horn tip. The 

interaction of temperature and F/S ratio on the amount 

of extracted EO is depicted in Fig. 3C. In Fig. 3C, the 

surface reaches the plateau in the F/S ratio ranges of 

13.0 - 15.0 g.L-1, temperature   of 35 - 45ºC, and, with 

the highest potential amount of EO extracted 9.5 to 

10.0 mg. g-1 (movement on the diameter axis). 

Optimizing the extraction conditions 

The regression equation was employed to 

determine the best values for variable leading to the 

optimum extraction conditions. A number of optimal 

points proposed by the Design-Expert software is 

shown in Table 5, indicating that the UAE model 

accurately matched the experimental data and thus 

optimized the T. daenensis EO method. To validate 

these findings, all tests were run in triplicate under 

proposed conditions and compared to the standard 

procedure. Temperatures of 30 - 40°C, F/S ratios of 

14.00 - 15.00 g.L-1, and UAE times of 45 - 55 minutes 

were found to be optimal extraction conditions. In the 

conventional approach, the maximum EO yield was 

8.49 mg.g-1 of the plant (F/S ratio of 14.52 g.L-1), 

whereas the extraction yield in the UAE system (53.96 

min UAE duration, F/S ratio of 14.52 g.L-1, and 30.06°C 

UAE temperature) was 10.51 mg.g-1 of EO. Compared 

to the conventional settings, these data show an 

almost 23.8% increase in EO extraction. 
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Fig. 3. Response surface plots for the effect of (A) F/S ratio and UAE time; (B) UAE temperature and 

UAE time; (C) F/S ratio and UAE temperature on the value of the essential oil. (UAE = Ultrasound-assisted 

extraction. F/S ratio = feed to solvent ratio). 

 

Table 5. The number of optimal points employed in UAE system 

No. 

Time 
(min) 

X1 

Temperature 
(ºC)  

X2 

F/S(g.L-

1) 

X3 

 
Predicted essential oil 
value (mg EO/g of plant) 

 Reported essential 
oil value (mg EO/g of 

plant) 

Desirability 

  

1 49.03 35.00 14.99 

 

10.04 

 

10.28 1.000 

2 48.89 36.11 14.20 10.33 10.46 1.000 

3 53.96 30.06 14.52 10.37 10.51 1.000 

 

Microscopic analysis 

The UAE method was used to detect morphological 

changes in the surface structure of T. daenensis leaf 

samples, and the results were compared using a SEM 

test to better demonstrate the efficiency of the UAE 

method. Fig. 4 (A-D) shows the microstructure of T. 

daenensis leaf samples after treatment using 

conventional and UAE methods at the recommended 

optimal conditions (UAE time 53.96 min, F/S ratio 

14.56 g.L-1, and temperature 30.06°C). Figures 4A and 

4B show that the conventionally handled sample still 

has a significant quantity of intact, undamaged, and 

blocked hole tissues. On the other hand, Fig. 4C and 

4D demonstrate how most of the trichomes' "hair" 

structures are severed and broken after ultrasonic 

treatment. The cells adjacent to the structures also 

seem to have undergone significant ablation. 

Additionally, because of cracks, bigger holes, and 

voids on the sample surfaces brought on by the 

ultrasonic waves, the surface structures of the UAE-

treated sample were more disrupted than those of the 
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conventionally extracted sample. The ultrasonic waves 

can enhance the process of extracting plant 

compounds by introducing porosity and holes in the 

cell membrane as well as by facilitating and 

accelerating mass transfer. (43, 44). This covers both 

the extension of the tissue to make space for the 

solvent and the leakage of chemicals into the solvent 

from the tissue. Over the contraction cycle, the 

cavitation bubbles close to the plant material surface 

collapses, enabling the microjet to penetrate the 

surface. (45-47). As a result, acoustic cavitation 

homogenized and dissolved the large particles, and 

improved the contact area of the T. daenensis leaf 

tissue with the solvent. The cell walls of the T. 

daenensis leaf tissue were damaged by ultrasonic 

sonication, allowing more water solvent to penetrate 

inside the cells and release the active ingredients. UAE 

disturbed the T. daenensis leaf tissue more than 

conventional extraction, which could improve mass 

transfer and lead to stronger and faster release of the 

active ingredients, resulting in higher yield, shorter 

extraction time, and enhanced quality of extracted EO. 

 

Fig. 4. Effect of power ultrasound on Thymus daenensis aerial parts: SEM microscopic observation of 

plant surface using conventional extraction method, magnification 200 µm (A), 100 µm (B), respectively. 

SEM microscopic observation of plant surface after UAE, at optimized conditions, magnification 200 µm 

(C), 100 µm (D), respectively. 

 

GC-MS analysis of essential oil  

Table 6 depicts the chemical content of EO 

extracted from T. daenensis using conventional HD 

and UAE techniques evaluated qualitatively and 

quantitatively using GC and GC-MS. GC-MS analyses 

demonstrated that the main components of T. 

daenensis EOs are thymol and carvacrol. 

(Chromatogram in Fig. 5). Table 6 shows that a total of 

nine components were distinguished as accounting for 

100 percent of the total oil. The major compositions of 

EO of T. daenensis were found to be carvacrol, thymol, 

ρ-cymene, γ-terpinene, caryophyllene, linalool, α-

terpinene, and borneol. The oils had a high percentage 

of carvacrol in both the UAE and conventional 

methods, with 57.82 % and 48.47 %, respectively. 

A B 

C D 
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Also, thymol was the next component with a high 

percentage of 22.20 % and 18.88 %, respectively in the 

UAE and conventional methods, which have increased 

by a total of 12.67 % in UAE extraction. 

The high percentage of monocyclic monoterpene 

(carvacrol, thymol, α-terpinene, p-cymene, etc.) in T. 

daenensis EO extracted under UAE compared to the 

conventional method shows an increase in the amount 

of the major components recovered by the UAE 

method. This could be due to the more efficient 

liberation of certain components from the secretory 

structures of T. daenensis leaves or to transformations 

of unstable chemical compounds after ultrasonic 

irradiation. For example, p-cymene could be 

oxidatively hydroxylated at a position similar to the 

hydroxyl group position in α-terpineol. The 

hydroxylation of p-cymene also results in the 

biosynthesis of thymol, a completely different 

monoterpene. (48). UAE extraction method reduced p-

cymene and γ-terpinene contents while, the contents 

of carvacrol, thymol EO of T. daenensis were 

increased significantly. As shown in Table 6, in the 

conventional extraction method the rate of p-cymene 

was 9.59 %, whereas in the UAE method was reduced 

to 2.28 %, and this might be a reason for the increase 

of thymol and carvacrol in EO extracted by the UAE. 

The aforementioned findings showed that ultrasound 

irradiation would enhance the content of effective 

components rather than alter the primary active 

ingredients in T. daenensis EOs. 

Table 6. Chemical composition of the Thymus daenensis EO in conventional and ultrasonic methods at 

the optimized condition. 

No. Compounds Percent (%)  RI* 

  Conventional method without 

ultrasonic 
Ultrasonic method  

1 α-terpinene 0.890 0.172 1012 

2 p-cymene 9.590 2.278 1022 

3 γ-terpinene 8.723 2.025 1054 

4 linalool 3.914 4.125 1098 

5 borneol 4.653 5.744 1175 

6 thymol 18.88 22.20 1297 

7 carvacrol 48.47 57.82 1313 

8 trans-caryophyllene 3.441 3.891 1419 

9 caryophyllene oxide 1.439 1.745 1584 

     

*RI: Retention indices relative to C9-C22 n-alkanes on the DB-5 column.   
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Fig. 5. GC-MS chromatography profile of Thymus daenensis essential oil. 

 

Effect of anti-inflammatory activity of the EO  

Nonsteroidal anti-inflammatory drugs (NSAIDs), 

steroidal anti-inflammatory drugs (SAIDs), and 

immunosuppressants are used to treat inflammatory 

diseases. However, their use has been restricted 

owing to the possible adverse consequences (49, 50). 

The importance of EOs as a rich source of active 

chemicals in the search for novel bioactive natural 

products that reduce inflammation is becoming more 

widely acknowledged. For example, many monocyclic 

monoterpenes, such as carvacrol, thymol, α-terpineol, 

p-cymene, and other chemicals, have been derived 

from different plants. They have been found to have a 

variety of biological and therapeutic benefits, including 

anti-inflammatory, antioxidant antipruritic, and 

analgesic effects (51, 52). Phenolic terpenes, including 

carvacrol and thymol, are the major components in the 

Thymus genus (8, 53).  

As a result, monoterpenes have been identified as 

potential compounds that can be used to treat a wide 

range of diseases. Monoterpenes can be considered 

as the key molecules for the development of effective 

anti-inflammatory drugs, as they have shown 

numerous modes of action on different targets in in 

vitro and in vivo studies (54). It is well known that 

inflammation is caused by the denaturation of protein 

molecules (55). The approach of Mizushima et al. is 

one of the most popular in vitro techniques for 

assessing anti-inflammatory effects by reducing 

protein denaturation. (33, 56). Proteins lose their 

tertiary structure and convert to secondary structure as 

a result of denaturation, which is often cited as the 

cause of inflammation.  

Albumin protein denaturates at physiological pH 

when phosphate-buffered saline sodium is present 

(57). The anti-inflammatory properties of carvacrol (58), 

thymol (59), p-cymene (60) have been already 

reported. However, in this work, perceptible 

concentration of monocyclic monoterpenes in the 

extracted EO in suppressing the denaturation of 

albumin protein is highlighted in this work. Using the 
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human serum denaturation technique, Fig. 6 illustrates 

the in vitro anti-inflammatory activity of EOs and 

diclofenac sodium as an NSAID at various doses. 

According to Boukhatem, Darwish, et al. (2020)  the 

rich fraction of Thymus vulgaris EO presented a dose-

dependent maximum inhibition of denaturation of 

protein albumin of 96.35% at 0.5 µl.mL-1 (IC50 value of 

6.843 ± 0.830 µl.mL-1) whereas sodium diclofenac 

revealed maximum inhibition of 96.89% at the 

concentration of 1 mg.mL-1 (61). 

As can be seen in Fig. 6, EO showed 79, 81, 82.75, 

84, and 86 percent inhibition of denaturation of HSA at 

different concentrations (100, 300, 500, 700, and 900 

μg.mL-1), whereas standard diclofenac sodium showed 

86, 88, 91, 93, and 96.5 percent at the same 

concentration ranges. In general, as concentrations 

rise from 100 to 900 μg.mL-1, the impact of inhibition by 

diclofenac sodium is generally greater than that of EO. 

Even though EO and diclofenac sodium were used in 

various concentrations, there was no discernible 

change in the percent inhibition. This could be 

attributed to the high concentration of monoterpenes in 

EO. 

 

Fig. 6. Comparison of the effect of essential oil extracted from Thymus daenensis and diclofenac 

sodium on inhibition of albumin denaturation. 

  

Conclusion 

To improve the extraction of EOs from T. daenensis 

leaves, an effective continuous flow batch procedure 

supported by an ultrasonic horn coupled with a 

Clevenger device was designed in this research. The 

effects of operating factors on EO extraction were 

thoroughly studied and compared with the 

conventional method. In comparison to the traditional 

method, the efficient UAE system resulted in 

increasing the number of monocyclic monoterpenes, 

carvacrol, and thymol in the extracted T. daenensis 

EO. The differences in the results could be explained 

by the effective contact area between the solid phase 

and the solvent, as well as acoustic cavitation 

processes, and a high-volume circulating sonication 

system. The plant matrix's cell walls may be broken, 

releasing the contents, by the high local pressure and 

temperature used in the UAE method as well as the 

micro-mixing in the active zone. The yield of T. 

daenensis EO, on the other hand, was negatively 

impacted by the prolonged sonication period and 
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elevated operating temperature. In addition, the anti-

inflammatory activity of the components of T. 

daenensis EO at various dosages revealed promising 

results that were roughly comparable to those of 

standard diclofenac sodium. According to the results, 

the UAE system can be developed as an effective, 

reliable, and beneficial method for the extraction of 

natural products and/or the development of industrial 

applications. 

Acknowledgments 

The authors would like to acknowledge the Shahid 

Beheshti University Research Council and Medicinal 

Plants and Drugs Research Institute (MPDRI) for their 

support. 

Authors’ Contributions 

Asghar Hadi Darabad: Conceptualization, 

Investigation, Formal analysis, Writing-original draft. 

Masoud Rahimi: Methodology, Data Curation, Formal 

analysis, Visualization, Writing-review  and  editing. 

Hasan Rafati: Conceptualization, Supervision, 

Resources, Funding acquisition, Project 

administration, Formal analysis, Writing-review and 

editing. 

Declaration of Interest 

The authors of this article declared no conflict of 

interest. 

Ethical Considerations 

All ethical principles were adheried in conducting 

and writing this article. 

Transparency of Data 

In accordance with the principles of transparency 

and open research, we declare that all data and 

materials used in this study are available upon request. 

 

Funding 

This research was carried out independently with 

personal funding and without the financial support of 

any governmental or private institution or organization. 

References 

1. Boukhatem MN, Boumaiza A, Nada HG, Rajabi M, 

Mousa SA. Eucalyptus globulus essential oil as a natural food 

preservative: Antioxidant, antibacterial and antifungal 

properties in vitro and in a real food matrix (orangina fruit 

juice). Applied Sciences. 2020;10:5581. doi: 

10.3390/app10165581. 

2. Isman MB. Commercial development of plant 

essential oils and their constituents as active ingredients in 

bioinsecticides2020. 235-41 p. 

3. Rodino S, Butu M. Herbal extracts-new trends in 

functional and medicinal beverages. Elsevier2019. 

4. Nabavi SM, Marchese A, Izadi M, Curti V, Daglia M, 

Nabavi SFP. Plants belonging to the genus Thymus as 

antibacterial agents: From farm to pharmacy. Food 

chemistry. 2015;173:339-47. doi: 

10.1016/j.foodchem.2014.10.042. 

5. Manconi M, Petretto G, D'Hallewin G, Escribano E, 

Milia E, Pinna R, et al. 'Thymus essential oil extraction, 

characterization and incorporation in phospholipid vesicles 

for the antioxidant/antibacterial treatment of oral cavity 

diseases. Colloids and Surfaces B: Biointerfaces. 

2018;171:115-22. doi: 10.1016/j.colsurfb.2018.07.021. 

6. Pirbalouti AG, Karimi A, Yousefi M, Enteshari S, 

Golparvar AR. Diversity of Thymus daenensis Celak in 

central and west of Iran. Journal of Medicinal Plants 

Research. 2011;5:319-23. 

7. Afshari V, Elahian F, Ayari Y, Yazdinezhad A, 

Mirzaei SA. Diversity and ecotypic variation in the 

antioxidant and antigenotoxic effects of Thymus kotschyanus 

Boiss & Hohen. Flavour and Fragrance Journal. 

2016;31:429-37. doi: 10.1002/ffj.3333. 

8. Elahian F, Garshasbi M, Mehri Asiabar Z, 

Gholamian Dehkordi N, Yazdinezhad A, Mirzaei SA. Ecotypic 

Variations Affected the Biological Effectiveness of Thymus 

daenensis Celak Essential Oil. Evidence-Based 

Complementary and Alternative Medicine. 2021;2021. doi: 

10.1155/2021/6686558. 

9. Ghaderi L, Moghimi R, Aliahmadi A, McClements 

D, Rafati H. Development of antimicrobial nanoemulsion‐

based delivery systems against selected pathogenic bacteria 

using a thymol‐rich Thymus daenensis essential oil. Journal 

of applied microbiology. 2017;123:832-40. doi: 

10.1111/jam.13541. 



 Hadi Darabad et al. 

10. Orłowska M, Kowalska T, Sajewicz M, Pytlakowska 

K, Bartoszek M, Polak J, et al. Antioxidant activity of selected 

thyme (Thymus L.) species and study of the equivalence of 

different measuring methodologies. Journal of AOAC 

International. 2015;98:876-82. doi: 10.5740/jaoacint.SGE6-

Orlowska. 

11. Pirbalouti AG, Hashemi M, Ghahfarokhi FT. 

Essential oil and chemical compositions of wild and 

cultivated Thymus daenensis Celak and Thymus vulgaris L. 

Industrial Crops and Products. 2013;48:43-8. doi: 

10.1016/j.indcrop.2013.04.004. 

12. Aziz ZA, Ahmad A, Setapar SHM, Karakucuk A, 

Azim MM, Lokhat D, et al. Essential oils: extraction 

techniques, pharmaceutical and therapeutic potential-a 

review. Current drug metabolism. 2018;19:1100-10. doi: 

10.2174/1389200219666180723144850. 

13. Azmir J, Zaidul ISM, Rahman MM, Sharif KAUMA, 

Sahena F, Jahurul M, et al. Techniques for extraction of 

bioactive compounds from plant materials: A review. Journal 

of food engineering. 2013;117:426-36. doi: 

10.1016/j.jfoodeng.2013.01.014. 

14. Hrnčič MK, Cör D, Verboten MT, Knez Ž. 

Application of supercritical and subcritical fluids in food 

processing2018. 59-67 p. 

15. Kadam SU, Tiwari BK, O'Donnell CP. Application of 

novel extraction technologies for bioactives from marine 

algae. Journal of agricultural and food chemistry. 

2013;61:4667-75. doi: 10.1021/jf400819p. 

16. Alves Filho EG, Lima M, Silva L, Ribeiro P, Tiwari 

BK, Fernandes FN, et al. Green Ultrasound-Assisted 

Extraction of Bioactive Compounds from Button 

Mushrooms, Potatoes, and Onion Peels. ACS Food Science & 

Technology. 2021;1:1274-84. doi: 

10.1021/acsfoodscitech.1c00153. 

17. Balicki S, Pawlaczyk-Graja I, Gancarz R, Capek P, 

Wilk KA. Optimization of Ultrasound-Assisted Extraction of 

Functional Food Fiber from Canadian Horseweed (Erigeron 

canadensis L.). ACS omega. 2020;5:20854-62DO - 

10.1021/acsomega.0c02181. 

18. Piñeiro Z, Guerrero R, Fernández-Marin M, Cantos-

Villar E, Palma M. Ultrasound-assisted extraction of 

stilbenoids from grape stems. Journal of agricultural and 

food chemistry. 2013;61:12549-56. doi: 10.1021/jf4030129. 

19. Aktij SA, Taghipour A, Rahimpour A, Mollahosseini 

A, Tiraferri A. A critical review on ultrasonic-assisted fouling 

control and cleaning of fouled membranes. Ultrasonics. 

2020;108:106228. doi: 10.1016/j.ultras.2020.106228. 

20. Lanjekar KJ, Rathod VK. Application of Ultrasound 

and Natural Deep Eutectic Solvent for the Extraction of 

Glycyrrhizic Acid from Glycyrrhiza glabra: Optimization and 

Kinetic Evaluation. Industrial & Engineering Chemistry 

Research. 2021. doi: 10.1021/acs.iecr.1c00862. 

21. Banu KS, Cathrine L. General techniques involved 

in phytochemical analysis2015. 25-32 p. 

22. Fernando GSN, Wood K, Papaioannou EH, 

Marshall LJ, Sergeeva NN, Boesch C. Application of an 

Ultrasound-Assisted Extraction Method to Recover Betalains 

and Polyphenols from Red Beetroot Waste. ACS Sustainable 

Chemistry & Engineering. 2021;9:8736-47. doi: 

10.1021/acssuschemeng.1c01203. 

23. Palmieri S, Pellegrini M, Ricci A, Compagnone D, Lo 

Sterzo C. Chemical composition and antioxidant activity of 

thyme, hemp and coriander extracts: A comparison study of 

maceration, soxhlet, UAE and RSLDE techniques. Foods. 

2020;9:1221. doi: 10.3390/foods9091221. 

24. Zahari NAAR, Chong GH, Abdullah LC, Chua BL. 

Ultrasonic-Assisted Extraction (UAE) Process on Thymol 

Concentration from Plectranthus Amboinicus Leaves: 

Kinetic Modeling and Optimization. Processes. 2020;8:322. 

doi: 10.3390/pr8030322. 

25. Rahimi M, Shahhosseini S, Movahedirad S. 

Hydrodynamic and mass transfer investigation of oxidative 

desulfurization of a model fuel using an ultrasound horn 

reactor. Ultrasonics sonochemistry. 2019;52:77-87. doi: 

10.1016/j.ultsonch.2018.11.006. 

26. Rahimi M, Shahhosseini S, Movahedirad S. 

Continuous-flow ultrasound assisted oxidative 

desulfurization (UAOD) process: an efficient diesel 

treatment by injection of the aqueous phase. Ultrasonics 

sonochemistry. 2017;39:611-22. doi: 

10.1016/j.ultsonch.2017.05.033. 

27. Belwal T, Dhyani P, Bhatt ID, Rawal RS, Pande V. 

Optimization extraction conditions for improving phenolic 

content and antioxidant activity in Berberis asiatica fruits 

using response surface methodology (RSM). Food chemistry. 

2016;207:115-24. doi: 10.1016/j.foodchem.2016.03.081. 

28. Eren I, Kaymak-Ertekin F. Optimization of osmotic 

dehydration of potato using response surface methodology. 

Journal of food engineering. 2007;79:344-52. doi: 

10.1016/j.jfoodeng.2006.01.069. 

29. Chary G, Dastidar M. Investigation of optimum 

conditions in coal-oil agglomeration using Taguchi 

experimental design. Fuel. 2012;98:259-64. doi: 

10.1016/j.fuel.2012.03.027. 

30. Kostrzewa D, Dobrzyńska-Inger A, Turczyn A. 

Optimization of supercritical carbon dioxide extraction of 

sweet paprika (Capsicum annuum L.) using response surface 

methodology. Chemical Engineering Research and Design. 

2020;160:39-51. doi: 10.1016/j.cherd.2020.05.005. 

31. Tušek AJ, Benković M, Valinger D, Jurina T, 

Belščak-Cvitanović A, Kljusurić JG. Optimizing bioactive 

compounds extraction from different medicinal plants and 

prediction through nonlinear and linear models. Industrial 



Volume 1, Issue 1 

Crops and Products. 2018;126:449-58. doi: 

10.1016/j.indcrop.2018.10.040. 

32. Adams RP. Identification of essential oil 

components by gas chromatography/mass spectrometry. 

Carol Stream, ILPB - Allured publishing corporation2007. 

33. Mizushima Y, Kobayashi M. Interaction of anti‐

inflammatory drugs with serum proteins, especially with 

some biologically active proteins. Journal of Pharmacy and 

Pharmacology. 1968;20:169-73. doi: 10.1111/j.2042-

7158.1968.tb09718.x. 

34. Asfaram A, Sadeghi H, Goudarzi A, Kokhdan EP, 

Salehpour Z. Ultrasound combined with manganese-oxide 

nanoparticles loaded on activated carbon for extraction and 

pre-concentration of thymol and carvacrol in methanolic 

extracts of Thymus daenensis, Salvia officinalis, Stachys 

pilifera, Satureja khuzistanica, and mentha, and water 

samples. Analyst. 2019;144:1923-34. doi: 

10.1039/C8AN02338G. 

35. Montgomery D. Design and analysis of 

experiments, Minitab manual2008. 

36. Tavakolpour Y, Moosavi‐Nasab MAUNM, 

Haghighi‐Manesh S, Hashemi SMB, Mousavi Khaneghah A. 

Comparison of four extraction methods for essential oil from 

Thymus daenensis Subsp. Lancifolius and chemical analysis 

of extracted essential oil2017. e13046 p. 

37. Vinatoru M, Mason T, Calinescu I. Ultrasonically 

assisted extraction (UAE) and microwave assisted extraction 

(MAE) of functional compounds from plant materials. TrAC 

Trends in Analytical Chemistry. 2017;97:159-78. doi: 

10.1016/j.trac.2017.09.002. 

38. Kaderides K, Papaoikonomou LAUSM, Goula AM. 

Microwave-assisted extraction of phenolics from 

pomegranate peels: Optimization, kinetics, and comparison 

with ultrasounds extraction. Chemical Engineering and 

Processing-Process Intensification. 2019;137:1-11. doi: 

10.1016/j.cep.2019.01.006. 

39. Chaar J, Mouchreck-Filho V, Breviglieri S, 

Cavalheiro E, Chierice G. Boiling temperatures and enthalpy 

changes of essential oils. Journal of thermal analysis and 

calorimetry. 2004;75:437-43. doi: 

10.1023/B:JTAN.0000027130.37755.64. 

40. Hashemi SMB, Khaneghah AM, Tavakolpour Y, 

Asnaashari M, Mehr HM. Effects of ultrasound treatment, 

UV irradiation and Avishan-e-Denaei essential oil on 

oxidative stability of sunflower oil. Journal of Essential Oil 

Bearing Plants. 2015;18:1083-92. doi: 

10.1080/0972060X.2015.1039218. 

41. Mahanta BP, Bora PK, Kemprai P, Borah G, Lal M, 

Haldar S. Thermolabile essential oils, aromas and flavours: 

Degradation pathways, effect of thermal processing and 

alteration of sensory quality. Food Research International. 

2021;145:110404. doi: 10.1016/j.foodres.2021.110404. 

42. Žnidarčič A, Mettin R, Dular M. Modeling cavitation 

in a rapidly changing pressure field-application to a small 

ultrasonic horn. Ultrasonics sonochemistry. 2015;22:482-

92. doi: 10.1016/j.ultsonch.2014.05.011. 

43. Carreira-Casais A, Otero P, Garcia-Perez P, Garcia-

Oliveira P, Pereira AG, Carpena M, et al. Benefits and 

drawbacks of ultrasound-assisted extraction for the recovery 

of bioactive compounds from marine algae. International 

Journal of Environmental Research and Public Health. 

2021;18:9153. doi: 10.3390/ijerph18179153. 

44. Tutunchi PAURL, Hamishehkar H, Alizadeh A. 

Extraction of red beet extract with β-cyclodextrin-enhanced 

ultrasound assisted extraction: A strategy for enhancing the 

extraction efficacy of bioactive compounds and their stability 

in food modelsJO - Food chemistry. 2019;297:124994. doi: 

10.1016/j.foodchem.2019.124994. 

45. Böger BR, Salviato A, Valezi DF, Di Mauro E, 

Georgetti SR, Kurozawa LE. Optimization of ultrasound‐

assisted extraction of grape‐seed oil to enhance process yield 

and minimize free radical formation. Journal of the Science 

of Food and Agriculture. 2018;98:5019-26. doi: 

10.1002/jsfa.9036. 

46. Rezvankhah A, Emam‐Djomeh Z, Safari M, Askari 

G, Salami M. Investigation on the extraction yield, quality, 

and thermal properties of hempseed oil during ultrasound‐

assisted extraction: A comparative study. Journal of Food 

processing and preservation. 2018;42:e13766. doi: 

10.1111/jfpp.13766. 

47. Wen C, Zhang J, Zhang H, Dzah CS, Zandile M, 

Duan YAUMH, et al. Advances in ultrasound assisted 

extraction of bioactive compounds from cash crops-A review. 

Ultrasonics sonochemistry. 2018;48:538-49. doi: 

10.1016/j.ultsonch.2018.07.018. 

48. Al Kury LT, Abdoh A, Ikbariah K, Sadek B, Mahgoub 

M. In Vitro and In Vivo Antidiabetic Potential of 

Monoterpenoids: An Update. Molecules. 2022;27:182. doi: 

10.3390/molecules27010182. 

49. Kelleni MT. Early use of non-steroidal anti-

inflammatory drugs in COVID-19 might reverse 

pathogenesis, prevent complications and improve clinical 

outcomes. Biomedicine & Pharmacotherapy. 

2021;133:110982. doi: 10.1016/j.biopha.2020.110982. 

50. Micallef J, Soeiro T, Jonville-Béra AP, of 

Pharmacology FS. Non-steroidal anti-inflammatory drugs, 

pharmacology, and COVID-19 infection. Therapies. 

2020;75:355-62. doi: 10.1016/j.therap.2020.05.003. 

51. Balahbib A, El Omari N, Hachlafi NE, Lakhdar F, El 

Menyiy N, Salhi N, et al. Health beneficial and 

pharmacological properties of p-cymene. Food and Chemical 

Toxicology. 2021:112259. doi: 

10.1016/j.fct.2021.112259ER -. 



 Hadi Darabad et al. 

52. Marrelli M, Statti GA, Conforti F. Origanum spp.: an 

update of their chemical and biological profiles. 

Phytochemistry reviews. 2018;17:873-88. doi: 

10.1007/s11101-018-9566-0. 

53. Baser KHC. Aromatic biodiversity among the 

flowering plant taxa of Turkey. Pure and Applied Chemistry. 

2002;74:527-45. doi: 10.1351/pac200274040527. 

54. Abdelrasoul MA, Eid AR, Badawy ME. Preparation, 

characterizations and antibacterial activity of different 

nanoemulsions incorporating monoterpenes: in vitro and in 

vivo studies. Archives of Phytopathology and Plant 

Protection. 2020;53:310-34. doi: 

10.1080/03235408.2020.1744977. 

55. Laorenza Y, Harnkarnsujarit N. Carvacrol, citral 

and α-terpineol essential oil incorporated biodegradable 

films for functional active packaging of Pacific white shrimp. 

Food chemistry. 2021;363:130252. doi: 

10.1016/j.foodchem.2021.130252. 

56. Alam A, Singh V. Composition and pharmacological 

activity of essential oils from two imported Amomum 

subulatum fruit samples. Journal of Taibah University 

Medical Sciences. 2021;16:231-9. doi: 

10.1016/j.jtumed.2020.10.007. 

57. Leelaprakash G, Dass SM. Invitro anti-

inflammatory activity of methanol extract of Enicostemma 

axillare2011. 189-96 p. 

58. Marques FM, Figueira MM, Schmitt EFP, 

Kondratyuk TP, Endringer DC, Scherer R, et al. In vitro anti-

inflammatory activity of terpenes via suppression of 

superoxide and nitric oxide generation and the NF-κB 

signalling pathway. Inflammopharmacology. 2019;27:281-

9. doi: 10.1007/s10787-018-0483-z. 

59. Veras HN, Araruna MK, Costa JGAUCHD, Kerntopf 

MR, Botelho MA, Menezes IR. Topical antiinflammatory 

activity of essential oil of Lippia sidoides Cham: possible 

mechanism of action. Phytotherapy research. 2013;27:179-

85. doi: 10.1002/ptr.4695. 

60. Bonjardim LR, Cunha ES, Guimarães AG, Santana 

MF, Oliveira MG, Serafini MR, et al. Evaluation of the anti-

inflammatory and antinociceptive properties of p-cymene in 

mice. Zeitschrift für Naturforschung C. 2012;67:15-21. doi: 

10.1515/znc-2012-1-203. 

61. Boukhatem MNAU, H. DN, Sudha T, Bahlouli S, 

Kellou D, Benelmouffok AB, et al. In vitro antifungal and 

topical anti-inflammatory properties of essential oil from 

wild-growing thymus vulgaris (Lamiaceae) used for 

medicinal purposes in algeria: A new source of carvacrol. 

Scientia Pharmaceutica. 2020;88:33. doi: 

10.3390/scipharm88030033. 

 


