
Journal of Medicinal Plants and By-Products (2024) 4: 1149– 1158 
https://doi.org/10.22034/jmpb.2024.366267.1715  

Original Article 

Optimizing Thymoquinone Content of Iranian Nigella sativa Essen-

tial Oil and Challenges in Commercializing it as an Active Pharma-

ceutical Ingredient 

 
Elham Erami 1, Mohammad Fazilati 1, Hossein Salavati 2

 and Mahmood Sabahi3 

1Department of Biochemistry, Payame Noor University, Tehran, Iran,  
2Department of Chemistry Payame Noor University, Tehran, Iran  

3Chemical and Bimolecular Engineering Georgia institute of Technology: Atlanta, GA, US  

Article History ABSTRACT 

Received: 01 July 2024 

Accepted: 06 September 2024 

© 2012 Iranian Society of 

Medicinal Plants.  

All rights reserved. 

 

 

 

 

 

 

Keywords  

RP-HPLC 

API 

Solvent extraction 

Cold press 
 

 

 

 

 

 

*Corresponding author 
elham.erami@gmail.com 

elhamerami@isfahan.pnu.ac.ir 

ORCID: 0009-0008-5125-2167  

The objective of this study was to produce the essential oil of Nigella sativa L. (N. 

sativa) with the highest thymoquinone (TQ) content and explore the challenges as-

sociated with its commercialization as an active pharmaceutical ingredient. Com-

mercially sourced seeds of N. sativa were obtained from reputable vendors. Ground 

seeds underwent extraction using a variety of polar and non-polar solvents. The re-

sulting essential oil samples were subjected to analysis via reverse-phase high-

performance Liquid Chromatography (RP-HPLC) to quantify TQ content, employ-

ing a method of quantification following the validation of the method. Major com-

ponents of hexane extract were analyzed by GC-MS. Non-polar solvents at ambient 

temperature produced the essential oil with the highest TQ content. Extraction at 

higher temperatures has an adverse effect on TQ and is not recommended. The Cold 

pressed oil showed very low TQ content. However, treatment of this oil with hexane 

for an extended period of times released TQ from the matrix of the oil. Moreover, 

we refined the extraction methodology to produce essential oil with the highest TQ 

content. n-heptane which has a better toxicity profile than n-hexane is the best sol-

vent for producing the essential oil with the highest TQ content. Optimization of 

powder/solvent ratio, temperature, and time of extraction would provide the most 

economically viable option. Cold press produces an oil with a different composition 

in which TQ is bonded to the matrix of the oil. Comparing the therapeutic effective-

ness of the two oils is recommended for future studies. The challenges associated 

with the commercialization of N. sativa oil as a pharmaceutical product are also dis-

cussed.  

 

INTRODUCTION 

N. sativa, also known as black seed, belongs to the 

Ranunculaceae family and holds a prominent posi-

tion in traditional medicine across numerous coun-

tries. It has been used for centuries and much is 

written about its therapeutic properties. The isola-

tion of the essential oil of N. sativa in late 19th cen-

tury marked a pivotal moment, initiating extensive 

research into its composition and therapeutic proper-

ties [1].  

N. sativa originates from regions such as the Medi-

terranean, the Indian Subcontinent, and West Asia, 

with significant cultivation observed across various 

parts of Iran. Recent research conducted by 

Khalesro et al. [2] investigated the influence of 

farming conditions on essential oil production from 

N. sativa in the western province of Kurdistan [2]. 

However, while factors impacting oil yield were 

addressed, data regarding the TQ content within the 

essential oil were lacking. Additionally, several oth-

er research groups have explored the effects of fac-

tors such as fertilizers [3], planting seasons [4], irri-

gation methods [5], and genetic enhancement [6] on 

plant growth and essential oil yield in various re-

gions of Iran. Nevertheless, none of these studies 

specifically addressed the TQ content of the essen-

tial oil. Commercial production of N. sativa is also 

reported by Ministry of Agriculture Jihad of Iran 

(Personal communication with the MAJI). 
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The antioxidant properties of N. sativa oil are corre-

lated to the presence of phenolic compounds and 

specifically to TQ. Historically, cold press has been 

the dominant method for production of N. sativa oil. 

In search for essential oil with highest content of 

TQ, various extraction methods and including steam 

distillation [7], Soxhlet extraction [8], solvent ex-

traction [9], and supercritical fluid extraction (SFE) 

[10] have been employed. The phenolic profile of N. 

sativa seeds was investigated through extraction 

with various alcohols, followed by assessment of the 

antioxidant activity of the resulting extracts [11]. 

The study identified hydroxybenzoic acid and caf-

feic acid as the predominant components, with va-

nillic, syringic, gallic, and p-coumaric acids also 

present. Notably, TQ was not mentioned in this 

study which highlights the significance of solvent 

selection in extraction of the essential oil. Recent 

studies have also demonstrated the degradation of 

TQ in aqueous media and under light [12]. Iqbal et 

al. found that hexane and benzene afford essential 

oils with highest content of TQ [13]. Superiority of 

SFE and solvent extraction was demonstrated by 

Kokoska et al. [7]. In an interesting article, Mo-

hammed et al. [14], compared chemical composition 

of the essential oil of N. sativa produced by SFE and 

cold press, noting significant differences in the oil 

profiles and concluding that SFE extraction affords 

the highest yield and better-quality product with 

much higher TQ content. However, they did not of-

fer the underlying reasons for this significant differ-

ence between the two methods of extraction. 

Detailed analysis of N. sativa essential oil extracted 

with SFE method by gas chromatography-mass 

spectrometry (GC-MS) and 1H and 13C NMR spec-

troscopy showed about 44% quinones, 37% mono-

terpene hydrocarbons, 7% of oxygenated monoter-

penes, 5% sesquiterpenes, 3% of oxygenated ses-

quiterpenes, and hydrocarbons making up the rest. 

TQ was the major component of the oil with about 

35% [15]. 

Phenolic antioxidants, both natural and synthetic, 

have been extensively utilized in consumer products 

and chemical, pharmaceutical, and food industries 

for decades. Examples are butylated hydroxytoluene 

(BHT) and t-butyl hydroquinone (TBHQ) as food 

additives and di-tert-butyl phenol and its derivatives 

extensively used in consumer products Fig. 1. 

     
 

  
 

Fig. 1 Phenolic antioxidants 

 

Phenolic compounds exhibit antioxidant properties 

via mechanisms such as hydrogen transfer or single 

electron transfer (SET). In a review article, Shahidi 

et al. [16] discussed the mechanism of action of 

both synthetic and naturally occurring phenolic an-

tioxidants.  

TQ is the prominent pharmaceutically active com-

ponent of N. sativa essential oil. TQ was first isolat-

ed and identified from the essential oil of N.sativa in 

1963 [17]. It shows anti-inflammatory, anti-oxidant, 

and anti-neoplastic properties both in vitro and in 

vivo [18].  A comprehensive review by Gali-

Muhtasib et al. commemorating the 50th anniversary 

of TQ isolation delved into its chemical properties, 

pharmacological effects, and advancements in ana-

log design and formulation [18], highlighting chal-

lenges such as poor bioavailability of TQ and high 

capacity for binding plasma proteins. To gain in-

sights into recent advancements concerning the 

mechanism of action and therapeutic potential of 

TQ, we conducted a search in CAS-SciFinder data-

base, yielding a wealth of 180 review articles. In 

2021, Tabassum et al. published a comprehensive 

review with approximately 127 references, detailing 

the effects of TQ on oxidative stress, immunomodu-

lation, and various types of cancer [19]. Following 

this, in 2022, Manzar Alam et al. provided another 

extensive review, supported by 280 references, 

summarizing the anti-cancer, antioxidant, and anti-

inflammatory properties of TQ [20]. 

TQ, characterized as an ,-unsaturated diketone, is 

the oxidized product of thymohydroquinone and 

does not possess inherent antioxidant properties. 

However, it may undergo nucleophilic 1,4-addition 

in the presence of compounds bearing -SH, -NH, 
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and -OH functional groups, generating the phenolic 

derivative. Khalife and Lupidi demonstrated the re-

duction of TQ by glutathione under nonenzymatic 

conditions, forming the glutathione adduct of hydro-

thymoquinone Fig. 2 [21].  

Glutathione is a crucial antioxidant that plays a fun-

damental role in maintaining cellular health and pro-

tecting the body from oxidative stress. It helps neu-

tralize free radicals, supports detoxification process-

es in the liver, enhances the immune system's func-

tion, and contributes to the regulation of cell growth 

and repair. Additionally, glutathione's addition to 

TQ yields a potent antioxidant in hydrothymoqui-

none adduct which functions as a hydrogen atom 

donor as well as a SET agent. This collaborative 

action enhances the scavenging of free radicals and 

mitigating oxidative damage more efficiently. Fur-

ther research by Armutcu and Akyol elucidated the 

pivotal role of glutathione as a reducing agent in 

biological systems, proposing mechanisms for gen-

eration of antioxidants thymohydroquinone by SET 

or TQ-glutathione adduct by 1,4-addition of gluta-

thione to TQ Fig. 3 [22]. 

In their review of mechanism of action of TQ, 

Tabassum et al. discuss the participation of several 

NADPH reductase in reducing TQ to thymohydro-

quinone and provide TQ based antioxidant induction 

pathways and potential immunomodulatory effects 

of TQ [19]. 

As indicated, a wealth of scientific research high-

lights the potential of essential oil extracted from N. 

sativa seeds as a potent active pharmaceutical ingre-

dient (API). However, the development of herbal 

medicines comes with numerous challenges, par-

ticularly the need to ensure a consistent and safe 

supply of high-quality plant material. Commercial 

production of essential oil with high TQ content 

necessitates a well-defined extraction process. The 

available literature on producing essential oil with 

high TQ content from N. sativa seeds is inconsistent 

and sometimes confusing. 

 

 Fig. 2 Reaction of TQ with glutathione 

Fig. 3 Glutathione as reducing agent generating thymo-

hydroquinone  

 

Moreover, while a significant difference in the TQ 

content of essential oil produced by supercritical 

fluid extraction (SFE) or hydrocarbon solvents 

compared to cold pressing has been observed, no 

explanation has been provided for this discrepancy. 

Therefore, it is crucial to develop an economically 

viable extraction process that maintains optimal lev-

els of TQ in the essential oil and to better under-

stand the underlying reasons for the discrepancy 

between cold pressing and extraction methods. Our 

goal is to determine the optimal conditions for pro-

ducing essential oil with maximum TQ content, to 

understand the reasons behind the discrepancies be-

tween extraction and cold press, and to address the 

challenges associated with its commercialization as 

an API.  

MATERIALS AND METHODS 

MATERIAL 

Certified seeds of N. sativa, cultivated in Semirom, 

Iran were provided by Pakan Bazr Isfahan and seeds 

from Golestan province were procured from the 

Ministry of Agriculture. In addition, two samples of 

imported seeds from India and Syria were purchased 

from the market. TQ with certified purity of 99.0%, 

was purchased from Sigma-Aldrich and HPLC 

grade methanol, acetic acid, hexane, and heptane, 

were procured from Merck. 

Essential oil Preparation 

N. sativa powder (20 g) was suspended in the se-

lected solvent (80 g) and stirred either at room tem-

perature or at the reflux temperature of the selected 

solvent for extended time periods. Progress of TQ 

extraction was monitored hourly by RP-HPLC at 

specific time intervals as described below.
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The solvent was removed under reduced pressure at 

30 °C. Then a stock solution of the resulting essen-

tial oil was prepared by dissolving the essential oil 

(10 mg) in methanol (10 ml) and filtering it through 

a 0.22 µm syringe filter (MS®PTFE Syringe Filter). 

This solution was stored in dark at -20 °C until used 

for RP-HPLC analysis.   

Cold pressing of the seeds was done at a local com-

pany. The selected seed (1000 g) was pressed at 

room temperature and the essential oil (300 g) and 

the cake (700 g) were collected for analysis by RP-

HPLC. 

GC-MS Analysis of Essential Oil 

Essential oil analysis of volatile components was 

carried out using a Hewlett-Packard 6890/5972 sys-

tem with HP-5MS capillary column (30 m x 0.25 

mm; 0.5μm film thickness) and helium carrier with 

a flow of 1 ml/min. The split ratio was 1:10. The 

column temperature was programmed from 50-300 

°C at 10 °C/min. Mass spectra was recorded in m/z 

ranges 35-350 amu at 70 eV. 

 

 
 

 
Fig. 4 (a) Chromatogram of TQ Standard and (b) calibra-

tion curve for the TQ quantification. 

 

 

High Performance Liquid Chromatography 

RP-HPLC analysis was conducted using a RP-C18 

column, using an isocratic mobile phase of water: 

methanol (50:50) and 3% v/v acetic acid at 30 °C 

and flow rate of 0.8 ml/min [23] and UV detection 

at 278 nm. For quantification of TQ a linear calibra-

tion curve was generated as follows. Standard TQ 

solutions were prepared in methanol. The concentra-

tion range of the calibrators were 0.0625、0.125、

0.25、0.5、1.00 mg/ml and a calibration graph (R2 

= 0.9998, LOD= 0.0142 mg/ml, LOQ = 0.135 

mg/ml) was generated as shown in Fig. 4a and b. 

Statistical Analysis 

The statistical analysis was performed using SPSS 

26.0 (New York, USA). Data resulting from three 

independent experiments was reported as mean ± 

SD. 

RESULTS 

Extractions of powdered N. sativa were carried out 

in n-hexane, n-heptane, methanol, and water under 

two different conditions: at room temperature and 

under reflux. To monitor the progress and efficacy 

of these extraction processes, samples were with-

drawn hourly, concentrated under reduced pressure, 

prepared for analysis as described earlier, and ana-

lyzed by RP-HPLC. This analysis allowed us to ac-

curately measure the yield of essential oil and the 

concentration of TQ at each point in time. Thymo-

quinone was identified by comparing the retention 

times of the peak of pure standard and solvent-

extracted essential and cold pressed oil Typical 

chromatograms for solvent extracted essential and 

cold pressed oil are shown in Fig. 5. 

The GC-MS analysis of the n-hexane extract 

showed a total of 15 compounds including TQ as a 

major constituent. thirteen significant compounds 

were identified by the Wiley and Adams mass spec-

tral Libraries as observed in Table 1 and Fig. 6. The 

yield of essential oil increased for extractions with 

non-polar solvents at reflux temperature over an 

extended period of time, reaching a maximum of 

approximately 35% after 10 hours, Fig. 7a. Howev-

er, the TQ content in the essential oil decreased sig-

nificantly during this period, dropping from about 

10% to its lowest point of 5% after 10 hours, Fig. 

7b. Methanol extraction showed an increase in es-

sential oil yield for several hours, reaching a maxi-

mum of about 10% after 10 hours. However, TQ 

content decreased rapidly and approached zero after 

10 hours, Fig. 7b. 
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Fig. 5 Examples of HPLC chromatograms for essential 

oil prepared by extraction and cold press. a. water extract, 

b. Hexane extract, c. Methanol extract, d. cold- press oil 

 

 
Fig. 6 GC-MS chromatography analysis of N. sativa oil 

extracted by hexane solvent. 

 

 
 

 
Fig. 7 Essential oils produced at reflux temperature (a) 

and TQ content of essential oils (b). 

 

Extractions using the same solvents at room temper-

ature for up to 24 hours exhibited a similar trend in 

essential oil production but with a significant differ-

ence in TQ content. The TQ content of the n-hexane 

extract increased to 18.5% after 24 hours, and simi-

larly, the TQ content in n-heptane reached 16%, Fig. 

8d. Methanol extraction at room temperature over 

24 hours resulted in a higher essential oil yield of 

20%, but the TQ content dropped rapidly and was 

not detectable after 24 hours, Fig. 8d. As expected, 

our results demonstrate that water is not a suitable 

solvent for essential oil extraction, as shown in Fig. 

8d. 
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Fig. 8 Essential oil by extraction at room temperature (c) 

and TQ content of the essential oil (d). 

 
Fig. 9 TQ content of the oil released from the cake over 

time. 

 

DISCUSSION 

We also compared the efficiency of solvent extrac-

tion with cold pressing. Cold pressing 1000 g of 

seeds produced about 300 g of essential oil with a 

TQ content of 1.5%, which aligns well with litera-

ture reports. To understand the significant difference 

in TQ content between this oil and the essential oil 

obtained from solvent extraction with non-polar sol-

vents, we subjected the cake and the oil from cold 

pressing to solvent extraction with n-hexane. Specif-

ically, we stirred a mixture of the cake in hexane 

(20% w/w) for 24 hours at room temperature. The 

cake yielded an additional 9% essential oil with a 

TQ content of 2%. We also stirred a solution of the 

cold-pressed oil in hexane (20% w/w) at room tem-

perature for 24 hours, which increased the overall 

total TQ content of the essential oil to 11% after 24 

hours, Fig. 9. 

TQ is a non-polar α, β-unsaturated diketone that 

plays a crucial role in various biochemical pathways 

due to its high reactivity. One of the significant re-

actions TQ undergoes is nucleophilic 1,4-addition, 

where nucleophiles add to the β-position of the con-

jugated system. This reaction pathway leads to the 

formation of thymohydroquinone, a derivative re-

nowned for its potent antioxidant properties, as il-

lustrated in Fig. 2. TQ’s structure also includes a 

highly conjugated system, making it an excellent 

chromophore. Consequently, TQ absorbs light effi-

ciently, which also makes it particularly sensitive to 

light exposure, leading to potential photodegrada-

tion or dimerization when subjected to heat or pro-

longed light exposure. 

 

Table 1 Composition of the essential oil of N. sativa ex-

tracted by n-hexane obtained by GC-MS. 

Compound RT Area % 

α-Thujene 8.82 3.55 

α-pinene 9.07 0.3 

D-Limonene 10.63 0.23 

O-Cymene 10.49 12.09 

Tetradecane 11.04 1.3 

p-cymene 11.55 8.38 

Terpinen-4-ol 13.07 2.54 

Thymoquinone 14 17 

Carvacrol 14.76 7.38 

Longifolene 16.39 1.66 

α- Terpiny acetate 14.49 1.2 

Ascorbic acid 2,6 dihexadecanoate 22.11 15.3 

9,12 Octadecadienoic acid (z,z) 23.82 25.4 

RT: retention time 

 

Given the instability of TQ under certain conditions, 

our research was focused on identifying the most 

efficient extraction technique that would yield es-

sential oils with the highest possible concentration 

of TQ. The primary objectives were twofold: firstly, 

to optimize the extraction parameters to enhance TQ 

content of the essential oil, and secondly, to com-

pare the efficacy of different extraction methods 

particularly cold pressing, which is the preferred 

method in commercial applications, versus various 

solvent extraction techniques. 

To achieve this, we meticulously examined the im-

pact of several critical factors, including solvent po-

larity, extraction temperature, and the duration of 

c 

1154 

d 



Erami et al. 

the extraction process, on both the yield of the es-

sential oil and the concentration of TQ in the ex-

tracted essential oil. Specifically, we carried out ex-

tractions under two different conditions: at room 

temperature and under reflux. To monitor the pro-

gress and efficacy of these extraction processes, 

samples were withdrawn hourly, concentrated under 

reduced pressure, prepared for analysis, and ana-

lyzed by RP-HPLC which allowed us to accurately 

measure the concentration of TQ in the extracts at 

each time point.  

Our findings revealed that non-polar solvents such 

as n-hexane and n-heptane are particularly effective 

for producing essential oil with high TQ content. 

These solvents, being neutral hydrocarbons, are ca-

pable of efficiently penetrating the hydrophobic or-

ganic matrix of the seeds, facilitating the release of 

TQ into the solvent phase without undergoing sig-

nificant chemical alteration. The non-polar nature of 

these solvents ensures that TQ, which is non-polar 

itself, remains stable and intact throughout the ex-

traction process if protected from light and exces-

sive heat. 

On the other hand, we found that polar solvents such 

as alcohols and water are less suitable for TQ ex-

traction. TQ’s electrophilic β-carbon in the α, β-

unsaturated system is highly susceptible to nucleo-

philic attack by alcohols and water, which can result 

in unwanted side reactions, including the 1,4-

addition of these nucleophiles. Such reactions lead 

to the formation of undesired byproducts and reduce 

the yield of TQ. Additionally, since TQ is thermola-

bile, extraction processes must be conducted at op-

timum conditions to avoid thermal degradation. Ex-

posure to elevated temperatures for a long period of 

time can cause TQ to break down or dimerize, lead-

ing to a significant reduction in TQ content of the 

essential oil. So, although extended extraction times 

at reflux temperature increased essential oil yield 

but led to rapid decrease in TQ content as shown in 

Fig. 7a and 7b.  

To further assess the thermal sensitivity of TQ, we 

conducted extractions with the same solvents at 

room temperature for up to 24 hours. Essential oil 

production increased to a maximum of 29.5 for non-

polar solvents and 20% for methanol. The TQ con-

tent in the essential oil from non-polar solvents 

reached a peak of 18.5% for n-hexane and 16% for 

n-heptane as shown in Fig. 8c and 8d. As expected, 

the TQ content in the essential oil from the metha-

nol extract rapidly decreased to zero after 24 hours. 

Water was confirmed to be an unsuitable solvent for 

essential oil extraction. 

Cold pressing of N. sativa seeds resulted in a sub-

stantial yield of essential oil, accounting for 30 wt.% 

of the seed mass. However, TQ content in the oil 

was unexpectedly low, measured at just 1.5%. Giv-

en these results, we hypothesized that TQ might be 

chemically bonded to the seed matrix or associated 

with other components within the essential oil, lim-

iting its extraction efficiency during cold pressing. 

To test this hypothesis, both the residual seed cake 

and the cold-pressed oil were subjected to solvent 

extraction using n-hexane. This approach success-

fully corroborated our initial suspicion. By stirring 

this essential oil with n-hexane at room temperature 

for 24 hrs. its TQ content increased to 11%. And the 

cake produced an additional 9% essential oil with a 

TQ content of 2%. 

To further investigate the disparity in TQ content 

between the oils obtained through solvent extraction 

and cold pressing, we procured N. sativa seeds from 

four different sources. Essential oils were then pre-

pared using both methods: solvent extraction with n-

hexane and cold pressing at a local processing facili-

ty. The TQ content and oil yield from these extrac-

tions are summarized in table 2. 

As shown in table 2, the essential oil obtained 

through solvent extraction consistently exhibited a 

higher TQ content across all seed sources compared 

to the oil obtained by cold pressing. These findings 

underscore the effectiveness of solvent extraction in 

maximizing TQ yield in N. sativa essential oil, mak-

ing it a preferable method for applications where 

essential oil with high TQ content is desired. 

 

Table 2 Difference in TQ content of N. sativa seeds assessed by Cold pressing and solvent extraction. 

Region Hexane extract TQ Cold press TQ 

Semirom Isfahan 25% 9.2 ± 0.18% 30% 1.5 ± 0.01% 

Gorgon Golestan 24% 9.0 ± 0.18% 28% 1.3 ± 0.01% 

Syria 22% 8.0 ± 0.1% 23% 0.8 ± 0.02% 

India 20% 9.0 ± 0.16% 26% 1 ± 0.02% 
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Commercialization Challenges 

Commercial production of therapeutic agents must 

be tightly regulated and controlled throughout the 

supply chain to the market. This includes the pro-

duction and collection of raw materials, manufactur-

ing the Active Pharmaceutical Ingredient (API) un-

der Good Manufacturing Practices (GMP), and for-

mulating and packaging the API for the market. 

GMP encompass a set of regulatory requirements 

aimed at ensuring the quality, safety, and consisten-

cy of pharmaceuticals, food, cosmetics, and medical 

devices. These principles include establishing a ro-

bust quality management system to govern organi-

zational processes and resources, ensuring that per-

sonnel possess the necessary qualifications and 

training, maintaining suitable facilities and equip-

ment, meticulously documenting all procedures and 

activities, implementing controls to monitor produc-

tion processes, assessing and mitigating risks, vali-

dating critical processes and equipment, managing 

suppliers and materials, and adhering to guidelines 

to maintain product quality throughout the supply 

chain.  

The commercialization of N. sativa essential oil 

with high TQ content as therapeutic agent begins 

with securing a reliable supply of the seeds. The 

quality and genetic variability of seeds can signifi-

cantly affect the yield and TQ content of the oil. 

Cultivating N. sativa in optimal conditions, includ-

ing suitable climate, soil quality, with sustainable 

agricultural practices, is essential for producing 

seeds with the highest TQ potential. The most recent 

organic farming regulations of Europe which came 

into effect on January 1, 2022, (EU) 2018/848 pro-

vides a comprehensive framework for ensuring the 

integrity and sustainability of organic agricultural 

practices. Certified organic and non-GMO seeds 

should be produced by organic soil management, 

elimination of all synthetic pesticides and herbi-

cides, and collection and storage of seeds without 

any treatment with synthetic chemicals.  

Our findings demonstrate that solvent extraction is 

the more efficient method for producing N. sativa 

essential oil with a higher TQ content. Manufactur-

ing process development and optimization, plus 

economic evaluation, is the next step. We used both 

n-hexane and n-heptane in our extractions. The In-

ternational Council for Harmonization of Technical 

Requirements for Pharmaceuticals for Human Use 

(ICH) guidelines classified solvents according to 

their potential health risks [24, 25]. n-Hexane is 

classified as a class 2 solvent due to its neurotoxici-

ty, while n-heptane is categorized as a class 3 sol-

vent with lower toxicity. These classifications in-

form pharmaceutical manufacturers on controlling 

residual solvent levels in APIs to ensure compliance 

with regulatory standards and mitigate health risks 

to consumers. n-Heptane is the preferred solvent for 

scale-up and manufacturing. Clear specifications 

and impurity profiles should be prepared for the sol-

vent and any other chemical agents involved in the 

process [26]. It is also imperative to establish the 

specifications for the final product, including com-

position, TQ content, solvent residue, and overall 

chemical profile. 

In the scale-up and optimization stage, several key 

parameters must be investigated. For an economi-

cally viable process, the solvent-to-powder ratio, 

temperature and cycle time, isolation and purifica-

tion, and overall process cycle time must be opti-

mized. Recycling of the solvent and careful quality 

control of the reagents and product isolation are also 

necessary.  

Life cycle assessment (LCA) is the methodology for 

assessing the environmental impact of products and 

manufacturing processes. Jimenez-Gonzalez et al. in 

pioneering papers describe Life Cycle assessment of 

pharmaceutical products [27-30]. Sabahi and 

Reichmanis demonstrated how to use Life Cycle 

Inventory (LCI) assessment as a sustainable chemis-

try and chemical engineering tool [31]. Cradle-to-

gate life cycle assessment of essential oil production 

is the practice for understanding the energy and ma-

terial intensity, plus the health and environmental 

impact of N. sativa farming, seed collection and 

storage, production of the essential oil, and formula-

tion and packaging for market introduction. LCA 

requires the compilation and analysis of the invento-

ry of all material inputs and environmental releases 

from the beginning (Cradle) to final product release 

to the market (Gate). ISO 14040/14044 is the core 

foundation for LCA methodology in the US and EU 

[32]. LCA helps to identify opportunities for im-

proving the economics and health and environmen-

tal impact of the API production. 

Although there is a wealth of literature and history 

about the therapeutic properties of the essential oil 

of N. sativa, introducing it as an API requires regu-

latory approval. ICH provides harmonized guide-

lines which are followed globally. They include 
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GMP requirements for manufacturing, guidelines 

for stability testing and shelf-life determination, im-

purity profile, and quality and risk management. 

CONCLUSION 

Essential oil of N. sativa and its TQ content have 

been extensively studied for their therapeutic prop-

erties. Various solvents and extraction methods and 

cold pressing have been explored for the preparation 

of this oil. Building on this knowledge, our study 

focused on identifying the optimal solvent and ex-

traction conditions for producing essential oil with 

the highest TQ content while also understanding the 

differences between extraction and cold pressing.  

We identified n-heptane as the optimal solvent for 

producing essential oil with the highest TQ content 

and highlighting the limitations of cold pressing due 

to significantly lower TQ content. Given the heat 

sensitivity of TQ, extraction at temperatures below 

40 °C is recommended. Further process develop-

ment is necessary to refine parameters like powder 

particle size, solvent to powder ratio, extraction 

temperature and time, mixing conditions, and best 

isolation and purification methods. 

Commercializing the essential oil with high TQ con-

tent as an Active Pharmaceutical Ingredient (API) 

requires navigating stringent regulatory approvals, 

including compliance with GMP standards and 

managing solvent residues. Additionally, a thorough 

life cycle analysis (LCA) is essential to assess the 

environmental impact and ensure sustainability. Ad-

dressing these challenges strategically can position 

the oil favorably in the health and wellness market, 

particularly among consumers and industries seek-

ing enhanced therapeutic properties. 
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