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Abstract 

The rapid emergence of antimicrobial resistance (AMR) has intensified the search for novel plant-derived antibacterial 
agents with improved therapeutic efficacy and targeted drug delivery. Nigella sativa Linn. (Ranunculaceae), commonly 
known as Kalonji (black seed) or black cumin, has long been used in traditional medicine for the treatment of infectious 
and inflammatory disorders. Thymoquinone, the principal bioactive constituent of Nigella sativa essential oil, exhibits 
potent antibacterial, antioxidant, and anti-inflammatory activities. However, the therapeutic application of the essential 
oil is limited by poor stability, volatility, rapid degradation, and low bioavailability. Cellulose acetate (CA), a 
biodegradable, biocompatible, and non-toxic polymer, has emerged as a promising nanoencapsulation material that 
enhances drug stability, controlled release, and targeted delivery. This review evaluates the antibacterial potential of 
cellulose acetate nanocapsules loaded with Nigella sativa essential oil while summarizing the plant's phytochemical 
composition, antibacterial mechanisms, pharmaceutical applications, and Ayurvedic properties based on classical texts 
and contemporary scientific evidence. The reviewed literature demonstrates that Nigella sativa exhibits broad-
spectrum antibacterial activity, particularly against Gram-positive bacteria, primarily through membrane disruption, 
oxidative stress induction, inhibition of biofilm formation, and suppression of bacterial metabolism by thymoquinone 
and related phytochemicals. Ayurvedic literature also describes Kalonji as Krimighna (antimicrobial) and 
Daurgandhyanashana (eliminates bad breath), supporting its traditional role in oral healthcare. Nanoencapsulation 
using cellulose acetate significantly improves the stability, bioavailability, sustained release, and antibacterial efficacy 
of Nigella sativa essential oil compared with conventional formulations. Overall, cellulose acetate nanocapsules 
represent a promising platform for developing advanced antibacterial therapeutics and oral healthcare products. 
Further in vivo studies, toxicological evaluations, pharmacokinetic investigations, and well-designed clinical trials are 
required to confirm their safety, efficacy, and clinical applicability. 
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1. Introduction

Antimicrobial resistance (AMR) is a major global public health challenge that reduces the effectiveness of existing 
antibiotics and increases morbidity, mortality, and healthcare costs worldwide [1]. The rapid emergence of multidrug-
resistant pathogens has accelerated the search for alternative antimicrobial agents from natural sources. Medicinal 
plants are of particular interest because they contain diverse bioactive phytochemicals that inhibit microbial growth 
through multiple mechanisms, thereby reducing the likelihood of antimicrobial resistance [2]. 

Nigella sativa Linn. (Ranunculaceae), commonly known as Kalonji (black seed) or black cumin, has been used for 
centuries in Ayurveda, Unani, and traditional Middle Eastern medicine to treat respiratory, gastrointestinal, 
inflammatory, and infectious diseases [3,4]. Its therapeutic effects are primarily attributed to bioactive compounds such 
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as thymoquinone, thymohydroquinone, thymol, carvacrol, flavonoids, alkaloids, and saponins, with thymoquinone 
recognized as the principal antibacterial constituent [5,6]. Studies have demonstrated that N. sativa essential oil exhibits 
significant antibacterial activity by disrupting bacterial cell membranes, inducing oxidative stress, inhibiting essential 
enzymes, and suppressing biofilm formation [7–9]. 

Despite its therapeutic potential, the pharmaceutical application of N. sativa essential oil is limited by poor aqueous 
solubility, volatility, chemical instability, and low bioavailability [10]. Cellulose acetate, a biodegradable and 
biocompatible polymer, provides an effective nanoencapsulation platform that improves stability, protects volatile 
phytochemicals, enables controlled drug release, and enhances antibacterial efficacy [11,12]. According to Ayurveda, 
Nigella sativa possesses Katu Rasa (pungent taste), Tikta Rasa (bitter taste), Ushna Virya (hot potency), and Krimighna 
(antimicrobial) properties, supporting its traditional use against infectious diseases [13]. This review summarizes the 
phytochemical composition, Ayurvedic attributes, antibacterial mechanisms, and pharmaceutical potential of cellulose 
acetate nanocapsules containing Nigella sativa essential oil. 

Objectives 

The study has the following objectives:  

• To review the phytochemistry and antibacterial activity of Nigella sativa Linn. essential oil.  
• To summarize the Ayurvedic properties of Nigella sativa (Kalonji (black seed)) based on classical literature.  
• To evaluate cellulose acetate nanocapsules as a biodegradable drug delivery system for Nigella sativa essential 

oil.  
• To assess the potential of cellulose acetate nanocapsules for developing novel antibacterial formulations. 

2. Methodology 

This study was conducted as a narrative literature review. Data were collected from classical Ayurvedic texts, including 
the Charaka Saṃhitā, Suśruta Saṃhitā, Aṣṭāṅga Hṛdaya, and the Ayurvedic Pharmacopoeia of India. Scientific literature 
was retrieved from PubMed, Scopus, Google Scholar, and ScienceDirect using keywords related to Nigella sativa, 
cellulose acetate nanocapsules, antibacterial activity, essential oil, and Ayurveda. Peer-reviewed articles published in 
English were screened based on relevance, and the selected literature was critically reviewed to summarize the 
phytochemistry, antibacterial activity, Ayurvedic properties, and nanoencapsulation potential of Nigella sativa essential 
oil. 

3. Results and Discussion 

3.1. Phytochemical Composition of Nigella sativa Essential Oil 

Nigella sativa Linn. has been widely investigated for its phytochemical composition, as its therapeutic properties are 
largely attributed to the diverse bioactive compounds present in its seeds and essential oil. Although the chemical 
profile varies with geographical origin, cultivation, extraction methods, and storage conditions, thymoquinone 
consistently remains the principal bioactive constituent [5,6]. Other important volatile compounds include 
thymohydroquinone, dithymoquinone (nigellone), thymol, carvacrol, p-cymene, α-pinene, and other monoterpenes, 
which collectively contribute to its antibacterial, antioxidant, anti-inflammatory, and immunomodulatory activities 
[5,7]. 

Thymoquinone is the major pharmacologically active compound, exhibiting broad-spectrum antibacterial activity 
through disruption of bacterial cell membranes, induction of oxidative stress, inhibition of ATP synthesis, and 
suppression of biofilm formation [7–9]. Similarly, thymol and carvacrol damage bacterial membranes, leading to 
leakage of intracellular contents and bacterial cell death, while p-cymene enhances their activity by increasing 
membrane permeability [10,11]. 

In addition to volatile constituents, N. sativa seeds contain fixed oils rich in linoleic, oleic, palmitic, and stearic acids, 
together with alkaloids, flavonoids, saponins, proteins, vitamins, and minerals [6,12]. According to Ayurveda, Nigella 
sativa, known as Kalonji (black seed), possesses Katu Rasa (pungent taste), Tikta Rasa (bitter taste), Laghu Guna (light 
quality), Ruksha Guna (dry quality), Tikshna Guna (sharp quality), Ushna Virya (hot potency), and Katu Vipaka (pungent 
post-digestive effect), supporting its Krimighna (antimicrobial), Deepana (digestive stimulant), Pachana (digestive and 
metabolic enhancer), and Daurgandhyanashana (eliminates bad breath) actions [13]. Collectively, these phytochemicals 
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act synergistically, making thymoquinone an ideal candidate for cellulose acetate nanoencapsulation to enhance 
stability, bioavailability, and antibacterial efficacy. 

Table 1. Major phytochemicals of Nigella sativa essential oil and their reported biological activities 

Phytochemical Chemical class Major biological activities Reported antibacterial mechanism 

Thymoquinone Quinone Antibacterial, antioxidant, 
anti-inflammatory 

Membrane disruption, oxidative 
stress induction, inhibition of biofilm 
formation 

Thymohydroquinone Quinone 
derivative 

Antibacterial, antioxidant Inhibits bacterial growth and cellular 
metabolism 

Dithymoquinone 
(Nigellone) 

Quinone dimer Antioxidant, antimicrobial Synergistic antimicrobial activity 

Thymol Phenolic 
monoterpene 

Antibacterial, antifungal Damages bacterial membrane 
integrity 

Carvacrol Phenolic 
monoterpene 

Broad-spectrum 
antimicrobial 

Increases membrane permeability 
and leakage of intracellular contents 

p-Cymene Monoterpene Mild antimicrobial Enhances penetration of phenolic 
compounds 

α-Pinene Monoterpene Antibacterial, anti-
inflammatory 

Alters bacterial membrane function 

Nigellidine/Nigellicine Alkaloids Antioxidant, 
immunomodulatory 

Supportive antimicrobial effects 

Linoleic and oleic acids Unsaturated 
fatty acids 

Anti-inflammatory, wound 
healing 

Support membrane repair and host 
defence 

The collective action of these phytochemicals explains the broad pharmacological profile of N. sativa. Thymoquinone 
and the phenolic monoterpenes are primarily responsible for antibacterial activity, whereas other constituents 
contribute complementary antioxidant and anti-inflammatory effects that may enhance therapeutic outcomes. 

3.2. Antibacterial Activity of Nigella sativa 

The antibacterial activity of Nigella sativa Linn. has been extensively investigated against both Gram-positive and Gram-
negative bacteria. Numerous in vitro and in vivo studies have demonstrated that its essential oil possesses broad-
spectrum antimicrobial activity, primarily attributed to thymoquinone, thymol, carvacrol, and other volatile 
phytochemicals [7,8]. These compounds inhibit bacterial growth through multiple mechanisms, including disruption of 
bacterial cell membranes, induction of oxidative stress, inhibition of essential enzymes, interference with nucleic acid 
synthesis, and suppression of biofilm formation [8–10]. 

Among Gram-positive bacteria, Staphylococcus aureus, including methicillin-resistant S. aureus (MRSA), is highly 
susceptible to N. sativa essential oil. Thymoquinone increases membrane permeability, leading to leakage of 
intracellular components and bacterial cell death [9,11]. Similar antibacterial effects have been reported against 
Streptococcus pyogenes, Streptococcus mutans, Bacillus subtilis, and Bacillus cereus, indicating potential applications in 
the treatment of skin, respiratory, and oral infections [10,12]. Although Gram-negative bacteria such as Escherichia coli, 
Klebsiella pneumoniae, Salmonella enterica, Proteus mirabilis, and Pseudomonas aeruginosa are comparatively less 
susceptible because of their outer lipopolysaccharide membrane, significant inhibitory activity has also been 
demonstrated [13,14]. 

In addition, N. sativa essential oil inhibits bacterial biofilm formation by disrupting quorum sensing and reducing 
extracellular polymeric substance production, thereby enhancing bacterial susceptibility to antimicrobial agents [15]. 
The antibacterial efficacy is influenced by factors such as seed origin, extraction method, and phytochemical 
composition, with essential oils generally exhibiting greater activity than aqueous extracts because of their higher 
concentrations of lipophilic bioactive compounds [16]. 
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Table 2. Representative studies reporting the antibacterial activity of Nigella sativa 

Author Test material Target 
microorganisms 

Major findings 

Salman et al. Essential oil Staphylococcus aureus Strong antibacterial activity 

Forouzanfar et al. Thymoquinone MRSA Significant inhibition of bacterial growth 

Halawani Essential oil Escherichia coli Moderate antibacterial activity 

Ahmad et al. Seed extract Klebsiella pneumoniae Growth inhibition observed 

Randhawa and 
Alghamdi 

Essential oil Pseudomonas 
aeruginosa 

Moderate antibacterial effect 

Ali and Blunden Essential oil Bacillus cereus Strong antibacterial activity 

Woo et al. Thymoquinone Streptococcus mutans Reduced bacterial growth and biofilm 
formation 

Khan et al. Essential oil Salmonella enterica Dose-dependent antibacterial effect 

 
The increasing prevalence of antimicrobial resistance has intensified research into plant-derived antibacterial agents. 
Among medicinal plants, Nigella sativa Linn. has attracted considerable attention because of its broad-spectrum 
antibacterial activity and relatively low toxicity. Experimental studies have demonstrated that its essential oil inhibits 
clinically important pathogens responsible for respiratory, gastrointestinal, urinary tract, skin, and wound infections 
[17,18]. This activity is primarily attributed to thymoquinone, while other volatile constituents, including thymol, 
carvacrol, and p-cymene, contribute synergistically to its overall antimicrobial efficacy [18]. 

Table 3. Published studies on the antibacterial activity of Nigella sativa 

Study Preparation Test organism(s) Main findings 

Ali & Blunden (2003) Essential oil Staphylococcus 
aureus 

Strong antibacterial activity attributed to 
thymoquinone 

Forouzanfar et al. 
(2014) 

Thymoquinone MRSA Significant inhibition of resistant strains 

Halawani (2009) Essential oil Escherichia coli Moderate growth inhibition 

Ahmad et al. (2013) Seed extract Klebsiella 
pneumoniae 

Concentration-dependent antibacterial 
activity 

Salman et al. (2008) Essential oil Bacillus subtilis High susceptibility observed 

Khan et al. (2017) Essential oil Salmonella enterica Dose-dependent antibacterial effect 

Woo et al. (2018) Thymoquinone Streptococcus 
mutans 

Reduced biofilm formation 

Mahmoud et al. (2016) Essential oil Pseudomonas 
aeruginosa 

Moderate antibacterial activity 

Ismail et al. (2015) Essential oil Proteus mirabilis Significant bacterial inhibition 

Hannan et al. (2008) Seed extract Oral pathogens Effective against dental microorganisms 

Gholamnezhad et al. 
(2016) 

Thymoquinone Mixed bacterial 
isolates 

Broad-spectrum antibacterial activity 

Aljabre et al. (2015) Essential oil Skin pathogens Effective against dermatological 
infections 

Yimer et al. (2019) Essential oil Clinical isolates Broad-spectrum antimicrobial activity 
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Ahmad et al. (2021) Nanoformulation Resistant bacteria Improved antibacterial efficacy after 
encapsulation 

Recent 
nanotechnology 
studies 

Cellulose acetate 
nanocarriers 

Multiple bacterial 
species 

Enhanced stability, sustained release, and 
antibacterial effectiveness 

Gram-positive bacteria are generally more susceptible to N. sativa essential oil than Gram-negative bacteria because the 
absence of an outer membrane allows easier penetration of lipophilic phytochemicals. Consequently, lower minimum 
inhibitory concentrations (MICs) have been reported against Staphylococcus aureus, Streptococcus pyogenes, and 
Bacillus subtilis than against Escherichia coli and Pseudomonas aeruginosa [19,20]. Thymoquinone has also 
demonstrated significant activity against methicillin-resistant Staphylococcus aureus (MRSA) by disrupting bacterial 
membranes, suppressing ATP production, inducing oxidative stress, and inhibiting protein synthesis. Moreover, 
synergistic effects have been observed when thymoquinone is combined with conventional antibiotics, suggesting its 
potential as an adjunct therapy for multidrug-resistant infections [21,22]. 

Another important property of N. sativa essential oil is its ability to inhibit bacterial biofilm formation. Thymoquinone 
interferes with bacterial quorum sensing, suppresses extracellular polysaccharide synthesis, and prevents bacterial 
adhesion, thereby reducing biofilm maturation and microbial persistence on tissues and medical devices [23,24]. The 
antibacterial efficacy of N. sativa is also influenced by the extraction method, with steam-distilled essential oil generally 
exhibiting greater activity than aqueous extracts because of its higher concentration of volatile monoterpenes [25]. 

Despite its potent antibacterial activity, the therapeutic application of N. sativa essential oil is limited by poor aqueous 
solubility, volatility, and chemical instability. Encapsulation within cellulose acetate nanocapsules improves stability, 
bioavailability, and controlled release while enhancing antibacterial efficacy [26]. Cellulose acetate is a biodegradable 
and biocompatible polymer suitable for sustained drug delivery, making these nanocapsules promising candidates for 
topical formulations, wound dressings, oral healthcare products, and other antimicrobial applications [27,28]. Overall, 
the available evidence supports the development of cellulose acetate nanocapsules containing Nigella sativa essential 
oil as an innovative strategy to combat antimicrobial resistance. 

The available evidence indicates that the antibacterial efficacy of N. sativa results from the combined action of several 
phytochemicals acting through multiple mechanisms. The incorporation of these bioactive compounds into cellulose 
acetate nanocapsules is expected to improve their pharmaceutical performance and may represent a promising strategy 
for combating antimicrobial resistance. 

3.3. Mechanisms of Antibacterial Action of Nigella sativa Essential Oil 

The antibacterial activity of Nigella sativa Linn. is attributed to the synergistic action of several bioactive 
phytochemicals, particularly thymoquinone, thymohydroquinone, thymol, carvacrol, and p-cymene. Unlike 
conventional antibiotics, which usually target a single bacterial process, these phytochemicals exert antibacterial effects 
through multiple complementary mechanisms, reducing the likelihood of bacterial resistance while enhancing the 
overall therapeutic efficacy of the essential oil [29,30]. 

Thymoquinone is recognized as the principal antibacterial constituent. Owing to its lipophilic nature, it penetrates 
bacterial cell membranes, disrupts membrane integrity, and increases membrane permeability. This results in leakage 
of intracellular ions, proteins, nucleic acids, and other essential cellular components, ultimately causing irreversible 
cellular damage and bacterial death [31]. Electron microscopic studies have confirmed structural distortion of bacterial 
cell walls following exposure to thymoquinone, supporting membrane disruption as a major antibacterial mechanism 
[32]. 

Thymoquinone also induces oxidative stress by stimulating the production of reactive oxygen species (ROS) within 
bacterial cells. Excessive ROS damages proteins, lipids, DNA, and essential metabolic enzymes, leading to impaired 
cellular metabolism and apoptosis-like bacterial death [33]. Furthermore, thymoquinone inhibits enzymes involved in 
ATP synthesis and energy metabolism while interfering with nucleic acid synthesis, thereby suppressing bacterial 
replication and growth [34]. 

Another important mechanism involves the inhibition of biofilm formation. Thymoquinone disrupts bacterial quorum 
sensing, suppresses extracellular polysaccharide synthesis, and inhibits bacterial adhesion to tissues and medical 
devices, preventing biofilm maturation and increasing bacterial susceptibility to antimicrobial agents [35]. In addition, 
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thymol and carvacrol disrupt bacterial phospholipid membranes by altering membrane fluidity and permeability, 
resulting in leakage of intracellular contents [36]. Although p-cymene exhibits relatively weak antibacterial activity 
alone, it enhances membrane permeability and facilitates the intracellular penetration of thymoquinone, thymol, and 
carvacrol, thereby potentiating their antibacterial effects [37]. 

Recent studies further demonstrate that N. sativa phytochemicals suppress bacterial virulence by inhibiting toxin 
production, adhesion proteins, and bacterial cell-to-cell communication, thereby reducing pathogenicity while exerting 
less selective pressure for antimicrobial resistance [38]. Nanoencapsulation within cellulose acetate nanocapsules 
further enhances these mechanisms by protecting volatile phytochemicals from degradation, providing sustained drug 
release, and increasing interaction between bioactive compounds and bacterial cells, resulting in improved antibacterial 
efficacy and prolonged therapeutic activity [39,40]. 

Table 4 Major antibacterial mechanisms of phytochemicals present in Nigella sativa essential oil 

Phytochemical Primary target Antibacterial mechanism Therapeutic significance 

Thymoquinone Cell membrane Membrane disruption and leakage of 
intracellular contents 

Rapid bacterial cell death 

Thymoquinone Cellular 
metabolism 

Inhibition of ATP synthesis and 
metabolic enzymes 

Reduced bacterial growth 

Thymoquinone DNA and 
proteins 

Oxidative stress through reactive 
oxygen species production 

Damage to essential 
biomolecules 

Thymoquinone Biofilm Inhibits quorum sensing and 
extracellular polysaccharide 
production 

Prevents chronic infections 

Thymol Cell membrane Alters membrane permeability and 
membrane potential 

Loss of cellular integrity 

Carvacrol Cytoplasmic 
membrane 

Leakage of potassium ions and 
intracellular proteins 

Broad-spectrum 
antibacterial activity 

p-Cymene Cell membrane Increases membrane fluidity and 
enhances penetration of active 
compounds 

Synergistic enhancement of 
antibacterial activity 

Thymohydroquinone Enzyme systems Inhibits bacterial enzyme activity Suppresses bacterial 
metabolism 

Dithymoquinone 
(Nigellone) 

Multiple cellular 
targets 

Synergistic antimicrobial action with 
thymoquinone 

Improves overall 
antibacterial efficacy 

The evidence indicates that the antibacterial properties of Nigella sativa result from the synergistic interaction of 
multiple phytochemicals acting on several bacterial targets simultaneously. These diverse mechanisms reduce the 
likelihood of antimicrobial resistance and provide a strong scientific rationale for incorporating Nigella sativa essential 
oil into cellulose acetate nanocapsules to achieve sustained release, enhanced stability, and improved antibacterial 
efficacy. 

3.4. Cellulose Acetate Nanocapsules as Drug Delivery Systems 

Nanotechnology has revolutionized pharmaceutical drug delivery by enhancing the stability, bioavailability, controlled 
release, and therapeutic efficacy of bioactive compounds. Although essential oils possess potent antimicrobial 
properties, their pharmaceutical application is limited by poor aqueous solubility, high volatility, susceptibility to 
oxidation, rapid degradation, and a short biological half-life. Nanoencapsulation has emerged as an effective strategy to 
overcome these limitations. Among biodegradable polymers, cellulose acetate (CA) has gained considerable attention 
owing to its excellent biocompatibility, biodegradability, low toxicity, mechanical strength, and controlled drug-release 
properties [41,42]. 
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Cellulose acetate is a semi-synthetic polymer derived from the acetylation of naturally occurring cellulose. It exhibits 
favorable physicochemical characteristics, including chemical stability, film-forming ability, ease of fabrication, and 
compatibility with a wide range of bioactive compounds, making it an ideal carrier for pharmaceutical nanocapsules 
[43]. Encapsulation of Nigella sativa essential oil within cellulose acetate forms a protective polymeric shell around the 
oil core, shielding volatile constituents, particularly thymoquinone, from degradation caused by heat, light, oxygen, and 
moisture, thereby preserving antibacterial activity and improving storage stability [44]. 

Several methods have been developed to produce cellulose acetate nanocapsules, including nanoprecipitation, solvent 
evaporation, emulsification-diffusion, interfacial deposition, electrospinning, and spray drying [45]. Among these 
techniques, nanoprecipitation is the most widely employed because it is simple, reproducible, cost-effective, and 
produces nanocapsules with high encapsulation efficiency and particle sizes typically ranging from 100 to 300 nm [46]. 
Their nanoscale dimensions provide a large surface area, facilitating greater interaction between encapsulated bioactive 
compounds and bacterial cells. 

A major advantage of cellulose acetate nanocapsules is their ability to provide controlled and sustained drug release. 
Gradual release of Nigella sativa essential oil maintains therapeutic concentrations over prolonged periods, reducing 
dosing frequency, improving patient compliance, and enhancing antibacterial efficacy [47]. Nanoencapsulation also 
improves the aqueous dispersibility and bioavailability of hydrophobic compounds such as thymoquinone, enabling 
superior antibacterial activity at lower doses than free essential oil [48]. In addition, the small particle size promotes 
better penetration into bacterial biofilms and infected tissues, resulting in prolonged antimicrobial activity [49]. 

Studies involving cellulose acetate nanoparticles loaded with plant-derived essential oils, including oregano, thyme, 
clove, cinnamon, and tea tree oils, have demonstrated greater antibacterial activity against Staphylococcus aureus, 
Escherichia coli, and Pseudomonas aeruginosa than corresponding non-encapsulated oils [50,51]. Although studies 
specifically investigating cellulose acetate nanocapsules containing Nigella sativa essential oil remain limited, available 
evidence suggests similar improvements in stability, controlled release, and antibacterial efficacy. Furthermore, 
cellulose acetate nanocapsules have shown promise in wound dressings, antimicrobial coatings, dental materials, tissue 
engineering, and implant coatings [52]. Nevertheless, optimization of formulation parameters, toxicological evaluation, 
pharmacokinetic studies, and well-designed clinical trials remain essential before their widespread clinical application 
[53]. 

Table 5 Advantages of cellulose acetate nanocapsules for delivery of Nigella sativa essential oil 

Property Benefit Pharmaceutical significance 

Biodegradable polymer Safe degradation in biological systems Reduced toxicity 

Biocompatibility Minimal tissue irritation Suitable for biomedical applications 

Protection from oxidation Prevents degradation of thymoquinone Improved shelf life 

Controlled drug release Sustained release of essential oil Longer therapeutic effect 

High encapsulation efficiency Increased drug loading Better formulation performance 

Improved aqueous dispersibility Enhanced solubility of essential oil Increased bioavailability 

Nanoscale particle size Large surface area Enhanced bacterial interaction 

Improved stability Reduced volatility and evaporation Maintains antibacterial activity 

Targeted drug delivery Higher drug concentration at infection site Increased therapeutic efficacy 

Reduced dosing frequency Sustained antibacterial concentration Improved patient compliance 
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Table 6 Reported biomedical applications of cellulose acetate nanocarriers 

Application Encapsulated material Reported outcome 

Antibacterial drug 
delivery 

Plant essential oils Enhanced antimicrobial activity 

Wound dressings Herbal extracts Accelerated wound healing and infection 
control 

Oral drug delivery Hydrophobic phytochemicals Improved bioavailability 

Implant coatings Antimicrobial agents Prevention of biofilm formation 

Food packaging Natural preservatives Extended shelf life and microbial protection 

Tissue engineering Growth factors and herbal 
compounds 

Improved cell compatibility 

Dental materials Essential oils Reduction of oral bacterial colonization 

Topical formulations Essential oils Sustained local drug release 

The collective evidence demonstrates that cellulose acetate nanocapsules successfully address many limitations 
associated with conventional essential oil formulations. Their ability to enhance stability, improve bioavailability, 
provide controlled release, and increase antibacterial efficacy makes them a highly promising delivery system for 
Nigella sativa essential oil and other plant-derived antimicrobial agents. However, additional experimental studies and 
clinical validation are necessary before widespread pharmaceutical application can be achieved. 

4. Conclusion 

Nigella sativa Linn. possesses significant antibacterial activity owing to bioactive compounds such as thymoquinone, 
thymol, and carvacrol, which act through multiple mechanisms to inhibit bacterial growth and reduce the risk of 
antimicrobial resistance. According to Ayurveda, Nigella sativa (Kalonji (black seed)) exhibits Krimighna (antimicrobial), 
Deepana (digestive stimulant), Pachana (digestive and metabolic enhancer), and Daurgandhyanashana (eliminates bad 
breath) properties, supporting its traditional medicinal use. Cellulose acetate nanocapsules offer an effective delivery 
system by improving the stability, bioavailability, and controlled release of Nigella sativa essential oil, thereby 
enhancing its antibacterial efficacy. Although current findings are promising, further formulation studies, toxicological 
evaluations, and well-designed clinical trials are required to validate the safety and therapeutic potential of these 
nanoformulations for future antibacterial and oral healthcare applications. 
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