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Abstract — Medicinal plant distillates, by-products rich in secondary metabolites such as essential oils and
polyphenols, represent a valuable and sustainable source of bioactive compounds for the food,
pharmaceutical, and cosmetic industries. Beyond their traditional use as flavoring and fragrance agents,
these distillates have attracted growing interest as natural preservatives, exhibiting antimicrobial activity
against a wide range of microorganisms, including foodborne pathogens, and thereby contributing to the
control of microbial spoilage and microbial-related diseases in humans and plants. In addition to their
antimicrobial potential, essential oils and polyphenols derived from medicinal plant distillates display
notable antioxidant, anti-inflammatory, antidiabetic, and antiviral properties, supporting their use as food
additives, nutritional supplements, plant protection agents, and pharmacologically active ingredients in
cosmetic and pharmaceutical formulations. Given the increasing demand for natural, health-promoting, and
eco-friendly alternatives to synthetic additives, medicinal plant distillates — by-products of the essential
oil and herbal industries — are emerging as a promising, sustainable resource with broad cross-sector
applications. Further research is warranted to characterize their bioactive profiles fully and to validate their
efficacy and safety for industrial-scale application.
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I. INTRODUCTION

Herbal products have been used since ancient times for flavoring foods and drinks and for medicinal
purposes, with varying success in treating and preventing illnesses. It is estimated that Earth hosts between
250,000 and 500,000 plant species. The World Health Organization (WHO) reports about 20,000 medicinal
plants are found across 91 countries. Many plant species are valuable to the food industry and are
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incorporated into products like energy drinks, capsules, health supplements, food ingredients, and
pharmaceuticals (Patra et al., 2018). Plants contain numerous compounds, mainly categorized as primary
and secondary metabolites, which are rich sources of biologically active molecules. Medicinal plant
distillates are pure compounds with vast potential for microbial growth control due to their chemical
diversity. Bioactive compounds mainly fall into two groups: (i) vegetable or essential oils from sources
such as olive, canola, soy, sunflower, flax seeds, avocado, grape seeds, oregano, rosemary, coriander seeds;
and (ii) medicinal plant distillates from sources including grape seed, green tea, olive leaves, cranberry,
pomegranate, broccoli, cocoa, and lemon balm (Pisoschi et al., 2017). These exhibit broad-spectrum
antimicrobial activity against bacteria, yeast, and molds, but variations in their bioactivity level and quantity
are crucial factors in their application (Singh Negi, 2012). They are promising because they are cost-
effective, environmentally friendly, structurally diverse, and less likely to cause antimicrobial resistance
compared to synthetic chemicals (Sakarikou et al., 2019).

Growing concerns over antimicrobial resistance have driven research into natural antimicrobial products as
alternatives to synthetic preservatives, aiming to prevent the growth of foodborne pathogens. Medicinal
plant distillates are rich in natural compounds that function as antioxidants, enhance aroma and color,
improve sensory acceptance, and extend food shelf life (Gyawali et al., 2015). Additionally, experts and
the Federal Food, Drug, and Cosmetic Act (F.F.D.C.A.) recognize most medicinal plant distillates as
Generally Recognized As Safe (G.R.A.S.) (Burt, 2004).

II. SECONDARY METABOLITES PRESENT IN PLANT EXTRACTS

Plants tissues are rich in various secondary metabolites expressing antimicrobial activity, such as saponins,
tannins, alkaloids, alkenyl phenols, glycoalkaloids, flavonoids, lactones, and terpenoids. To a broader
classification, secondary metabolites classify into three main groups:

1) Phenolics derivatives
a. Phenols and cinnamic acid derivatives
b. Quinones
c. Flavones and flavonoids
d. Tannins
e. Coumarins

2) Terpenoids
3) Alkaloids

Medicinal plant distillates and antibiotic resistance

Herbal medicinal products are recognized as a significant source of new pharmaceutical compounds for
treating severe diseases (El-Saber Batiha et al., 2020). Species such as thyme (Thymus vulgaris), saffron
(Curcuma longa), mustard (Brassica juncea), chili (Capsicum annuum), cumin (Cuminum cyminum),
fenugreek (Trigonella foenum-graecum), coriander (Coriandrum sativum), garlic (Allium sativum), ginger
(Zingiber officinale), cloves (Syzygium aromaticum), aloe vera, and others possess various nutritional
properties and compositions (Patra et al., 2018). A distinctive feature of essential oils is their bacteriostatic
and bactericidal activity against microorganisms, including Bacillus cereus, Bacillus megatherium, Bacillus
subtilis, and Aeromonas sobria.

Panax ginseng extracts are used in dietary supplements, food products, cosmetics, pharmaceuticals, and
dental items. Saffron is traditionally used as a food ingredient and in medicinal formulations. Mentha
species are utilized across pharmaceutical, cosmetic, and flavoring industries. Azadirachta indica has been
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employed as an insecticide, lubricant, and for treating diabetes and tuberculosis. Ocimum sanctum is used
in the cosmetics and pharmaceutical sectors to produce medicines, tonics, and cosmetics (Patra et al., 2018).
Recent studies indicate that as bacteria develop increased resistance to antibiotics, traditional food
preservation techniques such as drying, heat treatment, and acid treatment may become less effective. The
widespread use of chemical preservatives in food has notably contributed to the rise of antibiotic resistance
among microorganisms. The goal of antibiotics is to effectively treat microbial infections. Recently, there
has been a surge in microorganisms resistant to common antibiotics; as a result, antibiotic-resistant bacteria
are rapidly emerging and spreading. Developing new antimicrobials is crucial to combat this issue. Plant-
derived antimicrobial agents can serve as safe and valuable alternatives for controlling pathogens resistant
to conventional antibiotics, especially those responsible for foodborne illnesses, which are among the most
urgent cases of microbial resistance (Hayek et al., 2013). When combined with antibiotics, plant extracts
can act as adjuvants to enhance the drugs' effectiveness against resistant pathogens (Borger et al., 2020).
Thymol and carvacrol are phenol monoterpene derivatives. They are isomeric compounds found in thyme's
essential oil (Thymus vulgaris), and they effectively reduce Salmonella typhimurium’s resistance to
antibiotics such as ampicillin, tetracycline, penicillin, bacitracin, erythromycin, and novobiocin. Similarly,
carvacrol, thymol, and cinnamaldehyde exhibit activity against Staphylococcus aureus. They lower the
Minimum Inhibitory Concentration (MIC) values for antibiotics like ampicillin, penicillin, and bacitracin.

Possible mechanisms of action as antimicrobials of medicinal plant distillates in foods

The increasing resistance of pathogenic microorganisms to antibiotics has led to more research into
medicinal plant distillates as potential alternatives. These distillates seem promising for fighting antibiotic
resistance and might even outperform synthetic preservatives (Hayek et al., 2013). The exact antimicrobial
mechanisms of natural compounds against microorganisms are still not fully known. Their unique plant
composition may impact different groups of pathogens in various ways. Typically, Gram-positive bacteria
are more responsive to medicinal plant distillates than Gram-negative bacteria (Gyawali, Hayek, Ibrahim,
2015b). The mechanistic approach involves lipopolysaccharides in the cell wall of Gram-negative bacteria,
which can block the diffusion of hydrophobic compounds into the cell. Essential oils damage bacterial cell
membranes structurally and functionally, with their toxicity also linked to their hydrophobicity. In
summary, bacterial death mainly results from:

1. Physical destruction of the cell membrane through removal of cell content or altered active transport.
Short-chain organic acids disrupt membrane permeability by interacting with membrane proteins.

2. Direct lowering of substrate pH or growth medium due to increased proton levels, or suppression of
intracellular pH caused by ionization of organic acid molecules from plant extracts.

3. Inhibition of enzyme activity within the cell membrane.

4. Organic acids in plant species can also inhibit NADH oxidation, which cuts off the supply of reducing
agents in electron transport systems (Davidson, 1997).

Conventional and unconventional plant extraction methods

Effective extraction and purification procedures are essential for isolating and using natural antimicrobials
in food products. The most common extraction methods are steam distillation and hydro-distillation. In
recent decades, unconventional techniques like supercritical fluid extraction have been used, offering
improved solubility and mass transfer (Pisoschi et al., 2017). Traditional methods for extracting essential
oils from plants often require significant time and energy. Additionally, most extraction processes need
large amounts of various solvents, some of which—such as hydrochloric acid, ammonium chloride, ethanol,
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methanol, and alcohol—are considered toxic. Conventional extraction methods, including chemical or heat
treatments, can also change the total active ingredient content, functionality, or natural properties, or
produce hazardous compounds (Gyawali, Hayek & Ibrahim, 2015). A minimal-processing extraction
technique, like direct mechanical extraction, appears more promising for avoiding possible alterations or
destruction of active ingredients. Ultimately, the resulting medicinal plant distillates are used directly as
antimicrobial agents against food pathogens.

Application of medicinal plant distillates in food products

Research on medicinal plant distillates and their essential oils used as antimicrobials in the food and
pharmaceutical industries shows that these extracts have antimicrobial activity against foodborne
pathogens. Plant-based antimicrobial agents are used in biofilms and edible coatings in food systems. These
biofilms and coatings slowly diffuse within food packaging, extending their antimicrobial effects.

Wastes from the wine industry pose sustainability challenges, requiring reuse. As a result, new products
can be made from these wastes, providing environmental, social, and economic benefits (Leal et al., 2020).
Uses of medicinal plant distillates include grape seeds, whose extracts exhibit various biological activities,
such as preventing harmful microorganisms from contaminating food and serving as a food fungicide.
Additionally, Grape Seed Extracts (GSE) can be used to add natural antioxidants and preservatives to foods.
GSE:s are classified as G.R.A.S. (Generally Recognized As Safe) supplements by the U.S. Food and Drug
Administration, which helps improve food quality and shelf life through its use in food preservation (Burt,
2004). Applying GSEs as a supplement to vacuum-treated ground beef increases the susceptibility of
Clostridium perfringens vegetative cells to heat-induced death. These findings help restaurants and catering
services determine the optimal heating time and temperature to cook vacuum-packed beef safely against
pathogens (Chen et al., 2020). Different medicinal plant distillates also improve the quality of refined olive
oil (Topi et al., 2012; Topi et al., 2022).

Medicinal plant distillates applications in the pharmaceutical industry

Many natural products (NPs) in plants contain sugar moieties (glycosides), serving as important secondary
metabolites often involved in plant defense (Tahiri, Damani & Topi, 2025). These glycosides do not act
directly on therapeutic targets; they become active only after enzymatic activation of the prodrug. Medicinal
plant distillates may contain bioactive NPs in the form of prodrugs, which in some cases can be converted
into optimized derivatives that reach therapeutic targets (David, Wolfender, and Dias, 2014).

In this context, extracting bioactive compounds, mainly polyphenols, from olive oil wastewater and
utilizing them as fortification sources in various foods and cosmetic products (Topi et al., 2014; Topi et al.,
2022).

The use of medicinal plant distillates from Vitis vinifera L. in the cosmetic and pharmaceutical industries
includes valorizing by-products of the wine industry, such as grape stems and grape seeds (Topi et al.,
2024). Microbial safety in cosmetic products has always been a key concern, as microbial contamination
can lead to product degradation and pose health risks to consumers. Additionally, bacteria can alter the
chemical and physical properties of cosmetics, often resulting in phase separation, bleaching, and the
release of aromatic compounds. Given this high risk of contamination and its threat to consumer health,
strict safety measures are essential.

Regarding antimicrobial activity, the extracts showed strong efficacy against Gram-positive bacteria
associated with foot wound ulcers. Furthermore, the extracts displayed anti-inflammatory effects by
inhibiting nitric oxide production in lipopolysaccharide-stimulated macrophages, reducing it by up to
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35.25%. For the first time, they demonstrated anti-aging properties by inhibiting tyrosinase (approximately
54%) and elastase (approximately 98%) activities. Thus, grape by-products have shown biological potential
and are of interest to the cosmetics, pharmaceutical, and food industries (Leal et al., 2020).

III. CONCLUSION

The worldwide use of medicinal plant distillates in dietary supplements, phytopharmaceuticals,
preservatives, edible coatings, adjuvants, and antibiotics reflects a positive economic trend. Recognizing
the limits of terrestrial and marine biodiversity, international organizations advise turning to medicinal
plants and food by-products for essential oils and supplements. This approach can promote a sustainable
economy and enhance global health. Research indicates that food by-products and medicinal plants possess
diverse nutritional, antimicrobial, and pharmacological properties, offering substantial potential for both
the food and pharmaceutical sectors.
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