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Abstract

:

Oils, including essential oils and their constituents, are widely reported to have penetration enhancement activity and have been incorporated into a wide range of pharmaceutical formulations. This study sought to determine if there is an evidence base for the selection of appropriate oils for particular applications and compare their effectiveness across different formulation types. A systematic review of the data sources, consisting of Google Scholar, EMBASE, PubMed, Medline, and Scopus, was carried out and, following screening and quality assessment, 112 articles were included within the analysis. The research was classified according to the active pharmaceutical ingredient, dosage form, in vitro/in vivo study, carrier material(s), penetration enhancers as essential oils, and other chemical enhancers. The review identified four groups of oils used in the formulation of skin preparations; in order of popularity, these are terpene-type essential oils (63%), fatty acid-containing essential oils (29%) and, finally, 8% of essential oils comprising Vitamin E derivatives and miscellaneous essential oils. It was concluded that terpene essential oils may have benefits over the fatty acid-containing oils, and their incorporation into advanced pharmaceutical formulations such as nanoemulsions, microemulsions, vesicular systems, and transdermal patches makes them an attractive proposition to enhance drug permeation through the skin.
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1. Introduction


Skin is a complicated organ that protects the human body from the surrounding environment and maintains its hydration in healthy and pathological conditions. The outermost layer of the human skin, the stratum corneum, provides the main barrier to the permeation of drugs across the skin [1,2]. Therefore, a large number of studies have focused on the identification of chemical penetration enhancers to help penetrate this layer and target the layers beneath this and even systemic circulation [3].



Over the last 30 years, more than 360 chemicals have shown promising potential for enhancing penetration through the skin [3,4]. These reviews present [1,2,3,4] an in-depth discussion of the skin barrier and pathways of permeation enhancement; however, safety concerns have limited the use of many chemicals with penetration enhancing effects [5,6]. Essential oils and their terpene constituents have been identified as a group of candidates with promising potential to be clinically useful as penetration enhancers.



Essential oils are natural oily liquids containing a mixture of volatile compounds found in different parts of plants, such as flowers, fruits, leaves, and roots. They are mainly composed of monoterpenes, sesquiterpenes, carbohydrates, alcohol, ethers, aldehydes, and ketones, and are extracted in small quantities using techniques such as steam and hydrodistillation [3,7,8,9,10,11]. Essential oils and their terpene components have been reported to enhance the penetration of various drugs successfully through the skin [12], with many demonstrating a potential for both hydrophilic and hydrophobic drugs. Among these are eucalyptus oil [13], eucalyptol [14], clove oil [15], turpentine oil [16], and peppermint oil [17]. They are generally considered to be safer and less toxic than synthetic permeation enhancers and have the ability to promote permeation to the lower layers [3].



Essential oils generally have a diverse composition that is influenced by the growing season and location, as well as the extraction method [18]. This diversity raises a challenging issue for researchers due to a lack of clear insight on how these compounds exert their activity on the transdermal permeation of various drugs [19]. Although Barry [20] proposed the lipid–protein partitioning theory as a base for the mechanism of the permeation enhancement, the theory could not specify the effectiveness of certain enhancers towards certain types of drugs. Therefore, the underlying mechanism responsible for the enhancement activity of individual essential oils is not clear and it is proposed that they use different mechanisms of action based on (1) the disintegration of the highly ordered intercellular lipid structure between corneocytes in stratum corneum, (2) interaction with intercellular domains of proteins, which induces their conformational modification, and (3) increase in the partitioning of a drug [3].



Vegetable carrier oils are natural fixed oils pressed mainly from the seeds and constitute a common constituent of pharmaceutical formulations used topically. They are a mixture of heterogeneous lipids composed mainly of triglycerides and a lower concentration of components such as free fatty acid, mono and diglycerides, sterol, phosphatides, fatty alcohol, and lipid-soluble vitamins [21]. Despite the differences between such carrier oils and essential oils, particularly in volatility, physicochemical properties, and aromatic characteristics, carrier oils play an important role in pharmaceutical formulations [22]. They are characterized by their safe profiles and common uses as emulsifying agents, stabilizing agents, and diluents for essential oils prior to topical application. In addition, studies have indicated they may impart a topical permeability enhancement effect [22,23].



Free fatty acids (saturated and unsaturated) are the key components of vegetable carrier oils. They modify the barrier of the skin reversibly by fluidizing and disintegrating stratum corneum lipids. In general, oils containing high percentages of unsaturated free fatty acids have been shown to possess a more significant skin permeation enhancement effect than those with saturated free fatty acids [24]. Carrier oils or fatty acid-containing natural oils have been reported by many studies as successful transdermal penetration enhancers for both hydrophilic and lipophilic drugs [25,26]. Among these are olive oil [25,27,28], almond oil [29], and jojoba oil [30].



This review is conducted systematically involving articles in which oils are used as penetration enhancers in pharmaceutical formulations. The aim of this review is to identify the relationship between the penetration enhancing effects of essential and carrier oils and their mechanism of action in order to inform formulation development.




2. Materials and Methods


2.1. Search Strategy


This systematic review was carried out in accordance with PRISMA [31] 2009 guidelines, and the inclusion and exclusion criteria are summarized in Figure 1. A comprehensive search plot was established using the literature databases Google Scholar, EMBASE, PubMed, Medline, and Scopus between 1 January 2011 and 30 April 2020. In order to include a wide range of studies with the potential evidence of the effect of essential oils on the permeation of drugs through the skin, a mesh list of the number of terms was used as a search strategy. The terms were: “Essential Oil” OR “Oil” OR “Essential oil for drug permeation” AND “Skin Drug Delivery” OR “Transdermal Drug Delivery” OR “Dermal Drug Delivery” OR “Drug permeation”. The titles and abstracts were screened to remove duplicates and determine eligibility. For those deemed relevant, the text was read in full.




2.2. Study Selection


An assessment of the selected articles was carried out independently by two members of the review team to minimize bias. Any study reporting an essential oil as a penetration enhancer within the topical formulation was selected as an eligible study for review and with no language barrier restriction. Studies not meeting the criteria were removed, including those published only as a review, book chapter, conference presentation, letter, abstract, or commentary. The final decision over the eligibility of any disputed articles was discussed by the team based on inclusion/exclusion criteria.




2.3. Data Extraction


The following data were extracted from each of the retrieved articles: active pharmaceutical ingredient, dosage form, in vitro/in vivo studies, carrier material, essential or carrier oil as penetration enhancer, chemical penetration enhancers other than essential oils, and study characteristics. The extracted data from the eligible articles were tabulated using Microsoft Excel 2016, as shown in Table S1 (Supplementary Materials).




2.4. Quality Assessment


An assessment of the risk of bias was carried out for each included article by evaluating six domains: rationale of research, description of the methodology, characterization and testing, description of result, description of discussion, and overall conclusion, as shown in Tables S2 and S3 (Supplementary Materials). [32]. The current risk of bias framework was modified from the Cochrane Handbook for Systematic Reviews of Interventions and standard quality assessment criteria for evaluating primary research papers from a variety of fields [33,34] adopting the redundancy and mapping approach [35,36,37]. This is because of the lack of the corresponding tool of risk assessment in this special field, i.e., the pharmaceutical formulation. The process of assessment of each included study was performed independently by two members of the review team. The final decision was taken after resolving any disagreement in a process of categorization and achieving the forced agreement. The results of the assessment of the risk of bias within the included articles were tabulated as shown in Table S4 and Figure S1 (Supplementary Materials).





3. Results


The study search resulted in 1075 records from the different literature databases Google Scholar, EMBASE, PubMed, Medline, and Scopus, as well as a manual search. A total of 951 articles were excluded after screening the title and abstract of the publications, and a further 12 articles were excluded after reviewing the full text, resulting in 112 papers, as shown in Figure 1. The reasons for exclusion were mainly due to issues such as the penetration enhancer used in the formulation not being an essential or carrier oil, the oil being used in the formulation for purposes other than penetration enhancement, the mechanism of enhancement being attributed to the system rather than the oil, and, finally, non-accessible local regional articles and those without a version in English.



The study characteristics of the included articles are summarized in Table S1: active pharmaceutical ingredient, dosage form, in vitro/in vivo study, carrier material(s), and penetration enhancers as essential or carrier oils and other chemical enhancers, along with a summary of the article highlighting the main findings of the study. The review identified four groups of l oils used in the formulation of skin preparations. These are: terpene-type essential oils, which constituted 63% of the total; fatty acid-containing oils, which constituted 29% of the total; and 8% of the oils comprising of tocopherol and miscellaneous essential oils (Figure 2). The discussion is, therefore, arranged into these four groups.



The review found that olive oil was the most common essential oil used within the pharmaceutical formulations, comprising 19% of the total percentage of the essential oils, followed by eucalyptus oil at 17%, as shown in Figure 3, with 7 terpene-type essential oils and 3 fatty acid-containing essential oils as the most common essential oils used. However, the review has identified that terpene essential oils may have benefits over the fatty acid-containing oils.



The most popular dosage form used was a topical gel utilizing either olive oil or almond oil. Moreover, ointment and vesicular system dosage forms were the least frequently represented dosage forms using palm kernel oil or Santolina insularis, respectively, as shown in Figure 4. In summary, terpene essential oils are the main essential oils used within all microemulsions, transdermal patches, nanoemulsions, and vesicular systems, while fatty acid-containing oils are mainly used in the formulation of solution and topical gel dosage forms, as shown in Figure 5.



3.1. Terpenes


Terpenes are simple hydrocarbon compounds of natural origin that are isolated from different sources such as plants and animals. They consist of basic units known as isoprene, according to which terpenes are classified, as shown in Figure 6A [38,39]. The penetration enhancement activity of terpenes has increased their utilization considerably in pharmaceutical products [8,22]. Generally, terpenes are accepted clinically and used safely as penetration enhancers for both hydrophilic and lipophilic drugs, such as 5-fluorouracil and pioglitazone [40,41].



This review identified seven terpenes as the most frequently used essential oils for their penetration enhancement capability. These are eucalyptus oil, clove oil, eucalyptol, peppermint oil, limonene, turpentine oil, and menthol.



3.1.1. Eucalyptus Oil


Eucalyptus [Eucalyptus globulus] is a plant used in traditional medicine belonging to the family of Myrtaceae [42]. It is extracted by steam distillation from the leaves of this plant [43], with the eucalyptus plant being one of the main sources of essential oils with various biological activities [42]. The main pharmaceutical constituent of eucalyptus oil is eucalyptol [1,8-cineole]. Eucalyptol, a monocyclic monoterpene ether, comprises 70–90% of the content of eucalyptus oil but it also contains minor constituents such as α-pinene, cuminylaldehyde, limonene, α-phellandrene, p-cymene, trans-pinocarveol, and terpinen-4-ol. [44]. The oil has antimicrobial activities, including antibacterial activity against Staph aureus [45], antifungal [46], and antiviral activity [47]. It has promising potential for the treatment of microbial infections, such as those encountered during wound healing, burns, and herpes infections. It also has an anti-inflammatory activity that helps relieve pain and rheumatoid arthritis [45]. Evidence of antioxidant activity has also been reported [48]. Eucalyptus oil also has an expectorant effect, which is used for cough and bronchitis treatment [49]. In addition, many studies have reported a potential role for eucalyptus oil in the formulation of topical preparations as a consequence of its permeation enhancement ability [40,50,51].



Eucalyptus oil is the terpene essential oil most frequently used in the formulation of topical skin preparations. It is used widely in the development of transdermal patch formulation; however, its penetration enhancement effect is also related to the composition of the transdermal patch. Thus, the effect of the type of polymer used [51], the amount of the polymer used [52], and the type and concentration of plasticizer used [2] can all impact its activity, and there are some contradictory reports regarding its efficacy. Although Yaqoob et al. [51], Akram et al. [50], and Zeng et al. [52] found the penetration enhancement effect of eucalyptus oil to be less than isopropyl myristate [IPM] and Azone from matrix patches of metoprolol, glimepride, and elemene, respectively, El-Nabarawi et al. [2], Shen et al. [53], and Sharma and Mehra [13] reported the opposite. They found that eucalyptus oil exerted the highest penetration enhancement effect compared with other penetration enhancers from transdermal patches of sumatriptan, tetramethylpyrazine, and celecoxib. It has been reported that eucalyptus oil is less effective in potential synergistic mixtures with other oil components such as menthol; for example, Madkaikar et al. [54] reported a synergistic effect between menthol and Tween 80 during the development of a transdermal matrix patch of ondansetron.



Many researchers have reported the superiority of eucalyptus oil over other terpenes and fatty acid-containing oils in topical gel formulations. Rajan and Vasudevan [55] and Akhlaq et al. [32] found that it was more effective than other penetration enhancers in permeation enhancement from a transferosomal gel of ketoconazole and a hydrogel of pioglitazone. Furthermore, eucalyptus oil increased the permeation and retention in dermal and epidermal layers of hydrocortisone acetate compared to clove oil and lemongrass oil within a microemulgel formulation [56]. The in vitro and ex vivo studies carried out by Sahu et al. [40] reported that eucalyptus oil could enhance the permeation of 5-fluorouracil incorporated into biodegradable polymeric nanogels.



The dominant mechanism of the penetration of eucalyptus oil is the partitioning of the essential oil into the skin, as reported by Chi-Hsien [57] during the formulation of a photosensitizer microemulsion and El-Maghraby et al. [58] during the mutual transdermal administration of indomethacin and benzocaine microemulsions. Eucalyptus oil was also used in the formulation of miconazole and ketorolac solutions and was found to exert its permeation enhancement activity by several mechanisms, i.e., lipid fluidization, disruption lipid structure, and irreversible keratin denaturation in SC, resulting in higher enhancement ratios [ER] of flux [ERF], diffusion [ERD], and permeability [ERP] as compared to hydrated skin [59,60]. The fluidization mechanism of eucalyptus oil was exploited in the enhancement of felodipine permeation from a niosome formulation [61]. An in vitro study by Kakadia [62] demonstrated the superiority of eucalyptus oil’s penetration enhancement ability over olive oil in the formulation of nanoemulsions of chlorhexidine.



The current systematic review has identified eucalyptus oil as the most popular essential oil used as a penetration enhancer in dermal and transdermal formulations. Moreover, studies reported its superior potency and efficacy compared to other terpenes and fatty acid-containing essential oils. However, the studies confirmed that eucalyptus oil shows weaker permeation activity than Azone, oleic acid, and isopropyl myristate. Figure 7A summarizes the permeation enhancement activity of other chemical enhancers compared to eucalyptus oil. This permeation property is the likely reason for its frequent inclusion in formulations targeting deeper layers of the skin, such as transdermal patches, vesicular systems, microemulsions, and nanoemulsions.




3.1.2. Clove Oil


A clove is the bud of the aromatic dried flower of the Syzygium aromaticum [S. aromaticum] evergreen tree. It belongs to the Myrtaceae plant family and grows to a height ranging from 15 to 20 m. This tree is mainly grown in Asian regions such as Indonesia, Sri Lanka, India, Madagascar, and Zanzibar [63]. Clove oil is extracted from different parts of the tree, mainly by steam distillation, which results in different percentage yields. The highest percentage of clove oil obtained from the bud is (12–15%), while the lowest percentage obtains from the clove leaves (2–3%). About 5% is also obtained from the stem of the tree [64].



The major constituent of clove oil is eugenol (>80%), which gives the oil a spicy odor and flavor. It also contains caryophyllene and eugenol acetate in lesser percentages. Clove oil ranges from light yellow to brown in color and these properties are unaffected by the part of the tree from which it originates [64,65].



Clove oil is used topically as a pain killer, such as for toothache, and as an aid to wound healing. It is also used traditionally in the treatment of parasitic infections of the intestine and other digestive problems, manufacturing fragrance, and improving food stability due to its antioxidant activity [65]. Research has identified a potential role for clove oil in enhancing the permeation of different drugs intended to be administered topically [61,66,67].



Clove oil is reported to have limited permeation enhancement effects on certain types of drugs. Clove oil increases the permeation of ondansetron [54], felodipine [61], menthol and methyl salicylate [15], and mefenamic acid [68] following incorporation into a matrix-type transdermal patch, niosomes, ointment, and emulgel, respectively. Furthermore, clove oil is very effective as a permeation enhancer for ibuprofen [12] and hydrocortisone acetate [56], when formulated as a solution and microemulsion based gel, respectively, more so than angelica, Azone [12], and lemon oil [56]. However, clove oil is less effective than cinnamon oil [12,69], peppermint oil, rosemary oil [67], chuanxiong, cyperus, turpentine oil [12], and eucalyptus oil [56] when formulated in a solution, hydrogel, microemulsion, and microemulgel for the permeation enhancement of ibuprofen, fluconazole, quercetin, and hydrocortisone acetate, respectively. This might be a reason for combining clove oil with other penetration enhancers or incorporating it in only certain formulations. For instance, clove oil exhibits synergistic effects when combined with Tween 80 [70] and peppermint oil [66] in enhancing the permeation of aceclofenac and terbinafine, respectively. In addition, clove oil produces a synergistic effect on the permeation of felodipine [61] when incorporated into niosomes. However, even with this synergistic effect with Tween, it remains less effective than menthol in enhancing the permeation of aceclofenac, as reported by Magdum et al. [70].



Despite its weak penetration effect, there are no restrictions on its use in dermal dosage form, and it has been formulated as a niosome, microemulsion, and microemulgel. Figure 7B summarizes the permeation enhancement activity of other chemical enhancers compared to clove oil.




3.1.3. Eucalyptol


Eucalyptol, also known as 1,8-cineole, is a natural chiral aromatic compound composed of a cyclic ether and monoterpenoid based on cyclohexane [71], as shown in Figure 6B [72]. Eucalyptol is the main component of various natural oils, such as eucalyptus and laurel leaf oil in a concentration of 85% and 70%, respectively [64,71,73]. It is among the few fragrances produced exclusively by isolation from essential oils such as eucalyptus oil. It is also produced with high purity using fractional distillation of Eucalyptus globulus [64]. Eucalyptol is an organic colorless liquid with a smell resembling camphor. It has a spicy taste with a cooling sensation [71].



In addition to its role in pharmaceutical formulation, eucalyptol has various pharmacological activities with a range of therapeutic effects. It is included in various formulations of cough remedies and mouth gargles and in the management of asthma and chronic obstructive pulmonary disease via its inhibitory effect on cytokines. It is also used in the treatment of rhinosinusitis. The topical use of eucalyptol produces analgesia with a reduction in inflammation [73]. Recently, it has been used as a penetration enhancer in the pharmaceutical formulation of dermal and transdermal preparations [74,75,76].



It has the ability to enhance the permeation of both hydrophilic and lipophilic drugs. Shi et al. [77] confirmed the permeation enhancement activity of eucalyptol on hyperzine A and ligustrazine in a microemulsion-based transdermal patch. In addition, eucalyptol had a similar effect when incorporated into curcumin microemulsion [14].



Eucalyptol exhibits higher penetration enhancement activity than certain terpenes such as pine oil [75], menthol [74], and geraniol [78], as demonstrated during an in vitro permeation study of a curcumin nanoemulsion and a ketorolac tromethamine reservoir-type transdermal patch, respectively. Moreover, it is a more effective penetration enhancer than fatty acids and fatty acid-containing essential oils. It has been shown to enhance the rate of skin permeation more than olive oil, linseed oil and sunflower oil [74], oleic acid [76,79], and medium-chain triglycerides [75], but not as well as limonene [a terpene essential oil]. In vitro studies found that limonene increased the permeation of ketorolac tromethamine [74] and all-trans retinoic acid [80] more effectively than eucalyptol from reservoir-type transdermal patches, solid lipid nanoparticles [SLN], nanostructured lipid carriers (NLC), and nanoemulsions.



Eucalyptol has also been combined with different chemical penetration enhancers to identify any synergistic activities. Abd et al. [76] and Casey et al. [81] found a synergistic enhancement of activity when it was combined with ethanol and IPA separately in the formulation of naproxen and caffeine nanoemulsion and chlorhexidine solution, respectively. Eucalyptol also showed synergy with Tween 80 (surfactant) in increasing the permeation of sodium-fluorescein through the skin from an ultradeformable liposome [78].



It is concluded that eucalyptol presents a more effective penetration enhancement activity than other terpenes such as pine oil, menthol, and geraniol, as well as most of the fatty acid-containing oils. It can be used alone or in combination with other chemical penetration enhancers in order to target deeper skin, such as in the case of microemulsions, nanoemulsions, liposomes, and transdermal patches. Figure 7C summarizes the permeation enhancement activity of other chemical enhancers compared to eucalyptol.




3.1.4. Peppermint Oil


Mentha piperita L. belongs to the Labiatae or Lamiaceae family and is a perennial herbal plant with rhizomes growing at a height ranging from 30–90 cm. The plant is natively grown in Russia, across Europe, North America, and Australia, and has a characteristic pepper-like and strong odor. [82] Peppermint oil originates from the leaves and flowering aerial parts of the plant and is a clear liquid with colors ranging from colorless to a pale greenish-yellow. It has a cooling, minty, fresh, and sweetish odor with different compositions depending on its origin. It is mainly produced in the USA, Russia, China, and India [83].



Peppermint oil is mainly composed of menthol (29–48%) and menthone (20–31%). In addition, it includes other constituents such as limonene, isomenthone, cineole, menthyl acetate, neomenthol, menthofuran, and α- and β-pinene [84]. Currently, peppermint oil is used in the formulation of cosmetic preparations, nutritional industries, personal hygiene products, flavoring agents, and fragrances [82]. It has various purported therapeutic activities such as relieving gastric upset, toothache, headache, nausea, and muscle spasm. It has also shown promising potential in enhancing the dermal and transdermal permeation of different drugs [66,67,85].



Peppermint oil has promising pharmaceutical potential and has been used as a penetration enhancer in dermal dosage forms, including in a gel [18,66] and cream [86], as well as transdermal dosage forms such as microemulsions [67] and liposomes [85]. An in vitro permeation study found it to increase the penetration of lopinavir as compared to olive oil [85]. Moreover, Zhang et al. [18] reported peppermint oil’s ability to increase the penetration of phentolamine more effectively than Transcutol P®, Labrasol®, SDS, polyethylene glycol, Pharmasolve®, and oleic acid [18]. As well as the superiority of peppermint oil over clove oil in enhancing the permeation of quercetin through the skin from a microemulsion [67], peppermint oil combined with clove oil in an emulgel formulation enhances the permeation of terbinafine synergistically [66]. In addition, peppermint oil is more effective than orange terpeneless oil and is comparable to ethanol 75%, as well as DMSO’s effect in enhancing penetration of calcium thioglycolates and eventually decreasing tear-resistant time (TRT). TRT is the time required for the depilation of the hair using different chemical depilatories. It depends on different factors, such as the use of penetration enhancers. This might be due to the peppermint oil content of eucalyptol, limonene, and menthone that can disrupt the lipid layer of the stratum corneum, resulting in the permeation enhancement of calcium thioglycolates [86].



So, peppermint oil has a reasonable spectrum of penetration enhancement activity. This property makes it a suitable penetration enhancer used for targeting superficial and deeper skin layers when used alone or in combination with other penetration enhancing agents. Figure 7D summarizes the permeation enhancement activity of other chemical enhancers compared to peppermint oil.



Menthol


Menthol [[1S,2R,5S]-5-methyl-2-propan-2-ylcyclohexan-1-ol] is a white crystalline powder with a characteristic peppermint odor and taste and has two enantiomers, (+)-menthol and (−)-menthol, with the chemical formula C10H20O [87], as shown Figure 6D [88]. Naturally, (+)-menthol is more abundant, while (−)-menthol rarely occurs. (−)-Menthol is synthesized from various natural substances such as citronellal, cornmint, and racemic menthol. Menthol is the main component of peppermint and cornmint derived from the Mentha species such as Mentha piperita and Mentha arvensis [87].



The topical application of menthol results in a cooling feeling and tingling sensation. According to the FDA, menthol is considered the safest and an effective therapeutic for the treatment of the symptoms of the common cold. It exerts an analgesic effect through its ability to block the Ca2+ channel and has the ability to bind k-opioid receptors. Thus, menthol has been used in formulations for local anesthesia [89]. Menthol has a cooling and refreshing effect, which warrants its inclusion in toothpaste, cosmetics, and chewing gum, and is also used in liniment form [90].



Menthol has also been used for the skin permeation enhancement of water-soluble drugs [74,91]. It demonstrates limited permeation enhancement activity of active pharmaceutical ingredients through the skin and is used in combination with other chemical enhancers such as terpenes, fatty acids, and surfactants.



Menthol was effective when used in the formulation of an aceclofenac microemulsion [92], as well as having a significant role in the enhancement of 18-β-glycyrrhetinic acid and boswellic acid permeation from matrix- and reservoir-type transdermal patches, respectively [93]. Menthol is more effective than vegetable oils such as linseed oil and sunflower oil [74] and has been shown to be more effective than olive oil, with greater enhancement activity for ketorolac from a solution and a reservoir-type transdermal patch [59,74].



When comparing menthol with limonene, eucalyptol, and eucalyptus, the in vitro permeation studies carried out by Prakash et al. [74] and Saadatzadeh et al. [59] found a lower permeation enhancement effect of menthol on ketorolac tromethamine through rat skin. In addition, an ex vivo study carried out by Khullar et al. [68] found a similar permeation effect compared to clove oil during mefenamic acid emulgel formulation. Wang et al. [94] and Liu et al. [95] reported the synergism between menthol and camphor in an in vitro permeation study of tacrolimus and glabridin from a microemulsion and microemulgel, as well as a nanoemulsion formulation, respectively. Menthol has also shown synergistic enhancement activity when combined with piperine [bioenhancer] in the formulation of an 18-β-glycyrrhetinic acid matrix-type transdermal patch and a boswellic acid reservoir-type transdermal patch, respectively [93]. In addition, menthol was combined successfully with oleic acid and Tween 80 separately in order to enhance transdermal permeation synergistically during the transdermal patch formulation of ondansetron and α-asarone, respectively [54,91].



In summary, menthol has some penetration enhancement activity when used alone; however, it shows synergistic effects with various chemical penetration enhancers. Menthol exerts its permeation activity by multiple mechanisms such as lipid disruption, lipid fluidization and extraction, and the irreversible denaturation of the protein. So, it can target deeper skin layers, as shown through its role in the formulation of microemulsions, microemulgels, nanoemulsions, and both matrix and reservoir transdermal patches. Figure 7G summarizes the permeation enhancement activity of other chemical enhancers compared to menthol.





3.1.5. Limonene


Limonene has an aliphatic hydrocarbon structure belonging to the monocyclic terpene class, as shown in Figure 6C [96]. It occurs in more than 300 plants and fruits, including grapefruit, lemons, and oranges. Limonene is a colorless aromatic liquid with a citrus odor. Limonene has three isomers, d-limonene (R or [+]), l-limonene (S or [−]), and the racemic isomer dl-limonene [83,97]. d-limonene constitutes the principal isomer and is produced mainly as a by-product during orange juice production. L-limonene occurs in relatively small quantities and is obtained by isolation from essential oils such as citrus oil, pine-needle oil, neroli oil, and cumin oil. The racemic isomer [dl-limonene] is formed as a result of the isomerization of α and β-pinene [64]. Limonene undergoes different reactions such as oxidation and dehydrogenation, resulting in the formation of carveol, carvone, and limonene oxide, as well as p-cymene, respectively. This might change the physicochemical properties of limonene [97].



Limonene has been reported to enhance the permeation of drugs delivered topically [74,80,98]. Also, it has been reported to have therapeutic effects such as hypoglycemia, antitumor, antihypertensive, lipid-lowering, and anti-inflammatory effects, as well as antioxidant activity [97]. Limonene has a wide spectrum of permeation enhancement activity with a greater ability to enhance the penetration of hydrophilic and lipophilic drugs than certain terpenes such as cineole and fatty acid-containing essential oils, including olive oil [74]. Furthermore, limonene has been incorporated successfully into transdermal patch formulations [matrix and reservoir] [50,74,80], as well as other dosage forms designed to target deeper skin tissues, such as liposomes, microemulsions, and nanoemulsions [78,98,99,100].



Limonene is more effective as a penetration enhancer than olive oil, linseed oil and sunflower oil in enhancing the permeation of ketorolac tromethamine through the skin [74]. Moreover, limonene has a greater ability than menthol [74], cineole [74,78,98], menthone [80], and geraniol [78] in the permeation enhancement of ketorolac, all-trans retinoic acid, NaFl, and ketoprofen. However, it is not as effective on the permeation of glimepride and ketoprofen as eucalyptus oil [50] and pinene [80], respectively, and an in vitro permeation study showed less enhancement with limonene than isopropyl myristate, Tween 80, and Span 80 in the transdermal permeation of glimepride [50].



Hoppel et al. [99] and Wattanasri et al. [100] incorporated limonene successfully into a microemulsion and microemulgel for the enhancement of permeation of diclofenac sodium and Kaempferia parviflora extract through the skin.



The synergistic effect of limonene was investigated and confirmed in combination with Tween 80 and a synergistic advantage was confirmed in the application of ultradeformable liposomes in enhancing the permeation of NaFl [78]. In a separate study, the researchers also reported a synergistic effect after incorporating limonene into an SLN formulation of all-trans retinoic acid [98].



In summary, limonene has effective penetration enhancement activity and is used mainly in formulations such as liposomes, microemulsions, nanoemulsions, microemulgels, and transdermal patches [matrix and reservoir] to target deeper layers within the skin. Although limonene is not as effective as some other natural and chemical enhancers such as eucalyptus oil and Tween 80, it has a better enhancement activity than certain terpenes and fatty acid-containing essential oils. Limonene is suitable to be used alone or in combination with chemical penetration enhancers such as Tween 80. Figure 7E summarizes the permeation enhancement activity of other chemical enhancers compared to limonene.




3.1.6. Turpentine Oil


Turpentine oil is an aliphatic, cyclic terpenoid composed mainly of monoterpenes such as α-pinene and β-pinene [49] and can be sourced from wood, balsam or gum, and sulfate turpentine oil [64]. It is extracted by steam distillation or the fractionation method from the trunks of cones, young twigs, chopped trees, wood, or oleoresin extracted from the Pinaceae species [49,64].



The main constituents of turpentine oil are α-pinene and β-pinene. It also contains trace amounts of careen, dipentene, terpinolene, and camphene [101].



Its pharmacological and biological activities are related to its principal constituents [α-pinene and β-pinene], thus, turpentine oil has antibacterial, antifungal, insecticidal, and antiseptic effects. In addition, it exerts anticarcinogenic and sedative effects. Turpentine oil has also been reported to exhibit pharmacological activities such as diuretic, hypoglycemic, anticholinergic, antioxidant, immunomodulatory, and xenobiotic expelling effects. Certain neurological activities, such as antistress and anticonvulsant, are also attributed to turpentine oil [102]. It has been reported to be an effective penetration enhancement effect when incorporated into topical formulations [25,103,104].



Turpentine oil enhances the permeation of NSAIDs such as diclofenac potassium and ibuprofen, as well as ketorolac tromethamine from both gel and matrix-type transdermal patches [25,104,105]. The concentration of the turpentine oil used has an impact on its permeation enhancement capacity [17,103,104,105]. Most of these studies found the optimal concentration of turpentine to be between 1–5%. Furthermore, concentrations above 5% have not been shown to be any more effective on the permeation of diclofenac potassium from a gel formulation [25].



It has been shown to be more effective in vitro than menthol [106], as well as clove oil and angelica [12] in flurbiprofen gel and ibuprofen solutions. However, it is less effective than chuanxiong, cyperus, and cinnamon oil in the formulation of ibuprofen solution [12].



With respect to other types of chemical penetration enhancers, turpentine oil is more effective in vitro than olive oil and sesame oil when incorporated into gel and matrix-type transdermal patches of diclofenac potassium and diclofenac diethanolamine, respectively [25,103]. Moreover, turpentine oil shows greater penetration enhancement ability than isopropyl palmitate, Azone, and an Azone/propylene glycol combination from a flurbiprofen gel [106] and ibuprofen solution [12].



There is a synergistic effect when combined with ethanol and propylene glycol in separate formulations. The in vitro studies found more effective permeation of diclofenac from gel and lotion dosage forms following the use of turpentine oil combined with ethanol and propylene glycol, respectively [17,25].



Turpentine oil is used alone or in combination with other chemical enhancers. It has good penetration enhancement activity compared to the number of terpenes and most fatty acid-containing oils. It is used widely in the dermal and transdermal skin preparation for the formulation of NSAIDs for pain and arthritis treatment. Figure 7F summarizes the permeation enhancement activity of other chemical enhancers compared to turpentine oil.





3.2. Fatty Acid Containing Vegetable Carrier Oils


Fatty acids play an important role in metabolic processes and represent more than 30% of the energy intake for people in developed countries. Meat and dairy products, vegetables, and fish oils are the most important sources of fatty acids [107]. They are amphiphilic molecules, with the polar end being a carboxylic group while the non-polar end is a methyl group of the general formula CH3[CH2]nCOOH. The unbranched fatty acids are classified into saturated and unsaturated according to the number of the double bonds in their structure, as shown in Figure 8 [107,108]. In addition, fatty acids can also exist in a branched structure [109].



Fatty acids are used in the formulation of topical dosage forms as penetration enhancers, as exemplified by oleic acid (the most popular fatty acid used) [4]. In addition, they form the major component of many natural oils, such as olive oil and almond oil [29,110]. Fatty acid-containing carrier oils have been used widely in the development of transdermal dosage forms to enhance the permeation of hydrophilic and lipophilic drugs [111,112].



This systematic review has determined the fatty acid-containing carrier oils used most frequently as penetration enhancers: olive oil, almond oil, and jojoba oil.



3.2.1. Olive Oil


Olive is an evergreen traditional tree that is widely grown and cultivated in the basin of the Mediterranean region. The tree has a height of approximately 1.5–4.5 m and is also known as Olea europea L., which belongs to the family of Oleaceae [113]. It is natively cultivated in Palestine. Nowadays, it is distributed across many countries such as the European Union countries, Argentina, Australia, South Africa, and the United States. The fruit of the olive tree is the precursor of olive oil, which is extracted by mechanical or physical means at a specific temperature [114].



The composition of olive oil is variable according to its chemical, physical, and organoleptic characteristics [115]. The main constituent of olive oil is triacylglycerides (98–99%). It is composed of linoleic, α-linolenic, palmitic, and stearic acid. The minority part [2%] consists of aliphatic alcohols, triterpenic alcohol, hydrocarbons, sterol, and volatile oils with antioxidant activity such as phenols and carotenes [115,116].



Olive oil is widely used in cooking due to its unique nutritional significance. It can resist rancidity within food due to its antioxidant content [115]. Recently, the importance of olive oil has been translated into the pharmaceutical formulation of topical dosage forms, with several researchers using olive oil to enhance the permeation of different drugs through the skin [27,111,117].



Olive oil is the most successful fatty acid-containing carrier oil and is used widely in dermal and transdermal dosage forms. It is used alone or in combination with other chemical penetration enhancers in order to produce a synergistic permeation enhancement effect.



Many studies have reported the permeation enhancement capacity of olive oil as compared to formulations without penetration enhancers. Olive oil enhances the permeation of ibuprofen [118], clotrimazole [16], and flurbiprofen [111] from creams, matrix-type transdermal patches, and gels, respectively. Hussain et al. [111] reported the impact of olive oil concentration on the permeation of flurbiprofen.



In addition, olive oil has shown higher permeation enhancement activity compared to certain fatty acid-containing carrier oils, vegetable oils, mineral oils, and surfactants. In vitro permeation studies have confirmed the role of olive oil in the permeation enhancement of nemsulide from a gel as compared to almond oil [27] and flurbiprofen from a foam and gel formulation as compared to coconut, grapeseed, avocado, crocodile, and emu oils [23]. Moreover, olive oil shows greater enhancement ability than jojoba oil, groundnut oil [30], linseed, and sunflower oil [74] in the penetration of risperidone [30] and ketorolac tromethamine [74] from matrix- and reservoir-type transdermal patches, respectively. Olive oil enhances the permeation of tretenoin from a microemulsion more effectively than castor oil and isopropyl myristate [119]. Furthermore, in comparison of olive oil with certain surfactants, olive oil produces higher permeation enhancement of olanzapine [120] and curcumin [117] from a matrix-type transdermal patch and gel, respectively, as compared to benzalchonium chloride, sodium lauryl sulphate [120], and Tween 80 [117]. It has also been reported to be more effective on collagen permeation than sunflower oil, dimethyl sulfoxide [DMSO], tetrahydrofuran [THF], and coconut oil [121].



Conversely, olive oil is less effective than most terpenes, certain surfactants, and organic solvents. In vitro permeation studies have reported a lower enhancement activity of olive oil in the permeation of ketorolac as compared to limonene, cineole, menthol, and eucalyptus oil from solution and reservoir transdermal patches [59,74]. Moreover, the in vitro and ex vivo studies carried out by Hussain et al. [25] and Maniyar and Kokare [85] found it to be less effective than turpentine oil [25] and peppermint oil [85] in the permeation of diclofenac potassium and lopinavir from a gel and liposome, respectively. Kakadia [62] reported that olive oil has lower permeation enhancement activity on triclosan and chlorhexidine digluconate from SLN and nanoemulsion formulations than eucalyptus oil. In addition, in vitro permeation studies carried out by Aggarwal et al. [120] reported the superiority of Span 20 over olive oil in the permeation of olanzapine from a matrix-type transdermal patch. Moreover, analysis using confocal Raman spectroscopy found that olive oil was less effective than propylene glycol, aqueous, and absolute ethanol, as well as acetone on enhancing the penetration of cinnamaldehyde solution through the skin [110].



There are, however, several reports of its use in combination with other chemical enhancers in order to produce a synergistic effect on drug permeation. Aggarwal et al. [30] reported a successful and effective combination of olive oil with jojoba oil and groundnut oil separately, with the permeation of risperidone from a matrix-type transdermal patch due to a synergistic effect. Permeation of nimesulide from a gel was enhanced when olive oil was combined with almond oil as a penetration enhancer [27]. Combinations of acetone and olive oil also enhanced the permeation of cinnamaldehyde solution through the skin [110]. It was also reported to be more effective on collagen permeation than sunflower oil, dimethyl sulfoxide [DMSO], tetrahydrofuran [THF], and coconut oil [121]. The synergistic effect of olive oil with a ZnO nanoparticle on collagen permeation was better than olive oil alone and THF alone or in combination with ZnO nanoparticles. However, synergistic effects were lower than liquid paraffin, sunflower oil, DMSO, and coconut oil combined with ZnO nanoparticles. This might be attributed to the fatty acid composition of olive oil [121].



There are some controversial reports: the in vitro permeation study carried out by Pelikh et al. [112] found that olive oil produced a greater increase in the permeation of hesperetin and rutin from a nanocrystal as compared to urea, whereas urea is more effective at enhancing the permeation of ketorolac tromethamine from a gel than olive oil [59]. Moreover, olive oil was more effective than liquid paraffin on the permeation of flurbiprofen from foam and gel [23], whereas Shokri and Javar [121] found it to be less effective in an ex vivo permeation study in which collagen was formulated in a solution. Figure 9A summarizes the permeation enhancement activity of other chemical enhancers compared to olive oil.




3.2.2. Almond Oil


Almond oil originates from Oleum amygdalae and its major constituent is benzaldehyde associated with some hydrogen cyanide formed by hydrolysis of glycoside amygdalin. Amygdalin is a colorless to slightly yellow liquid and has an almond-like odor with an intense cherry aroma. Amygdalin has a mild to slightly astringent taste [122]. Almonds are considered to have originated in the Middle East, however, nowadays they are grown in places such as the Mediterranean region, Australia, North America, Asia, and South Africa [123].



Almond oil has an emollient effect and sclerosant characteristics and plays a significant role in enhancing the permeation of different drugs through the skin [27,41]. Almond oil is also widely used for massage and has anti-itching effects. Additionally, almond oil has reported anti-inflammatory activity, reducing irritable bowel syndrome, anti-hepatic toxicity, and cardiovascular benefits [122].



In in vitro permeation studies, almond oil has been used to enhance the permeation of ketoprofen, clotrimazole, and pioglitazone from a gel formulation [29,41,124,125]. In vitro permeation studies have also demonstrated enhancement of timolol and ketoprofen permeation from a transdermal patch formulation containing almond oil [125,126]. Moreover, in vitro studies found it to be more effective for benzoyl peroxide and nimesulide formulations compared to wheat germ oil [127] and olive oil [27], respectively. This effect is concentration-dependent [41,124,126].



On the other hand, almond oil was less effective on the permeation of benzoyl peroxide and pioglitazone than sesame and jojoba oil [127], as well as eucalypus oil [41], respectively. Despite this, Mahmood et al. [27] and Nawaz et al. [124] reported the synergistic combinations of almond oil with other chemical penetration enhancers such as olive oil and Tween 80. The in vitro permeation studies carried out by Mahmood et al. [27] and Nawaz et al. [124] showed the enhancement activity of almond oil in permeation of nimesulide and clotrimazole from gel formulations.



Choe et al. [128] determined a similar penetration effect of almond oil and jojoba oil in disturbing the lateral and lamellar packing of intercellular lipids [ICL] at 30% and 70–90% of the stratum corneum thickness. Furthermore, almond oil is semi-occlusive when applied to the skin surface, represented by its slight reduction in transepidermal water loss [TEWL] similar to paraffin oil [129]. This means that almond oil is less able to penetrate the deeper layers of skin.



Almond oil is a fatty acid-containing oil with weak permeation enhancement activity. It is used mainly in dosage forms targeting the upper layers of the skin, such as solutions and gels. However, it is also used in the formulation of matrix transdermal patches and SLN. Almond oil has a weaker topical permeation activity than most terpenes, certain mineral oils, and vegetable oils. Figure 9B summarizes the permeation enhancement activity of other chemical enhancers compared to almond oil.




3.2.3. Jojoba Oil


Jojoba is the desert plant known as Simmondsia chinensis. It is an evergreen perennial plant with a woody shrub growing to 2–3 ft in height. It is natively grown in northwestern Mexico, southern Arizona, and California [130]. Jojoba oil is a liquid, unsaturated wax composed mainly of an ester of long carbon chain fatty acid and alcohol (C20–C22). Jojoba oil exerts a dermal anti-inflammatory effect in addition to its inclusion in cosmetic formulations such as moisturizers and sunscreens [131]. Many studies have reported that jojoba oil contributes to the skin barrier in addition to acting as a permeation enhancer [30,127,132].



Jojoba oil is a fatty acid-containing oil with weak penetration enhancement activity. However, it is used alone or in combination with other essential oils in the formulation of different topical dosage forms such as solutions, solid nanoemulsions, matrix type transdermal patches, and emulgels.



Jojoba oil is more effective as a permeation enhancer of benzoyl peroxide from an emulgel formulation than wheat germ oil and almond oil [127]. In addition, it was more effective in an in vitro study on the permeation of curcumin than almond oil, paraffin oil, and petrolatum [129]. Confocal Raman microscopy showed that it changed the ICL lamellar and lateral packing at depths of 30% and 70–90% in the stratum corneum as compared to paraffin oil and petrolatum. This might be attributed to its fatty acid composition [128]. Ex vivo tape stripping and Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) studies reported deeper penetration of jojoba oil (33%) than sunflower oil (16%) into the stratum corneum [132]. This is in agreement with Choe et al. [128], who reported the penetration depth of jojoba oil into 30% of stratum corneum based on confocal raman microscopy. Moreover, laser scanning microscopy (LSM) and TEWL measurements revealed that jojoba oil caused no change in TEWL because of its ability to pass through the upper layers of skin to deeper parts without occlusion of the skin [129].



Jojoba oil has been reported to be a less effective enhancer for imoquimod from solid nanoemulsions as compared to avocado oil, squalene, tocopherol, and laurocapram [133]. Also, an in vitro permeation study by Thakur et al. [127] reported the superiority of sesame oil for benzoyl peroxide from gellified emulsions as compared to jojoba oil. It has also been less effective in enhancing the permeation of olanzapine and risperidone from matrix-type transdermal patches compared to corn oil and groundnut oil [26], as well as olive oil [120], respectively, in rat skin. Furthermore, Vater et al. [132] and Gogoll et al. [133] reported the deeper permeation of medium-chain triglyceride (52%) of stratum corneum and greater permeation of imiquimod from solid nanoemulsion as compared to jojoba oil.



It has been reported to have synergistic activity with olive oil and groundnut oil [115]. Figure 9C summarizes the permeation enhancement activity of other chemical enhancers compared to jojoba oil.





3.3. Vitamin E Derivatives


Vitamin E is a lipid-soluble antioxidant that has been used in dermatological preparations for decades. It is extracted from plant-based dietary products such as wheatgerm oil and palm oil. [134] Vitamin E is composed of a chromanal ring linked at position C2 with a side chain. It is classified into eight classes: α, β, γ, and δ tocopherol with their analogues, as shown in Figure 10 [135].



Wheat germ oil is considered a rich source of vitamin E with a wide range of topical applications. The permeation enhancement activity of wheat germ oil was investigated by Thakur et al. [127] Although it was used in the formulation of benzoyl peroxide as a gellified emulsion, it had less of an impact on the release and permeation of drugs than sesame oil, jojoba oil, and almond oil [127]. Natural oils rich with vitamin E, such as crude palm oil (CRO) and the tocotrienol rich fraction (TRF) of palm oil, were reported to significantly enhance the permeation of ibuprofen across human skin in an in vitro study [136].




3.4. Miscellaneous Essential and Carrier Oils


3.4.1. Aloe Vera


Aloe vera is an evergreen perpetual plant belonging to the plant family Asphodelaceae. It is a traditional medicine used commonly in the treatment of arthritis, constipation, diabetes, dermal inflammation, eczema, burns, and skin cancer [22,137]. In addition, Aloe vera is used as a penetration enhancer in the preparation of the dermal and transdermal formulations [137]. An in vitro skin study found it to be a better permeation enhancer for losartan than rosemary oil, clove oil, and tea tree oil and resulted in the achievement of a therapeutic dose of losartan transdermally [138].




3.4.2. Chuanxiong


Chuanxiong is an essential oil extracted from Ligusticum chuanxiong Hort. Ligusticum chuanxiong Hort is a traditional Chinese medicine prescribed for the treatment of cardiovascular disease [139]. Chuanxiong oil is used in balneotherapy and as a penetration enhancer in topical formulations for various drugs such as flurbiprofen [140]. Jiang et al. [12] reported the superiority of Chuanxiong oil in the permeation of ibuprofen compared to Azone, turpentine, cyperus, angelica, cinnamon, and clove oil.




3.4.3. White Mustard Seed (Sinapis alba L.) Volatile Oil


Sinapis alba L. (white or yellow mustard) is an annual plant that belongs to the family Brassicaceae and is also known as Brassica hirta. It is grown originally in the Mediterranean Sea region and distributed worldwide [141]. White mustard is used in the treatment of deep abscess disease and numbness of the joints [142]. Sinapis alba L. oil (SVO) is a volatile essential oil extracted from this plant mechanically by cold pressing [141]. Ruan et al. [142] reported that SVO was a more effective enhancer of both hyrophillic and lipophilic drugs such as 5-fluorouracil, osthole, and paeonol, compared to Azone.






4. Conclusions


The purpose of this review was to systematically explore the potential of essential and carrier oils in enhancing the permeation of active pharmaceutical ingredients from dermal and transdermal pharmaceutical formulations. The review found that four major types of oils are currently used alone or in combination with other penetration enhancers. By including all the accessible, translated relevant studies published over the last 10 years and following revised PRISMA guidelines, we reduced the risk biases.



The findings were that terpenes are the most widely and frequently used essential oil, followed by fatty acid-containing l oils. In addition, the review included other minor oil types such as vitamin E derivatives and miscellaneous oils. The successful incorporation of terpenes into advanced pharmaceutical formulations such as nanoemulsions, microemulsions, vesicular systems, and transdermal patches makes them more attractive compared to fatty acid-containing oils. Therefore, they are recommended to be used as a first-choice safe penetration enhancer for topical formulations. Terpenes offer promising potential for the permeation of hydrophilic and lipophilic drugs through/into skin using different mechanisms and are likely to play a significant role in the development of effective dermal and transdermal formulation in the future.



This review concludes that terpene-type essential oils are effective chemical penetration enhancers. They have been used in the successful development of dermal and transdermal formulations. However, the selection of the best terpene is an important factor for consideration. Despite the similarity in the chemical structure of the terpene-type essential oils, there is a difference in the mechanisms of the permeation enhancement of drugs through/into the skin, influencing the selection of specific terpenes commonly reported in the formulation of certain topical formulations [dermal or transdermal dosage forms]. For example, eucalyptus oil has demonstrated higher activity in the formulation of transdermal dosage forms such as transdermal patches, microemulsions, nanoemulsions, and vesicular systems, as shown in Figure 4 and Figure 5. So, understanding the relationship between the chemical structure of terpenes and their mechanisms of action is a key factor in the successful development of dermal or transdermal formulations. Also, the interaction of the terpenes with other terpenes, or other excipients such as surfactants, is affected by the type of formulation being developed.



This review has highlighted the significant roles of the most common fatty acid-containing oils in topical formulations. The permeation enhancement activity of these oils for the active ingredients through/into the skin is attributed to the chemical structure of the fatty acid content. Although this kind of oil is not as effective as terpenes, it is used widely in different types of pharmaceutical formulations such as transdermal patches, gels, and solutions. Oleic acid represents the cornerstone in the chemical structure of these oils; in other words, the permeation enhancement activity of these oils is attributed to the content of this fatty acid. In addition, the saturation degree and the branching structure within the fatty acid structure have brought some complexity in the behavior of the fatty acid-containing oils and the extent of their effect on the stratum corneum.
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Figure 1. Flow diagram for literature search with inclusion and exclusion criteria. 
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Figure 2. The types and the percentages of essential and carrier oils used in topical and transdermal pharmaceutical dosage forms. 
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Figure 3. The most frequently used essential and carrier oils in pharmaceutical dosage formulations from all eligible articles. 
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Figure 4. The most frequently used dosage forms with the most frequently used oil from all eligible articles. 






Figure 4. The most frequently used dosage forms with the most frequently used oil from all eligible articles.



[image: Scipharm 90 00014 g004]







[image: Scipharm 90 00014 g005 550] 





Figure 5. The most frequent essential and carrier oils used in the most frequent dosage forms from all eligible articles. 
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Figure 6. The chemical structure of terpenes. (A) The structure of isoprene and classification of terpenes (n = 1, 2, 3, 4, 6, 8; hemiterpene, monoterpene, sesquiterpene, diterpene, sesterpene, triterpene, and tetraterpene, respectively), (B) eucalyptol, (C) limonene, (D) menthol. 
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Figure 7. Summary of permeation enhancement activity of terpene essential oils as compared to other chemical enhancers, (A) eucalyptus oil, (B) clove oil, (C) eucalyptol, (D) peppermint oil, (E) limonene, (F) turpentine oil, and (G) menthol. 
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Figure 8. The structure of unbranched fatty acids, (1) Saturated and (2) Unsaturated, (A) monoene and (B) polyene. 
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Figure 9. Summary of permeation enhancement activity of terpene essential oils as compared to other chemical enhancers, (A) olive oil, (B) almond oil, and (C) jojoba oil. 
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Figure 10. The chemical structure of Vitamin E analogues, type (R1, R2): α (CH3, CH3), β (CH3, H), γ (H, CH3), and δ (H, H). 
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