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ABSTRACT

It is known that the chief benefit of natural products such as essential oils is that they do not increase antibiotic
resistance compared to the long-term use of synthetic antibiotics. Essential oils demonstrate many applications
in various sectors for medicinal, agriculture, food, and health purposes due to their antibacterial, antiviral,
antifungal, anticarcinogenic, antimutagenic, anti-inflammatory and antioxidant properties. Although essential
oils have many useful properties, their chances of success and scale up at industrial level becomes a challenge
because they possess some limiting factors in their use such as hydrophobic property (which needs to be
encapsulated before use), high volatility, and high risk of deterioration upon direct exposure to heat, humidity,
light, or oxygen. Therefore, encapsulation of essential oils with polymers would be the ideal method for the
preservation of essential oils. This is because it offers benefits such as improved stability and water solubility,
effective protection against degradation, prevention of volatile components evaporation and enhance
antimicrobial activity against food-borne pathogens. It is clear from this review that using essential oils (EOs)
encapsulation in biopolymer-based materials could be one of the strategies and promising antimicrobial agents
for bacterial pathogens. However, further studies need to be done to research the properties of many other
biopolymers encapsulated essential oils due to their promising contribution in reducing environmental solid
waste caused by conventional plastics.
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INTRODUCTION

Among the natural compounds with antimicrobial activity such as marine, vegetable, and essential
oils; essential oils received the most attention because they do not increase antibiotic resistance
compared to the long-term use of synthetic antibiotics [1,2]. According to Kavanaugh and Ribbeck
(2012) [3], plant-derived essential oils have been used for hundreds of years as natural medicines to
contest a wide range of pathogens, including bacteria, fungi, and viruses. Furthermore, in recent years
there has been an increased interest in the use of essential oils because of their antifungal,
antibacterial and antioxidant properties [4,5]. Moreover, apart from their antibacterial properties,
essential oils have been described to show antiviral, antimycotic, antioxygenic, antiparasitic and
insecticidal properties [6].

Medicinal plants that contain essential oils have been used in developing countries as complementary
treatments for health problems [7,8]. There is thus an escalating interest in what is termed ‘green
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consumerism’ that has led to the use of plant-derived natural products. These products are used as
preservatives and essential oils and their compounds are acknowledged to possess inherent
antimicrobial properties [9,10]. Essential oils are also used in different industries. For instance, they
are used in perfumes and lotions, in foodstuff as preservatives and for additives and in pharmaceutical
products for therapeutic action [10]. There has thus been an increasing inclination towards the use of
organic and natural products among health-conscious consumers. For instance, the global essential
oils market was reported to be 226.8 kilotons in 2018 and it is expected to increase to a compound
annual growth rate (CAGR) of 8.6% from 2019 to 2025 [11]. The rise in the demand for essential oils
globally is the result of its antimicrobial benefits [11]. Unlike synthetic antibiotics which lose their
potency against diseases causing organisms, it is not yet reported that bacterial have developed
resistance against essential oils.

Although essential oils have many useful properties, their chances of success and scale up at industrial
level becomes a challenge because they possess some limiting factors in their use such as hydrophobic
property (which needs to be encapsulated before use), high volatility, and high risk of deterioration
upon direct exposure to heat, humidity, light, or oxygen [12-16]. There is thus a need to research their
properties in biopolymer-based materials because of the promising alternatives of biodegradable
polymers as compared to conventional plastics that contribute to the rise in the municipal solid waste.
This contribution focuses on the essential oils’ encapsulation with polymeric materials, bacterial
biopolymer, and its role in pathogenesis to effective biomaterials, mode of action of essential oils
against bacteria and antibiotic resistance.

Essential oil (EO) encapsulation with polymeric materials

Essential oils (EOs) are a complex liquid mixture of volatile, fragrant, and lipophilic compounds bio-
synthesized by living organisms. They have demonstrated many applications in various sectors for
medicinal, agriculture, food, and health purposes due to their antibacterial, antiviral, antifungal,
anticarcinogenic, antimutagenic, anti-inflammatory and antioxidant properties [17-22]. Although
essential oils have many useful properties and applications, their use is limited because of their water
insolubility, high volatility, rapid oxidation, and degradation [16,23]. Various techniques have been
utilized to provide physical stability and water solubility to essential oils such as emulsification, aerosol
spray, fumigation, and encapsulation [16,23].

Among these techniques, encapsulation is the most preferred method for the preservation of essential
oils. This is because it offers benefits such as improved stability and water solubility, effective
protection against degradation, prevention of volatile components evaporation and enhance
antimicrobial activity against food-borne pathogens [7,9,12,13,20] [13,14,22,24,25]. Four types of
encapsulation can be listed: (i) particles generated by a matrix where essential oils are dispersed; (ii)
capsules with a membrane surrounding a core where the EOs reside; (iii) complexes, where EOs are
stabilized in cavities by chemical interactions; and (iv) droplets created by a simple emulsion in
surfactants [19]. Encapsulation can be divided into three sizes: macro-, micro-, and nano-.
Microencapsulation involves filling a hollow, usually cylindrical, perm-selective membrane with cells,
generally suspended in a matrix, and then sealing the ends to form a capsule. Polymers used for
microencapsulation are bio durable, with a thicker wall than that found in microencapsulation.
Although thicker wall and larger implant diameters can enhance long-term implant stability, these
features may also impair diffusion, compromise the viability of the tissue, and slow the release kinetics
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of desired factors. Microencapsulation is a process in which tiny particles are surrounded by coating
wall to form a small capsule. The core material is gradually released through the capsule wall, thus
offering a controlled release property under the desired conditions. This technology can be used to
deliver bioactive substances to the desired site at specific time and rate. It is normally applied in
cosmetics [23,14,26]. Nanoencapsulation provide a larger surface area per unit volume and potential
enhancement of essential oils concentration in area of the food where microorganisms are potentially
located. They are potential candidates for application in food preservation [25]. Among the three
encapsulation sizes, nanoencapsulation is more effective than macro and/or microencapsulation due
to the smaller nano systems that are more compatible and stable with the matrix [12].

Recently, polymeric materials have been used to encapsulate essential oils shielding them with good
stability, controlled delivery, enhanced bioavailability, and improved efficacy. Also, many studies have
been developed on the application of essential oils into polymeric matrices to evaluate their
properties into matrices, as well as the potential effects of the biobased and biodegradable materials
as promising alternatives to conventional plastics due their availability, non-toxicity, and
biodegradability [13,16]. Biodegradable polymers are mainly synthesized from renewable natural
resources and they degrade over of time through enzymolysis of micro-organisms when exposed to a
natural environment. The biodegradable polymer matrices that have been utilized to encapsulate
essential oils include alginate, chitosan, cyclodextrin, poly(lactide-co-glycolide), polycaprolactone, and
poly(lactic acid) [13,17,19,26]. Their selection depends on various parameters such as safety, cost,
applicability, availability, and biocompatibility [16]. Several authors encapsulated essential oils such
as eugenol with polycaprolactone and reported an improvement in the stability against light oxidation.
Furthermore, the heat resistance of Jasminum officinale essential oil was increased after
encapsulation in gelatin and Arabic gum nanoparticles. Some studies used nanoencapsulation to
encapsulate essential oils of thyme and dill with copper nanoparticles and reported an improvement
in antifungal activity. Moreover, the essential oil from Zanthoxylum rhoifolium leaves encapsulated in
polycaprolactone against B tabaci showed that nanoencapsulation is an effective protector of the
active ingredients [15].

Bacterial Biopolymer and its Role in Pathogenesis to Effective Biomaterials

Bacteria are considered as the major cell factories, which can effectively convert nitrogen and carbon
sources to a wide variety of extracellular and intracellular biopolymers like polyamides,
polysaccharides, polyphosphates, polyesters, proteinaceous compounds, and extracellular DNA [27].
Extracellular biopolymers, which are produced by pathogenic bacteria, act as significant virulence
factors. Thus, inhibiting their biosynthetic pathways using essential oils [9,10,28] could be one of the
strategies and promising antimicrobial agents to treat infections caused by bacterial pathogens. Due
to the increased degree of antimicrobial resistivity, newer strategies must be developed to combat
bacterial infections [27]. Further studies on biopolymer synthesis, production, and regulation should
be carried out to find improvised and suitable drug developing strategies such as weakening of the
bacterial immune system against antimicrobial treatment or host immunity. Such drug developing
strategies include using essential oils (EOs) encapsulation in polymer-based materials.

Mode of Action of Essential Oils against Bacteria
Bacteria have a cell membrane that serves as a blockade between the cytoplasm and the external
environment. Gram-positive bacteria consist of a tough and rigid mesh cell wall, whereas Gram-
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negative bacteria have a thin cell wall surrounded by an outer membrane that is an additional
protective layer [29]. The cell membrane remains important for the existence of bacteria, whereas the
cytoplasm exists to prevent ions from flowing into and out of the cells of bacteria. When bacteria are
treated with antimicrobial agents such as essential oils, these oils degrade the cell membrane which
is detrimental to the cytoplasmic membrane. This causes cytoplasmic coagulation, thus damaging the
membrane proteins and increasing penetrability, which leads to the leaking of cell substances and its
subsequent destruction [28,30].

The cytoplasmic membrane of a bacterium cell has a pump function that takes antimicrobial agents
out of the cell, which is referred to as the efflux pump mechanism. However, essential oils degrade
the entire cell, thus making it difficult for bacteria to fight against them [28,30,31]. It is known that
essential oils and their components act upon a variety of targets, such as the cell membrane and
cytoplasm. In some cases, they totally change the structure of the bacterial cells [28,32]. However, the
chemical components of plants’ essential oils are different, and these differences are linked to the
nature of their antimicrobial activities against diverse pathogenic microorganisms [32,33]. Commonly,
these essential oils have a hydrophobic nature, which is what allows them to penetrate microbial cells.
It also causes a change in the structure and function of Gram-positive bacteria [30]. Essential oils are
regarded as rich in phenolics that enable them to penetrate the phospholipids bilayer of the bacteria
cell wall and to bind with proteins. This prevents bacteria cells from executing their normal functions
[28,30].

Antibiotic Resistance

The growing resistance of microorganisms to conventional chemicals and drugs is continuing to be a
global problem that has driven research into finding new biocides with far-reaching action [28,34].
One of the main causes associated with antibacterial drug resistance is the misuse and
overconsumption of these drugs that are found in human medicine and in agricultural products [35].
The food chain is also considered a main route of transmission of antibiotic resistant bacteria among
animal and human populations. Because the antibiotics that are used in agriculture often have the
same or similar compounds used clinically for the treatment of various infections, this overuse can
contribute to drug resistance [36]. The World Health Organization (2016) states that antibiotics are
largely used to combat bacteria that can cause illnesses, diseases, and infections, but antibiotic
resistance remains a public health problem. In the earlier years of antibiotic use, they had a major
impact on extended human health as many diseases that had once caused death were effectively
treated with antibiotics. However, some bacteria such as Staphylococcus aureus have become
resistant to commonly used methicillin, amoxicillin and metronidazole antibiotics and Escherichia coli
have become resistant to ciprofloxacin [37].

Antibiotics can commonly get rid of most bacteria in a colony, but a different strain of bacteria that
has mutated genetically can result in resistance [36]. Antibiotics also fail to inhibit bacterial growth
because bacteria change or limit the number of openings in the cell wall. Antibiotic drug molecules
normally gain access to the cell by diffusion through the porins found in the outer membrane of Gram-
positive bacteria, which means that a reduction in the number of porin channels leads to a decrease
in the entry of antibiotics into the cell [28,29]. The cytoplasmic membrane of bacteria has pumps that
take antibiotics out of the cell and these ‘pumps’ are known as efflux mechanism pumps. For example,
Tetracyclines, Macrolides, Lincosamides, Streptogramins, Oxazolidinones, Phenicols, Cationic
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peptides, Lipopeptides, Quinolones, Pyrimidines, Rifamycins and the Sulfonamides groups of
antibiotics are pumped out in this manner [36]. The pumps function at the same speed as the speed
at which antibiotics gain access to the cells and they thus pump the antibiotic out before it reaches
the target. The outer membrane of a Gram-positive bacterium thus keeps the antibiotic from gaining
entrance into the cell [28,29].

It is for this reason that microorganisms are becoming more antibiotic resistant as they can survive
and increase in the presence of antibiotics. They tend to prevent the antimicrobial from meeting its
target by limiting its ability to enter the cell. Essential oils, on the other hand, have shown great
potential in the biomedicine field as they can efficiently destroy several fungal and viral pathogens.
Essential oils inhibit the growth of pathogens by targeting the membrane and cytoplasm and, in some
cases, totally alter the structure of the cells [30,38]. For this reason, it is therefore believed that
replacing antibiotics with EOs during the encapsulation with polymer-based materials will be highly
beneficial in medicinal industries.

CONCLUSION

Essential oils have been widely studied for applications in food preservation due to their antimicrobial
properties that are against many resistant bacteria. However, the synergistic effect of essential oils
with biopolymers bring about many more improved properties such as antioxidation that leads to an
increase in the shelf life of the food. Based on the reported literature, nano-encapsulation of essential
oils with polymers have shown to be more effective than macro- and microencapsulation. However,
there is still a need to research the properties of many other biopolymers encapsulated essential oils
due to their promising contribution in reducing environmental solid waste caused by conventional
plastics.

ACKNOWLEDGMENT
The National Research Foundation for Black Academics Advancement Programme (BAAP) is
acknowledged by the author for financial support.

CONFLICTS OF INTEREST

The author does not have conflicts of interest to declare.

REFERENCES

[1] Hogberg, L.D., Heddini, A. and Cars, O. 2010. The global need for effective antibiotics:
Challenges and recent advances. Trends in Pharmacological Sciences, 31(11), pp. 509-515.
https://doi.org/10.1016/].tips.2010.08.002

[2] Fournomiti, M., Kimbaris, A., Mantzourani, ., Plessas, S., Theodoridou, I., Papaemmanouil,

V. and Alexopoulos, A. 2015. Antimicrobial activity of essential oils of cultivated oregano
(Origanum vulgare), sage (Salvia officinalis), and thyme (Thymus vulgaris) against clinical
isolates of Escherichia coli, Klebsiella oxytocin, and Klebsiella pneumoniae. Microbial
Ecology in Health and Disease, 26(1), pp. 23289. https://doi.org/10.3402/mehd.v26.23289
[3] Kavanaugh, N.L. and Ribbeck, K. 2012. Selected antimicrobial essential oils eradicate

Pseudomonas spp. and Staphylococcus aureus biofilms. Applied and Environmental
Microbiology, 78(11), pp. 4057-4061. https://doi.org/10.1128/AEM.07499-11

419


https://doi.org/10.1016/j.tips.2010.08.002
https://doi.org/10.3402/mehd.v26.23289
https://doi.org/10.1128/AEM.07499-11

Nat. Volatiles & Essent. Qils, 2022; 9(1): 415-422

(4]

(5]

(6]

(7]

(8]

[9]

(10]

[11]

(12]

(13]

(14]

[15]

[16]

(17]

Dagli, N. and Dagli, R. 2014. Possible use of essential oils in dentistry. Journal of
International Oral Health, 6(3), pp. 1.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4109163/

Pandey, A.K., Kumar, P., Singh, P., Tripathi, N.N. and Bajpai, V.K. 2017. Essential oils: Sources
of antimicrobials and food preservatives. Frontiers in Microbiology, 7, pp. 2161.
https://doi.org/10.3389/fmicb.2016.02161

Predoi, D., Iconaru, S.L., Buton, N., Badea, M.L. and Marutescu, L. 2018. Antimicrobial
activity of new materials based on lavender and basil essential oils and hydroxyapatite.
Nanomaterials, 8(5), pp. 291. https://doi.org/10.3390/nano8050291

Bernardes, W.A., Lucarini, R., Tozatti, M.G., Flauzino, L.G.B., Souza, M.G., Turatti, I.C,,
Cunha, W.R. 2010. Antibacterial activity of the essential oil from Rosmarinus officinalis and

its major components against oral pathogens. Zeitschrift fir Naturforschung C, 65(9-10),
pp. 588-593. https://doi.org/10.1515/znc-2010-9-1009

Manion, C.R. and Widder, R.M. 2017. Essentials of essential oils. American Journal of
Health-System Pharmacy, 74(9), pp.153-162. https://doi.org/10.2146/ajhp151043

Dagli, N., Dagli, R., Mahmoud, R.S. and Baroudi, K. 2015. Essential oils, their therapeutic
properties, and implication in dentistry: A review. Journal of International Society of
Preventive & Community Dentistry, 5(5), pp. 335. http:// doi: 10.4103/2231-0762.165933
Prakash, B., Kujur, A., Yadav, A., Kumar, A., Singh, P.P. and Dubey, N.K. 2018.
Nanoencapsulation: An efficient technology to boost the antimicrobial potential of plant

essential oils in food system. Food Control, 89, pp. 1-11.
https://doi.org/10.1016/j.foodcont.2018.01.018
Irshad, M., Subhani, M.A., Ali, S. and Hussain, A. 2020. Biological importance of essential

oils. Essential Oils - OQils of Nature. United Kingdom: Books on Demand.
https://doi.org/10.5772/intechopen.87198

Francesca, F., Ashik, M., Mahmud, T.M., Donatella, P., Hatem, F., et al.. 2019. Edible Polymers
for Essential Oils Encapsulation: Application in Food Preservation. Industrial and engineering
chemistry research, American Chemical Society, 58 (46), pp. 20932-20945

Narimane, L., Ouahida, L., Abdeslam, H. M. and Abdelhamid E. 2020. Encapsulation of Essential
Oils via Nanoprecipitation Process: Overview, Progress, Challenges and Prospects.
Pharmaceutics, 12, pp. 431. doi:10.3390/pharmaceutics12050431

Francesca, F., Lorianne, G., Donatella, P.,, Noureddine, L., Abderrazzak, B., Hatem, F. and

Abdelhami, E. 2019. Essential Oils-Loaded Polymer Particles: Preparation, Characterization
and Antimicrobial Property. Polymers, 11, pp. 1017. doi:10.3390/polym11061017

Smriti, K., Nisha, S., Naik, S.N., Amrish, A. and lJitendra, K. 2020. Impregnation of
pectin-cedarwood essential oil nanocapsules onto mini cotton bag improves larvicidal
performances. Scientific Reports, 10, pp. 14107. https://doi.org/10.1038/s41598-020-70889-

z
Gajendra, S.V., Nandini, G., Babu, J. N., Sunil, M. and Vikas, J. 2016. Polymeric Encapsulates of
Essential Oils and Their Constituents: A Review of Preparation Techniques, Characterization,
and Sustainable Release Mechanisms. Polymer Reviews, 56(4), pp. 668-701

Carvalho, I.T., Estevinho, B.N. and Santos, L. 2016. Application of microencapsulated essential
oils in cosmetic and personal health care products-A review. International Journal of Cosmetic
Science, 38, pp. 109-119

420


https://doi.org/10.3389/fmicb.2016.02161
https://doi.org/10.3390/nano8050291
https://doi.org/10.1515/znc-2010-9-1009
https://doi.org/10.2146/ajhp151043
https://dx.doi.org/10.4103%2F2231-0762.165933
https://doi.org/10.1016/j.foodcont.2018.01.018
https://doi.org/10.5772/intechopen.87198
https://doi.org/10.1038/s41598-020-70889-z
https://doi.org/10.1038/s41598-020-70889-z

Nat. Volatiles & Essent. Qils, 2022; 9(1): 415-422

(18]

(19]

(20]

(21]

[22]

(23]

(24]

[25]

(26]

(27]

(28]

[29]

(30]

(31]

Froiio, F., Mosaddik, A., Morshed, M.T., Paolino, D., Fessi, H. and Elaissari, A. 2019. Edible
Polymers for Essential Oils Encapsulation: Application in Food Preservation. Industrial and
engineering chemistry research, American Chemical Society, 58(46), pp. 20932-20945.
ff10.1021/acs.iecr.9b02418ff. ffhal-02989990

Maes, C., Bouquillon, S. and Fauconnier, M.L. 2019. Encapsulation of Essential Oils for the
Development of Biosourced Pesticides with Controlled Release: A Review. Molecules, 24, pp.
2539

Lammari, N., Louaer, O., Meniai, A.H. and Elaissari, A. 2020. Encapsulation of Essential Qils via
Nanoprecipitation Process: Overview, Progress, Challenges and Prospects. Pharmaceutics, 12,
pp. 431

Maurya, A., Prasad, J., Das, S. and Dwivedy, A.K. 2021. Essential Oils and Their Application in
Food Safety. Front. Sustain. Food Syst, 5, pp. 653420. doi: 10.3389/fsufs.2021.653420
Radiinz, M., Helbig, E., Borges, C.D., Gandra, T.K.V., Gandra, E.A. 2018. A Mini-Review on
Encapsulation of Essential Oils. J Anal Pharm Res, 7(1), pp. 00205. DOI:
10.15406/japlr.2018.07.00205

A.M. Bakry, S. Abbas, B. Ali, H. Majeed, M.Y. Abouelwafa, A. Mousa, L. Liang, 2016.
Microencapsulation of Oils: A Comprehensive Review of Benefits, Techniques, and
Applications. Comprehensive Reviews in Food Science and Food Safety, 15, pp. 143-182. DOI:
10.1111/1541-4337.12179

Faeghe, H., Mohammad, A.M., Mohammadali, N., Sedigeh, S. and Mehdi, A. 2021.
Encapsulation of rosemary essential oil in zein by electrospinning technique. Food
Engineering, Materials Science, & Nanotechnology, 1, pp. 1-17. DOIl: 10.1111/1750-
3841.15876

Giuseppe, G., Stefano, S., Marco, L., Edoardo, N., Grazia M.L.C., Viviana, C., Stefania, S. and
Corrada, G. 2018 Essential oils encapsulated in polymer-based nanocapsules as potential
candidates for application in food preservation. Food Chemistry, 269, pp. 286-292

I.M. Martins, M.F. Barreiro, M. Coelho, A.E. Rodrigues, 2014. Microencapsulation of essential
oils with biodegradable polymeric carriers for cosmetic applications. Chemical Engineering
Journal, 245, pp. 191-200

Ghosh, S., Lahiri, D., Nag, M., Dey, A, Sarkar, T., Pathak, S.K., Atan Edinur, H., Pati, S. and
Ray, R.R. 2021. Bacterial biopolymer: its role in pathogenesis to effective
biomaterials. Polymers, 13(8), pp. 1242. https://doi.org/10.3390/polym13081242

Nazzaro, F., Fratianni, F., De Martino, L., Coppola, R. and De Feo, V. 2013. Effect of essential

oils on pathogenic bacteria. Pharmaceuticals, 6(12), pp. 1451-
1474. https://doi.org/10.3390/ph6121451
Kapoor, G., Saigal, S. and Elongavan, A. 2017. Action and resistance mechanisms of

antibiotics: A guide for clinicians. Journal of anaesthesiology, clinical pharmacology, 33(3),
pp. 300. https://doi.org/10.4103/joacp.joacp 349 15
Chouhan, S., Sharma, K. and Guleria, S. 2017. Antimicrobial activity of some essential oils:

Present  status and  future  perspectives. Medicines, 4(3), pp. 58.
https://doi.org/10.3390/medicines4030058

Yang, Y.J,, Lin, M.Y,, Feng, S.Y., Gu, Q., Chen, Y.C., Wang, Y.D., Song, D.F. and Gao, M. 2020.
Chemical composition, antibacterial activity, and mechanism of action of essential oil from

Litsea cubeba against foodborne bacteria. Journal of Food Processing and Preservation,
44(9), pp. e14724. https://doi.org/10.1111/jfpp.14724

421


https://doi.org/10.3390/polym13081242
https://doi.org/10.3390/ph6121451
https://doi.org/10.4103/joacp.joacp_349_15
https://doi.org/10.3390/medicines4030058
https://doi.org/10.1111/jfpp.14724

Nat. Volatiles & Essent. Qils, 2022; 9(1): 415-422

(32]

(33]

(34]

(35]

(36]

(37]

[38]

Swamy, M.K., Akhtar, M.S. and Sinniah, U.R. 2016. Antimicrobial properties of plant
essential oils against human pathogens and their mode of action: An updated review.
Evidence-Based Complementary and Alternative Medicine.
https://doi.org/10.1155/2016/3012462

Voon, H.C., Bhat, R. and Rusul, G. 2012. Flower extracts and their essential oils as potential

antimicrobial agents for food uses and pharmaceutical applications. Comprehensive
Reviews in Food Science and Food Safety, 11(1), pp. 34-55. https://doi.org/10.1111/j.1541-
4337.2011.00169.x

Alcock, B.P., Raphenya, A.R., Lau, T.T., Tsang, K.K., Bouchard, M., Edalatmand, A. and Min,
S.Y. 2020. CARD 2020: Antibiotic resistome surveillance with the comprehensive antibiotic
resistance database. Nucleic Acids Research, 48(D1), pp. D517-D525. doi:
10.1093/nar/gkz935. https://doi.org/10.1093/nar/gkz935

Chokshi, A., Sifri, Z., Cennimo, D. and Horng, H. 2019. Global contributors to antibiotic
resistance.  Journal of  Global Infectious Diseases, 11(1), pp. 36.
https://doi.org/10.4103/jgid.jgid 110 18

Zaman, S.B., Hussain, M.A., Nye, R., Mehta, V., Mamun, K.T. and Hossain, N. 2017. A review
on antibiotic resistance: Alarm bells are ringing. Cureus, 9(6), pp. 1403.
https://doi.org/10.7759/cureus.1403

Moradigaravand, D., Palm, M., Farewell, A., Mustonen, V., Warringer, J. and Parts, L. 2018.

Prediction of antibiotic resistance in Escherichia coli from large-scale pangenome data. PLoS
Computational Biology, 14(12), pp. e€1006258.
https://doi.org/10.1371/journal.pcbi.1006258

Warnke, P.H., Becker, S.T., Podschun, R., Sivananthan, S., Springer, I.N., Russo, P.A. and

Sherry, E. 2009. The battle against multi-resistant strains: Renaissance of antimicrobial
essential oils as a promising force to fight hospital-acquired infections. Journal of Cranio-
Maxillofacial Surgery, 37(7), pp. 392-397. https://doi.org/10.1016/j.jcms.2009.03.017

422


https://doi.org/10.1155/2016/3012462
https://doi.org/10.1111/j.1541-4337.2011.00169.x
https://doi.org/10.1111/j.1541-4337.2011.00169.x
https://doi.org/10.1093/nar/gkz935
https://doi.org/10.4103/jgid.jgid_110_18
https://doi.org/10.7759/cureus.1403
https://doi.org/10.1371/journal.pcbi.1006258
https://doi.org/10.1016/j.jcms.2009.03.017

