The
Battle Against Microbial Pathogens: Basic Science, Technological Advances and Educational Programs (A. Méndez-Vilas, Ed.)
__________________________________________________________________________________________________________

Bioactives against Superbugs: using phytotherapy to counteract the drugresistance burden in the 21st century
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Penicillin and other antimicrobials discovery revolutionized medicine but, as a consequence of antibiotic misuse, several
bacteria evolved to become resistant to multiple antibiotics classes: “the superbugs”. Following the stagnation on the
conventional antibiotic-discovery field, scientific attention turned to alternative foundations for the development of novel
antibacterial substances, namely natural bio-based compounds. Plants are a rich source of bioactive substances and among
the different phytochemicals, terpenes are one of the largest class in nature. This class is structurally diverse and with well
described biological potential, making it a strong candidate for discovery of new antimicrobials. Also contributing to the
renewed interest in these compounds is the fact that novel techniques for their extraction have been developed. In this
chapter a brief overview on multi-drug resistant bacteria will be given, being the main focus onto plant-derived bioactive
compounds, in specific terpenes, as well as on their extraction and purification techniques.
Keywords: drug-resistant bacteria; phytotherapy; natural products; terpenes; extraction techniques

1. The rise and fall of antibiotics
1.1 The dawn of the antibiotic era
Bacteria were discovered in the late 19th century, and briefly the link between these microorganisms and infectious
diseases, causing high rates of mortality and morbidity, was established. This knowledge boosted the search for
preventive and therapeutic regimens against those microscopic agents [1]. Nonetheless, this was only achieved half a
century later and, until that breakthrough, hand washing was advocated as the only way of avoiding infection, since no
therapy was available [2].
The beginning of the antibiotic era started serendipitously. Returning from holidays in a September morning of 1928,
Sir Alexander Flemming, then a Professor of Bacteriology at St. Mary’s Hospital in London, noticed in a Petri dish
inhibition of Staphyloccocus spp. colonies growth around a fungus, which was later identified as a strain of Penicillium
notatum [3]. This discovery was considered as a turning point in human history, which later allowed saving thousands
of lives that in the pre-antibiotic period, the Semmelweis era, would be lost. Contrasting to the lucky events that
resulted in the discovery of penicillin by A. Flemming, Selman Waksman introduced in 1940s the once successful
discovery platform for new antibiotics. This platform was incredibly simple but yet quite elegant: soil-derived
streptomycetes were screened for antimicrobial activity against a susceptible test microorganism, by detecting zones of
growth inhibition on an overlay plate [4]. Waksman’s application of a systematic screen is what made the difference
between luck and a discovery platform, and this breakthrough earned him a Nobel Prize in 1952 [5]. Streptomycetes
screening led to the discovery of streptomycin, which was the first effective compound to act against tuberculosis as
well as the first aminoglycoside [4]. The ‘Waksman platform’ was widely adopted by the pharmaceutical industry,
allowing to discover many of the antibiotics classes known today, being many of them derived from natural products
(Fig. 1 and Table 1) [6].
Antibiotics revolutionized the 20th century, but these “wonder drugs” have been shadowed from the beginning by the
appearance of resistant bacterial strains, virtually in parallel to their development/introduction in the market. For
instance, sulphonamide resistance was originally reported in the late 1930s and the same mechanisms of resistance
operate till these days, more than 85 years later, highlighting the success of bacteria in what concerns drug resistance
(Table 1) [2].
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Fig. 1 Timeline of antibiotic discovery.
Table 1 Year of introduction and the year when resistance was observed for some antibiotic classes as well as their activity spectrum
and origin (adapted from [4,7] ).
Antibiotic class/
Example

Yintro

Yres obs.

Activity

Classification

-lactams/
penicillin
Sulfadrugs/
prontosil
Aminoglycosides/
streptomycin
Chloramphenicol/
chloramphenicol
Macrolides/
erythromycin
Tetracycline/
chlortetracycline
Rifamycin/
rifampicin
Glycopeptides/
vancomycin
Quinolones/
ciprofloxacin
Streptogramins/
streptogramin B
Oxazolidinones/
linezolid
Lipopetides/
daptomycin
Diarylquinolines/
bedaquilin

1938

1945

Broad-spectrum

NP-derived

1936

1942

Gram positive

Synthetic

1946

1946

Broad-spectrum

NP-derived

1948

1950

Broad-spectrum

NP-derived

1951

1955

Broad-spectrum

NP-derived

1952

1950

Broad-spectrum

NP-derived

1958

1962

Gram-positive

NP-derived

1958

1960

Gram-positive

NP-derived

1968

1968

Broad-spectrum

Synthetic

1998

1964

Gram-positive

NP-derived

2000

2001

Gram-positive

Synthetic

2003

1987

Gram-positive

NP

2012

2006

Mycobacterium
tuberculosis

Synthetic

Yintro: year of introduction; Yres obs: year of resistance observed; NP-derived: Natural product-derived; NP: Natural product

Over the years, indications that new approaches are required to combat the global spread of drug-resistant bacterial
pathogens have been accumulating, being among them: i) the increase in death rates from infectious diseases observed
since the late 1980’s, already withdrawing those linked to AIDS [8,9]; ii) the 40-year innovation gap between the
introduction of new molecular classes of antibiotics (fluoroquinolones in 1962 and the oxazolidinone linezolid in 2000)
[10]; and iii) the recent trend of several large pharmaceutical companies to leave the antibacterial and antifungal arenas
leading to a decrease in scientific expertise in antibacterial-drug discovery [11,12].
1.2 Superbugs- a threat to public health
The development of generations of antibiotic-resistant microorganisms, as well as their wide distribution, is the result of
several years of antibiotics underuse, overuse and misuse. This selective pressure created upon bacteria is not a natural
process but is instead a man-made situation [2]. Some pathogens evolved to become resistant to multiple classes of
antibiotics, being usually known as “superbugs”: Multidrug-resistant (MDR) bacteria are subsequent to antibiotic use
(either under-, over or misuse) with enhanced morbidity and mortality features due to multiple mutations, providing
high levels of resistance to antibiotic classes, specifically recommended for their treatment [2]. Classical examples of
MDR include the methicillin-resistant Staphylococcus aureus and numerous Pseudomonas aeruginosa strains [13].
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Nowadays, the antibiotic crisis is epitomized by the spread of MDR “ESKAPE” organisms (Enterococcus spp.,
Staphylococcus aureus, Klebsiella spp., Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp.)
[14]. In some cases, like those related to Acinetobacter baumannii infections, a main player in the majority of
ventilator-associated pneumonia in intensive care units, the search for novel compounds has reached a level of extreme
importance, since virtually none of the available substances is able to fight this MDR pathogen efficiently [15, 16].
ESKAPE organisms gain even more severity when placed in the context of Healthcare-Associated Infections (HAI),
also known as nosocomial infections, since they are the ones accountable for them. The Center for Disease Control and
Prevention defines HAIs as infections that patients acquire during the course of receiving treatment, for other
conditions, or that Healthcare workers acquire while performing their duties within a healthcare setting, including
device-associated infections [17]. HAI management brings several concerns regarding treatment costs, and the
incredible high prevalence percentages. More than 1.4 million people worldwide suffer from HAI, with rates ranging
from 5-25% in developed countries [18], rate which is estimated to be even higher than 40% in Asia, Africa and South
America. In 2007, HAI, mainly caused by ESKAPE microorganisms, killed 99,000 patients in the US, being
responsible for 37,000 deaths in Europe [18] .
1.3 Targeting the key players
Among the “ESKAPE” microorganisms, S. aureus is considered as one of the most successful infectious agents. This
Gram-positive bacterium is carried as a nasal commensal in 30% of the population and has long been linked to skin and
soft tissue infections [17]. After penicillin discovery, Staph infections seemed to be controllable but soon after
resistance arose [2]. In 1959, Methicillin was a landmark discovery being designed to be the first “anti-resistance”
antibiotic and was considered as a safe defense-line against the penicillinases (-lactamases specific for penicillin).
However, the appearance of methicillin-resistant S. aureus within just 3 years of its introduction, inevitably led to other
multi-antibiotic resistant variants and the acronym MRSA, previously used only to Methicillin resistant strains, now
stands for multidrug-resistant S. aureus [2]. MRSA has been indicated as one of the major causes of nosocomial
infections, and its increasing prevalence has been observed in the last decade, making MRSA infections treatment
extremely difficult due to the restrict spectra of efficient antibiotics [18]. If one translates infections caused by MRSA
into numbers, either regarding their prevalence or concerning in terms of economic impact, the scenario gets even
darker. Using as an example the year of 2006, 60-70% of the bacteraemia cases, in the US, were caused by MRSA, and
within the same period, the economic costs related to this situation, in the UK, were estimated to be more than £1
billion, without mentioning the personal costs to an individual who survives to a MRSA-infection, related to
hospitalization under isolation with the impossibility to have direct contact with family and friends for large periods of
time [21]. In 2012, the Portuguese scenario demonstrated that 53.5% of hospital-acquired infections were caused by S.
aureus being 73.7% characterized as MRSA [22].
After decades suffering the selective pressure of antibiotics, infections caused by MDR strains of the Gram-negative
bacteria P. aeruginosa have been increasingly reported worldwide, being this pathogen the main cause of burn-wounds
infections and ventilator acquired pneumonia, which are linked to high rates of morbidity and mortality [21]. In
Portugal, P. aeruginosa is responsible for 27.5% of all HAI [22]. These microorganisms pose additional and bigger
challenges that are directly linked to the fact that Gram-negative microorganisms are often more resistant to
conventional antimicrobials. For that, several factors play a pivotal role, such as: i) expression of active efflux pumps
[19]; ii) release of degrading enzymes and molecular metamorphosis of antibiotic targets; as well as iii) intrinsic nature
of the cell wall, and exterior membrane of Gram-negative bacteria [20]. A study in the US, in which Klebsiella spp. and
E. coli were included among other Gram-negative bacteria, reported that patients infected with MDR bacteria had a
median total hospital cost of more US $38121 than patients infected with susceptible bacteria (US $ 144414 and
106293, respectively) [26]. The overall impact of infections caused by MDR bacteria in the economy is still largely
unknown. However, and taking as an example the US health system, which spends between $21 to $34 US billion
dollars, the economical worldwide impact of HAI infections must be massive [27] .
Still, it is undebatable that the loss of effective antibiotics will, in last instance, undermine the ability to fight
infectious diseases and manage infections complications, which are even more common in vulnerable patients, such as
those undergoing chemotherapy or patients with chronic diseases. In the near future, if no novel antibacterial agents
emerge, society will be facing a serious public health threat, with similar conditions to those observed at the Semelweiss
era, setting us back to the 1920’s in what concerns medical care, where a common infection and minor injuries can be
fatal [22].

2. Phytotherapy-use of plant derived compounds
Following the stagnation on the antibiotic-discovery field over the last years, scientific attention has been turning to
alternative sources for novel antibacterial substances, namely natural bioactive compounds [4, 23]. These compounds
are known to efficiently interact with the cellular membrane, as well as with biological macromolecules (nucleic acids,
proteins, lipids, …) to produce a desired outcome, which can be exploited for designing natural-based therapeutic
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agents, targeting MDR bacteria [24]. Plants are a rich source of bioactive compounds, most of them produced as a
defense mechanism against microorganisms, presenting themselves as promising sources for phytopharmaceuticals
development [25]. Supporting this hypothesis is the fact that pentacyclic triterpenes, which have very distinctive
structures from those of methicillin or vancomycin (traditional anti-S. aureus agents), might be translated into novel
mechanisms of action, or target, against S. aureus strains [31]. Nonetheless, terpenes mechanism of action is not fully
understood, but it is generally assumed that their antimicrobial activity may be due to bacterial membrane disruption by
the lipophilic compounds nature, or due to their ability to block cell division by DNA synthesis inhibition [23].
Moreover, and in accordance to World Health Organization (WHO), it is important to emphasize that more than 2/3 of
the world population still relies on medicinal plants for their primary pharmaceutical care [26]. Over the last two
decades, phytotherapy has gained strength in the scientific community as a new concept in health care, prompted by the
need of alternatives to the ineffectiveness of traditional antibiotics [32-36]. Accounting for the renewed and increasing
interest in plant-derived bioactive compounds is the fact that novel and efficient extraction techniques have been
developed [29–31], which will be reviewed in section 3 of this chapter.
Despite the wide range of plant secondary metabolites that could be extremely interesting for the development of
new antimicrobial agents targeting MDR bacteria, in this chapter only terpenes will be discussed, due to their wide
spread in nature; abundance in the plant kingdom; great structural diversity; and high number of in vitro studies
reporting terpenes-derived compounds efficiency against MDR bacteria in the last years, both with plant extracts or
isolated pure standards, pointing out a promising future in terms of their exploitation as bactericides and bacteriostatic
agents.
2.1 Terpenes
Terpenes agglutinate an entire class derived from two diphosphate esters, namely isopentenyl pyrophosphate (IPP), and
its isomer dimethylallyl diphosphate (DMAPP). They carry a vast structural and chemical diversity, being in general
classified according to the number of five-carbon building blocks (isoprene units (C5)n) into: hemi- (C5), mono- (C10),
sesqui- (C15), di- (C20), sester- (C25), tri- (C30), tetraterpenes (C40) and polyterpenes (C5)n with n > 8 [37].
IPP and DMAPP may be yielded either by the mevalonate pathway, occurring in the nucleus, or by the 1-deoxy-Dxylulose 5-phosphate pathway, located in the plastids [38,39]. The mevalonate pathway contributes for the formation of
the most of the sesquiterpenes and triterpenes, whilst the 1-deoxy-D-xylulose 5-phosphate pathway is responsible for
the biosynthesis of mono-, di- and tetraterpenes and some sesquiterpenes [39]. In the last years, several naturally
occurring terpenes, particularly sesquiterpenic lactones and triterpenic acids, have been identified and isolated, and their
broad spectra of pharmacological activities, including anti-inflammatory, antitumoral and antibacterial potentials, have
been highlighted throughout the literature [27, 28, 40, 41].
2.1.1 Sesquiterpenes
Sesquiterpenoids are composed by three isoprenoid units (C15) and may have an acyclic or cyclic structure. Farnesyl
diphosphate is the biosynthetic precursor of sesquiterpenes, resulting from the addition of an IPP unit to geranyl
diphosphate [38]. Among these, sesquiterpene lactones are the most representative sub-group in terms of biological
potential, being widely distributed in nature and are particularly present in higher plants. Numerous in vitro reports have
proved the role of sesquiterpene lactones against MDR bacteria. In the present chapter, xanthatin (Figure 2) is
addressed, as an example of sesquiterpene lactone with great effect against S. aureus, including MRSA [42]. The
minimum inhibitory concentration (MIC) of this compound, isolated from the plant Xanthium sibiricum Patr er Widd,
was found to range between 7.8-15.6 μg/mL (31.67 - 63.34 μM), against several strains of S. aureus and MRSA [42] .

Fig. 2 Structure of xanthatin.

2.1.2 Triterpenes
These compounds are ubiquitously distributed and correspond to acyclic and cyclic 30-carbon precursors. Triterpenes
are produced from squalene which is afforded through binding of two molecules of farnesyl pyrophosphate [38]. Within
triterpenes, pentacyclic triterpenes, mostly those with lupane, ursane and oleanane backbone structures, have shown
promising pharmacological activities. In this chapter, BA, UA and OA (Figure 3) are addressed in particular detail
based on its anti-MDR bacteria activity.
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Fig. 3 Structures of pentacyclic triterpenes.

BA showed higher antibacterial effect compared to the antibiotic methicillin on 62.5% of the clinical strains of
MRSA, with MICs varying between 4-64 μg/mL (8.8 – 140 μM) [43]. UA, isolated from Salvia officinalis [44] and
Baccharis dracunculifolia [45], was effective against MRSA, with MICs ranging from 8 μg/mL (17.5 μM) [44] to 10
μg/mL (21.9 μM) [45]. OA, isolated from the Caesalpinia paraguariensis Burk. [46] and S. officinalis [44], presented
antibacterial effect on MRSA, with MICs within 16-64 μg/mL (35-140 μM) concentration range [44,46]. In addition to
the MRSA antibacterial activity, UA and OA inhibited growth of other MRD bacteria, such as: (i) the penicillinresistant Streptococcus pneumoniae, with MICs of 8 (17.5 μM) and 16 μg/mL (35.0 μM), respectively; and (ii) the
vancomycin-resistant enterococci (Enterococcus faecalis and E. faecium), with MICs of 4 μg/mL (8.8 μM) and 8
μg/mL (17.5 μM), respectively [44] . In fact, these pentacyclic triterpenes were more active than the antibiotic
ampicillin against MRSA (MIC=64 μg/mL=183.2 μM), E. faecalis (MIC=4 μg/mL=11.4 μM) and E. faecium (32-128
μg/mL and 91.6-366.3 μM MICs range) [44].

3. Extraction of bioactive compounds
Extraction plays a crucial role in the qualitative and quantitative recovery of bioactive compounds from vegetable
tissues. The scientific advances observed in this area over the last decade, besides contributing to the escalating
attentiveness to the phytopharmaceutical research field, may become a propeller force, pushing terpenes one step
forward, i.e, into the in vivo and clinical trials arena regarding the fight against MDR bacteria. Moreover, the advances
in the extraction/purification techniques may help to tailor plant extracts or their derived purified compounds, towards
an enhancement of their activity against a particular bacterial agent.
The efficiency of extraction depends not only on the extraction method, but also on solubility of the analytes into
solvent. Terpenes chemical family owns polycyclic structures and present very low solubility in water and hydrophilic
solvents.
Traditional extraction techniques of plant materials are mostly based on the use of heat and/or agitation to increase
the rate of mass transfer to suitable leachant. Solid liquid extraction (SLE) is the most common and traditional method
for isoprenoids extraction, due to its simple mode of operation and the need of inexpensive equipment. Also traditional,
but requiring more energy costs, appears heating assisted extraction (HAE) and Soxhlet extraction (SE). All those
methodologies are often low efficient, time consuming and require large volumes of organic solvents, which result on
additional costs, and environmental hazards. Besides that, many natural products are thermally unstable and may
degrade with high extraction temperatures, which compromise their microbiological activity.
Alternative extraction methodologies such as: ultrasound and microwave assisted extraction, pressurized liquid,
accelerated solvent and supercritical fluid extractions will be discussed within the present chapter. Novel terpenes
extraction techniques will be explored and results compared with the traditional ones, according to results present in
literature regarding anti-microbiological potential enhancement.
3.1 Extraction methodologies
3.1.1 Ultrasound Assisted Extraction (UAE)
UAE presents several advantages in comparison with conventional solid-liquid extraction, reducing solvents, time and
temperature, which represents an important factor when extracting thermolabile compounds, potentiating the biological
activity of the natural-based extractables. This is the simplest and most economical technique is also easy to scale up to
industrial level.
3.1.2 Microwave Assisted Extraction (MAE)
This methodology implies the heating of water molecules in plant cells, absorbing microwave energy, and quickly
transferring it into solvent. The inappropriate use of MAE can result in drastic conditions, which can lead to chemical
changes of some compounds. Irradiation time and power should be optimized towards different biomass, in order to
obtain an extract with the greatest terpenes yield extraction.
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3.1.3 Supercritical fluid extraction (SC-CO2)
SC- CO2 uses supercritical CO2, being capable of extracting a wide range of diverse compounds, including more polar
substances, by combining CO2 with a cosolvent, such as methanol, ethanol, acetone, among others [35]. Yet, ethanol
may be the better choice in SC-CO2 of nutraceuticals and food ingredients because of its lower toxicity. Due to its
polarity, SC-CO2 has shown a moderate capacity to dissolve terpenes, although an appropriate combination of pressure
and ethanol (EtOH) concentration, as cosolvent, may increase the yield of terpenes extraction [47,48] .
3.1.4 Accelerated Solvent Extraction (ASE)
This extraction method enhances the extraction by temperature and pressure [35]. ASE is a form of pressurized solvent
extraction, similar to SFE. Extraction conditions including temperature, flush volume and extraction cycle are important
parameters affecting the extraction efficiency [49].
3.1.5 Pressurized liquid extraction (PLE)
PLE uses high pressures in order to retain solvents in the liquid state beyond their normal boiling point. The
combination of high pressures and high temperatures enhances mass transfer, facilitating the extraction process.
However, the lack of industrial scale pressurized liquid extraction equipment, leads to a moderate application of this
technique [48].
Several studies have been described in terms of evaluation of terpenes extraction methods efficiency. Although this
research data is not, most of the times, focused on terpenes extraction as a class, but in some specific terpenes, some
conclusions can be taken. In 2012, Wójciak-Kosior et al.[50], studied the effect of traditional extraction techniques such
as: SLE, SE, and HAE, with recent methodologies such as: UAE and MAE, for the extraction of two pentacyclic
triterpenes from Lamii albi flos. Although, classic techniques (SLE, SE and HAE) are still frequently used, for active
components isolation from plant material, the extraction efficiency of two triterpenic acids, OA and UA appeared to be
poor, and extraction time relatively long. MAE, in closed system, was the most efficient technique, presenting as
advantage, over classic techniques, the low time-consumption. Although, with not so good results as MAE, UAE due to
its simplicity, inexpensive equipment and relatively good extraction efficiency appeared as a good alternative method
for OA and UA extraction. Pinilla et al. [48] investigated the recovery of a pentacyclic triterpenes, BA [49], from plane
tree Platanus acerifolia L., where SLE, UAE and PLE were carried out using EtOH and ethyl acetate, and produced a
BA recovery in the range of 10-15 mg/g bark, with concentrations between 25-35% mass (UAE>SLE>PLE). In this
study, the comparison of traditional assays was made with supercritical fluid extraction, without the use of cosolvent,
which produced low BA recoveries (0.5-8 mg/g bark) with respect to liquid extraction. The addition of EtOH as
cosolvent lead to a significant improvement in BA recovery. In comparison with SLE, UAE and PLE, 20% EtOH
cosolvent resulted in high yield (4.34%), BA higher concentration in the extract (18.30% mass), and almost one third of
EtOH consumption. Rhourri-Frih et al. [49] isolated three pentacyclic triterpenes from Manilkara bidentata resin, with
different extraction methods, UAE, SE, HAE and ASE with EtOH and EtOAc as solvents, being the extraction
efficiency higher for UAE, followed by SE and HAE. These results are in agreement with previous works, where UAE
demonstrated best extraction efficiency for some species, and have also shown that ASE yield was low for some
compounds.
In what concerns to novel technologies of extraction, each vegetable species needs to be studied as a different
biomass. Although studies performed highlight that novel techniques offer best kinetic rates, low time consumption and
best yields of extraction, those methodologies need to be further studied for each biomass.
3.2 Purification/isolation of terpenes: pentacyclic triterpenes and sequisterpene lactones
Although the comparison of terpenes extraction methodologies is made in most part of the studies as a class, there are
several studies searching for terpenes purification after microextraction (ME) or SLE. Not requiring temperature or
pressure, microextraction is characterized by a sequential of extractions, normally using solvents with low polarity,
where the biomass remains in contact with the solvent, during a certain period of time, followed by centrifugation, and
filtration, being the extraction repeated several times until biomass exhaustion. Silica gel and Sephadex LH-20 columns
are nowadays the more used methods for terpenes purification, using different solvents, in order to obtain different and
purified fractions.
Yang et al. [51] extracted two new terpenes from Liquimbar formosana, with a prior extraction with petroleum
spirit, followed by a silica gel chromatography. With the same method of purification, Mbaze et al. [52] found two new
terpenes present in Fagara tessmani, using hexane and ethyl acetate (7:3), during the TLC. Using Sephadex LH-20 to
obtain purified fractions, Katerere et al. [53] isolated four pentacyclic triterpenes from Combretum imberbe leaves,
being two of them, novel glycosidic derivatives of 1alpha,3beta,23-trihydroxyolean-12-en-29-oic acid
(hydroxyimberbic acid). In this study, the biomass was first defatted with n-hexane to remove highly nonpolar
components, and then extracted with dichloromethane by SLE. Montoya-Peláez et al. [54] investigated the chemical
composition of a pentacyclic triterpene fraction from Cecropia telenitida roots. The extraction was made by SLE, where
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roots were cleaned with n-hexane and then extracted with ethyl acetate. The extract was concentrated, diluted in
methanol and purified by Sephadex LH-20 using medium pressure liquid chromatography to eliminate molecules with a
high molecular weight, such as polymers. A novel compound was found: yarumic acid.
In what concerns liquid extraction, four sesquisterpenes lactones (hirsutinolides and glaucolides) from Vermonia
scorpioides were extracted and fractionated using ME with a sequential extraction, with increasing solvent polarities
[55].
Liquid extraction and solid-phase extraction are used as purification and isolation techniques, being solid-phase
extraction recommended based on low organic solvents used, selectivity and a large number of commercially available
solid-phase extraction sorbents. New methodologies can also be employed for purification and compounds isolation.
Already applied with other compounds [56–58], membrane separation processes are known as a green technology,
which could be employed for extract purification and compound isolation, in order to enhance the desired biological
activity.

4. Concluding remarks
Highly effective antimicrobials with the ability to fight, not only but mostly the ESKAPE pathogens are required.
Plant-derived compounds, such as terpenes, which are widely available in nature, seem a logical path in the quest for
novel drugs against Superbugs.
The significant advances observed over the last years regarding compounds extraction and purification technology
has provided the basic skills to make this a reality closer to the present than to the far future. Highlighted is the need for
scaling-up extraction/purification techniques, in order to tailor the desired chemical composition towards the required
antimicrobial activity.
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