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Abstract

Chronic wounds (CWs) represent a heavy burden for the healthcare system and have a
negative impact on the quality of life of patients. They are often characterized by an impaired healing,
which is mostly related to the establishment of bacterial biofilms. This is particularly problematic
since the bacteria embedded in biofilms have been shown to be 10-1000 times more resistant to
antimicrobial agents than their planktonic counterparts. Moreover, the increasing bacterial resistance
to conventional antibiotics is one of the major causes of failure in the treatment of CWSs. Thus, more
efficient antimicrobial agents are urgently needed. Within this context, phytochemicals, in particular
essential oils (EOs), have already proven to be interesting compounds in the antimicrobial field,
making them promising candidates to prevent and control biofilms. They can also circumvent the
emergence of resistant bacteria due to their multiple modes of action. Therefore, different

phytochemical-based strategies to deal with biofilms were studied in the present work.

The antimicrobial and antibiofilm potential of selected phytochemicals (citronellol, cis-6-
nonen-1-ol, 3,7-dimethyl-1-octanol and citronellic acid) alone and in combination with standard
antibiotics (gentamicin, mupirocin and fusidic acid) against Staphylococcus aureus, including a
methicillin-resistant strain (MRSA), and Escherichia coli was studied. Based on the determination of
the minimum bactericidal concentration, it was found that citronellol presented the highest
antimicrobial activity against S. aureus and cis-6-nonen-1-ol displayed the highest antimicrobial
activity against MRSA and E. coli. According to the Chick-Watson model, citronellol and cis-6-
nonen-1-ol interacted chemically with cell targets of all bacteria, except citronellol that stablished
physicochemical interactions with S. aureus. Synergism between antibiotics and phytochemicals was
found against both planktonic and sessile bacteria, demonstrating the potential of this combinatorial
strategy to increase the antimicrobial and antibiofilm activity. EOs are unstable and susceptible to
degradation when exposed to environmental stresses. Therefore, the encapsulation of these natural
compounds into drug delivery formulations could also be a good strategy to enhance their antibiofilm
activity, ensuring their increased bioavailability in the infected site. In this sense, chitosan beads
loaded with citronellol and cis-6-nonen-1-ol were tested on the prevention and control of E. coli, S.
aureus and MRSA biofilms. These loaded beads exhibited equal or enhanced antibiofilm activity
compared to pure compounds. Overall, these results revealed the prominent antimicrobial and
antibiofilm properties of citronellol and cis-6-nonen-1-ol against pathogenic bacteria commonly
encountered in infected CWSs. Their combination with conventional antibiotics or encapsulation into

chitosan beads may be promising approaches for dealing with biofilm infections in CWs.

Keywords: antibiofilm; antibiotics; antimicrobial; chitosan beads; chronic wounds; phytochemicals.
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Resumo

As feridas crénicas representam um fardo para o sistema de satde e tém um impacto negativo
na qualidade de vida dos pacientes. Estas sdo frequentemente caracterizadas por uma cicatrizacéo
prejudicada, que estéd principalmente relacionada com a formacdo de biofilmes bacterianos. Isto é
particularmente problematico, uma vez que as bactérias na forma de biofilmes demonstraram ser 10-
1000 vezes mais resistentes aos agentes antimicrobianos do que as mesmas bactérias em estado
planctonico. Além disso, 0 aumento da resisténcia bacteriana aos antibioticos convencionais é uma
das principais causas da falha no tratamento das feridas crénicas. Assim, agentes antimicrobianos
mais eficientes sdo urgentemente necessarios. Nesse contexto, os fitoquimicos, em particular os 6leos
essenciais (EOs), ja& mostraram ser compostos interessantes na area dos agentes antimicrobianos,
tornando-os candidatos promissores na prevencao e no controlo de biofilmes. Eles também podem
contornar o surgimento de bactérias resistentes devido aos seus multiplos modos de ac¢éo. Assim, no
presente trabalho, foram estudadas diferentes estratégias baseadas em fitoquimicos para lidar com

biofilmes.

O potencial antimicrobiano e antibiofilme de fitoquimicos (citronelol, cis-6-nonen-1-ol, 3,7-
dimetil-1-octanol e é&cido citronélico) individualmente e em combinacdo com antibioticos
convencionais (gentamicina, mupirocina e acido fusidico) foi estudado em Staphylococcus aureus,
incluindo uma estirpe resistente a meticilina (MRSA), e Escherichia coli. Com base na determinacéo
da concentracdo bactericida minima, constatou-se que o citronelol apresentou maior atividade
antimicrobiana contra S. aureus e o cis-6-nonen-1-ol mostrou maior atividade contra MRSA e E. coli.
De acordo com o modelo Chick-Watson, o citronelol e o cis-6-nonen-1-ol interagiram quimicamente
com alvos celulares de todas as bactérias, exceto o citronelol que estabeleceu interacGes fisico-
guimicas com S. aureus. Foram encontrados efeitos sinérgicos entre 0s antibioticos e os fitoquimicos
tanto contra bactérias no estado planctonico como no estado séssil, demonstrando o potencial desta
estratégia para aumentar a atividade antimicrobiana e antibiofilme. Os EOs sdo instaveis e suscetiveis
a degradacdo com a temperatura e a exposicdo a luz. Desta forma, o encapsulamento desses
compostos naturais em formulacGes de liberacdo de farmacos também pode ser uma boa estratégia
para aumentar a sua atividade antibiofilme, garantindo a sua maior biodisponibilidade no local
infetado. Nesse sentido, um suporte de quitosano contendo citronelol e cis-6-nonen-1-ol imobilizado
foi testado na prevencdo e no controlo de biofilmes de E. coli, S. aureus e MRSA. Este sistema teve
atividade antibiofilme igual ou mesmo superior ao efeito dos compostos em solucdo. Em geral, estes
resultados revelaram as propriedades antimicrobianas e antibiofilme proeminentes do citronelol e do

cis-6-nonen-1-ol contra bactérias patogénicas comummente encontradas em feridas cronicas. A sua
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combina¢do com antibidticos convencionais ou o0 seu encapsulamento num suporte de quitosano

podem ser abordagens promissoras para lidar com biofilmes em feridas cronicas.
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Chapter 1 | Work outline

1.1 Background and project presentation

Chronic wounds (CWs) are a progressively common type of skin injury that affects a large
fraction of the world . They represent a significant economic burden for the healthcare system and
are related to high rates of morbidity and mortality 2. Most CWSs contain bacteria living within a
biofilm that prolong the inflammatory phase of wound healing 3. Biofilm treatment has been
increasingly troubled due to the antibiotic use and abuse in recent years, which has promoted the
emergence of resistant bacteria *. In fact, the antibiotic resistance crisis is one of the biggest problems
that global public health is facing, being expected to become more lethal than cancer by 2050 if no
alternative therapies are found °. In addition, biofilms are known to be 10-1000 times more resistant
to antibiotics than their planktonic counterparts . Therefore, it becomes imperative to search for new

antibiofilm strategies to treat infected CWs.

Phytochemicals (bioactive compounds from plant metabolism), in particular essential oils
(EOs), used alone or in combination with antibiotics have been thoroughly investigated as a means
to circumvent the emergence of resistant bacteria due to their multiple action mechanisms 7. Besides
that, they are an attractive source of eco-friendly, relatively inexpensive, and broad-spectrum
antimicrobials 8. Furthermore, the encapsulation of EOs into drug delivery formulations may be
responsible for several advantages, as for instance improve their solubility, stability and
bioavailability, as well as reduce doses of these natural compounds with controlled release levels over

an extended period of time °.

1.2 Main objectives

The overall objective of this thesis focuses on discovering new strategies based on
phytochemicals for the topical treatment of biofilms in CWs. For the achievement of this general
objective, a set of sub-objectives were proposed: i) investigate the antimicrobial potential of selected
phytochemicals, in particular EOs components, against S. aureus, including a MRSA, and E. coli in
planktonic form, which are bacteria that normally occur in patients with infected wounds; ii)
understand the properties of the tested phytochemicals, taking into account their chemical structure,
which provide them antimicrobial activity; iii) assess the antimicrobial efficacy of selected dual
combinations of phytochemicals and antibiotics, commonly used to treat skin infections, against
planktonic S. aureus, MRSA, and E. coli in order to discover synergistic effects; iv) evaluate the
antibiofilm potential of selected phytochemical-antibiotic combinations on the control of pre-

established biofilms of S. aureus, MRSA, and E. coli since biofilms are a major concern in infected
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CWs and v) evaluate the antibiofilm capacity of chitosan beads loaded with selected EOs components

on the prevention and control of biofilms of S. aureus, MRSA, and E. coli.

1.3 Thesis organization
This thesis is divided into 6 Chapters. In Chapter 1, the context, motivation and main goals
for the development of this study are presented. Furthermore, this chapter provides a guideline of the

work described in the following chapters.

Chapter 2 consists in a short review of the literature. In this chapter, the problem of CWs as
well as the strong impact of biofilms as the main responsible for their delayed healing are highlighted.
The stages involved in biofilm development in the wound and the problem of the higher resistance
associated with bacterial growing in biofilms are also summarized. Additionally, the current
approaches used to treat these biofilms in CWs are described, showing that the repeated and improper
usage of conventional antibiotics can initiate bacterial resistance that leads to an urgent demand for
discovering new healing substitutes. Plant-based products (phytochemicals), in particular EOs and
their components, are introduced as an alternative antimicrobial approach to conventional antibiotics.
At last, hydrogel-based drug delivery systems, composed particularly of chitosan, are presented as a

good strategy to avoid the degradation of EOs, increasing their bioavailability.

Chapter 3 describes the results of the antimicrobial activity of selected EOs components,
particularly citronellol, cis-6-nonen-1-ol, 3,7-dimethyl-1-octanol and citronellic acid, and their
combinations with traditional antibiotics, namely gentamicin, mupirocin and fusidic acid, against S.
aureus, MRSA, and E. coli in planktonic state. The minimum bactericidal concentration of these
compounds and dose-response curves for citronellol and cis-6-nonen-1-ol were determined. The
interactions between phytochemicals and antibiotics were evaluated by the determination of fractional
bactericidal concentration index. In this chapter, a structure activity relationship study and drug-

likeness of the phytochemicals by Lipinski's rule of five were also applied.

Chapter 4 focuses on the study of the best phytochemical-antibiotic combinations, obtained
in Chapter 3, on the control of biofilms of S. aureus, MRSA and E. coli by biofilm cells culturability

method.

Chapter 5 provides the study of the antibiofilm activity of chitosan beads loaded with
phytochemicals citronellol and cis-6-nonen-1-ol. The ability of these beads to control and prevent

biofilms of S. aureus, MRSA and E. coli was assessed also by biofilm cells culturability method.

Finally, in Chapter 6, the main conclusions of the work, some recommendations/perspectives

for future research and thesis outputs are mentioned.
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Chapter 2 | Literature review

2.1 Chronic wounds

A wound may be defined as damage or disruption to the normal anatomic structure of the skin
cells and a disturbance to its function in connecting and protecting underlying tissues and organs %11,
Wounds can be caused by surgery, accidental blow or cut, chemicals, friction shear force, extreme
temperatures, pressure, electrical current, or as a result of underlying pathologies, such as diabetes,

immunological or dermatological diseases and chronic venous/arterial insufficiency 12,

The largest organ of the human body and the most exposed to injuries is, in fact, the skin 4,
The skin consists of three main multi-histological layers: epidermis, dermis and subcutaneous tissue,
and skin adjuncts like hairs and glands 4. When the epithelium and connective structures are
damaged, the human body starts a dynamic and complex biological process called wound healing,
which involves a cascade of carefully regulated steps that can be divided into four main stages:

hemostasis/coagulation, inflammation, proliferation and restoration (Figure 1) *41°,
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Figure 1. Schematic representation of the four steps of wound healing. Adapted from Negut et al. .

Coagulation and hemostasis take place immediately after damage *°. This first stage of wound

repair aims to prevent exsanguination by platelet aggregation and clot formation *>1¢. Furthermore,
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the blood clot and platelets trapped within it also provide a matrix for invading cells required in the
subsequent phases of healing *°. The platelets secrete several growth factors that initiate the wound
healing cascade by attracting and activating neutrophils, macrophages, fibroblasts, and endothelial
cells 18, The inflammatory phase begins at the same moment as hemostasis, but it may last for up
to 3 days %. The main purpose of this phase is to clear pathogens and foreign material from the wound
17 Firstly, neutrophils infiltrate the wound site and start the mechanism of phagocytosis in order to
prevent infection 1°. They destroy bacteria by releasing proteolytic enzymes and free radicals species
derived from oxygen *°. In the later stages of the inflammatory phase, macrophages (blood monocytes
that undergo phenotypic changes) appear in the wound and act as the key regulatory cells of repair
1518 They not only phagocytose and digest tissue debris and remaining neutrophils, but also provide
a reservoir of tissue growth factors that promote tissue proliferation >, The proliferative phase
starts about 3 days after the initial injury and lasts for approximately 2—4 weeks 6. This step centers
around fibroblast migration, deposition of the extracellular matrix constituted by fibrous structural
proteins (elastin, collagen) and an interstitial matrix and formation of granulation tissue *°.
Endothelial cells enter a phase of fast growth and angiogenesis occurs within the granulation tissue,
forming a rich vascular network that is essential to keep an adequate blood supply within the wound
bed 417, The final stage of the proliferative phase is the epithelialization of the wound, which is
characterized by the migration of the epithelial cells over the provisional matrix formed 8. Finally,
the restoration phase takes place and may possibly last up to 1 or 2 years *°. In this stage, a final scar
tissue, characterized by a mature avascular and acellular environment, is formed *°. This phase is
responsible for the achievement of the maximum tensile strength through reorganization, degradation,
and resynthesis of the extracellular matrix °. However, the original strength of the tissue can never

be recovered. In fact, the healed skin can only achieve about 80% of the original strength 2°.

Wounds can be classified as acute and chronic *. Acute wounds are these that heal through
the normal phases of wound repair above-mentioned, resulting in the restoration of anatomic and
functional integrity %, On the contrary, chronic wounds (CWs) fail to proceed through the natural
phases of wound healing and normally stall in the inflammation stage 2. Regarding the duration,
there is no consensus between the authors. Some authors consider that if the wound does not progress
to healing or shows no sign of recovery within 12 weeks (3 months), it is considered a CW 112223,
However, others consider a wound to be chronic if it fails to show any signs of healing in 4 to 6 weeks
12425 Common CWs include diabetic ulcers, pressure ulcers, vasculitic ulcers, venous stasis ulcers,

and chronic nonhealing wounds resulting from trauma or dehisced surgical wounds 2°.

The delayed healing of CWs can be attributed to many factors, which can be categorized into

local (external influences) and systemic (internal factors) 2’. Systemic factors are associated with the
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patient’s general condition, such as age and gender, medications, poor nutrition, obesity, stress, and
underlying comorbidities like diabetes, fibrosis, jaundice, etc. 2. On the other hand, local factors are
related to the circumstances in the wound and include, for instance, poor oxygenation, poor blood
supply, foreign bodies and infection #’. In fact, bacterial colonization and the consequent infection of

the wound is the most frequent and unavoidable impediment to wound healing 4.

CWs correspond to a silent epidemic that affects a significant part of the world 2. In developed
countries, it is even estimated that 1 to 2% of the population will face a CW during their lifetime 2°.
They represent a severe problem, not only because of their negative effect on the quality of life of
patients but also because they represent a substantial burden for the healthcare system 2. Furthermore,
this burden grew considerably in recent years due to population aging and the increasing incidence
of obesity and chronic diseases °. For instance, CWSs cost the medical system approximately $50
billion per year in the United States .. Wound healing is, actually, an enormous commercial
enterprise, with the global market for wound care products projected to reach $18.7 billion by 2027,
growing at a Compound Annual Growth Rate (CAGR) of 6.6% over the analysis period 2020-2027
32 Based on these facts, it is clear that CWs are an extremely serious health care problem and their
incidence is constantly growing. Thus, wound research is an important field to find new therapies,
diagnostics, clinical practices and procedures with the goal of promoting wound healing and combat

this epidemic.

2.2 Biofilms in chronic wound infections

Wound infection occurs when the number of microbes, mainly bacteria, or their virulence is
sufficient to cause a host response locally and/or systemically . As long as the wound is infected, it
will revert or remain in the inflammatory phase of the healing process ?. The wound infection
continuum characterizes the progression of an infection in a wound and is described by the gradual
increase in the number and virulence of microorganisms, together with the response they invoke
within the host (Figure 2) 3334, According to the International Wound Infection Institute, the wound
infection continuum can be divided into five stages: contamination, colonization, local infection,
spreading infection and systemic infection 3. Contamination is characterized by non-proliferating
microorganisms in the wound that do not promote the immune response or the delayed healing 3334,
On the other hand, colonization is represented by the existence of proliferating microorganisms within
the wound, but they are not still in enough levels or virulence to impede wound healing or provoke a
host response 332*. When bacteria move deeper into the wound and proliferate at a faster rate
triggering a host reaction, a local wound infection has occurred. This infection is localized in a
structure or system and is characterized by delays in wound healing 3334, Spreading infection occurs

when pathogens proliferate beyond the wound border, including surrounding and deeper tissue,

5
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muscle or even organs 234, At last, systemic infection represents the most advanced phase that affects
the whole body via vascular or lymphatic systems 3334,

Biofilm

Impaired
healing

Increasing microbial virulence and/or numbers

- S : : Spreading Systemic
Contamination Colonization Local infection ~fection faction
Vigilance required Intervention required
- — - - - - P - - - - - - - P & —mmmm—mm - m - -~ >
No antimicrobials indicated Topical antimicrobials Systemic and topical antimicrobials

Figure 2. Wound infection continuum. Adapted from Swanson et al. ** and Farhan and Jeffery *.

As a matter of fact, all open skin wounds contain bacteria (bioburden), however a critical
threshold of existing bacteria has been proposed as the delineation between colonization and infection
14.17.38 This threshold depends on the type and number of bacterial species present and the status of
the host immune system, but most studies suggest loads between 10* CFU/g and 10° CFU/g (CFU -
colony forming unit) *>*’. The wounds are usually contaminated by bacteria from the surrounding
skin, endogenous patient sources and the local environment 7. Actinobacteria, Bacteroidetes,
Firmicutes and Proteobacteria correspond to the four major genera of bacteria found in the normal
skin flora 4. CWs have a complex colonizing flora, containing multiple diverse species, which alter
over time. In fact, Cowan proposed that it is not uncommon for 60 distinct types of microorganisms
to be in a wound 3. At the beginning of CW development, Gram-positive microorganisms, such as
coagulase-negative staphylococci, Corynebacterium spp, Streptococcus spp and S. aureus, are
predominant. In the later phases, Gram-negative microorganisms, such as Pseudomonas spp, Proteus
spp and E. coli, are common and have a propensity to invade deeper layers in the wound causing
considerable tissue damage 3. Normally, once oxygenation of the wound environment decreases,
the anaerobes proliferate more, being found in higher numbers than aerobes in CWs %°. The
colonization with resistant microorganisms, including methicillin-resistant S. aureus (MRSA) or
vancomycin-resistant enterococci, can also occur, mostly due to hospitalization, surgical procedures

and prolonged antibiotic therapy *’.

Analogous to humans and other social beings, microbes do not live in isolation **. In natural

ecosystems, bacteria live preferentially on surfaces and assemble into complex aggregated
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communities known as biofilms %2, Biofilms have been defined as a community of microorganisms
attached to a substratum or interface or to each other in which cells are frequently embedded in a self-
produced matrix of extracellular polymeric substances (EPSs) “%. There are several possible
advantages imparted by the biofilm mode of growth that explains the preference of bacteria to form
biofilms, which include: higher protection against environmental stresses, predators and antimicrobial
agents; improved access to nutrients; reduce the possibility of dehydration; closer proximity between

cells, enabling mutualistic or synergistic associations and amplified expression of beneficial genes ’.

The concept of biofilm infections and their importance in medicine was only introduced in the
early 1970s and the term biofilm was then instituted in 1985 by J. W. Costerton 4. In fact, it is now
estimated by the National Institutes of Health that biofilms occur in 80% of all known infections “°,
including catheter infections, urinary tract infections, rhinosinusitis, osteomyelitis, endocarditis,
cystic fibrosis lung infection, ocular infections, infections related to surgical implants/indwelling
medical devices and CWs ©. It is now well recognized that bacteria in infected CWs occur often in
the form of biofilms 2" and it is even estimated that more than 90% of CWs carry bacteria living

cooperatively in highly organized biofilms 3.

Even though the evident crucial role of bacterial biofilms in infectious diseases, the studies
are mostly developed with cells in the planktonic state (free-living bacteria) “6. However, in the last
years, the literature on biofilms associated with CWs has increased in terms of publications (Figure
3). Performing the following term search on PubMed: “biofilm AND chronic wounds”, there are only
6 studies available on the database published between 1988 and 1999. Nevertheless, from 2000 until
2020, the number of publications per 2 years has been increasing considerably. This may represent a
recent increase in the importance given to the role of biofilms in CW infections, as they are more and

more recognized and understood.
1200 -
1000 A
800 -

600 - NP of total publications

Publications per 2 years
400 -

200 -

0

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

Figure 3. Cumulative and 2 year publications of biofilms in CWs in the PubMed database.
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Biofilm formation is a dynamic process often described as multi-stage and it can be formed
within only 24 h in awound #’. In fact, its formation in wounds is boosted by the hostile environment
created by the presence of necrotic tissue, foreign material, and bacteria that render inert or destroy
the building blocks like chemotactants and growth factors responsible for the normal healing of the
wound 2. The biofilm development can be influenced by diverse factors, such as bacteria strain,
surface properties, pH, temperature, nutrient levels, humidity, hydrodynamic conditions, among
others “8. Commonly, biofilm formation involves five main stages (Figure 4): (1) reversible
attachment; (2) irreversible attachment; (3) cell proliferation; (4) biofilm maturation and (5)

detachment .

(5) Detachment

(4) Biofilm
maturation

(3) Cell
proliferation

(1) Reversible
attachment

(2) Trreversible

\ attachment

C o) G @D

Figure 4. Sequence of the main steps involved in biofilm formation. Adapted from Monroe “.

First, planktonic bacteria reversibly attach to the wound (biotic surface) and this attachment
is influenced by the properties of the cell surface (e.g., presence of flagella, pili, fimbriae, or
glycocalyx) and the substratum itself *°. Initial physical contact of bacteria to biotic surfaces will face
repulsive electrostatic forces and the cell surface properties may be important to overcome this force
®1 Then, the weak interactions turn into a permanent bond and the bacteria start to form a monolayer
and produce a matrix of EPSs °2°3, This matrix is mainly composed of polysaccharides, proteins,
glycolipids and bacterial DNA, however, its exact composition varies according to the
microorganisms present and the growth conditions 4. Once the bacteria are irreversibly attached to
the wound, they start to multiply and form microcolonies that exhibit significant cell-cell
communication, a phenomenon recognized as quorum sensing (QS) °2°. QS is a communication
process between bacterial cells involving the production, detection and response to extracellular
signaling molecules known as autoinducers. Thus, this system allows bacteria to obtain information
about the environment, inhabit inhospitable environments, verify population density and, mainly,
regulate gene expression *°. As cells replicate and the EPSs accumulate, a fully mature biofilm (three-
dimensional structure) is formed and is characterized by a permeate structure that contains a network
of channels and pores °2°3, At this stage, host defenses are insufficient to eradicate the biofilm, but

recognize its presence by inappropriate excessive recruitment of neutrophils, pro-inflammatory
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cytokines, and excessive host-derived proteases. This leads to tissue destruction and increased
capillary permeability, which in turn provides nutrition to the biofilm, resulting in the interruption of
the healing process in the inflammatory phase . Lastly, a small cluster of bacteria is isolated from
the biofilm, being able to disperse and attach to other sections of the wound, forming new biofilm

colonies #"°4, These detached cells can even spread the infection to other locations °2.

Currently, there is no specific clinical manifestation for the diagnosis of biofilm in wounds.
The presence of biofilms is not easily detectable since they are often less than 100 um in size, not
being possible to see them by naked eye *’. Clinicians have used some visual “signs” to identify the
presence of biofilm in wounds, such as shiny, translucent and slimy layer on the non-healing wound
surface **. However, the World Union of Wound Healing Societies states that “all non-healing CWs
potentially harbor biofilms”, so doctors should assume that “all non-healing, CWs that have failed to
respond to standard care have biofilms” %6. Thus, treatments should be directed towards the effective

disruption of biofilms and preventing their formation and reseed °°.

2.3 Biofilm treatment of chronic wounds

The treatment of biofilm infections in CWs is challenging because, as already mentioned,
biofilm-associated bacteria can withstand host defenses, antimicrobials and other stresses more easily
than the analogous free-living bacteria . Bacteria embedded in biofilms can be 10-1000 times more
resistant to antimicrobial agents than their planktonic counterparts °’. Indeed, susceptible bacteria that
do not have a known genetic basis for resistance can still be highly resistant when they are in a sessile
form 8, This resistance has been associated with several factors. One of the main factors is the
difficulty of penetration of antimicrobial agents into the biofilm since it is a complex and compact
structure made up of multiple layers of cells and the matrix of EPSs, resulting in a decreased
intracellular concentration of the antimicrobials °°. The slow or stationary growth of cells in the
biofilm, a consequence of the altered metabolic activity by the decrease of oxygen and the nutrient
gradient that exists on the deeper layers, can also reduce the antimicrobial susceptibility of bacteria
in biofilms *8. This is a problem for the action of antimicrobial agents since the effects of most agents
depend on active metabolism and bacterial growth °8. Another relevant factor is the formation of
persister cells (dormant variants of regular cells), which are highly tolerant to antimicrobial agents
also due to the fact that antimicrobials generally work on growing cells . Other hypotheses for this
resistance can be associated with chemical interactions between the antimicrobials and biofilm
constituents (e.g., the EPSs matrix) or the ability of cells to execute programmed apoptosis when
subjected to antimicrobials 1. The release of nutrients from the dead cells would allow the community
to grow rapidly after adverse conditions ®. Furthermore, the rate of mutation in biofilms is

substantially more recurrent in comparison to planktonic cells %8, The horizontal gene transmission is

9



Phytochemical-based strategies for the treatment of chronic wound biofilms

even promoted by biofilms, as they form an ideal niche for the exchange of genetic material, allowing

the acquisition of antimicrobial resistance genes 8.

The concept of wound bed preparation has achieved international recognition as a structured
approach to wound care in order to accelerate endogenous healing or to facilitate the efficacy of other
therapeutic measures 2. Therefore, the “TIME” (Tissue management; Infection/Inflammation
control; Moisture balance; Edge advancement) acronym was created as a practical guide for assessing
a wound correctly and formulating a treatment plan 2. By this approach, the main therapeutic
strategies options to treat biofilms in CWSs include debridement and adjunctive use of

antimicrobial/antibiofilm compounds “°.

The first key step to remove the biofilm is wound debridement, as this allows for the physical
disruption of the biofilm 47543, Since biofilm resistance increases with its maturation, any action that
physically disrupts it can generate a "window of opportunity” ®*. Bacteria return to their vulnerable
planktonic state, leading to a possible improvement of antimicrobial susceptibility post-debridement
% This clinical practice also removes inactivated, poor healing or necrotic tissue and foreign bodies,
which offer an attachment point for biofilm formation and consequent delayed wound healing #'.
Therefore, wound debridement prepares the wound bed for re-epithelialization 5. This can be
achieved through surgical, autolytic, enzymatic, biological or mechanical mechanisms . In the
surgical debridement, the inactive tissue is removed using sharp instruments that can lead to adverse
events like bleeding or general complications from the anesthesia 5. Hydrosurgical debridement is a
type of surgical debridement that causes less pain for the patient and it is based on liquid jet
technology to remove bacteria, tissue fragments, etc. 4’. The autolytic debridement is a body's natural
defense process by which endogenous phagocytic cells and proteolytic enzymes break down necrotic
tissue 9. On other hand, the enzymatic debridement method uses exogenous proteolytic enzymes,
such as collagenase, which digests the collagen in the necrotic tissue ®°. The biological debridement
is associated with the application of larvae/maggots that release proteolytic enzymes containing
secretions and excretions, responsible to dissolving necrotic tissue ®°. This technique does not affect
the healthy tissue around the wound and it is a painless debridement method #’. Lastly, mechanical
debridement is associated with the application of a mechanical force that will remove both devitalized
and viable tissues °°. Wet-to-dry dressing and pressure irrigation are examples of this type of
debridement . The debridement method to be applied to each patient must take into account several
factors, from the type and condition of the wound to the skills of the clinician and the available
resources . Furthermore, the use of topical surfactant-based wound cleansing solutions may improve

the debridement process by lowering the surface tension between a liquid and a solid and aid removal
54
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Another approach to treat infected CWs is the use of antimicrobial agents commonly
incorporated into dressings used against biofilms to prevent reformation or as primary bactericidal
agents °*®7_ Therefore, they can be used not only to prevent the biofilm reformation after debridement,
but also to kill microbial cells of the residual biofilm that may still exist >4, In fact, debridement does
not necessarily remove all biofilm and prevent its recurrence, as the microbial cells dispersed into the
wound are able to quickly reattach to the wound surface, allowing the biofilm to regenerate rapidly
4083 However, it is important to note that these antimicrobial wound dressings are not intended to
remove a spreading infection 1*. When the infected area spreads beyond the wound border, involving
underlying bone or tissues, or becoming a systemic infection, systemic antibiotic treatment is needed
%7 Even so, in these cases, wound dressings that contain antimicrobial agents can be used in

conjunction with systemic antibiotics as an adjunctive therapy (see Figure 2) %,

Wound dressings have evolved over the years, from crude applications of animal fat, plant
herbs and honey to tissue engineering scaffolds . There are many types of dressings available today
that can integrate antimicrobial compounds, such as gauzes, alginates, foams, hydrogels,
hydrocolloids, films, etc. 1. The different types and characteristics of the wounds and the fact that
there is no dressing that can be suitable in all circumstances contributed to this wide range of wound
dressings 4. These dressings must provide a moist environment, maintain an appropriate tissue
temperature to improve the blood flow, promote angiogenesis and tissue renewal processes, be semi-
permeable to oxygen and water, enhance epidermal migration, be biocompatible and, at the same
time, be a barrier to the entry of harmful external bacteria *47°. In addition, they should be easy to

remove after healing and inexpensive 47°,

Despite the lack of evidence regarding the efficacy, optimal regimens or clinical indications
for treatment with antibiotics, several topical formulations of antibiotics have been developed to apply
to the wound site 71, The main classes of antibiotics that have been used to produce antimicrobial
wound dressings are tetracyclines, quinolones, aminoglycosides and cephalosporins 4. Antibiotics
interact very specifically with some unique features of the bacterial structure or their metabolic
processes ‘2. Different antibiotics have different modes of action, including breakdown of cell
membrane structure or function, inhibition of cell wall synthesis, inhibition of nucleic acids structure
and function, blocking of key metabolic pathways or inhibition of protein synthesis 3. This selectivity
of antibiotics increases the probability of bacteria developing mechanisms to escape their effects and,
consequently, develop resistance "4, Although antibiotics are one of the main weapons for the control
of biofilms, high concentrations are often needed, which remain ineffective, leading to the emergence

of resistant strains and the occurrence of dose-dependent cytotoxic effects in patients °. It is even
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estimated that about 70% of bacteria that trigger wound infections are resistant to minimum one of
the most frequently used antibiotics ’°.

Bacterial resistance to antibiotics is a well-established and widely studied worldwide problem
and is responsible for about 700 000 deaths each year ’®. This resistance can be intrinsic or obtained
via mutations in chromosomal genes and by horizontal gene transfer (transduction, conjugation,
transformation) °8. The misuse and overuse of antibiotics, as well as poor infection prevention and
control, favors the selection of resistant strains and the consequent transmission of their resistant
features to succeeding generations *. There are several mechanisms that provide resistance to bacteria,
such as increased efflux pumps expression, prevention of the access to the target by reducing the
permeability, degradation/modification of the antibiotics by enzymatic hydrolysis, group transfer or
redox process and modification of the molecular target °. These main mechanisms are illustrated in
Figure 5. Moreover, there is variation in the types of mechanisms used by Gram-positive and Gram-
negative bacteria because of the differences in their structure. For instance, the lipopolysaccharides
(LPSs) layer in Gram-negative bacteria offers a barrier to some types of molecules, giving those
bacteria innate resistance to certain antimicrobial agents 7’
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Figure 5. Main mechanisms that provide bacterial resistance to antimicrobial agents. Adapted from Reygaert
7

The development of new antibiotics by the pharmaceutical industry has slowed over the last
years due to challenging regulatory requirements and reduced economic incentives 8. In fact, the
number of new antibiotics approved by the Food and Drug Administration (FDA) has been declining
since the 1980s "®. Therefore, because of this antibiotic crisis, it is imperative to find new therapeutic
agents outside the constricted antibiotics box to control biofilm infections and promote wound

healing.
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Currently, there are several wound dressings available on the market with antimicrobial agents
used to treat infected wounds as a viable alternative to traditional antibiotics, which are summarized
in Table 1. Unlike antibiotics, these antimicrobial dressings employ a broad-spectrum of non-
selective antibacterial action, acting at multiple sites within microbial cells, thus lowering the
probability of bacteria developing resistance . However, it is important to note that some traditional
antimicrobials already used in the treatment of wounds, like iodine, exhibit relatively high
cytotoxicity against human cells, leading to an increasing pressure to replace these antimicrobials for
others with low levels of cytotoxicity "47°. Furthermore, the incorporation of heavy metals, like silver,

into a wound dressing has been described to origin skin allergy and inhibit fibroblast growth &°,

Table 1. Examples of some antimicrobial dressings available on the market.

Antimicrobial Effect(s) on biofilm Products
Inhibits biofilm formation; remove or destroy an . .
. e . y Medihoney; Mesitran;
Honey established biofilm; interfere with QS; reduce - 68
33,47 Activon Tulle

bacterial adhesion
90% or 100% of the bacteria in the wound

Silver biofilm could be cleared within 24 h or 48 h, Silverlon; Acticoat;
respectively, in concentrations as high as 5 to 10 Mepilex Ag &
g/mL &,
Eradicates iofi ies; signifi .
_ young t_)lofllm color_nes,_S|g_n!f|cantIy Inadine; lodosorb:
lodine reduces mature biofilm colonies; inhibits new

o lodozyme %
biofilm development *. y

Suprasorb X + PHMB;
Disrupt biofilm attachments *. Kendall AMD: Activheal®
PHMB foam %

Polyhexamethylene
biguanide (PHMB)

2.4 Phytotherapy as an alternative antimicrobial approach

Plants have been used as a natural source for healing purposes in traditional medicine for
centuries, although the emergence of antibiotics in the 1950s considerably reduced their use 88,
Nevertheless, antibiotics are progressively becoming tolerated by infection-producing strains leading
to resurgence of plants as new antimicrobial products. Indeed, many studies have been developed
regarding the use of antimicrobial agents produced by plants since they exhibit a diversity of
medicinal properties, attracting attention to incorporate these compounds in wound dressings &4,
Plants synthesize a substantial variety of compounds that are classified as primary and secondary
metabolites 8. Secondary metabolites, also known as phytochemicals, are mainly involved in plant
defense against other microorganisms, competitors, and herbivores, thus protecting the plant against
infections and other external stress conditions 887, Their successful defense mechanisms is proven
by the scarcity of infectious diseases in wild plants . In addition, they have proven to be outstanding

broad-spectrum antimicrobial compounds, in parallel with other unique characteristics, such as anti-
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inflammatory, antioxidant, anticancer and regenerative activities 8. Honey, already mentioned as an
antimicrobial agent used in wound dressings (Table 1), is an example of a natural antimicrobial that
contains phytochemicals. The existence of a wide variety of plant species, around 250 000 — 500 000
worldwide, and the fact that just a small percentage has been phytochemically explored to date, opens
new doors for the discovery of new bioactive compounds 8. Phytochemicals may circumvent the
problem of developing bacterial resistance, as they can kill microorganisms with multiple
mechanisms of action (multiple molecular targets and/or targets encoded by multiple genes),
including damage microbial membrane structures, inhibit peptidoglycan synthesis, modify bacterial
membrane surface hydrophobicity, coagulation of cytoplasm and depletion of proton 78, Indeed,
there is still no evidence about the emergence of bacterial resistance to phytochemicals 8. Besides
that, they are eco-friendly, reasonably inexpensive, widely available and associated with low levels
of environmental toxicity and cutaneous cytotoxicity 8. In addition to the considerable impact of
phytochemicals against free-living bacteria, they have also been shown to be effective in biofilm
prevention and control ®*. There are evidences that phytochemicals may interfere with various biofilm

formation processes like motility, adhesion, EPSs production and QS 8%,

The major groups that are responsible for antimicrobial activity from plants comprise
phenolics (45%), terpenoids (27%) and alkaloids (18%) %. Essential oils (EOs) are mixtures of
hydrophobic substances produced by aromatic plants ©. They are mainly synthesized from vegetable
parts of plants, such as seeds, leaves, barks, roots, twigs, fruits and flowers 4. The extraction
procedure (e.g., water or steam distillation, expression under pressure or supercritical fluid extraction)
will influence the amount and the presence of the various constituents of the EOs 14, It is true that
their bioactivity is strictly correlated with their constituents, in particular with their structural
arrangement and functional groups, which can be divided into four groups according to their chemical
structure: terpenes, terpenoids, phenylpropenes, and “others”, being terpenoids and phenylpropenes
those that have demonstrated higher antimicrobial activity 6. Terpenes are hydrocarbons produced
from the combination of several isoprene units and their hydrocarbon backbone can be rearranged
into cyclic structures 8. Terpenoids are terpenes with additional oxygen molecules or that have had
their methyl groups moved or removed at various positions . At last, phenylpropenes are
characterized by a six-carbon aromatic phenol group and a three-carbon propene tail from cinnamic
acid ®. The mode of action of EOs is centered essentially on their ability to disrupt the cell wall and
cytoplasmic membrane, leading to the lysis and release of internal cellular components . In addition,
in a work developed by Borges et al., it has also been stated that this antimicrobial action can result
in increased membrane permeability/fluidity, disruption of membrane embedded proteins, and

alteration of ion transport processes in both Gram-positive and Gram-negative bacteria ’.
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There are already several studies demonstrating the antibiofilm potential of EOs or their
isolated components on different microorganisms 6888, Due to the impact of biofilms in CWs, these
compounds have also been investigated with the prospect of being used in the treatment of infected

wounds. Some of these studies are presented in Table 2.

15



Phytochemical-based strategies for the treatment of chronic wound biofilms

Table 2. EOs and their components with potential for biofilm prevention and/or control in infected wounds.

Phytochemical(s) Microorganism(s)

Effect(s) on biofilm

Other relevant results

References

Multidrug resistant (MDR)
clinical isolates of
Acinetobacter baumanii

Pimenta dioica leaf
EO

Inhibition of biofilm formation (85%
at 0.05 pg/mL); partial eradication of
the biofilm (34% at 0.05 pg/mL).

In vivo experiments in a mouse model of wound
infection showed a significant reduction of A.
baumannii microbial load (3 log cycle reduction).

92

S. aureus ATCC 25923; GFP-
expressing antibiotic-sensitive
S. aureus (methicillin-
sensitive strain, MSSA); S.
aureus Newman (MSSA
clinical strain); S. aureus
USA300 (MRSA clinical
strain)

Thymol (loaded in
polycaprolactone
nanofibers)

Removal of the already formed
biofilms; inhibition of the first stages
of bacterial adhesion and biofilm
formation.

Dressing at reduced doses and short contact times
did not show cytotoxic effects against
macrophages. Thymol loaded dressings were able
to eliminate pathogenic bacteria in in vitro co-
culture models based on infected murine
macrophages.

93

Thymus vulgaris
(thyme) and
Origanum vulgare
(oregano) EOs
(loaded in collagen
hydrolysate-based
nanofibers)

S. aureus ATCC 25923;
Pseudomonas aeruginosa
ATCC 27853

Total inhibition of biofilm formation
(at 31.25 and 1.953 pg/mL for thyme
and oregano, respectively, against S.
aureus and 1.953 and 7.8125 pg/mL
for thyme and oregano, respectively,
against P. aeruginosa).

Composites of collagen and thyme or oregano oil
had no cytotoxicity on fibroblastic cells up to
concentrations of 1000 ug/mL and 500 pug/mL,
respectively.

94

Salvia rosmarinus
(rosemary) and
oregano EOs (loaded
in cellulose acetate
nanofibers)

S. aureus ATCC 25923; E.
coli ATCC 25922; Candida
albicans ATCC 10231

Inhibition of microbial attachment and
biofilm formation.

95

Satureja hortensis
EO (loaded in
functionalized

magnetite
nanoparticles (NPs))

C. albicans ATCC 10231

Inhibition of adhesion and subsequent
biofilm development (biofilm
impaired in its early as well as mature
phases, quantified at 24 h, 48 h and 72
h)

96

- These studies did not perform cytotoxicity or in vivo tests; however they were also developed in the context of creating new strategies mainly for the treatment of biofilms

in wounds.

16



Phytochemical-based strategies for the treatment of chronic wound biofilms

Table 2. EOs and their components with potential for biofilm prevention and/or control in infected wounds (cont.).

Phytochemical(s)

Microorganism(s)

Effect(s) on biofilm Other relevant results References

Carvacrol (loaded in
crosslinked polymer
nanocomposite)

P. aeruginosa CD-1006; S.
aureus CD-489 (MRSA); E.
coli CD-2; Enterobacter
cloacae complex CD-1412

In vitro co-culture model composed of fibroblasts
and a P. aeruginosa biofilm showed that
nanocomposites effectively treated the biofilm 97
infection while fibroblast viability was largely
unaffected (4-fold log reduction (~ 99.5%) in
biofilm).

Diffusion and dispersal throughout the
biofilm matrix; killed bacterial cells in
1 day-old biofilms within 3 h.

Carvacrol (loaded in

S. aureus NCTC 10788;
S. aureus [MW2] ATCC

Hemolytic activity analysis against erythrocytes
demonstrated a hemolysis index less than 5% at
all tested concentrations, which is considered safe.

Eradication of pre-established
biofilms (kill rates of 88-100% for

BAA-170; S. AT -positi -99.9% fi o .
poly(€-caprolactone) ) 0:S au_reus cc Gram-positive :?md 80 99.9 ofor NPs were able to inhibit bacterial burden (> 99% %
33593; P. aeruginosa ATCC Gram-negative bacteria at . . . .
NPs) . . decrease in bacterial load) in an ex vivo neonatal
9027; P. aeruginosa ATCC concentrations between 156 to 1250 . . . .
BAA. 47 /mL) porcine skin wound infection model. Successful
H ' in vivo delivery of the NPs to the skin.
S. aureus ATCC 29213 and S. Biofilm prevention at subinhibitor
Foeniculum vulgare  aureus ATCC 6538 (MSSA); COHCGTE)'[I‘a'[iOHS' svneraism with y ) 99
Mill. (fennel) EO S. aureus ATCC 43300 hvdro er; irox? de
(MRSA) ydrogenp '
Mentha piperita
(peppermint) EO . . . . .
combined with E. coli DH5q; P. aeruginosa Diffusion and dispersal throughout the In vitro co-culture model consisting of fibroblasts
CD-1006, S. aureus CD-489 P g and an E. coli biofilm showed that NPs effectively 100

cinnamaldehyde
(loaded in amine
functionalized silica
NPs)

(MRSA); E. cloacae complex
CD-1412

biofilm matrix; killed bacterial cells in

1 day-old biofilms within 3 h. eliminated the biofilm infection while promoting

fibroblast viability.

- These studies did not perform cytotoxicity or in vivo tests; however they were also developed in the context of creating new strategies mainly for the treatment of biofilms

in wounds.
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Table 2. EOs and their components with potential for biofilm prevention and/or control in infected wounds (cont.).

Phytochemical(s) Microorganism(s) Effect(s) on biofilm Other relevant results References
Reduction of the biofilm production
by 92-96 and 88-95% of S. aureus

Carvacrol (_Ioadt_ad in . aureus ATCC 6538; C. and C. glblcans, respectively, in single o1
poly(lactic acid) . and mixed cultures; decrease of cell -
. albicans ATCC 10231 . . .
nanofibers) count, biomass, metabolic activity,
and vitality of established 24 and 48
h-old biofilms.

Partial eradication of preformed
biofilms (2 log reduction with
cinnamaldehyde and 3 log reductions  Cytotoxicity assay with fibroblasts, macrophages,

Carvacrol, with carvacrol and thymol at 500 and keratinocytes demonstrated that although the
cinnamaldehyde and S. aureus ATCC 25923 pg/mL); hampers biofilm formation phytochemicals had cytotoxic activity at doses 102
thymol (4, 5 and 6 log reductions with above 60-90 mg/mL they are less harmful against
cinnamaldehyde, thymol and eukaryotic cells than conventional antiseptics.
carvacrol, respectively, at 500
pg/mL).

Eugenol, methyl
eugenol, carvacrol,
linalool, (+)- E. coli CD2; P. aeruginosa
limonene, p-cymene  CD1006; E. cloacae complex
and a-pinene (loaded CD1412; S. aureus CD489
in crosslinked (MRSA)
polymer
nanocomposite)

Eradication of 90% of Gram-negative
bacteria in biofilms; nanocomposites
(loaded with low logP oils) removed
biofilm biomass up to 70%; eugenol,
linalool and carvacrol nanocomposites
eliminated 90% of bacteria in S.
aureus biofilm.

Cytotoxicity assay towards fibroblast cells
showed that phytochemicals with lower logP and
no phenolic hydroxyl groups provide particularly

low cytotoxicity nanocomposites.

103

- These studies did not perform cytotoxicity or in vivo tests; however they were also developed in the context of creating new strategies mainly for the treatment of biofilms
in wounds.
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Another approach to overcome the accelerated rate of adaptive resistance in pathogenic
bacteria is the use of phytochemicals in combination with well-known and clinically approved
antibiotics in order to discover potential synergistic effects. Indeed, several studies have already
suggested that natural compounds in combination with antibiotics are a good strategy to develop
therapies for bacterial infections 1%4-1%  Since phytochemicals usually have higher minimum
inhibitory concentrations than antibiotics, they often cannot be used in monotherapy °. This
combinatorial strategy may increase the efficacy of the treatment, dealing simultaneously with the
microbial resistance and toxicity, since lower concentrations of both compounds can be used 7.
Phytochemicals are also known to modulate or modify resistance mechanisms in bacteria allowing
the recycling of less effective or even inactive antibiotics for which resistance mechanisms are already
disseminated 1%, Efflux pump inhibitors are an example of resistance-modifying agents because they
can avoid the extrusion of an antibiotic to the exterior of the cell, allowing the antibiotic to act against

bacteria 18,

2.5 Hydrogel-based drug delivery systems for phytochemicals administration

A drug delivery system (DDS) is defined as a formulation or a device used for the
administration of a therapeutic substance in the body, improving its efficacy and safety by controlling
the time, rate, and place of release of drugs in the body 1. Delivery strategies have significantly
contributed to convert promising therapeutics into truly effective therapies °. Indeed, the
fundamental advantage related with the use of drug carriers is their ability to protect drugs during the
administration time by enclosing them in external protective barriers 1. This avoids losses of active
molecules and side effects in patients . DDSs have also been developed for the eradication of
bacteria in biofilms while mitigating the effects of antimicrobials on normal tissues *2. The globall
DDSs market size was $26.08 billion in 2019 and is expected to reach $45.20 billion by 2027 (CAGR

of 6.8% during the forecast period), thus showing their considerable clinical use 3,

Hydrogels are an attractive type of DDS and have been used in several medicine fields,
including oncology, cardiology, wound healing, immunology and pain management 4. Hydrogels
are three-dimensional crosslinked polymeric networks capable of absorbing a large amount of water
or biological fluids 1%, This growing interest in hydrogels as DDSs is related to their outstanding
biocompatibility and biodegradability, easy preparation and capacity to be simply conjugated with
hydrophobic and hydrophilic therapeutic compounds 118117, Differences in size (from macro- to nano-
scale), architecture and function of hydrogels determine how they are used for drug delivery 114115,
Depending on the polymerization technique, they can be produced in many different sizes and shapes,
as for instance as a matrix, films, macro-beads, microparticles, nanoparticles, coatings or membranes

115 They can be classified by the origin of the materials used for their preparation into natural (e.g.,
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proteins, proteoglycans, polysaccharides, etc.) or synthetic (e.g., polyacrylic acid, polyvinyl alcohol,
polyacrylamide, etc.) 518 Synthetic hydrogels usually lack bioactivity and have little

biodegradability °.

Chitosan (CS, Figure 6) is an example of a common natural polymer obtained by the
deacetylation of chitin, widely found in insects, crustacean shell and fungal cell wall 1°, It is a linear
polysaccharide composed of [-(1-4)-2-acetamido-2-deoxy-p-d-glucopyranose and 2-amino-2-
deoxy-B-d-glucopyranose ', Besides its non-toxic, biocompatible, biodegradable, non-
immunogenic, non-carcinogenic and bioadherent properties, CS also has antimicrobial activity 117120,
The precise mechanism of its antimicrobial action is not yet fully understood. However, its proposed
mode of action is related to the interaction between the positive surface charge from the amino groups
in CS with negatively charged microbial cell membranes, which leads to the leakage of intracellular

constituents 7.

H NH, H NH,

L —Iin
Figure 6. Chemical structure of CS (ChemDraw software).

Hydrogels can also be classified based on the type of interactions involved in the formation
of the crosslinked structures: physical or chemical hydrogels *°. Physical hydrogels are based on
non-covalent interactions, such as ionic bonds, weak hydrogen bonds and dipolar or hydrophobic
interactions *°. In contrast, chemical hydrogels are characterized by the formation of permanent

covalent bonds 15,

Drug loading in hydrogel matrices can be achieved by two methods: in situ loading and post-
loading *°. Briefly, in situ loading is associated with simultaneous incorporation of the drug inside
the carrier and the carrier formation 2!, Post-loading consists of a two-step preparation: forming the
hydrogel matrix and then immobilizing the drug in that polymeric network 2L, The drug release from
hydrogels depends on the polymeric composition, extent of crosslinking within the polymer, the size
and density of the carrier, and the physicochemical properties of the encapsulated drug itself 11°.
Besides that, the local environmental conditions, such as temperature, pH, composition of the release

medium, effect of enzymes, and immune responses also affect the drug release *°. The main release
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mechanisms of hydrogels include: drug diffusion, degradation of the polymeric matrix (erosion) and

swelling 1%°.

Despite the vast studies that prove the antimicrobial activity of phytochemicals, this is not
enough to satisfy the medical community. The compounds must also have high bioavailability at the
target site '2%. Indeed, the complex wound environment represents a significant challenge for
delivering antimicrobial agents to the locally infected site (logistical issues, pain, heterogeneity of the
wound, etc.) 23, Notwithstanding the promising properties of EOs already described, these
compounds also have some limitations. EOs are unstable and easily degrade due to their high
volatility and photosensitivity ®!24, Therefore, some environmental factors like light, temperature,
humidity and accessibility to atmospheric oxygen can decrease their bioavailability ®'2*. Actually,
upon exposure to atmospheric conditions, some terpenoids can be converted to new products and
result in skin hypersensitivity reaction and allergic dermatitis ?°. Furthermore, their low water
solubility and low permeation in biological fluids and tissues represent other factors that limit their
use °. For effective eradication of microorganisms in the infected wounds, antimicrobials must reach
the anatomical site of infection in suitable concentrations, being this frequently hindered by the
mentioned instability of EOs "°. Therefore, their encapsulation into DDSs, like CS hydrogels, can be
a useful alternative to overcome these limitations. EOs are retained within a matrix leading to their
slow release and ensuring their increased duration availability on the target . This capability to
control EO release will confer better efficacy, reduced toxicity and improved patient compliance and
convenience °. Curiously, in Table 2 (Section 2.4), it is possible to verify that in most of the studies
drug delivery strategies were used to avoid the degradation and increase the effectiveness of EOs or

their compounds.
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Chapter 3| Antimicrobial activity of phytochemical-

antibiotic combinations against planktonic bacteria

3.1 Introduction

E. coli and S. aureus are the most common and versatile opportunistic pathogens responsible
to cause a variety of infections, including CWs %, In fact, it is well recognized that S. aureus is one
of the most frequent bacteria isolated from CWs 4. S. aureus is a Gram-positive, coccus-shaped and
facultative anaerobic microorganism, while E. coli is a Gram-negative, rod-shaped and chemo-

organotrophic facultatively anaerobic bacterium 26,

Fusidic acid, mupirocin and gentamicin are three topical antibiotics available for the treatment
of CWs 8, There are also some studies regarding the incorporation of gentamicin in wound dressings,
namely films prepared from collagen, chitosan and hyaluronic acid, sodium carboxymethyl cellulose
hydrogels and chitosan nanofiber meshes with liposomes immobilized *272%, However, there is some
controversy about the use of topical antibiotics alone, since their indiscriminate use may contribute
to the spread of MDR bacteria %,

Therefore, the use of plant-based molecules/phytochemicals, is being currently studied as an
alternative to antibiotics 8. In particular, EOs have been shown to exhibit great antimicrobial activity
against both Gram-positive and Gram-negative bacteria, besides their good wound repairing
properties like antioxidant, anti-inflammatory, anti-allergic and regenerative ', It is important to
note that EOs cannot replace antibiotics in the treatment of systemic infections due to the limited
level of clinical efficiency and the lack of clinically applicable pharmaceutical forms 1.
Nevertheless, they are being investigated for the treatment of local infections . Citronellol, cis-6-
nonen-1-ol, 3,7-dimethyl-1-octanol and citronellic acid are some of the compounds normally found
in EOs. They are acyclic phytochemicals that belong to the class of terpenoids. Furthermore, they are
natural flavoring ingredients, generally recognized as safe by the FDA, being typically applied as

food additives for human consumption 131-134,

A significant number of studies have also reported interactions between EOs and antibiotics
as a strategy to prevent the development of resistance, while increasing the antimicrobial activity of
both agents and reducing the toxic effects against mammalian cells %713, However, it is also
important to mention that not all EO-antibiotic combinations show good results. In fact, the
combinations can have distinct types of effects, including indifferent, additive, antagonistic and
synergistic *>13¢, The indifferent effect is observed when the combination has an identical effect to

that of the most active component 3513, On the other hand, the additive effect occurs when the
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combination has an effect equal to the sum of the effects of each component **1%, Antagonism is
present when a reduced activity is observed relative to the effect of the most efficient individual
compound 3513 Finally, the synergistic effect is detected when the combination has a greater effect
than the added effects of each constituent *3°1%,

There are few or no studies on the antimicrobial ability of the above-stated phytochemicals,
as well as on their effects in combination with the aforementioned antibiotics. Thus, the antimicrobial
efficacy of these phytochemicals against planktonic cells of E. coli and two different strains of S.
aureus, including a MRSA, was evaluated. Combinations of these phytochemicals with antibiotics,
commonly used to treat skin infections, were also studied in order to understand whether there is an

improved antimicrobial effect.

3.2 Materials and methods
3.2.1 Bacterial strains and culture conditions
The microorganisms S. aureus CECT 976 and E. coli CECT 434, obtained from the Spanish
Type Culture Collection (CECT), and S. aureus XU212 (MRSA strain), kindly provided by Simon
Gibbons (University College London), were used in all experiments. The bacteria were preserved at
-80 °C in Mueller—Hinton broth (MHB, Oxoid) containing 30% (v/v) glycerol (Panreac). For the
inoculum preparation, the bacterial cultures were grown overnight in MHB at 37 °C under 160 rpm

of agitation before all the experiments.

3.2.2 Phytochemicals and antibiotics

The phytochemicals used were citronellol (CITRO), obtained from Acros Organics, and cis-
6-nonen-1-ol (CIS), 3,7-dimethyl-1-octanol (3,7DOC), and citronellic acid (CA), acquired from
Sigma-Aldrich. These compounds were dissolved in dimethyl sulfoxide (DMSO, VWR) and tested
at various concentrations in the range of 0.0625-8192 pug/mL. The antibiotics mupirocin (MUP) and
gentamicin (GEN) were purchased from Panreac and fusidic acid (FUS) was obtained from Sigma-
Aldrich. Solutions of FUS and GEN were prepared in sterile water and MUP was dissolved in DMSO.
Stock antibiotic solutions were prepared, and dilutions were performed according to the Clinical and
Laboratory Standards Institute (CLSI) protocols, with concentrations in the range of 0.0625-1024
pg/mL.

3.2.3 Minimum bactericidal concentration
Minimum bactericidal concentration (MBC) was assessed for all phytochemicals and
antibiotics by the broth microdilution method according to Ribeiro et al. & with some modifications.
Overnight cultures were adjusted to a cell density of approximately 10° cells/mL in fresh MHB. Then,

180 pL of the adjusted bacterial suspensions were added to sterile 96-well polystyrene microtiter
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plates (VWR) with 20 uL of 2-fold dilutions of each compound to test. Bacterial suspensions without
phytochemicals or antibiotics and bacterial suspensions with the solvent of each compound (DMSO
or sterile water (10%, v/v)) were used as negative controls. The plate was incubated at 37 °C for 1 h
and 160 rpm. Afterwards, 180 puL of the content of wells were removed and 180 pL of antimicrobial
neutralizer composed by lecithin (3 g/L, ThermoFisher), tween 80 (30 g/L, VWR), sodium
thiosulphate (5 g/L, labKem), a-histidine (1 g/L, Merck KGaA), and saponin (30 g/L, ThermoFisher)
in phosphate buffer 0.25 M (previously prepared) at 1% were added to each well and allowed to act
for 15 min. After that, 10 uL of each well were dropped on plate count agar (PCA, Merck) plates.
Lastly, after 24 h of incubation at 37 °C, the plates were analyzed, and the MBC of each compound
corresponded to the minimum concentration causing no bacterial growth on the PCA plates. The

experiments were performed in triplicate and repeated three times.

3.2.4 Dose-response curves
Dose-response curves were performed only for the phytochemicals CITRO and CIS and were
determined through the quantification of culturable cells. The initial procedure was the same as
mentioned in the current chapter, Section 3.2.3. However, after the neutralization step, serial dilutions
were performed from 107 to 10”° in NaCl solution (8.5 g/L, Merck) and 10 uL of the diluted samples
were plated on PCA plates. After 24 h of incubation at 37 °C, the colony forming units (CFUs) were
determined and expressed in log CFU/mL. The limit of detection was 2.3 log CFU/mL ¥, At least

two replicates were performed for each phytochemical.

To analyze the experimental dose-response data, the Chick-Watson mathematical model (Eq.

1) was assumed 38,

X
In (—) = —kgisC™t (Eq. 1)
Xo

where Xo and X correspond to the counts of CFU/mL before and after phytochemical exposure,
respectively, kqis to a disinfection rate coefficient, C to the phytochemical concentration (ug/mL), t to

the exposure time (h), and n to concentration exponent.

For the determination of the parameter n, an apparent rate of disinfection, r (h), was

previously determined for different phytochemical concentrations after 1 h exposure by Eqg. 2.

__~In@0™% (Eq. 2)
t
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where red is the logarithmic reduction after 1 h exposure i.e., the subtraction between the log CFU/mL
of cells not exposed to EOs components and the log CFU/mL of the remaining cells following the

exposure to phytochemicals.

Finally, a linear regression with slope n and y-interception In(kqis) was fitted (Eg. 3) using a
toolbox for linear regression of GraphPad Prism 9.1.2 for Windows (GraphPad Software, La Jolla

California, USA). The quality of the model was assessed through the coefficient of determination (r?).
In(r) = In(ky;) + nin(C) (Eq. 3)

3.2.5 Determination of the fractional bactericidal concentration index

Fractional bactericidal concentration index (FBCI) was established to understand the effect
between combinations of phytochemicals (CITRO and CIS) and antibiotics under investigation. For
that, this was assessed by microdilution chequerboard method performed in 96-well microtiter plates
via MBC determination according to Abreu et al. 1% with some modifications. Firstly, 180 uL of the
bacterial suspensions (~ 10° cells/mL) were added to each well, along with 10 pL of the antibiotics
and 10 pL of the phytochemicals in different concentrations ranging from MBC/16 to 2xMBC.
However, when the MBC of a determined phytochemical or antibiotic was not found, concentrations
were tested in the range of 32-1024 and 256-8192 ug/mL for antibiotics and phytochemicals,
respectively. Each antibiotic was 2-fold diluted along the x axis (rows) while the phytochemicals
were 2-fold diluted along the y axis (columns) as illustrated in Figure A.1 in Appendix A. Bacterial
suspensions without the phytochemical and the antibiotic and bacterial suspensions with the solvent
used to dissolve each compound (DMSO and/or sterile water (10%, v/v)) were used as negative
controls. The MBC of each combination was then determined as previously described in the current
chapter, Section 3.2.3. At least three replicates and two independent assays were performed for each

combination.
The FBCI for all combinations was determined using the following equations %:
FBCI = FBCPhytochemical + FBCyntiviotic (Eq. 4)

where,

MBC(Phytochemical in the presence of antibiotic) (Eq. 5)

ytochemical BC
M (Phytochemical alone)

_ MBC(Antibiotic in the presence of phytochemical) (Eq. 6)
FBCAntibiotic -

MBC(Antibiotic alone)
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The FBCI value was then used to categorize the interaction of the two compounds, according
to Table 3.

Table 3. Correlation between FBCI and the effect of the combination of compounds **.

Synergy Additive Indifference Antagonism
FBCI <0.5 >05t0<1 >1to<2 >2

3.2.6 Statistical analysis
The results were expressed as the average + standard deviation (SD). The statistical analysis
of the results was performed using One-Way Anova in excel and was based on a confidence level >

95% (p < 0.05 was considered statistically significant).

3.3 Results and discussion

The antimicrobial activity of selected phytochemicals alone and in combination with GEN,
MUP and FUS against planktonic S. aureus CECT 976, MRSA XU212 and E. coli CECT 434 was
investigated by MBC and FBCI determination. The establishment of these parameters is considered
a great starting point, as they allow the selection of suitable concentrations for further analysis in the

biofilm prevention and control.

3.3.1 Properties and drug-likeness of phytochemicals
A structure activity relationship analysis was also performed as an attempt to correlate the
antimicrobial activity of the EOs components tested in this study with their chemical structure (Table
4), since variations in the structure of phytochemicals can result in differences in their antimicrobial
effects 1*°. For instance, the presence of functional groups, such as hydroxyl (OH), oxygenated and
double bond, can affect the antimicrobial activity on multiple levels, having an essential role in the

polarity, solubility, hydrogen bonding capacity and pKa of the compounds **°.

26



Phytochemical-based strategies for the treatment of chronic wound biofilms

Table 4. Chemical structure (ChemDraw software) and molecular properties (Molinspiration calculation
software) of the selected phytochemicals. LogP, octanol-water partition coefficient; n-OH, number of
hydrogen bond acceptors; n-OHNH, number of hydrogen bond donors.

Molecular -OH n-
Phytochemical Abbreviation Chemical structure weight logP OHNH
acceptors
(g/mol) donors

Citronellol CITRO HD/\)\/\/L 156.27  3.15 1 1

Cis-6-nonen-1- CIS /W\)/ 142.24 2.87 1 1
ol HO 7

0
Citronellic acid CA /I\/\/L)J\OH 170.25 3.03 2 1
3-7-Dimethyl- /\)\/\/I\

1-octanol 37D0C 1o 158.28  3.13 1 1

The molecular properties of the phytochemicals shown in Table 4 correspond to the
physicochemical parameters that are assessed in Lipinski's rule of five (RO5) %41 This rule
evaluates the drug-likeness of a molecule, predicting its absorption, distribution, metabolism and
excretion. According to this rule, drug-like molecules should have an octanol-water partition
coefficient (logP) < 5. The logP is applied as a measure of hydrophobicity and consequently affects,
among others, the drug bioavailability and mode of action. Moreover, according to the RO5, drug-
like compounds should also have a molecular weight < 500 g/mol, present a number of hydrogen
bond acceptors < 10 and a number of hydrogen bond donors < 5. Accordingly, by analyzing Table 4,
it is possible to observe that all the compounds fulfill all the requirements of the RO5. Nevertheless,
RO5 does not evaluate the biological activity or toxicity of the molecules, so further analysis is

mandatory before considering their possible use for clinical purposes.

It is important to clarify that the focus of the present study is a topical application and RO5
was conceived to aid the development of orally bioavailable drugs. Nevertheless, other studies also
tested whether the RO5 predicts drugs for delivery via non-oral routes. For instance, Choy and
Prausnitz demonstrated that > 98% of 111 non-oral drugs currently approved by the FDA had

physicochemical properties within the limits of the RO5 42,
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3.3.2 Bactericidal activity of phytochemicals and antibiotics

Before the MBC determination, an attempt to determine the minimum inhibitory
concentration was made. However, it was not possible to obtain reliable conclusions since the wells
of the microplate became turbid. This is a problem because the method is based on measuring the
optical density of the wells. This fact may be related to a possible reaction or interference of
phytochemicals with the MHB medium. Therefore, the evaluation of the susceptibility of planktonic
cells to the antimicrobial compounds was only assessed by MBC determination. MBC corresponds
to the lowest concentration of the compound showing complete growth absence in solid medium.

MBC values of all tested compounds for the three different bacteria are summarized in Table 5.

Table 5. MBC (ug/mL) of selected phytochemicals and standard antibiotics against pathogenic bacteria.
S.aureus CECT 976 MRSA XU212 E. coli CECT 434

MUP 32 62 NA

Antibiotics FUS 128 NA NA
CITRO 512 NA 2048

Phytochemicals CIS 1024 2048 1024
CA 2048 NA 4096

3,7DOC NA NA NA

NA: no activity (MBC > 1024 pg/mL for antibiotics; MBC > 8192 pg/mL for phytochemicals).

According to the results shown in Table 5, GEN was the most effective antibiotic against both
S. aureus and E. coli, with MBC values of 8 pug/mL and 64 pg/mL, respectively. GEN is an
aminoglycoside antibiotic that binds to the 16S rRNA component of the 30S ribosomal subunit,
disturbing the mRNA and, thus, leading to the formation of truncated or nonfunctional proteins 43,
In fact, GEN is described in the literature as a broad-spectrum antibiotic i.e., it is effective against
both Gram-positive and Gram-negative bacteria ***. However, the lower antimicrobial activity of
GEN against E. coli could be related to the more complex cell wall of Gram-negative bacteria. It is
constituted by a thin peptidoglycan layer adjacent to cytoplasmatic membrane, and an outer
membrane (OM) composed by phospholipids and lipopolysaccharides (LPSs), which serves as a
selective barrier inhibiting the penetration of antimicrobials, such as antibiotics *°. Interestingly,
MUP was the only antibiotic presenting bactericidal activity against MRSA (MBC of 64 ug/mL),
besides its activity against S. aureus (MBC of 32 pg/mL). In fact, this antibiotic has been
demonstrated to be highly active against staphylococci, including MRSA strains, and much less active
against most Gram-negative bacilli, including E. coli (no activity found in the present study) 46147,
This fact can also be explained by the OM of Gram-negative bacteria that may prevent the effective
penetration of MUP. MUP exerts its antimicrobial action by inhibiting bacterial RNA and protein
synthesis through binding to bacterial isoleucyl-tRNA synthetase, ultimately leading to bacterial
death 1%, The antibiotic FUS also exhibited bactericidal activity against S. aureus (MBC of 128
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pg/mL), yet at higher doses compared to GEN and MUP and no antimicrobial activity was found
against MRSA and E. coli. In fact, FUS has limited activity against Gram-negative bacteria due to its
large size and lipophilicity, which does not favor transport through porins in the OM of these bacteria
148 FUS inhibits bacterial protein synthesis by biding with the elongation factor G, which is an
indispensable protein that promotes translocation on the ribosome after the formation of the peptide
bond 149, Effectively, it is possible to verify, through the above-referenced mechanism of action of
the antibiotics GEN, MUP and FUS, that these are focused at intracellular processes and, therefore,
must be able to penetrate the bacterial cell envelope, which is usually hindered in Gram-negative

bacteria.

It is generally accepted that more lipophilic molecules (higher logP) will interact more easily
with the fatty acid tails of the lipid bilayer, allowing the molecule to cross cell membranes **°. For
this reason, the antimicrobial activity will possibly increase with an increase in hydrophobicity. In
fact, CITRO that is the compound with the higher hydrophobicity (logP = 3.15) was found to be the
most efficient antimicrobial phytochemical against planktonic S. aureus (MBC of 512 pg/mL).
However, CIS was the compound with the smallest hydrophobicity (logP = 2.87) and presented the
highest bactericidal effect against both E. coli and MRSA (MBC ranging from 1024 to 2048 pg/mL).
This fact suggests that additional factors besides hydrophobicity must be involved. Indeed, other
studies have also revealed the existence of molecules that do not follow the relationship between
hydrophobicity and antimicrobial activity %1, Compared to CA and 3,7DOC, the chemical structures
of CITRO and CIS are characterized by the C=C double bond and OH group (Table 4), which could
also be responsible for the higher antimicrobial activity of these compounds. The OH groups are
thought to interact with the cell membrane of bacteria, causing the destabilization of the cytoplasmic
membrane and reducing the pH gradients across the membrane, which eventually leads to the leakage
of cellular components and cell death **°. Furthermore, it has been demonstrated that the number of
double bonds is also significant in relation to antimicrobial effectiveness, in which the increasing

number of double bonds may enhance the antimicrobial effect %2,

No antimicrobial studies with CIS were found in the literature, which demonstrates the
relevance of the results obtained in this study for this phytochemical. Regarding CITRO, some studies
have also shown its antimicrobial activity against different bacteria and their potential use in other
applications, as for instance for food preservation °3 and for the control of oral infectious diseases 8.
Kotan et al. studied the antibacterial activity of twenty-one oxygenated monoterpenes, including
CITRO, against some food-borne pathogens, such as Bacillus coagulans, E. cloacae, Enterococcus
fecalis, E. coli, Klebsiella pneumoniae, P. aeruginosa and Salmonella enteritidis *°3. By using a disc

diffusion method, they demonstrated that CITRO exhibited antimicrobial activity against some of
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these pathogens. In addition, in a work developed by Ribeiro et al., the effect of CITRO against
Streptococcus mutans, an oral pathogen, in planktonic and biofilm states was assessed &. CITRO was
shown to be very effective in inhibiting the growth of planktonic S. mutans, also causing significant
biofilm inactivation. Moreover, they also evaluated the cytotoxicity of CITRO against fibroblast cells
in order to understand its effects on mammalian cells viability. At a concentration of 3 mM (469
ug/mL) of CITRO, no obvious cytotoxic effects were observed, highlighting that CITRO may be a
candidate for the control of wound infections without compromising cell viability. Sinha et al. also
stated that EOs and their compounds may be commonly considered safe for humans when some

precautions are taken with the concentrations used °*,

It should also be noted that CIS was the compound that showed the highest spectrum of action,
having bactericidal activity against the three different bacteria. This is a very interesting result,
demonstrating the great potential of this phytochemical for the treatment of wound biofilms since
they are normally polymicrobial, i.e. contain multiple diverse species **°. Although CITRO has not
demonstrated bactericidal activity against the MRSA strain in the present work, Mulyaningsih et al.
showed that CITRO has bactericidal activity (MBC values between 125-8000 pg/mL) against
different clinical isolates of MRSA ¢, Furthermore, the phytochemicals were also shown to have
generally a lower efficacy against E. coli compared to S. aureus, except for CIS that had a similar
MBC value for both bacteria. This behavior is in agreement with the results obtained by Griffin et al.
for CITRO . They found that CITRO exhibited lower antimicrobial activity against E. coli
compared with S. aureus. In fact, most studies reveal that in general EOs and their components are
more effective against Gram-positive bacteria due to the complexity of the cell wall of Gram-negative
bacteria, as previously explained 8. The saturated fatty acid chains present in LPSs make the OM
more rigid *°8. This low fluidity can also be explained by the fact that LPS molecule contains six or
seven covalently linked fatty acid chains, in contrast to the glycerophospholipid found in
cytoplasmatic membrane that contains only two fatty acid residues 8. These facts decrease the rate
of transmembrane diffusion of lipophilic solutes. Furthermore, the hydrophilic polysaccharide chains
on LPSs and the abundant presence of purines, which serve as hydrophilic transmembrane channels,
may also be other reasons that Gram-negative bacteria are relatively resistant to hydrophobic
compounds %1 On the other hand, in Gram-positive bacteria, the OM is not present and the
peptidoglycan wall is not dense enough to resist small antimicrobial molecules, facilitating the access
to the cell membrane 1. Additionally, Gram-positive bacteria may facilitate the penetration of
hydrophobic compounds of EOs due to the lipophilic ends of lipoteichoic acid present in cell

membrane 6%,
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Comparing the MBC values found for the antibiotics with those obtained for the
phytochemicals, it was possible to verify that the antibiotics presented bactericidal effects at lower
concentrations. While the MBC for phytochemicals was found between 512 to 4096 pg/mL, the MBC
for antibiotics ranged from 8 to 128 pg/mL, showing a poorer antimicrobial activity of
phytochemicals. Nevertheless, as antibiotic resistance is dramatically increasing, the combinatorial

approach of phytochemicals with already available antibiotics may be a great strategy.

3.3.3 Effect of different doses of citronellol and cis-6-nonen-1-ol on bacteria growth
CITRO and CIS presented considerably more effective antimicrobial activity against
pathogenic bacteria compared to the other phytochemicals. Thus, they deserve further investigation,
to better understand their modes of action. Therefore, in order to assess the correlation between the
culturability of the bacterial cells and different concentrations of these phytochemicals, CFUs was

determined after 1 h exposure of S. aureus, E. coli and MRSA to CITRO and CIS (Figure 7).
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Figure 7. Log CFU/mL of planktonic bacteria as a function of CITRO (A) and CIS (B) concentration (in
ug/mL) after 1 h of exposure against S. aureus, E. coli and MRSA. When log CFU/mL is equal to zero, cells

were below the detection limit of the plate counting method (2.3 log CFU/mL). Points represent mean + SD.

Through the analysis of Figure 7, it was possible to verify that the bacterial culturability, after
exposure to both phytochemicals, remained constant (p > 0.05) for all strains until a certain
concentration is reached. From this concentration, an increase in the phytochemical concentration led
to an increase in antimicrobial activity until total or partial reduction of cell culturability was obtained,
showing a dose-dependent effect. This correlation was noticed to be dependent on the phytochemical
used and the strain tested. The compound concentration leading to the total reduction of cells
corresponded to the MBC previously obtained (Table 5). It was found that CITRO caused only a

partial reduction against MRSA, even at high phytochemical concentrations. This is in agreement
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with the result obtained in MBC determination in the current chapter, Section 3.3.2 (MBC > 8192
pg/ml against MRSA). Thus, a maximum reduction of 4.6 log CFU/mL was obtained from the
concentration of 512 pg/mL tested (similar log reductions for the higher concentrations tested, p >
0.05).

An analysis of concentration dependence of bacterial killing was performed by adjusting the
experimental dose-response data to the Chick-Watson mathematical model. It is believed that this is
one of the first works that demonstrates the application of this mathematical model to understand the
mode of action of CITRO and CIS. The parameter n is a numerical indicator of phytochemical
behavior that describes the dependence of the killing rate on antimicrobial concentration and can be
obtained from the referred model. The estimated values of this phytochemical concentration
dependence parameter (n) are presented in Table 6. If n=1, log CFU/mL reduction increases in direct
linear proportion to the phytochemical concentration 3138 In contrast, if n=2 log CFU/mL reduction
is proportional to the square of the phytochemical concentration 3713, Thus, compounds with a high
n value are significantly influenced by changes in concentration, whereas those with a low n value

are affected to a minor extent (less dose-dependent).

Table 6. Estimated values of phytochemical concentration dependence parameter, n, considering the
experimental points before achieving the maximum log CFU/mL reduction. The uncertainty given is the SD

of the mean.

S. aureus CECT 976 MRSA XU212 E. coli CECT 434
CITRO 26+04 0.7+0.2 0.8+0.2
CIS 1.0+04 1.1+0.2 0.8+0.2

According to Table 6, both terpenoids showed n values close to 1 against all bacterial strains,
except for CITRO against S. aureus (2 < n < 4). Moreover, this higher n value obtained for CITRO
against S. aureus demonstrates that this compound is less dose-dependent against MRSA and E. coli.
A correlation between the n value and the type of interaction among the phytochemical and its cellular
targets can be made. Usually, when n < 2 the compounds interact strongly with their target by
chemical interactions, while n > 4 is associated with physical interactions %2, Compounds with n
values between this range are considered to have a dual action %2, Therefore, CITRO potentially has
both chemical and physical interactions between the S. aureus cells, whereas in the other cases only
chemical interactions are present. Nufiez and D'Aquino also calculated the parameter n for clove EO
against the three distinct bacteria E. coli, S. aureus and P. aeruginosa 3. They obtained n values
between 0.22 and 1.29, which also demonstrates the existence of essentially chemical interaction of
EOs with the cells.
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3.3.4 Combinatorial activity between phytochemicals and antibiotics

The combination of antimicrobial agents can provide many benefits, particularly increased
antimicrobial activity and reduced toxicity effects of the combined compounds. Accordingly, in order
to check the combinatorial effects between the phytochemicals CITRO and CIS and the standard
antibiotics MUP, FUS and GEN against pathogenic bacteria, the FBCI was adopted and the data are
shown in Table 7. The combination of phytochemicals with these specific antibiotics was due to the
fact that they are already clinically approved for the treatment of skin infections. To the best of the
author's knowledge, no study has been performed to investigate the antimicrobial effects based on
these combinations. Therefore, this investigation can be an asset to the scientific community, since
the use of these combinations for the treatment of infected wounds could be an interesting approach

to replace the use of antibiotics alone, avoiding the emergence of resistant bacteria.

Table 7. FBCI of the different combinations between selected phytochemicals and standard antibiotics against

pathogenic bacteria.

S.aureus CECT 976 MRSA XU212 E. coli CECT 434

MUP 0.562 (ADD) * -

CITRO FUS 0.312 (SYN) NA -
GEN 1.125 (IND) NA 0.188 (SYN)

MUP 0.750 (ADD) 0.562 (ADD) -

CIS  FUS 0.375 (SYN) - -
GEN 0.750 (ADD) - 0.250 (SYN)

NA: no activity; SYN: synergy; ADD: additive; IND: indifference; - no significant bactericidal effect when
combining the compounds (compared with the compound alone at MBC); * the concentration of MUP was reduced
from 64 pg/mL (MUP alone) to 32 pg/mL in the presence of CITRO (NA alone against MRSA XU212).

The bactericidal potential of GEN against E. coli was significantly enhanced by its
combination with both CITRO and CIS, with a clearly synergistic activity between the compounds
(FBCI of 0.188 for the combination CITRO-GEN and 0.250 for the combination CIS-GEN).
Noteworthy is the fact that when the bacterial cells were treated with these phytochemical-antibiotic
combinations, the bactericidal effect was observed at significantly lower concentrations. Indeed, the
effective doses of GEN and CIS were reduced by 8-fold in E. coli, while doses of CITRO were
reduced by 16-fold. This outcome is particularly interesting since, due to the distinctive structure of
Gram-negative bacteria, they are often more resistant than Gram-positive bacteria. In fact, the
majority of the World Health Organization (WHO) list of priority pathogens is composed of Gram-
negative bacteria, which have been associated with substantial morbidity and mortality worldwide
164 In addition, the combination of CIS with GEN caused an additive effect against S. aureus, whereas
the interaction between CITRO and GEN was indifferent against this bacterial strain. Regarding the
combinatorial effects of phytochemicals with FUS, synergistic effects were found against S. aureus
(FBCI of 0.312 for the combination CITRO-FUS and 0.375 for the combination CIS-FUS). The
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bactericidal doses of FUS were reduced by 4-fold, while doses of CITRO and CIS were 16- and 8-
fold reduced, respectively. Concerning the effects of combining the phytochemicals CITRO and CIS
with MUP, FBCI values revealed that these combinations act additively against both S. aureus and
MRSA. Indeed, the most interesting effect was observed for the combination CITRO-MUP against
MRSA, in which the concentration of MUP needed to have bactericidal activity against this bacterial
pathogen was reduced from 64 pg/mL (MUP alone) to 32 pg/mL in the presence of CITRO. Herein,
it is important to highlight that the CITRO alone did not demonstrate bactericidal activity against
MRSA, showing the potential of these natural products as drug modulating or modifying agents when
combined with antibiotics. As a result, the use of phytochemicals in association with antibiotics could

be an effective tool for the management of MDR bacteria.

It has been proposed that phytochemicals and antibiotics can act synergistically mostly by
multi-target effect where the compounds target different bacterial sites, by pharmacokinetic or
physicochemical effects (e.g., enhancement of solubility or bioavailability), or by targeting a specific
resistance mechanism of the bacteria 1%°. Furthermore, as EOs are known to disturb the structure of
the cell membrane and rendering it more permeable, that interaction could be used to improve the

activity of antibiotics, facilitating their penetration with a reduction of therapeutic doses *6¢.

3.4 Conclusions

In conclusion, the results obtained in this chapter shown that some EOs components have
great antimicrobial action against planktonic S. aureus, MRSA and E. coli. Generally, E. coli showed
to be more resistant to phytochemical action than S. aureus, which can be associated with the
complexity of the cell wall of Gram-negative bacteria. The phytochemicals CITRO and CIS showed
the highest bactericidal effects, may be due to the presence of the C=C double bond and the OH
group. Moreover, CIS was the compound that exhibited the highest and broad spectrum of action,
presenting bactericidal effect against the three different bacteria. According to the Chick-Watson
model, these compounds proved to have essentially a chemical interaction with the bacterial cells,

with CITRO also showing to have a physical interaction between the S. aureus cells.

The combinatorial approach between CITRO and CIS with traditional antibiotics used in the
treatment of skin infections showed synergistic effects against S. aureus and E. coli. It was verified
an increase in antimicrobial activity by the decrease in the bactericidal concentrations of each
compound in combination. Therefore, the use of phytochemicals in combination with antibiotics
could be an effective approach to increase antimicrobial activity, dealing at same time with the

problem of microbial resistance and toxicity.
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Chapter 4 | Action of selected phytochemical-antibiotic

combinations on bacterial biofilm control

4.1 Introduction

Biofilm development is a crucial virulence factor in the pathogenesis of several medically
important bacteria, including S. aureus and E. coli, and their prevalence in microbial infections in
humans, in particular CWs, is now well recognized #1716 Biofilm cells are known to be
physiologically distinct from their planktonic counterparts and they are normally more resistant to
the effect of the antimicrobial agents °’. The numerous mechanisms explaining the resistance of
biofilms to antimicrobials (e.g., decreased growth rates and metabolism, restricted antimicrobial
penetration, and differentiation into persistent cells) make it difficult to predict the behavior of the
biofilm cells %8. Thus, despite antimicrobial studies using planktonic cells have provided relevant
information on the mechanisms inhibiting bacterial growth, the impact of antimicrobials on

planktonic cells cannot be compared to the effects on biofilm cells 1%,

Induction of biofilm dispersal, eradication of persisters, target QS signaling, use of divalent
cation chelators and use of bacteriophages are some approaches to eradicate established biofilms 6°,
Nonantibiotic compounds, used alone or in combination with antibiotics to potentiate biofilm
eradication or to reduce the necessary concentrations of both compounds, are viewed as modern
promising strategies ®°. For instance, phytochemicals, in particular EOs and their components, as
well as phytochemical-antibiotic combinations have already demonstrated their antibiofilm activity
against numerous pathogens 921919 However, among EOs and their constituents, little or none is
known about the antibiofilm activity of CITRO and CIS in combination with standard antibiotics.
Therefore, this chapter was intended to evaluate the effects of selected antibiotics (MUP, GEN and
FUS) and phytochemicals (CITRO and CIS) individually and in combination against biofilms of E.

coli and S. aureus, including a MRSA.

4.2 Materials and methods
4.2.1 Bacterial strains and culture conditions
The bacteria S. aureus CECT 976, E. coli CECT 434 and MRSA XU212 were used for the
biofilm control studies by phytochemical-antibiotic combinations and they were preserved at -80 °C
in MHB containing 30% (v/v) glycerol. For the inoculum preparation, the bacterial cultures were

grown overnight in MHB at 37 °C under 160 rpm of agitation before all the experiments.
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4.2.2 Phytochemicals and antibiotics
The phytochemicals CITRO and CIS and the antibiotics MUP, GEN, and FUS were tested.
Solutions of FUS and GEN were prepared in sterile water and CITRO, CIS and MUP was dissolved
in DMSO.

4.2.3 Biofilm formation and control

The best combinations obtained in the determination of FBCI (Chapter 3) were tested for their
ability to control biofilms. Biofilm formation and control were executed according to the procedure
described by Borges et al. ® with some modifications. Firstly, 200 uL of adjusted bacterial suspensions
(~ 10° cells/mL) were added to 96-wells polystyrene microtiter plates and incubated at 37 °C for 24
h under 160 rpm of agitation. After biofilm development, the medium was removed and the wells
were washed twice with sterile NaCl solution (8.5 g/L) in order to remove loosely attached bacteria.
Then, 180 puL of NaCl solution (8.5 g/L) were added to each well with 20 uL of the phytochemical-
antibiotic combinations. The concentrations of each compound in the combination were 1, 10, and
100xMBC of the compound in the presence of the other. In addition, the effects of individual
compounds at concentrations similar to those tested in the combinations were also assessed. Sessile
bacteria without the compounds and sessile bacteria with respective solvents (DMSO or sterile water
(10%, v/v)) were used as negative controls. The microtiter plates were incubated at 37 °C and 160
rpm for 1 h. After that, the remaining attached bacteria were analyzed in terms of CFUs. At least two

replicates and two independent assays were performed.

4.2.3.1 Quantification of the biofilm culturable cells

The culturability of the biofilm cells was assessed as described by Borges et al. ® with a few
modifications. The content of the wells was removed and 200 pL of neutralizer were added to each
well and allowed to act for 15 min. Then, the wells were washed twice with sterile NaCl solution (8.5
g/L), and biofilms were scrapped from the microtiter plate with a pipette tip (three times for periods
of around 1 min each) and resuspended in 1 mL of NaCl solution (8.5 g/L). Serial dilutions were
made from 107 to 10 in NaCl solution (8.5 g/L) and then 10 puL of the diluted samples were plated
on PCA plates. After 24 h of incubation at 37 °C, the CFUs were determined and expressed per square
centimeter of microtiter plate well (CFU/cm?). The limit of detection was 2.1 log CFU/cm? ¥, Log
CFU/cm? reduction was then determined by subtracting the log CFU/cm? of the biofilm cells not
exposed to the antimicrobial compounds by the log CFU/cm? of the remaining biofilm cells after the
exposure to the compounds (Tables B.1, B.2 and B.3 in Appendix B). The interaction of the
antibiotics and phytochemicals was categorized according to Abreu et al. 1. The combination was
considered synergic when the log CFU/cm? reduction caused by a combination was significantly

higher (p < 0.05) than the sum of reductions by the individual compounds. On other hand, an
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antagonistic combination was characterized when the log CFU/cm? reduction of the combination was
significantly lower (p < 0.05) than that obtained with the most effective individual substance. The
remaining combinations were considered to have an indifferent effect (distinction between an

indifferent or an additive effect was not made).

4.2.4 Statistical analysis
The results were expressed as the average = SD. The statistical analysis of the results was
performed using the Student’s t-test for independent samples in excel. Levels of p < 0.05 were

considered to be statistically significant (confidence level > 95%).

4.3 Results and discussion

It is essential to study the effect of the phytochemical-antibiotic combinations, already tested
in planktonic cells, on biofilms since they are the main reason for the delayed healing of CWs. In fact,
an accurate characterization of the antimicrobial action of a compound must focus on cells in both
planktonic and sessile states. Therefore, this chapter focused on the ability of selected phytochemical-
antibiotic combinations in the control (removal and/or inactivation) of biofilms of S. aureus CECT
976, MRSA XU212 and E. coli CECT 434.

4.3.1 Eradication of pre-formed biofilms with selected phytochemical-antibiotic
combinations
Based on the results of FBCI determination against planktonic cells (Chapter 3), the best
combinations obtained for each bacterium were tested on their biofilm state and are illustrated in
Table 8.

Table 8. Best phytochemical-antibiotic combinations obtained against planktonic cells.

Combination Concentration (ug/ml) Effect
FUS 32
SYN
S. aureus CECT 976 CITRO 32
FUS 32 SYN
CIS 128
MUP 32 x
MRSA XU212 CITRO 256
MUP 32 ADD
CIS 128
GEN 8
SYN
E. coli CECT 434 CITRO 128
GEN 8 SYN
CIS 128

SYN: synergy; ADD: additive; * the concentration of MUP was reduced from 64 pg/mL (MUP alone) to 32 pug/mL
in the presence of CITRO (no activity alone against MRSA XU212).

In addition, 10- and 100-times higher concentrations of the two compounds in combination

were also evaluated, as biofilms are often more resistant to antimicrobial agents, being expected that
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the bactericidal combinations tested on planktonic cells will not completely eradicate biofilm cells.
Antibiotics and phytochemicals were also tested individually in order to assess whether their effects

in the combination in controlling biofilms were, in fact, improved.

Figure 8 represents the effects of these phytochemical-antibiotic combinations, as well as their
individual compounds, against pre-established 24 h-old biofilms within 1 h of exposure, evaluated in

terms of remaining culturable biofilm cells.
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Figure 8. Antibiofilm activity of selected antibiotics and phytochemicals individually and in combination
(comb.) on 24 h-old biofilms of S. aureus (A, B), MRSA (C, D) and E. coli (E, F) after 1 h of exposure.
Compounds in the combination were applied at 1, 10, and 100xMBC of the compound in the presence of the

other. Control represents sessile bacteria without the antimicrobial compounds. Control experiments were

performed on antibiofilm activity of the solvents and no activity was found at 10% (v/v) (data not shown).

Values represent mean = SD. # Remaining culturable biofilm cells were below the detection limit of the plate
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counting method (i.e., 2.1 log CFU/cm?); * statistically different from the control (p < 0.05); SYN: synergy;
ANT: antagonism; IND: indifference.

Regarding the ability of the three bacterial strains to produce biofilm, it was possible to
observe that S. aureus and MRSA biofilms had slightly higher cell densities compared to E. coli
biofilms (p < 0.05). As shown in Figure 8, most of the compounds and their combinations were able
to reduce the number of culturable cells compared to the control, regardless of the concentration
tested. However, FUS at concentrations of 32 and 10x32 pg/mL against S. aureus did not show
statistical differences compared to control. In general, a dose-dependent behavior was observed, in
which for higher concentrations of phytochemicals, antibiotics and their combinations, the number
of remaining culturable biofilm cells decreased (p < 0.05). This is in line with previous studies which
showed the same antibiofilm pattern of EOs and their components 5%17° However, when the
antibiotic MUP was tested against MRSA, there was no significant difference (p > 0.05) in the number
of culturable cells for the three concentrations tested. This may be due to the existence of a very
cohesive biofilm that strongly hinders the penetration of this antibiotic, leading to a low antimicrobial
action regardless of the concentration used. In fact, the architecture of MRSA biofilms can strongly
influence the effectiveness of compounds. Interestingly, Teixeira et al. proved that MRSA biofilms
tended to be less susceptible to antimicrobial photodynamic therapy mediated by curcumin than
MSSA biofilms 1. They verified that MSSA biofilms presented a structure with peaks and valleys
that could have led to better distribution and penetration of the curcumin, while MRSA biofilms
presented a more uniform architecture, without cells conglomerations. Curiously, CITRO at 10x256
and 100x256 pg/mL against MRSA also demonstrated statistically similar log CFU/cm? reductions
(p > 0.05). This result corroborates with the previous study for planktonic cells, where for
concentrations above 512 pg/mL similar log CFU/mL reductions were obtained with this
phytochemical against MRSA (Figure 7 in Chapter 3).

Antibiotics when used alone demonstrated low log reductions, even at higher concentrations.
They showed maximum log CFU/cm? reductions of 0.9, 1.9 and 0.7 against S. aureus, MRSA and E.
coli, respectively (see support information in Tables B.1, B.2 and B.3 in Appendix B). However, it is
important to note that some of the concentrations tested were below the MBC of the antibiotic alone
against planktonic bacterial cells (Chapter 3). The phytochemicals tested alone exhibited generally
more significant log reductions (see details in Tables B.1, B.2 and B.3 in Appendix B) than those
obtained with antibiotics. This was particularly evident when CIS was applied at 100x128 pg/mL
against S. aureus and MRSA biofilm cells, where no remaining culturable cells were observed (7.3
log CFU/cm? reduction for both strains). Indeed, phytochemicals had generally greater antibiofilm

activity than antibiotics, as they usually showed higher log reductions at lower concentrations (p <
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0.05). For example, FUS at 100x32 pg/mL revealed a lower log reduction (0.9 log CFU/cm?
reduction) when compared to CIS at 10x128 pg/mL (3.6 log CFU/cm? reduction) against S. aureus.
This result is particularly interesting, as antibiotics have shown to have greater antimicrobial activity
against planktonic cells (lower MBC values, Chapter 3) compared to phytochemicals. The ability of
phytochemicals to control biofilms can be correlated with an increased capacity to penetrate the EPS
matrix. In fact, the amphipathic nature of most EOs components has been suggested to be responsible
not only for the disruption of the bacterial cell wall and cytoplasmic membrane, but also for the good
diffusion throughout the EPS matrix . Another possible reason may be related to a greater capacity
of EOs components to eradicate persister cells (non-growing or slow-growing bacterial cells), which
are not exclusive to biofilms, but their frequency of occurrence is much higher within sessile
communities than in planktonic °8. As already mentioned, these cells are difficult to kill since the
effectiveness of most antimicrobials is strongly influenced by the bacterial growth phase. They often
require ongoing metabolic activity and division of bacterial cells, so slow bacterial growth is
frequently associated with decreased susceptibility 8172, In fact, some studies have already
demonstrated the existence of EOs with activity against this stationary phase bacteria 1317,
Furthermore, these phytochemicals can also have a role as QS inhibitors, interfering with bacterial
communication. Indeed, phytochemicals have been recognized as an interesting source of QS
inhibitors °. Some QS inhibitors and signals can be used to trigger biofilm dispersal, leading to an
increase in biofilm susceptibility and facilitating its eradication 581%°, Kavanaugh and Ribbeck also
demonstrated that selected antimicrobial EOs could eradicate bacteria within biofilms with higher

efficiency than certain important antibiotics ®.

The selected phytochemical-antibiotic combinations caused a total log reduction in culturable
cells of the biofilm at concentrations 100 times higher against S. aureus and MRSA. Regarding E.
coli, total eradication of the biofilm was achieved at concentrations 10 times higher. These results
demonstrated the greater resistance of biofilms to the action of antimicrobial agents, as expected,
showing that experiments with planktonic cells cannot be taken alone as a reference to developing
biofilm control strategies. Furthermore, this difference between E. coli and S. aureus strains may be
related to the fact that the antibiotics present in the combinations tested for each strain were not the

Same.

In addition, the combinatorial effects between phytochemicals and antibiotics against biofilms
compared to the effect of the compounds alone were also analyzed. Figure 8 also presents the
respective characterization of the interaction between the compounds (synergy, antagonism or
indifference). It was verified the existence of synergistic effects only for 100xComb. with CITRO

against S. aureus and MRSA (total log reductions for both strains) and for all combinations, regardless
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of the concentration tested, against E. coli. This result against staphylococci bacteria showed that the
effects of the combinations are dose-dependent, i.e. the same compounds at different concentrations
in the combination resulted in distinct effects. For instance, CITRO-FUS combination resulted in an
indifferent effect at 10xComb., but at 100xComb. the interaction was synergistic. The CIS-FUS and
CIS-MUP combinations against S. aureus and MRSA, respectively, also showed distinct effects
(indifferent or antagonistic) depending on the concentration tested. The antagonistic results obtained
with the antibiotics FUS and MUP demonstrate that these compounds can somehow disturb the
activity of the phytochemicals, which in those cases were more effective individually than in
combination with antibiotics. The environmental stress caused by the presence of antibiotics, at
certain concentrations, may promote the switch of the cells to more tolerant phenotypes, reducing the
antimicrobial capacity of phytochemicals °°. These concentration-dependent interactions would need
a more integrated approach in order to be fully understood. Furthermore, the results demonstrated
that the data obtained regarding the effects of the combinations on planktonic cells (Chapter 3) may
not be enough to predict therapeutic success, since combinations considered to be synergistic against
planktonic cells may not have synergistic effects when applied to cells in the sessile state. Abreu et
al. also obtained some antagonistic effects after biofilm exposure to combinations that had shown
good results against planktonic cells in previous studies °. In other words, phytochemicals that have
previously been shown to potentiate the effects of antibiotics against planktonic bacteria,

demonstrated antagonistic effects when tested on biofilms.

4.4 Conclusions
In this chapter, the effect of selected phytochemical-antibiotic combinations on sessile cells
of S. aureus, including a MRSA, and E. coli to control 24 h-old biofilms was evaluated through the

quantification of CFUs.

Overall, the results reinforced the higher resistance of biofilm cells compared to their
planktonic counterparts, since total reductions of the pre-established biofilms were obtained only at
concentrations higher than the bactericidal concentrations found against planktonic cells (Chapter 3).
When used individually, the phytochemicals proved to have, in most cases, a greater antibiofilm
activity compared to antibiotics (higher log reductions in bacteria culturability at lower
concentrations). CIS at 100x128 pg/mL was even able to eradicate all culturable cells of S. aureus
and MRSA biofilms. Regarding the phytochemical-antibiotic combinations, the results demonstrated
concentration-dependent interactions (synergy, antagonism or indifference). Finally, the synergistic
effects obtained, mainly against E. coli, highlight the potential of using this combinatorial approach

to control biofilms.
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Chapter 5 | Evaluation of the potential of phytochemical-
based controlled drug delivery formulations on the

prevention and control of biofilms

5.1 Introduction

Biofilm management in CWs is becoming a primary goal of wound care, as its presence is
recognized as a major cause of delayed wound healing *. Besides the importance of the removal of
a pre-established biofilm, prevent its reformation is also crucial *®. In fact, one potential and promising
strategy against bacterial biofilms is to prevent their formation or reformation, by killing bacteria in
planktonic state before biofilm development, while they are still vulnerable to antimicrobial action
>4, Biofilm prevention can also be achieved by the inhibition of the attachment of bacterial cells to a
substratum or interface, as for instance by inhibiting the production of adhesins °. Furthermore, the
alteration of the progression from initial attachment to microcolonies and mature biofilms by

interfering with biofilm communication (QS inhibition) is also a good prevention approach 1¢°,

Although EOs have already shown great results as antimicrobial compounds for the
prevention and control of biofilms, their poor water solubility and stability can considerably limit
their application 1%, Therefore, their encapsulation in drug delivery systems, particularly chitosan
(CS) beads, could be a good strategy to overcome these limitations. CS is an FDA-approved
biopolymer and can be an asset in CWs treatment due to its hydrating effect, anti-inflammatory and
angiogenic activity and hemostatic action '?°, CS facilitates dermal regeneration and skin re-
epithelialization *2°. In fact, CS beads have received significant attention for their use in many fields

like drug delivery, adsorption and protein release ",

lonotropic gelation of CS has been used mainly for the production of gel beads 1’8, This
method is based on the electrostatic interactions between two ionic species of opposite charge 17817°,
The most used ionic pairs are CS and sodium tripolyphosphate (TPP) 1’8, Cationic CS in the presence
of diluted acid solution (positively charged amino groups) interacts with TPP due to its polyanionic
character (negatively charged phosphate groups), forming a hydrogel *’°. Bioactive molecules are
added to the reaction and become trapped within the physical network 1817, Usually these beads are
synthesized by the addition of drug-loaded CS solution drops into the TPP solution 8. Indeed, this
method has gained much interest because is a simple procedure, allows the production of particles in

an extensive range of sizes and has a medium to high drug encapsulation efficiency 8.
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Many EOs have been encapsulated into CS platforms with different sizes and shapes, as for
instance as microcapsules, films, nanoparticles and nanocapsules 818, However, research regarding
EOs-based CS beads on the treatment of biofilms for their potential use as wound dressings is quite
limited. Thus, this chapter aims to evaluate the activity of CS beads loaded with CITRO or CIS on

the prevention and control of biofilms of S. aureus, MRSA, and E. coli.

5.2 Materials and methods
5.2.1 Bacterial strains and culture conditions
The bacteria S. aureus CECT 976, E. coli CECT 434 and MRSA XU212 were used for the
biofilm prevention and control studies through the encapsulation strategy and they were preserved at
-80 °C in MHB containing 30% (v/v) glycerol. For the inoculum preparation, the bacterial cultures

were grown overnight in MHB at 37 °C under 160 rpm of agitation before all the experiments.

5.2.2 Phytochemicals
The phytochemicals CITRO and CIS were selected for studies related to the effectiveness of
their encapsulation on biofilm prevention and control. Solutions of these phytochemicals were

prepared in DMSO for their study in their free form.

5.2.3 Preparation of chitosan beads loaded with selected phytochemicals

Chitosan (medium molecular weight 190,000-310,000 Da; deacetylation degree 75-85%) and
sodium tripolyphosphate were purchased from Sigma Aldrich. CS-TPP beads loaded with the
phytochemicals CIS and CITRO were prepared by ionic gelation method according to Yuan et al. 18
and Zhang et al. 8 with some modifications. Firstly, 1% (w/v) CS solution was prepared by
dissolving CS (1 g) in 100 mL of an aqueous acetic acid solution (1% v/v, Fisher Chemical) and kept
under gentle agitation overnight. After that, this solution was filtered through a 1.00 um glass fiber
(GF) syringe filter to remove any impurity. Tween 80 (equivalent to 10% of the phytochemical) was
added to 10 mL of the prepared CS solution to serve as a surfactant and favor the dispersion of the
phytochemical. Then, the phytochemical was added to the mixture and stirred until the formation of
an oil/water (O/W) emulsion. A 0.5% (w/v) TPP solution was prepared by dissolving TPP (0.25 g)
in 50 mL of distilled water. Gelled spheres were formed instantaneously by dropping 10 mL of the
prepared CS solution into 10 mL of the TPP aqueous solution. The mixture was kept under gentle
agitation for about 1 h. Finally, the beads were washed three times with distilled water, collected and

stored at 4 °C. CS beads without phytochemical were also prepared.
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5.2.4 Biofilm formation and control

The ability of CS beads loaded with selected phytochemicals to control biofilms was
investigated and compared with the activity of the free phytochemical compound. The procedure was
the same as described in Chapter 4, Section 4.2.3. However, the concentrations of the phytochemicals
tested were selected based upon the results obtained in the biofilm control assays in Chapter 4.
Moreover, CS beads without the phytochemicals were also tested and their mass was calculated in
order to be equal to the mass of CS beads loaded with phytochemicals, for comparative purposes.
Sessile bacteria with DMSO (10%, v/v) and sessile bacteria without phytochemicals or CS beads
were used as negative controls. The biofilm was then analyzed in terms of CFUs as described in
Chapter 4, Section 4.2.3.1. Log CFU/cm? reduction was determined by subtracting the log CFU/cm?
of the biofilm cells not exposed to phytochemicals or CS beads by the log CFU/cm? of the remaining
biofilm cells after the exposure to them (Tables C.1 and C.3 in Appendix C). At least two replicates

and two independent assays were performed.

5.2.5 Biofilm prevention

The ability of the encapsulated phytochemicals to prevent biofilm formation was also tested
according to Baptista et al. '® with some modifications. Briefly, 180 uL of adjusted bacterial
suspensions (~ 10° cells/mL) were added to 96-wells microtiter plates. Then, 20 pL of each
phytochemical at MBC/2 and MBC/4 and the CS beads loaded with the same corresponding mass of
phytochemical were added to the bacterial suspension. Moreover, CS beads without the
phytochemicals were also tested and their mass was calculated in order to be equal to the mass of CS
beads loaded with phytochemicals, for comparative purposes. Plates were incubated at 37 °C for 24
h under 160 rpm of agitation. Bacterial suspensions with DMSO (10%, v/v) and bacterial suspensions
without phytochemicals or CS beads were used as negative controls. After 24 h of exposure, the
formed biofilm was analyzed according to the quantification of the culturable cells, as previously
stated in Chapter 4, Section 4.2.3.1. Log CFU/cm? reduction was determined by subtraction the log
CFU/cm? of the formed biofilm cells after cell growth in the presence of phytochemicals or CS beads
from the log CFU/cm? of the formed biofilm cells after cell growth in the absence of those compounds

(Tables C.2, C.4 and C.5 in Appendix C). At least two replicates and two repeats were performed.

5.2.6 Statistical analysis
The results were expressed as the average = SD. The statistical analysis of the results was
performed using the Student’s t-test for independent samples in excel. Calculations were based on a

confidence level of > 95%, where p < 0.05 was considered statistically significant.
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5.3 Results and discussion

EOs or their individual compounds are known to degrade easily due to their high volatility
and photosensitivity, potentially compromising their topical bioavailability on wound site. Therefore,
the encapsulation of these compounds can protect them from degradation and it may be possible to
reduce the compound concentrations needed to eradicate a biofilm in the wound, as its biological
properties are maintained over time. Furthermore, in addition to eradicating a pre-established biofilm
ina CW, it is also important to prevent it from reforming. Thus, the encapsulation of EOs can be an
interesting strategy to not only improve the biofilm eradication, but also prevent its formation, as it

will allow a controlled release of the compound in the wound over time.

Hence, this part of the work aimed to evaluate the antibiofilm potential of CS beads loaded
with selected EOs components (CITRO and CIS) on the prevention and control of biofilms of S.
aureus CECT 976, MRSA XU212 and E. coli CECT 434.

CS beads loaded with and without CITRO or CIS were successfully prepared by ionic
gelation. They displayed relatively uniform morphology and mean diameters between 2.3 £ 0.1 mm
and 2.6 £ 0.1 mm (Figure C.1 in Appendix C). It seems that the presence of phytochemicals
influenced the particle size. Indeed, the size of the droplets depends not only on the diameter of the
Pasteur pipette (used to form the particles), flow rate of the solution and concentration of the ionic
solution in the hardening bath, but also on the viscosity of the polymer solution *¥7, which may be

altered by the presence of the phytochemicals.

5.3.1 Eradication of pre-formed biofilms with chitosan beads loaded with selected
phytochemicals
The compounds were encapsulated for the eradication of pre-formed biofilms taking into
account the results obtained in Chapter 4. Concerning E. coli, since the results obtained from the
combination of phytochemicals with antibiotics were already quite promising, the encapsulation of
compounds in the control of E. coli biofilms was not evaluated. These combinations showed
synergistic effects and it was possible to eradicate the biofilm at low concentrations (10xComb.). It
was verified that only the combinations 100xCITRO-FUS and 100xCITRO-MUP presented
synergistic effects and were able to completely eradicate the biofilm of S. aureus and MRSA,
respectively. However, the concentrations of the compounds in those combinations are quite high and
can be associated with a higher probability of being toxic against mammalian cells. Thus, the
encapsulation strategy was used to understand if CS beads are able to reduce the concentrations of
compounds needed to eradicate a biofilm. Since at a concentration of 10xCITRO-antibiotic the

combinations had similar effects to the individually tested CITRO (indifferent effect), its individual
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encapsulation seems to be a more promising strategy. Therefore, CITRO was encapsulated at a
concentration of 10x32 and 10x256 pg/mL against S. aureus and MRSA, respectively. Regarding the
combinations with CIS against S. aureus and MRSA, no synergistic effects were obtained. However,
individually CIS was able to completely eradicate the biofilm. Since this was observed only at
relatively high doses (100x128 pg/mL against both strains), encapsulation strategy of CIS at a low
concentration (10x128 pg/mL for both strains) was used. Thereby, the remaining culturable biofilm
cells after exposure to CS beads encapsulated with CITRO or CIS for 1 h were determined and the

data are shown in Figure 9.
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Figure 9. Antibiofilm activity of CS beads loaded with and without CITRO or CIS and phytochemicals in
their free form on 24 h-old biofilms of S. aureus (A, B) and MRSA (C, D) after 1 h of exposure. Control
represents sessile bacteria without phytochemicals or CS beads. Control experiments were performed on
antibiofilm activity of DMSO and no activity was found at 10% (v/v) (data not shown). Values represent mean
+ SD. # Remaining culturable biofilm cells were below the detection limit of the plate counting method (i.e.,

2.1 log CFU/cm?); * statistically different from the control (p < 0.05).

As CS is well recognized for its antimicrobial properties, CS beads without phytochemicals

were also tested Y’ Interestingly, unloaded CS beads (graph B of Figure 9) were able to reduce the
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cells on the biofilm of S. aureus. Notably, the presence of CIS in those CS beads had an improved
antibiofilm effect (higher log CFU/cm? reduction, p < 0.05). This result shows that selecting this
polymer is a good approach, as in addition to its possible ability to protect the phytochemical from
degradation, it also has some antibiofilm activity itself. CS beads may even facilitate CIS diffusion
through the bacterial cell membrane due to interactions between the CS cationic group and the anionic
components on the cell membrane surface 18, All CS beads loaded with phytochemicals were able to
reduce the number of biofilm cells compared to the control. Log CFU/cm? reductions of 1.0 and 7.1
for CITRO and CIS, respectively, against S. aureus and 2.6 and 3.8 for CITRO and CIS, respectively,
against MRSA were obtained. Interestingly, the beads loaded with CIS were able to completely
eradicate S. aureus biofilm, showing a significant improvement (p < 0.05) in the antibiofilm activity
when compared to pure CIS. Noteworthy is the fact that the encapsulation of CIS allowed to eradicate
the S. aureus biofilm at a concentration 10-times lower than the compound in its free form. Comparing
this result with the one obtained through the combination 10xCIS-FUS against S. aureus, which
presented a log CFU/cm? reduction of only 2.6, it is readily apparent that, in this case, the
encapsulation strategy was much more promising. This result shows that the encapsulation of a
natural compound in a polymer also of natural origin can avoid the need to use antibiotics in
combination, being also a good strategy to deal with the problem of antibiotic resistance. Regarding
CITRO against S. aureus and MRSA and CIS against MRSA, it was found that the effects of the
loaded beads on the pre-established biofilm were similar to those obtained with the compounds in
their free form (p > 0.05). In fact, the antimicrobial/antibiofilm activity of the CS beads loaded with
phytochemicals is due to the contribution of several factors that may not always act in an additive or
synergistic way. However, if the exposure time of biofilm cells to these beads is increased, their
antibiofilm effects may be improved. Considering that the compound is encapsulated, its release
profile may not be immediate and, therefore, it will not be fully available in just 1 h of exposure.
Having said that, phytochemical release studies must be carried out and, according to those results,
evaluations of the antibiofilm capacity of those beads for exposure times different from 1 h must be

implemented.

Although the encapsulation of phytochemicals has not always shown improved effects over
pure compounds, it is important to keep in mind that the wound environment is very different from
the one where compounds are subjected to in vitro experiments. The high amount of reactive oxygen
species in CWs and the wound exudate, which contains salts and proteases, may change the wound
microenvironment and ultimately impact the drug and the effectiveness of the treatment 2,
Therefore, due to the complexity of the wound environment, this could easily be responsible for the

degradation of EOs, especially when they are used in their free form. Thus, encapsulation may show
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more significant effects in experiments that actually mimic the heterogeneity of the wound

environment.

5.3.2 Biofilm prevention using chitosan beads loaded with selected phytochemicals

The ability of CS beads loaded with CITRO or CIS to prevent biofilm formation within 24 h
was also tested at sub-bactericidal concentrations. The results, in terms of culturable biofilm cells,
that were able to adhere to polystyrene, are represented in Figure 10. While the compounds were only
tested at MBC/2 against S. aureus, they were tested at MBC/2 and MBC/4 against MRSA and E. coli.
This is due to the fact that both free and encapsulated phytochemicals at MBC/2 totally inhibited
MRSA and E. coli biofilm formation. Thus, at a concentration of MBC/2 against these strains, it
would not be possible to draw conclusions regarding the effectiveness of the loaded beads compared
to the free compounds. In addition, as CITRO did not show bactericidal activity against MRSA in the
range of concentrations tested in this study (Table 5 in Chapter 3), it was tested at the concentration
that caused the maximum log CFU/mL reduction (512 pug/mL, Figure 7 in Chapter 3) and at half that

concentration.
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Figure 10. Antibiofilm activity of CS beads loaded with and without CITRO or CIS or compounds in their
free form at MBC/2 and MBC/4 on S. aureus (A, B), MRSA (C, D) and E. coli (E, F) after 24 h growth in their
presence. Control represents sessile bacteria without phytochemicals or CS beads. Control experiments were
performed on antibiofilm activity of DMSO and no activity was found at 10% (v/v) (data not shown). Values
represent mean + SD. # Remaining culturable biofilm cells were below the detection limit of the plate counting
method (i.e., 2.1 log CFU/cm?); * statistically different from the control (p < 0.05).

Unloaded CS beads were able to reduce the number of biofilm cells for all bacterial strains
tested, showing, once again, the antibiofilm capacity of CS. They exhibited greater antibiofilm
potential in the prevention of biofilm formation than at their control. It is not surprising that the
eradication of an established biofilm is usually more difficult to achieve than its prevention, as
biofilms are well known to resist the effects of antimicrobials more easily than the free-living bacteria
6. All CS beads loaded with CITRO or CIS were able to prevent biofilm formation, showing even
better results than unloaded beads (p < 0.05). Beads loaded with CIS or CITRO at MBC/2 tested
against S. aureus and beads loaded with CIS at MBC/4 tested against MRSA also demonstrated
improved antibiofilm activity than the compounds in their free form (p < 0.05). Interestingly, CIS
against S. aureus showed the most significant increase in antibiofilm activity after encapsulation (0.8
log CFU/cm? reduction for free CIS compared to 5.0 log CFU/cm? reduction for encapsulated CIS).
On the other hand, the effects of beads loaded with CITRO at 256 pg/mL against MRSA and beads
with CIS or CITRO at MBC/4 against E. coli in the prevention of biofilm formation were similar to

those obtained with the pure compounds (p > 0.05).

Free compounds tested at MBC/2 were able to completely inhibit the formation of MRSA and
E. coli biofilms (no CFU/cm? detected). Interestingly, sub-bactericidal concentrations were able to
fully prevent biofilm formation, but doses above the bactericidal concentrations were needed for its

total eradication (Chapter 4). This result demonstrates, once again, the greater capacity to prevent
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biofilm formation than to eradicate it. These biofilm prevention results of pure compounds at sub-
lethal doses can be strongly related to the characteristics of the bacterial cells involved in biofilm
formation. For instance, the flagella production by E. coli can be compromised in the presence of
these EOs components, preventing biofilm formation, as demonstrated by Burt et al. 18°. Furthermore,
the ability of microorganisms to adhere to surfaces is influenced, to a certain degree, by the
hydrophobicity of the cell surface °. Thus, the preventive effects of EOs components, at sub-
bactericidal concentrations, may also be related to the capacity of these compounds to alter the cell
surface hydrophobicity, leading to a weaker interaction with the substratum or between the cells
themselves. Indeed, Lopez-Romero et al. showed that CITRO was able to modify the cell surface

hydrophobicity of both E. coli and S. aureus &’.

5.4 Conclusions

This study showed the antibiofilm potential of CS beads loaded with CITRO or CIS. CS
presented an intrinsic antibiofilm activity alone. Beads loaded with those phytochemicals were able
to prevent the biofilm formation of all bacterial strains and control a pre-established biofilm of S.
aureus, including a resistant strain (MRSA). They showed an enhanced effect compared to empty CS
beads. Furthermore, beads loaded with CIS at 10x128 pg/mL demonstrated more effective
antibiofilm properties on pre-established S. aureus biofilms than pure CIS. Regarding the
effectiveness of loaded beads on the prevention of biofilm formation, it was verified that beads with
CIS or CITRO at MBC/2 tested against S. aureus and beads loaded with CIS at MBC/4 tested against
MRSA also had greater activity than free compounds. Indeed, CIS against S. aureus showed the most
significant increase in its activity, both in the control and prevention of the biofilm, after its
encapsulation. These results suggest that synergistic interaction occurred between CS beads and EOs
components. Moreover, overall results confirmed that the eradication of a pre-established biofilm is
generally more difficult to achieve than its prevention, as it was possible to completely avoid the

formation of a biofilm at sub-bactericidal concentrations.

Therefore, the encapsulation could be used as a promising strategy to protect EO components
from degradation, improving their bioavailability in the wound site and consequently their antibiofilm

activity.
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Chapter 6 | Final remarks

6.1 General conclusions

Pathogenic bacteria, including E. coli and S. aureus, are known to be related with several
infectious diseases. CW infections are an important cause of delayed wound healing, being associated
with a substantial healthcare burden and a reduction in quality of life of patients. In addition, the
impaired healing in CWs is mostly associated with the capacity of bacteria to establish biofilms,
which are notably recalcitrant to antimicrobial agents and immune clearance. Furthermore, bacteria
are increasingly acquiring resistance to conventional antibiotic treatments, representing a significant
public health threat. Thus, in order to overcome the development of resistant strains, there is an urgent
need to find new molecules with antimicrobial/antibiofilm properties or agents capable of recycling
antibiotics for which bacteria already acquired resistance. Therefore, this work evaluated the
antimicrobial and antibiofilm potential of selected phytochemicals, particularly EOs components
(CITRO, CIS, CA and 3,7DOC), to be used as alternative and/or in combination with standard
antibiotics (GEN, FUS and MUP) against planktonic cells and biofilms of E. coli and S. aureus,
including a MRSA. In addition to the antimicrobial activity of some phytochemicals already proven
and their multiple mechanisms of action, the side effects associated with them are often less as they
are derived from plants. Moreover, since EOs are easily degradable due to their high volatility and
photosensitivity, the effects of CS beads loaded with these molecules on the control and prevention

of biofilms were also studied.

Firstly, all phytochemicals evaluated in this work proved to be drug-like compounds by RO5.
CITRO and CIS were the most effective phytochemicals, as they exhibited lower MBC values. Based
on a structure activity relationship analysis, it was found that the presence of double bonds and the
OH group may be responsible for their higher bactericidal activity. Regarding their mode of action,
according to the Chick-Watson model, these compounds may interact chemically with cells, except
CITRO that may also interact physically with S. aureus cells. In addition, dual combinations between
phytochemicals and antibiotics were tested against both planktonic and sessile cells. The results
indicated that careful management in the combination of the compounds is needed since the resulted
interactions have shown to be dependent on the state of the cell (planktonic or sessile) and the
concentration of the compounds in combination. The bactericidal effect on planktonic cells was
observed at significantly lower concentrations of the selected phytochemicals and antibiotics when
combined (i.e., MBC of the compounds in combination was lower than the MBC of the compounds
when tested individually). Thus, the combination of phytochemicals and antibiotics can result in a
reduction of their toxicity effects. Regarding sessile cells, the synergistic effects obtained, mostly

against E. coli biofilms, highpoint that those combinatorial approaches could be a good strategy to
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deal with biofilm infections. Synergism is associated with an increase of the antibiofilm effect, which
was confirmed by the fact that reductions in culturability of cells caused by the combinations were
significantly higher than the sum of reductions by the individual treatments. In addition to this strategy
circumventing the problem of bacteria resistance, by extending the effective life of antibiotics or
reversing antibiotic resistance, the cost of developing a new antimicrobial is also substantially higher
than the cost of finding a combination between known ones. For the phytochemical encapsulation
strategy, interesting results were also obtained. Beads with CITRO or CIS were able not only to
control a pre-established biofilm, but also to prevent their formation. Remarkably, the encapsulated
beads showed equal or increased antibiofilm activity compared to pure compounds. These results
prove that the encapsulation of these compounds in CS beads may prevent their degradation and
increase their bioavailability. Furthermore, empty CS beads also proved to have some antibiofilm

activity themselves.

Overall, the results of this thesis showed that phytochemicals, particularly CITRO and CIS,
are promising molecules that could be used as an alternative or complementary approach to
conventional antibiotic therapies for the treatment of biofilm infections in CWSs. The encapsulation
of phytochemicals into delivery formulations could also be a great strategy to treat and prevent

biofilm reseed in the wound bed.

6.2 Future research perspectives

Based on the results obtained in this thesis, several interesting aspects were worthy of further
investigation. First of all, although the mode of action of phytochemicals regarding their type of
interaction with cells (chemical and/or physical) was studied, further research could be made in order
to complete an insightful understanding of its action. For instance, understanding if these
phytochemicals interfere with membrane integrity of cells, by using, for example, the Live/Dead®
BacLight™ Bacterial Viability kit or the transmission electron microscopy (TEM) could be
interesting. The hydrophobicity of cells or the surface charge of bacteria, evaluated through the

measurement of zeta potential could also be assessed.

This work allowed to determine the antibiofilm capacity of selected antibiotics,
phytochemicals and their combinations and CS beads loaded with phytochemicals through the
quantification of CFUs. The application of other methods to validate the effects observed by these
compounds could be of great interest. For instance, the biofilm mass removal evaluated in terms of
biomass content and the biofilm inactivation by measuring the metabolic activity of biofilm cells
could be assessed. Viable cells that are not culturable (VBNC) have been defined as cells that, induced

by some stress like the presence of antimicrobial agents, become nonculturable on media, but which
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can be demonstrated by various methods to be alive and capable of returning to a metabolically active
and culturable state (resuscitation) 1. Thus, the antibiofilm activity of the compounds under study
could also be studied by other methods, as for instance Live/Dead® BacLight™ Bacterial Viability
kit, in order to understand whether the cells were killed or induced in VBNC. At last, it would be
essential to evaluate the ability of the compounds to fight mixed-species microbial biofilms since the

biofilms present in wounds are constituted by a large diversity of species.

It would also be important to proceed with the characterization of CS beads loaded with
phytochemicals obtained in this work. In that context, studies related to its encapsulation efficiency
and drug release should be performed. Moreover, understands the effects of some parameters like pH
and TPP concentration on the entrapment of phytochemicals in CS-TPP beads and the subsequent

release would also be interesting.

Finally, further investigation is needed regarding the possibility of the antibiofilm strategies
presented here being used for clinical purposes, in particular for the treatment of CWs. Therefore, it
is essential to understand their cytotoxicity before being applied in humans. Besides that,
antimicrobial, antibiofilm and cytotoxicity studies using in vivo models should also be taken to
evaluate their true behavior in therapeutics, since in vitro studies do not necessarily predict in vivo

outcomes.

6.3 Thesis outputs

The results presented in this thesis are partially published in:

Paper in conference proceedings

Ribeiro, M. *, Silva, M.B.*, Simdes, M. Antimicrobial activity of phytochemical-antibiotic
combinations against pathogenic bacteria. Proceedings of the 1st International Electronic Conference
on Antibiotics—The Equal Power of Antibiotics And Antimicrobial Resistance, 8-17 May 2021,
MDPI: Basel, Switzerland, doi:10.3390/ECA2021-09622 * These authors contributed equally to this
work (it is possible to find the published PDF paper in Appendix D).

Oral presentation in conference (abstract publication)

Silva, M.B., Ribeiro, M., Simbes, M. Antibacterial activity of citronellol on Staphylococcus aureus
biofilms as a potential treatment for chronic wounds. Conference: IJUP’21 — 14th Meeting of Young

Researchers of the University of Porto, 2021, Online, Porto, Portugal.
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Appendix
A. Antimicrobial activity of phytochemical-antibiotic combinations against

planktonic bacteria

A schematic representation of the checkerboard plate containing the FBCI values for each well
and the respective characterization of the interaction of the two antimicrobial agents according to
Table 3 in Chapter 3 are shown in Figure A.1. It is important to note that for all tested combinations

the FBCI values are the same in each well, since the compounds were always 2-fold diluted.
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Figure A.1. Schematic representation of the interaction between antibiotics and phytochemicals. Numbers in

the checkerboard represent FBCI for each combined concentration of compounds.

B. Action of selected phytochemical-antibiotic combinations on bacterial biofilm

control
Tables B.1, B.2 and B.3 present the log CFU/cm? reductions caused by the selected antibiotics,

phytochemicals and their respective combinations at different concentrations, applied to S. aureus,

MRSA and E. coli pre-established biofilms, respectively, after 1 h exposure.
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Table B.1. Log CFU/cm? reductions after S. aureus biofilm exposure to antibiotics, phytochemicals and their respective combinations.

FUS (32 CITRO (32 Combination
CIS (128 pg/mL)
pg/mL) pg/mL) CITRO-FUS CIS-FUS
x1 x10 x100 x1 x10 x100 x1 x10 %100 x1 x10 x100 x1 x10 x100
log CFU/cm? 0.5 1.4 7.3 1.5 2.6 7.3
0 O 09 13 16 31 13 36 73
reductions (ANT) (IND) (SYN) (IND) (ANT) (IND)

SYN: synergy; ANT: antagonism; IND: indifference.

Table B.2. Log CFU/cm? reductions after MRSA biofilm exposure to antibiotics, phytochemicals and their respective combinations.

MUP (32 CITRO (256 CIS (128 Combination
pg/mL) pg/mL) pg/mL) CITRO-MUP CIS-MUP
x1 x10 x100 x1 x10 x100 x1 x10 x100 x1 x10 %100 x1 x10 %100
log CFU/cm?® 1.8 3.9 7.3 1.3 1.9 7.3
) 14 15 19 14 40 41 12 42 73
reductions (IND) (IND) (SYN) (IND) (ANT) (IND)

SYN: synergy; ANT: antagonism; IND: indifference.

Table B.3. Log CFU/cm? reductions after E. coli biofilm exposure to antibiotics, phytochemicals and their respective combinations.

GEN (8ug/mL)  CITRO (128 ug/mL)  CIS (128 pug/mL) SITROGEN Combination SIS GEN
x1 x10 x1 x10 x1 x10 x1 x10 x1 x10
log CFU/cm? reductions 0.4 0.7 0.2 4.0 0.4 45 15(SYN)  6.8(SYN) 18(SYN) 6.8 (SYN)

SYN: synergy.
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C. Evaluation of the potential of phytochemical-based controlled drug delivery

formulations on the prevention and control of biofilms

An example of CS beads obtained with and without phytochemical is shown in Figure C.1.

£

Figure C.1. Photo image of CS beads unloaded (A) and loaded (B) with phytochemical CIS.

Tables C.1 and C.3 present the log CFU/cm? reductions caused by the CS beads loaded with
and without CITRO or CIS and phytochemicals in their free form against S. aureus and MRSA pre-
established biofilms, respectively, after 1 h exposure (biofilm control). While in Tables C.2, C.4 and
C.5 are represented the log CFU/cm? biofilm reductions after 24 h of exposure S. aureus, MRSA and
E. coli planktonic cells, respectively, to the CS beads loaded with and without CITRO or CIS and

phytochemicals in their free form (biofilm prevention).

Table C.1. Log CFU/cm? reductions after 1 h S. aureus biofilm exposure to the CS beads loaded with or

without selected phytochemicals and phytochemicals in their free form.

CITRO (10x32 pg/mL) CIS (10x128 pug/mL)
Unloaded Loaded Free Unloaded Loaded Eree
beads beads beads beads
2
log CFU/cm 0 1.0 1.6 0.6 7.1 3.7
reductions

Table C.2. Log CFU/cm? biofilm reductions after 24 h of exposure S. aureus cells to the CS beads loaded with

or without selected phytochemicals and phytochemicals in their free form.

CITRO (MBC/2) CIS (MBC/2)
Unloaded Loaded Free Unloaded Loaded Eree
beads beads beads beads
2
log CFU/cm 0.6 1.2 05 1.2 5.0 0.8

reductions
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Table C.3. Log CFU/cm? reductions after 1 h MRSA biofilm exposure to the CS beads loaded with or without
selected phytochemicals and phytochemicals in their free form.

CITRO (10x256 pg/mL) CIS (10x128 pg/mL)
Unloaded Loaded Unloaded Loaded
beads beads Free beads beads Free
2
ﬁ%iﬁgﬁg‘ 0 2.6 3.7 0 3.8 35

Table C.4. Log CFU/cm? biofilm reductions after 24 h of exposure MRSA cells to the CS beads loaded with
or without selected phytochemicals and phytochemicals in their free form.

CITRO CIS
512 pg/mL 256 pg/mL (MBC/2) (MBC/4)
UBLZ\%(lEd Loaded Free Loaded Free Urllle%iqued Loaded Free Loaded Free
beads beads beads beads
log
CFU/cm? 0.8 7.3 7.3 2.3 1.5 1.1 7.3 7.3 2.8 1.2
reductions

Table C.5. Log CFU/cm? biofilm reductions after 24 h of exposure E. coli cells to the CS beads loaded with

or without selected phytochemicals and phytochemicals in their free form.

CITRO CIS
(MBC/2) (MBC/4) (MBC/2) (MBC/4)
Urt])lec;ad(fd Loaded Free Loaded Free UEL(;addsed Loaded Free Loaded Free
beads beads beads beads
log
CFU/cm? 0.6 7.2 7.2 3.7 4.2 0.6 7.2 7.2 1.5 1.6
reductions
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Abstract: The treatment of biofilms has been increasingly troubled due to the rising of antibiotic
resistance in pathogenic bacteria, making the use of antibiotics alone ineffective for treating biofilm-
associated infections. Natural products, particularly phytochemicals, have been thoroughly studied
as a means to circumvent the emergence of resistant pathogenic bacteria due to their multiple modes
of action. Thus, the present study investigated the antimicrobial potential of selected
phytochemicals alone and in combination with standard antibiotics (gentamicin, mupirocin and
fusidic acid) against Staphylococcus aureus, including a multidrug-resistant strain, and Escherichia
coli. Among the selected phytochemicals, citronellol presented the highest antimicrobial activity
against S. aureus and cis-6-nonen-1-ol displayed the highest antimicrobial activity against the
multidrug-resistant 5. aureus and E. coli. In addition, bacterial cells were found to be eradicated at
lower doses of selected phytochemicals and antibiotics when combined. This study highlights the
promising phytochemical-antibiotic combinatorial approach for dealing with biofilm-associated
infections.

Keywords: biofilms; antimicrobial; antibiotics; phytochemicals.

1. Introduction

Biofilm development is a crucial virulence factor in the pathogenesis of several medically
important bacteria, including Staphylococcus aureus and Escherichia coli [1,2]. Indeed, biofilms account
for up to 80% of all microbial infections in humans, underpinning major health and economic burdens
[3]. Moreover, increased antibiotic resistance in pathogenic bacteria is a general trait related to
biofilms, which makes the use of antibiotics alone ineffective for treating biofilm-associated infections
[3]. Thus, novel strategies to target pathogenic bacteria should be designed outside the constricted
antibiotics box.

Natural products, particularly phytochemicals (molecules from the secondary metabolism of
plants), have proven to be outstanding broad-spectrum antimicrobial compounds, in parallel with
other unique characteristics such as anti-inflammatory, antioxidant, anticancer and regenerative
activities, making them perfect candidates for these much-needed novel antimicrobials [4-6].
Furthermore, phytochemicals commonly act through different mechanisms of action than
conventional antibiotics, which can be of great relevance to prevent the emergence of resistant
pathogenic bacteria [4,5]. Such natural products may not necessarily have strong antimicrobial
activities themselves but may synergize with classical antibiotics.

The 1st International Electronic Conference on Antibiotics (ECA 2021) https://eca2021.sciforum.net/
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Therefore, the combinatorial approach of phytochemicals with the already available antibiotics
could be a different paradigm to control biofilm-associated infections, dealing simultaneously with
the microbial resistance and toxicity, since lower concentrations of both compounds can be used.
Herein, we investigate the in vifro antimicrobial potential of selected phytochemicals alone and in
combination with standard antibiotics, namely gentamicin, mupirocin and fusidic acid, against
Staphylococcus aureus (Gram-positive bacteria), including a multidrug-resistant strain, and Escherichia
coli (Gram-negative bacteria).

2. Materials and Methods

2.1. Bacteria and Culture Conditions

The collection stains S. aureus CECT 976 and E. coli CECT 434, and a methicillin-resistant S. aureus
(MRSA) XU212, which was kindly provided by Simon Gibbons (University College London, UCL),
were used in all experiments. The bacteria were preserved at -80 °C in Mueller-Hinton (MH) broth
containing 30 % (v/v) glycerol. The bacterial cultures were grown overnight in MH broth at 37 °C
under 160 rpm of agitation before all the experiments.

2.2. Phytochemicals and Antibiotics

The antibiotics gentamicin (GEN) and mupirocin (MUP) were purchased from Panreac. The
antibiotic fusidic acid (FUS) and the phytochemicals cis-6-nonen-1-ol (CIS), citronellic acid (CA) and
3-7-dimethyl-1-octanol (3,7DOC) were obtained from Sigma-Aldrich. The phytochemical citronellol
(CITRO) was obtained from Acros Organics. All the phytochemicals and MUP were dissolved in
dimethyl sulfoxide (DMSO). The GEN and FUS were dissolved in sterile distilled water. Stock
antibiotic solutions were prepared and dilutions were performed according to the CLSI protocols,
with concentrations ranging from 0.0625 to 1024 ug/mL. Each phytochemical was tested at various
concentrations in the range of 0.0625-8192 pg/mL.

2.3. Determination of Minimum Bactericidal Concentration (MBC)

The MBC of each antibiotic and phytochemical was determined by the broth microdilution
method. After overnight incubation, bacterial cultures were adjusted to a cell density of
approximately 1x10¢ cells/mL in MH broth. Then, 180 uL of the adjusted bacterial suspension were
added to a sterile 96-well microtiter plates, along with 20 uL of 2-fold dilutions of the compounds to
test, and the plates were incubated at 37 *C for 1 h and 160 rpm. Subsequently, the suspensions were
subjected to a process of antimicrobial neutralization (15 min contact time) by the following solution:
lecithin (3 g/L), tween 80 (30 g/L), sodium thiosulphate (5 g/L), a-histidine (1 g/L), and saponin (30
g/L) in phosphate buffer 0.25 M at 1%. Afterwards, 10 uL of each suspension was dropped on plate
count agar (PCA) plates and incubated at 37 °C for 24 h. The plates were then analyzed and the MBC
of each compound corresponded to the lowest concentration causing no bacterial growth on solid
medium. Three independent experiments were performed for each compound.

2.4. Determination of Fractional Bactericidal Concentration (FBC) Index

The FBC index was established to understand the effect between combinations of
phytochemicals and antibiotics under investigation. For that, this was assessed by checkboard broth
microdilution method in 96-well microtiter plates via MBC determination. Bacterial suspensions (~1
x 106 cells/mL) were added to each well, along with the antibiotics and phytochemicals (in a total
volume of 200 pL) in different concentrations, so that each well contains the same amount of the
antibiotic, which is being 2-fold diluted along the x axis (rows), and the same amount of the
phytochemical being 2-fold diluted on the y axis (columns). The antimicrobial solution did not exceed
10% (v/v) of the well. The range of the tested concentrations of each compound was from MBC/16 to
2 x MBC. The MBC of each combination was then determined as previously described in Section 2.3.
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At least three replicates and two independent assays were performed for each combination. The FBC
index for all combinations was determined using the following equation [7]:

FBC index = FBCa + FBCs = (MBCA in the presence of B/MBCa alone) + (MBCE in the presence of A/MBCB alone)
where the nature of interaction of the two compounds was described by the value of FBC index and
interpreted as follows: < 0.5 synergy; > 0.5 and < 1 additive; > 1 and < 2 indifference; and = 2
antagonism [7].

3. Results and Discussion

This study investigated the antimicrobial activity of selected phytochemicals alone and their
combinations with GEN, MUD’ and FUS against 5. aureus CECT 976, MRSA XU212 and L. coli CECT
434. It is well-known that variations in the structure of phytochemicals can result in differences in
their antimicrobial effects [8]. The presence of functional groups, such as hydroxyl (OH), oxygenated
and double bond, can affect the antimicrobial activity on multiple levels, having an essential role in
the polarity, solubility, hydrogen bonding capacity and pKa of the compounds [8]. Therefore, an
attempt to correlate the antimicrobial activity of the compounds tested in this study with their
chemical structure was made (Figure 1).

Citronellol Cis-6-nonen-1-ol
HO /\./I\/\///L - /\/\/V/l/
Citronellic acid 3-7-dimethyl-1-octanol

/L/\.)\i /\/l\./\/}\
~ OH HO

Figure 1. Chemical structure of selected phytochemicals tested in this study. The structures were
created using ChemDraw software.

3.1. Bactericidal Activity of Phytochemicals and Antibiotics

According to the results shown in Table 1, GEN was the most effective antibiotic against both S.
aureus and E. coli, with MBC values of 8 pg/mL and 64 pg/mL, respectively. The lower antimicrobial
activity of GEN against E. coli could be related with the more complex cell wall of Gram-negative
bacteria. It is constituted by a thin peptidoglycan layer adjacent to cytoplasmatic membrane, and an
outer membrane composed by phospholipids and lipopolysaccharides, which serves as a selective
barrier inhibiting the penetration of antimicrobials, such as antibiotics [9]. GEN is an aminoglycoside
antibiotic that bind to the 165 rRNA component of the 30S ribosomal subunit, disturbing the mRNA
and, thus, leading to the formation of truncated or nonfunctional proteins [10]. Interestingly, MUP
was the only antibiotic presenting bactericidal activity against MRSA (MBC of 64 pg/mL), besides its
activity against S. aureus (MBC of 32 pug/mL). In fact, this antibiotic has been demonstrated to be
highly active against staphylococci, including MRSA strains [11]. MUP exerts its antimicrobial action
by inhibiting bacterial RNA and protein synthesis through binding to bacterial isoleucyl-tRNA
synthetase, ultimately leading to bacterial death [11]. The antibiotic FUS also exhibited bactericidal
activity against 5. aureus (MBC of 128 pg/mL), yet at higher doses compared to GEN and MUP.

Table 1. MBC (pug/mL) of selected phytochemicals and standard antibiotics against pathogenic
bacteria.

S. aureus CECT 976 MRSA XU212 E. coli CECT 434

VII
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GEN 8 NA 64

Antibiotics MUP 32 64 NA
FUS 128 NA NA
CITRO 512 NA 2048
. CIS 1024 2048 1024
Phytochemicals CA 2048 NA 1096
3,7DOC NA NA NA

NA: no activity (MBC > 1024 pg/mL for antibiotics; MBC > 8192 pg/mL for phytochemicals).

Among the selected phytochemicals, CITRO presented the highest bactericidal activity against
S. aureus (MBC of 512 ug/mL) and CIS exhibited the highest bactericidal effect against both MRSA
and E. coli (MBC ranging from 1024 to 2048 pg/mL). Compared to CA and 3,7DOC, the chemical
structures of CITRO and CIS are characterized by the C=C double bond and OH group (Figure 1),
which could be responsible for the higher antimicrobial activity of these compounds. The OH groups
are thought to interact with the cell membrane of bacteria, causing the destabilization of the
cytoplasmic membrane and reducing the pH gradients across the membrane, which eventually leads
to the leakage of cellular components and cell death [8]. Furthermore, it has been demonstrated that
the number of double bonds are also significant in relation to antimicrobial effectiveness, in which
the increasing number of double bonds may enhance the antimicrobial effect [12].
These findings support the idea that the compounds GEN, MUP, CITRO and CIS presented
considerably more effective antimicrobial activity against pathogenic bacteria and deserve further
investigation regarding their potential for synergistic effects when combined.

3.2. Combinatorial Activity between Phytochemicals and Antibiotics

Combinations of antimicrobial agents can provide many benefits, such as increased
antimicrobial activity and reduced toxicity effects of the combined compounds. Accordingly, in order
to check the combinatorial effects between selected phytochemicals and standard antibiotics against
pathogenic bacteria, the FBC index was adopted and the data are shown in Table 2.

Table 2. FIC index of the different combinations between selected phytochemicals and standard
antibiotics against pathogenic bacteria.

S. aureus CECT 976 MRSA XU212 E. coli CECT 976
GEN 1.125 (D) NA 0.188 (S)
CITRO
MUP 0.562 (A) * -
IS GEN 0.75 (A) - 0.25 (S)
MUP 0.75 (A) 0.562 (A) -

NA: no activity; S: synergy; A: additive; I: indifference; — no significant bactericidal effect when
combining the compounds (compared with the compound alone at MBC); * the concentration of MUP
was reduced from 64 pg/mL (MUF alone) to 32 ug/mL in the presence of CITRO (NA alone against
MRSA).

The bactericidal potential of GEN against E. coli was significantly enhanced by its combination
with both CITRO and CIS, with a clearly synergistic activity between the compounds (FBC index of
0.188 for the combination CITRO-GEN and 0.25 for the combination CIS-GEN). It has been proposed
that phytochemicals and antibiotics mat act synergistically mostly by multi-target effect in which
compounds target different bacterial sites, by pharmacokinetic or physicochemical effects (e.g.,
enhancement of solubility or bioavailability), or by targeting a specific resistance mechanism of the
bacteria [13]. Noteworthy is the fact that when the bacterial cells were treated with these antibiotic-
phytochemical combinations, the bactericidal effect was observed at significantly lower
concentrations. Indeed, the effective doses of GEN were reduced by 8-fold in E.coli. This outcome is
particularly interesting since, due to the distinctive structure of Gram-negative bacteria, they are
often more resistant than Gram-positive bacteria [9]. In fact, the majority of the World Health
Organization (WHO) list of priority pathogens is composed of Gram-negative bacteria, which have
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been associated with substantial morbidity and mortality worldwide [14]. In addition, the
combination of CIS with GEN caused an additive effect against S. aureus, whereas the interaction
between CITRO and GEN was indifferent against this bacterial strain.

Regarding the effects of combining the phytochemicals CITRO and CIS with MUP, FBC index
values revealed that these combinations act additively against both S. aureus and MRSA. Indeed, the
most interesting effect was observed for the combination CITRO-MUP against MRSA, in which the
concentration of MUP needed to have bactericidal activity against this bacterial pathogen was
reduced from 64 pg/mL (MUP alone) to 32 pg/mL in the presence of CITRO. Herein, it is important
to highlight that the CITRO alone did not demonstrate bactericidal activity against MRSA, showing
the potential of these natural products as drug modulating or modifying agents when combined with
antibiotics. As a result, the use of phytochemicals in association with antibiotics could be an effective
tool for the management of multidrug-resistant bacteria.

4, Conclusions

This work showed the antimicrobial efficacy of selected phytochemicals to be used as an
alternative to and/or in combination with standard antibiotics against pathogenic bacteria. Besides
the possibility of reducing the toxicity of the compounds when used in combination, the side effects
occurred by phytochemicals are considerably less as they are derived from plants. Experimental
investigations are under development to further assess the interaction between phytochemicals and
antibiotics against bacterial biofilms.
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