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Chapter

Antibacterial Strategies:
Photodynamic and Photothermal
Treatments Based on Carbon-Based
Materials

David Giancarlo Garcia Vélez, Karina Janneri Lagos Alvarez
and Maria Paulina Romero Obando

Abstract

The problem of bacterial resistance is based on the abuse of antibiotics such as
trimethoprim, fluoroquinolones, chloramphenicol, and some carbapenems. For this
reason, conventional treatments to treat diseases caused by bacteria have become
ineffective. Therefore, developing new therapies with multifunctional materials to
combat bacteria is mandatory. In this context, photodynamic treatment (PDT) and
photothermal treatment (PTT) have been proposed to combat bacteria. These light-
stimulated treatments are minimally invasive and have a low incidence of side effects.
In addition, they are simple, fast, and profitable. The antibacterial effect of PDT, PTT,
or synchronic PDT/PTT arises from the generation of reactive oxygen species (ROS)
and heat caused by a photoactivated specific photosensitizer (PS) and photothermal
agents (PTAs), respectively. The effectiveness of photoinduced treatment depends,
among other parameters, on the nature and concentration of the PS/PTAs, light dose,
and irradiation wavelength. PS/PTAs based on carbon-based materials (CBMs), such
as graphene oxide, reduced graphene oxide, carbon dots, and carbon nanotubes as
antibacterial agents, will be discussed in this chapter. These CBMs have emerged as
excellent antibacterial alternatives due to their excellent physicochemical properties,
biocompatibility, low toxicity in the dark, specificity, and excellent response to light.
Moreover, several composites and hybrids employing polymers, metal oxides, and
metals have been tested to enhance the antibacterial activity of the CBMs.

Keywords: photodynamic therapy, photothermal therapy, carbon-based materials,
photosensitizers, photothermal agents

1. Introduction

Food and water for human consumption, medical equipment, lung walls, upper
respiratory tract, and external wounds, that accommodate a small number of bacteria,
can generate a potential health risk due to their high adaptability and bacterial prolif-
eration [1]. Infections caused by bacterial pathogens have claimed many human and
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animal lives, mainly when the development of antibacterial treatments is deficient,
for example, the plague pandemic coined as the “black death” in medieval Europe
caused by the bacterium Yersinia pestis, cholera (Vibrio cholera), and tuberculosis
(Mycobacterium tuberculosis), among others. Likewise, viral pathogens such as HIV
and COVID-19 can suppress the immune system, leading to enhanced conditions
for coinfection with bacterial pathogens [2, 3]. The shortage of drinking water and
medical procedures exposed to bacterial pathogens in the air, or contaminated medical
instruments, have become problems of great interest to the world because they are
sources that produce bacterial infections that can lead to the death of people, mainly
in developing countries [3, 4]. Bacterial infections significantly affect the health of
people with cancer, diabetes, and HIV and transplant patients, a high-risk popula-
tion. Likewise, they considerably affect the wound healing mechanism, reaching the
amputation of affected regions or limbs [5, 6].

Antibiotics emerged in the previous era (1940-1980, the “Golden Age” of anti-
biotics) as an effective treatment for bacterial infectious diseases caused mainly by
Streptococcus pneumoniae and Staphylococcus aureus [3, 6]. Undoubtedly, the general
administration of antibiotics revolutionized the treatment of infections caused by
pathogenic bacteria, saving countless lives, and they are still considered of great
importance in modern bacterial therapies [1, 6]. Antibiotics are a subgroup of
antimicrobial agents classified according to their effect, mechanisms of action, and
spectrum. Antibiotics are designed to inhibit the growth and multiplication of sus-
ceptible bacterial cells selectively, interfering with the synthesis of the bacterial cell
wall, protein synthesis, and nucleic acid synthesis, or affecting metabolic pathways
[7, 8]. If antibiotic inhibits cell growth and multiplication, they are bacteriostatic,
while when they cause internal mechanisms that lead to cell death, they are known
as bactericides. However, they present specific mechanisms of action depending on
the type of cell membrane of gram-positive or gram-negative bacteria. Likewise, they
are broad spectrum when they can eliminate bacteria of both types [8]. Bacteria show
the affinity of forming colonies in any solid or liquid substrate (catheters, prosthet-
ics, human body parts, heart valves, and teeth), and proliferation in the presence of
nutrients to release exopolysaccharides gives rise to biofilms [3, 6].

Biofilms are associated with the physiological states of bacteria and can be mono-
strains or multistrains, and there may be synergy or antagonism between the differ-
ent strains [9, 10]. These biofilms are extremely difficult to eradicate because of the
extracellular matrix (exopolysaccharides) that prevents the diffusion of antibiotics in
the structure of the biofilm, as well as prevents the free entry and exit of nutrients and
waste from bacteria. This situation leads to metabolic reduction (a subcritical condi-
tion that activates bacterial survival mechanisms). Therefore, most antibiotics become
deficient because they were designed for exponential growth conditions [4, 6, 11].

Biofilms of multidrug-resistant (MR) bacteria are considered a source of infec-
tion that generates a high risk of affecting and causing death to people at any stage
of life. For this reason, these biofilms are urgent public health problems in the
world, charging 10 million human lives per year and costing 100 billion dollars by
2050 in the world economy. Thus, this strengthens the challenge to innovate current
antibacterial treatments since the exchange processes of the genetic expression of
bacterial pathogens are linked to the food chain, water sources, clinical care, and the
environment in general, modifying the virulence of bacterial pathogens [3, 4, 6, 12],
as shown in Figure 1a.

Searching for methods or treatments to control or eliminate resistant bacteria is
not new, but there are limitations to their use in in vivo applications, such as selectivity
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(a) Exchange cycle of the genetic mutation of bacteria. (b) ROS and photothermal effect genevation mechanisms
for cell death in PDT and PTT. (c) Optical window of melamine, water, hemoglobin, and collagen, depending
on the absorption coefficient [13]. Copyright 2022 MDPI. (d) Internalization mechanisms of the PS and PTAs in
target cells.

and activation control [1]. Nanotechnology has presented successful solutions to

this problem, such as metal nanoparticles (NPs) [9], metal oxide nanoparticles [10],
carbon-based materials (CBM) [11], and nanocomposites [12], as antibacterial agents.
In the CBM group, there are single-walled carbon nanotubes (SWCNTs), multiwalled
carbon nanotubes (MWCNTs), graphene (G), graphene oxide (GO), reduced gra-
phene oxide (r-GO), carbon dots (CDs), and fullerenes [4, 6]. These nanotechnology
solutions have spread into applications such as water treatment [14-17], antimicrobial
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textiles [18], antimicrobial food packaging [19, 20], antibacterial coatings for medical
instrumentation and equipment [21], bacterial distinguishment [22], regeneration of
living tissues [12, 23], photocatalytic disinfection [1, 3, 12, 24], light-induced acidifi-
cation [1, 25], photodynamic therapy (PDT) to antibacterial applications or antimi-
crobial PDT (APDT) [26-29], and photothermal treatment (PTT) or photothermal
bacterial lysis (PTBL) [1, 30-33].

On the other hand, thermotherapy is a widely applied technique in medical treat-
ments, mainly in the oncology area [34, 35]. It is based on using heat (conduction,
convection, or conversion) to tissues (local, regional, or general) to induce damage to
its cellular structure, causing death in target cells [3]. It also promotes an increase in
blood flow that facilitates the supply of proteins, nutrients, and oxygen at the injury
site. The rise of 1°C in the tissue temperature induces improvement between 10 and
15% of the local tissue metabolism [36]. Thermotherapy comprises two categories, that
is, hyperthermia and thermal ablation, depending on the range of temperatures in the
treatments. Hyperthermia encompasses a temperature range between 41 and 45°C,
while thermal ablation encompasses temperatures above 46°C [37-39]. Thermotherapy
supplies heat through different energy sources, for example, radio frequency, micro-
waves, high-intensity ultrasound, light (visible, near-infrared [NIR], and ultraviolet
[UV]), and magnetic fields [40], and its name depends on the energy source.

PTT and PDT are antibacterial techniques that are derived from thermotherapy by
using a light source (visible, NIR, and UV) to provide heat and reactive oxygen spe-
cies (ROS) agents, and they differ mainly in the range of temperature and duration
of treatment (PTT: > 46°C, 4-6 min; PDT: 41-45°C, 15-60 min) [13, 41], as well as
by the mechanisms of action. PPT is based on the use of photothermal agents (PTAs)
that produce heat in the presence of electromagnetic radiation, causing the rupture
of cell membranes, protein denaturation, and irreversible cell destruction [5, 42].

If metal nanoparticles (NPs) or metal oxide NPs are used as PTAs, an effect known

as “localized surface plasmonic resonance” (LSPR) [43] is produced, which allows
the temperature of the nanoparticles to increase. When using CBM as PTAs, heating
mechanisms are achieved through nonradiative relaxation pathways (internal conver-
sion) (see Figure 1b). For this reason, CBM with high absorption and low fluores-
cence quantum yield will present higher photothermal conversion efficiency [44].

Antibacterial PDT employs three critical components for its application: photosensi-
tizers (PSs), electromagnetic radiation (typically NIR region), and molecular oxygen
(0,). The PS absorbs light and donates electrons or energy interchange with surround-
ing O,, promoting the formation of ROS, inducing irreversible damage to the cell
membrane leading to the cell apoptosis or necrosis of the target cell [37]. Two different
mechanisms achieve ROS generation as an agent of action in PDT. The first type of ROS
is formed by the transfer of electrons between the PS and O, or substrate, generating
oxygen radicals such as superoxide anion (O™ ), hydroxyl radical ( HO" ), and hydro-
peroxyl radical (HOO"). This is done by transitioning PS molecules from a ground state
(Sp) to a singlet excited state (S;,) and the excited triplet state, as shown in Figure 1b. In
excited triplet states, these PS molecules exchange electrons with a target cell (O,
mainly), producing free radicals that cause oxidative stress and cell death. The second
type of mechanism to generate ROS consists of energy transfer between the PS in an
excited triplet state and O,, giving rise to singlet oxygen (*0,), which is more reactive
and interacts more with proteins, lipids, and nucleic acids of target cells, in a perimeter
of around 20 nm, producing cell apoptosis or necrosis [45, 46].

PPT and PDT are typically used under near-infrared (NIR, 700-950 nm) laser
irradiation due to the optical window that this region presents (see Figure 1c), in

4



Antibacterial Strategies: Photodynamic and Photothermal Treatments Based on Carbon-Based...
DOI: http://dx.doi.org/10.5772/intechopen.109780

which absorption by hemoglobin (HbO), melanin, and water is reduced, increasing
in this way the availability of photons to interact with the PS or PTAs and greater
penetration in tissues [13, 42, 47-49]. The treatment effectiveness improves under

an incubation time when the PS and PTAs are internalized into the cells by different
mechanisms [45] (see Figure 1d). The selectivity of this treatment can improve by
tuning the PS and PTAs with agents related to the target cells to be treated [41, 50].
Several CBMs, such as CDs, SWCNTs, and MWCNTs, have been used in PDT and
PTT applications as PS and PTAs due to their low toxicity, biocompatibility, tunable
fluorescence properties, easy functionalization, and antimicrobial activity, which are
ideal for in vivo applications [5, 7].

2. Graphene oxide and reduced-graphene oxide

Graphene, which is also called the “wonder material,” constitutes a revolutionary
discovery of the twenty-first century. This CBM has a two-dimensional planar struc-
ture like sheets of sp>-hybridized carbon atoms packed into a hexagonal arrangement
[48]. Graphene comprises isolated layers of graphite. Graphene possesses unique and
fascinating properties such as large surface area, resistance, impermeability, hard-
ness, lightweight, flexibility, and conductivity, which have encouraged its application
in diverse and multidisciplinary fields [49]. Therefore, graphene has been employed
in medicine, electronics, aerospace, energy, nanotechnology, and so on [50].

Graphene has been used in anticancer therapy, drug delivery, tissue engineer-
ing, and biomedical imaging. Nevertheless, pristine graphene is hydrophobic and
relatively expensive to prepare. Thus, two alternatives of graphene derivatives have
been proposed due to their better water affinity and the ability for mass production:
graphene oxide (GO) and reduced-graphene oxide (r-GO) [51, 52]. GO is obtained by
an oxidation procedure of graphite [53], generally carrying out the following routes
of synthesis: Brodie method, Staudenmaier method, Tour method, Hofmann method,
and Hummers method and its modification [54, 55]. On the other hand, r-GO is
prepared by a reduction process of GO, commonly by chemical or thermal procedures
[56]. The presence of carbon and oxygen functional groups, such as alkoxy, car-
boxylic, epoxy, hydroxyl, and carbonyl in the basal planes, and peripheries of these
graphene derivatives, promotes a better hydrophilic character and solubility than
graphene (see Figure 2a) and facilitates biointeractions with molecules like nucleic
acids and proteins [58, 59]. Furthermore, these linked molecules determine the oxida-
tive level of GO or r-GO [57, 60].

Regarding the antibacterial action of GO and r-GO, referring to the inhibition of
growth and microorganism destruction, it is not only attributed to the photoinduced
mechanisms like PDT by the generation of ROS or PTT by the generation of heat, but
it is also a consequence of their two-dimensional structures. These CBMs physically
kill the bacteria by direct contact with the sharp edge layers (thicknesses of 0.8-1.2 A)
of GO or r-GO and scrape the membrane, causing the rupture of the intracellular
matrix and, consequently, the microbe’s death [52]. The lateral size of GO and r-GO
sheets influences the antibacterial effect. It covers the bacterial pathogen due to the
electrostatic interaction between the functional groups of GO, r-GO (basal plane),
and the bacterial membrane, thus inhibiting their nutrient absorption and prolifera-
tion mechanisms, leading to the death of the bacteria. Figure 2b shows AFM images
of S. Aureus and Escherichia coli bacteria free of GO and with GO, showing that
GO sheets superficially cover (folds formation) the bacteria; monolayer GO sheets
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(a) Structure of GO and r-GO. Adapted with permission [57]. Copyright 2019 Dove Medical. (b) Atomic
force microscopy (AFM) images of S. aureus and E. coli with and without GO treatment [31]. Copyright 2020
Frontiers.

with an area > 0.4 pm” have higher antibacterial activity than GO sheets with an

area < 0.2 pm” (nanographene oxide [NGO]) [61]. It is important to note that GO and
r-GO have intrinsic antibacterial properties; additionally, they attack bacteria by two
extra mechanisms: oxidative stress and cell entrapment [62].

2.1 Graphene oxide and reduced-graphene oxide in APDT

The antibacterial capacity of GO has been successfully tested against S. aureus,

E. coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, Streptococcus mutans,
Porphyromonas gingivalis, Fusobacterium nucleatum, and Pseudomonas putida, among
others [63]. It has been demonstrated that GO only produces singlet oxygen ('O,
energy transfer) under irradiation [64]; hence, it marginally contributes to the bio-
cide capacity compared to the simultaneous generation of electron-hole pairs. In this
context, GO with a lateral size of a few micrometers and a thickness of 1 nm reduced
the percentage of bacterial survival to ~24.9% in E. Coli under irradiation-simulated
sunlight exposure at 380 mW-cm ™, causing bacterial death mainly by the generation
of '0,, to a lesser extent by ROS and intrinsic mechanisms of GO, but with a negligible
photothermal effect [65]. The light exposure might reduce GO into r-GO (primar-
ily by electron transfer), forming carbon-centered free radicals, which increase its
antibacterial activity. Thus, r-GO performs better as a biocide than GO [63]. Within
light-stimulated processes, GO and r-GO are considered ideal materials for the
diagnosis and treatment by PDT and PTT because they can be absorbed in the first
(650-950 nm) and second (1000-1350 nm) biological windows, where a sufficient
tissue penetration of light is attained [31].

To improve the antibacterial capacity of these graphene derivatives, some
researchers have proposed its usage along conventional PSs, such as indocyanine
green, methylene blue, and toluidine blue [66]. Thus, several works have proved that
these composites promoted higher ROS production and an enhanced antibacterial
effect compared with the single components. For example, one work used a GO-based
composite with indocyanine green to combat Enterococcus faecalis (an anaerobic
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gram-positive coccus bacterium). It demonstrated that GO upgraded the photody-
namic action of indocyanine green, being 1.3 times more effective in the antibiofilm
activity [67]. Likewise, nanoparticles of metals such as Ag have been employed to
prepare composites showing excellent results in bacteria elimination [68, 69]. One
work used GO along Ag nanoparticles (AgNPs) within in vivo subcutaneous tests and
proved that after 20 min of irradiation with visible light (600 nm), an antibacterial
efficacy of 96 and 99% for E. coli and S. aureus is obtained, respectively [70].

The NGO (~ 21.3 nm) functionalized with DNA-aptamer (short sequences of
artificial DNA) is selective with P, gingivalis, reducing their viability in the order of 4.33
Logio CFU under 980-nm irradiation (1 W for 1 min) and concentration of 1/2 MIC
(minimum bacteriostatic concentration, 62.5 nM—obtained without irradiation), as
seen in Figure 3a. The DNA-aptamer-NGO presents an intrinsic antibacterial activity
and increases under irradiation. Their action mechanism reduces bacterial metabolic
activity, as observed in Figure 3b, which leads to a higher rate of bacterial apoptosis asa
function of concentration and irradiation (see Figure 3c) [71]. In APDT with GO, there
is a dependence between the light dose and the loss of bacterial viability, for example,
for the bacteria E. coli, its loss of viability is aggravated for 40-60 J-cm™ at higher con-
centrations. However, a higher light dose is required for lower concentration, which also
suggests the dependence on GO concentration (see Figure 3d). This behavior is similar
in S. aureus with GO and NGO. That is, there is a threshold of light dose and concentra-
tions of the PS, where the photons are available to excite GO and generate 'O, and the
ROS is optimal for causing bacterial death and avoiding affecting healthy tissues.
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Figure 3.

(a) Bacterial viability of P. gingivalis with DNA-aptamer-NGO in APDT [71]. (b) Metabolic activity of P.
gingivalis with DNA-aptamer-NGO in APDT [71]. (c) The apoptosis rate of P. gingivalis with DNA-aptamer-
NGO in APDT [71]. Copyright 2022 Springer Nature. (d) Loss of viability in E. coli in APDT with GO as a
Sfunction of light dose at 630 nm [31]. Copyright 2020 Frontiers.
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2.2 Graphene oxide and reduced-graphene oxide in antibacterial PTT

The photothermal effect of GO and NGO in antibacterial PTT is a function of
its concentration and size. In NGO, its smaller lateral size allows it to keep its tem-
perature below 60°C (in aqueous solutions). In contrast, the temperature of GO
having larger lateral size reaches above 60°C under the same conditions (630 nm,
65.5 mW-cm™?). Likewise, the heating efficiency is higher in GO (~1.45) than in
NGO (~1.3) for a light dose of 60 J-em™ (see Figure 4a) [31]. This suggests thata
larger surface has greater availability of photons for internal conversion. Therefore,
GO and NGO are potential PTAs in antibacterial PT'T. However, its selectivity can
be improved by incorporating functionalizing agents that positively charge GO for
better attraction to bacteria. The amino groups (NH,) and polyethylene glycol (PEG)
provide a positive charge to GO. Likewise, they can soften the sharp edges of GO,
improving its cytotoxicity and biocompatibility but reducing its antimicrobial activ-
ity. Even so, nanocomposites, such as GO-PEG-NH,, exhibit excellent antibacterial
activity in PTT, as seen in Figure 4b. These GO nanocomposites inhibit susceptible
bacteria such as E. coli and S. aureus at 50 pm-mL " under 808-nm irradiation and 1.5
W-cm ™ for 5 min. These nanocomposites partially damage the membrane in the two
bacterial strains due to their intrinsic antimicrobial activity. When irradiated, the
destruction of the bacterial membrane and a subsequent union of the sample bacteria
are produced, as indicated in Figure 4c [72].

Furthermore, synergistic mechanisms have been achieved since GO and r-GO
also present photothermal effects. One work used amino-functionalized GO and
determined that it was easily targeted by electrostatic attraction into gram-negative
and gram-positive bacteria surfaces. After the irradiation of 159 mW cm™, it was
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(a) Thermal study of NGO and GO in aqueous solution for different irradiation times and concentrations

[31]. Copyright 2020 Frontiers. (b) Bacterial survival vate of S. aureus and E. coli in antibacterial PTT using
GO-PEG-NH, as PTAs [72]. (c) SEM images of the damage produced by GO-PEG-NH, in E. coli and S. aureus
bacteria in antibacterial PTT [72]. Copyright 2020 MDPI.
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proved that the temperature increased to 80°C using a concentration of 0.25 mg mL™
[73]. Using GO and r-GO as PTAs and PS promises improved antimicrobial activ-

ity because bacteria are killed by oxidative stress (APDT) and photothermal effect
(PTT), producing synergy between both therapies [74].

3. Carbon dots

Carbon dots (CDs) are considered nanospheres of diameter between 1 and 10 nm
[54, 56] with carbonaceous nuclei that present sp2 and sp3 domains in crystalline and
amorphous structures [52, 60, 75]. CDs are divided into the following four groups:
carbon quantum dots (CQDs), graphene quantum dots (GQDs), carbon nanodots
(CNDs), and carbon polymer dots (CPDs) (CQDs and GQDs exhibit quantum con-
finement) [60, 61, 65]. The electrons (lone pairs) of sp2 domains absorb light (visible,
NIR, and UV) [1, 57], passing from one energy level (x) to a higher one n — =¥, sur-
passing the forbidden band. Likewise, the presence of functional groups in its struc-
ture (typically: -COOH, -OH, and -NH,) [76-78] allow surface trap states (n) that
reduce the bandgap, allowing electrons to absorb light, to reach a higher energy level
n — n*. In this way, the CDs generate photoluminescence (PL) by different mecha-
nisms: a photon emission due to the n-conjugated domains of the nucleus (CQDs
and GQDs) and photon emission by their surface trap states and by the state of the
molecule [76]. In recent years, CDs have gained significant attention for antibacterial
applications [76] due to excellent photoluminescence properties, low toxicity, ease
of surface functionalization, chemical stability, dispersion in aqueous media, and
low cost [23, 61]. Studies of the antimicrobial activity with S. aureus and E. coli show
that CDs have more permeability toward the bacterial cell membrane than traditional
antibiotics [4, 62] due to their nanometric size, and it can be improved by reducing
the size of CDs [79, 80]. As shown in Figure 5a, more significant numbers of small
CDs cross the cell membrane than the larger ones.

A highlighting factor of antimicrobial activity is the surface charge of CDs. It
must be positive to generate electrostatic attraction between CDs and teichoic and
lipoteichoic acids in the gram-positive bacteria cell membrane, likewise with
lipopolysaccharides (LPS) in the gram-negative bacteria cell membrane [81]. The
surface charge of CDs is modified by their functionalization with suitable mol-
ecules, antibiotics, such as biguanide [80], levofloxacin [47], lysine, and folic acid
[82], or antimicrobial nanoagents such as AgNPs [83], which increase the antibac-
terial activity. CDs (4.5-7 nm in size) passivated with amino, carbonyl, and
hydroxyl functional groups can diffuse through the S. aureus and E. coli bacterial
membranes without affecting them and continue until CDs disrupt the double
helix of naked bacterial DNA, inhibiting bacterial proliferation [81] or activation
of other bacteria-killing mechanism observed in Figure 5b. If CDs are functional-
ized with antibiotics, such as levofloxacin hydrochloride (which inhibits bacterial
topoisomerase IV and DNA gyrase), the mechanisms to kill bacteria become more
potent than the antibiotic action alone [84-86]. In such a way, the CDs induce ROS
generation to damage the bacterial cell membrane partially, and the internalization
of levofloxacin hydrochloride is easier, causing cytoplasmic leakage and early
death of bacteria [47]. A superior feature of CDs is the low probability of causing
bacterial resistance due to their excellent biodegradation (short time for resistant
response, no efflux pump) [4, 65], and no known enzyme is capable of inhibiting
the ROS as HO" and '0, [5].
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Figure 5.
(a) Diffusion of CDs of various sizes in the bacterial wall until reaching the DNA. (b) Mechanisms of bacterial
death by generating ROS in the presence of CDs.

3.1 Carbon dotsin APDT

The features of CDs follow the requirements of the new generation of PSsin APDT.
CDs achieve inhibition of even MR bacteria such as multidrug-resistant S. aureus
(MRSA) or multidrug-resistant Acinetobacter baumannii (MRAB) at relatively low
concentrations (32-64 pg-mL'l) of CDs (~ 3 nm, obtained from 2,4-dihydroxybenzoic
acid and 6-bromo-2-naphthol by the solvothermal method), irradiated with red light
(590 nm) by a 30-mW-cm ™ source for 15 min [87, 88]. Likewise, susceptible bacteria,
such as E. coli, are inhibited at 50 pg-mL™" of CI-GQDs (~3-5 nm, obtained from
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sucralose by the electrochemical method), irradiated with sunlight simulated in a 100-
mW-cm ™2 source for 2 hours [89]. However, the negligible cytotoxicity of these PSs
makes them even more attractive for iz vivo applications. The surface charge of CDs is
a significant aspect of CDs-bacterial membrane coupling and must guarantee a posi-
tive charge. This surface charge depends on the treatment conditions, for example, pH
and dispersion medium; iz vitro or in vivo applications modify surface estate. Usually,
the surface charge of CDs gives the Z potential [89]. The surface charge is related to
the number of functional groups in CDs as PL emissive centers. With a negative or low
charge, the antimicrobial activity decreases due to the low or null electrostatic attrac-
tion of the CDs-bacterial membrane and the few surface heteroatoms that promote
the formation of ROS [5]. The irradiation times, environmental conditions, irradiation
source, and estimation of the light dose administered are crucial in the correct devel-
opment of APDT. However, in various studies, the incubation time is not reported

[64, 77, 78, 90-93]. The incubation time refers to the process of internalization or
endocytosis of CDs toward the membrane bacteria (see Figure 1d). In this sense, Liu
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Figure 6.

(. ﬂ§ Cell viability by CFU number in Bacillus subtilis cells for samples with different concentrations and quantum
yield (QY) of PL [94]. Copyright 2017 Royal Society of Chemistry. (b) SEM and TEM images of E. coli bacteria
before and after APDT [5]. Copyright 2020 MDPI. (¢) TEM image of E. faecium before and after APDT [95].
(d) Inhibition (orange arrows) of E. faecalis bacteria by increasing the irradiation dose in APDT [95]. Copyright
2020 Royal Society of Chemistry.
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et al. [87] extended the antimicrobial activity of red carbon dots (R-CDs) against
MRAB and MRSA by increasing the incubation time from 0 to 45 min, achieving bac-
terial survival rates of 97.7% at 0 min and 3.3% in MRAB and 7.5% in MRSA at 45 min,
because CDs can effectively induce the formation of ROS once inside the bacteria.

An exciting aspect of CDs as PSs in APDT is the dependence between the anti-
bacterial activity and its QY; Figure 6a shows this effect. The QY refers to the trans-
formation of absorbed and emitted photons in the structure of the CDs. However,
it is common to use the quinine sulfate standard that provides adequate information
for the interchange of results [96]. Figure 6a indicates a relationship between the
irradiation time (hours) and the bacterial viability (CFU mL™) in APDT, as well as
a dependence between the bacterial activity (CFU mL™) and the concentration of
CDs (pg-mL'l) in the treatment. Bacterial viability reduces as more CDs have free
electron pairs that promote 1 — ©* or n — n* transitions, which, in turn, induce more
ROS, thus evidencing the ROS production mechanisms shown in Figure 1a, which is
the characteristic of APDT. The doping and functionalization of CDs is an essential
aspect of QY and significantly affects the antimicrobial activity in APDT and can
induce new bacterial death mechanisms, as is the case of bromine-doped carbon
nanodots (Br-CNDs). The Br-CNDs in a change of pH (basic-acid-basic) and dark-
ness conditions induce reactive nitrogen species that generate dark toxicity [97].

SEM/TEM observations are a helpful tool to elucidate bacterial damage and are
typically acquired before and after APDT. Together with staining assays and confocal
laser scanning microscopy imaging techniques, it is possible to propose mechanisms
of cell death [23]. Figure 6b shows the damage caused to the E. coli bacterial mem-
brane before and after APDT. A change in morphology is evidenced by TEM and
bacterial lysis by SEM. Similarly, TEM images in Figure 6c reveal damage caused to
the cytosol of Enterococcus faecium bacteria without affecting the cell membrane after
APDT [89]. The dose of light used in APDT is a parameter of significant consider-
ation. Figure 6d shows that by increasing the power of the irradiation source (0, 11,
and 17 W) in APDT, the antibacterial effect increases until viability is inhibited by the
E. faecium bacteria [89].

3.2 Carbon dots in antibacterial PTT

In antibacterial PTT, the CDs cause initial damage to the bacterial membrane
due to the absorption of photons and their internal conversion that increases their
temperature, as indicated in Figure 1b and 5b. CDs bind to the bacterial membrane
mainly by electrostatic interactions and transfer heat to bacteria [98]. In this way, the
bacterium becomes vulnerable to heat and allows the incoming of CDs that increase
cell damage by inducing the ROS. Therefore, it is common for PTT to synergize with
APDT to improve the bacteria-killing mechanism. The initial damage caused by the
CDs is increased by incorporating an antibiotic or antibacterial agent, such as quater-
nary ammonium, which increases the damage to the bacterial membrane, allowing
a more significant action than the action of the CDs alone [99]. The photothermal
effect is effective in gram-positive and gram-negative bacteria due to the heat the CDs
provide, affecting their different structures of peptidoglycan, phospholipids, and
LPS. Therefore, CDs in antibacterial PTT present properties like those of broad-spec-
trum antibiotics. However, the antibacterial effect without irradiation may reduce
effectiveness in gram-positive bacteria due to multiple layers of peptidoglycan. It is
proved using nanohybrids of GQDs-AgNPs at a concentration of 2 pg-mL™" and bacte-
rial strains of S. aureus (gram-positive) and E. coli (gram-negative). Nevertheless, the

12



Antibacterial Strategies: Photodynamic and Photothermal Treatments Based on Carbon-Based...
DOI: http://dx.doi.org/10.5772/intechopen.109780

total inhibition of bacterial strains is achieved by irradiation with red light (808 nm)
from a 2-W-cm™ source for 10 min and the same concentration of GQDs-AgNPs [83].

A relevant aspect of antibacterial PTT is the photothermal performance of CDs
(conversion of photons into heat). In dispersion in a liquid medium, they act as
heat-emitting sources, and depending on the medium to distribute this thermal
energy efficiently, it is possible to reach high temperatures that cause damage to
healthy tissue. The temperature reached in iz vivo and in vitro applications is a
function of photothermal performance, the concentration of CDs, irradiation
time, the dispersion medium, and the dose of light supplied. Figure 7a shows the
temperature dependence on the dispersion of CDs (doped with Fe), concentration,
and irradiation time. The main parameter for temperature control is the concen-
tration of CDs. However, in iz vivo applications, temperature measurements are
usually real time to avoid unwanted tissue damage. This procedure also depends
on the depth of the treated infection [83]. CDs doped with Fe or Ag nanoparticles
(AgNPs) can acquire a behavior like an enzyme peroxidase (POD) [83] interact-
ing with H,0,, increasing its antimicrobial activity (99.85% inhibition E. coli) and
promoting healing (see Figure 7b and c).

Antibacterial PTT with CDs allows bone infection treatment through hybrid
nanomaterials such as chitosan (CS)-nanohydroxyapatite (nHA) scaffolds doped with
CDs (CS-nHA-CDs). CS-nHA-CD scaffolds help as a base material for the new bone
tissue with antibacterial features. These antibacterial scaffolds achieve an inhibition
(in vivo) of up to 97 and 99% for E. coli and S. aureus bacteria, respectively, under red
light irradiation (808 nm, 1 W-cm™2) for 10 min. Healthy tissues reduce the dose of
light reaching antibacterial scaffolds. Therefore, the temperature control and thermal
performance of these materials are essential [23].
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Figure 7.

(. 6{§ Thermal study of CDs doped with Fe for different concentrations as a function of irradiation time. (b) The
antibacterial activity of Fe-CDs for a strain of E. coli, with an irvadiation of 2 W-cm™ at 808 nm, (I) control,
(1I) Fe-CDs, (1II) H,0O,, (IV) Fe-CDs + H,0,, (V) NIR, (VI) Fe-CDs + NIR, (VII) H,0, + NIR, (VIII)
Fe-CDs + H,0, + NIR. (c) Scheme of antibacterial PTT in vivo, with wound healing effect. All the images were
obtained from [30]. Copyright 2021 Elsevier.
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4. Carbon nanotubes

CNTs comprise sheets of graphene rolled in the form of a tube, and transverse
dimensions are in the nanometric range, but the length is over the nanometric scale.
Therefore, CNTs are one-dimensional material. The number of graphene sheets form-
ing CNTs allows the classification of this material into multiwalled carbon nanotubes
(MWCNTs) with a diameter of ~10-100 nm and single-wall carbon nanotubes with
a diameter of ~0.4-2 nm [100]. CNTs have crystalline sp” domains with graphene as a
precursor. Their physicochemical structure makes them hydrophobic and cytotoxic.
CDs are usually functionalized with noncovalent bonds to improve their biocompat-
ibility and solubility in aqueous media [6]. The CNTs present a spontaneous interac-
tion with bacteria and a strong absorbance in the NIR. For this reason, CNTs are
suitable photothermal antibacterial agents in PTT [1]. CNTs are not eligible for APDT
because they energetically reduce or inhibit singlet oxygen 'O, generation (SOG) and
have QY below ~1 [101]. However, an appropriate functionalization or formation
of a nanocomposite can modify their properties, allowing CNTs to perform as PSs.
CNTs act like needles in the bacterial cell membrane, inducing damage according to
the surface resistance of each bacterial strain. CNTs also act like a nanochannel once
located in the bacterial membrane, the needle effect is more evident in SWCNTs due
to reduced diameters, and the channel-like effect stands out in MWCNTs [100].

CNTs can be vertically directionally grown, producing a nanoforest of CNTs suitable
to inhibit bacterial biofilms, causing immobilization due to their needle-like effect. The
nanoforest of CNTs is a nanostructure like insects’ wings (biomimetics) with excellent
antimicrobial activity by their tower-like nanostructures. Figure 8a shows the antibac-
terial activity of the nanoforest of MWCNTs in a strain of Klebsiella oxytoca.

SWCNTs coupled with surfactants in antibacterial PTT show the inhibition of
bacterial strains such as E. soli and E. faecium with more significant antimicrobial
activity in E. faecium. The E. faecium bacterium is more susceptible to surfactants,
allowing a better penetration of the CNTs in the cell membrane [103].

4.1 Carbon nanotubes in APDT and antibacterial PTT

CNTs’ functionalizing agents, such as menthol-zinc phthalocyanine (ZnMintPc),
zinc monocarboxyphenoxyphthalocyanine (ZnMCPPc), spermine, protoporphyrin
IX, or nanocomposites of CNTs with a matrix such as GO and poly (N-vinyl caprolac-
tam-co-poly (ethylene glycol diacrylate)) poly (VCL-co-PEGDA) polymer, signifi-
cantly improve SOG in antibacterial PDT, generating oxidative damage or alterations
in bacterial DNA [12, 27]. The photothermal effect (photons to heat) in MWCNTs is
produced by internal conversion, just like GO, because they share the same carbon
structure in a hexagonal honeycomb arrangement (see Figure 8a). However, mag-
netic nanoparticles (MNPs) that generate heat by the LSPR effect increase a slightly
lower photothermal effect. Thus, MWCNTs (cyan curves) convert photons to heat
more efficiently than MNPs (blue curves).

MWCNTs embedded in VCL/PEGDA (hydrogel) and ZnMintPc as PSs form a
nanocomposite VCL/PEGDA-MWCNT-ZnMintPc with excellent antibacterial activity
(see Figure 8c, C1). The complete inhibition of E. coli bacteria ascribes to the photo-
thermal effects of MWCNTs (irradiated with a red light at 360 nm in a 65.5-mW-cm™
source) and the generation of ROS by the PS (ZnMintPc). The action mechanism of
this nanocomposite consists of cell membrane damage by direct contact (see Figure
8d) and oxidative damage. The gram-positive bacteria (S. aureus) did not completely
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( a%l;‘EM observations of morphology and K. oxytoca bacteria in a glass substrate and vertical MWCNTS’ forest [102].
(b) Evaluation of the photothermal effect of MWCNTs and other molecules of intevest as a function of time [12]. (c)
Extended plate count method, CFU, of a bacterial strain E. coli under NIR irradiation (630 nm, 65.5 mW-cm™?) [12].
Copyright 2016 Royal Society of Chemistry. (d) STEM observations in bacterial strains S. aureus and E. coli before
and after APDT-PTT with different nanocompounds (C1, C2) [12]. Copyright 2022 MDPIL.

inhibit. However, the nanocomposite bacteria coupling mechanism is similar. This
nanocomposite exhibits synergistic antimicrobial properties in APDT and antibacte-
rial PTT, identical to a nanocomposite with GO and MNPs (C2 in Figure 8c) toward
E. coli bacteria under the same conditions. The potential application of MWCNTs as
PTAs and PS (within antibacterial PTT and APDT, respectively), has the advantage
that they present an additional mechanism of coupling-bacterial death by its needle-
like effect.

5. Perspectives

Carbon-based materials (CBMs), such as graphene oxide, reduced-graphene
oxide, carbon dots, and carbon nanotubes, have promising possibilities as photosen-
sitizers and photothermal agents within photodynamic and photothermal treatments
to combat bacteria. These materials have been used as platforms and components to
develop complex composites. Thus, to encourage their practical application in medi-
cine, it is necessary to standardize large-scale production by maintaining high quality,
reproducible, and uniform morphology and size of these CBMs.

Besides, exploring their killing or inhibition action against other microorgan-
isms, like viruses and fungi, has become a topic of interest. Hence, it is important
to continue the research on the toxicity of these materials in human health and the
environment.

Antibacterial photodynamic and photothermal therapies have been extensively
investigated in susceptible and multidrug-resistant (MR) monostrain bacteria
and MR monostrain biofilms. However, MR dual-strain biofilms can proliferate
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synergistically under specific conditions studied in recent years. The wide variety of
bacterial pathogens and their potential coupling in biofilms sustained new research
to understand and combat this warning to health. In addition, the possibility of
continuing to find new multistrain bacteria biofilms acting synergistically in hospital
substrates and the obsolete antibiotics proves the seriousness of this bacterial risk.
Therefore, it is essential to evaluate, propose, and develop proper culture conditions,
as well as the new era of antibacterial agents, including CBMs, for their promising
antibacterial activity in thermotherapy treatments.

6. Conclusion

This chapter summarizes the recent progress of carbon-based materials (CBMs) as
a novel alternative to combat bacteria. The excessive use of antibiotics triggered bac-
terial resistance that caused severe diseases, even becoming a health risk. Therefore,
developing new treatments has become mandatory to overcome this public problem.
In this context, several authors have proposed CBMs as antibacterial agents, mainly
focusing on their applications within light-assisted treatments as photodynamic
and photothermal therapies since they are rapid, affordable, and minimally invasive
and have less side effects. The main CBM employed to achieve this aim comprises
graphene oxide, reduced-graphene oxide, carbon dots, and carbon nanotubes;
nevertheless, the preparation of hybrids and composites has also been proposed to
improve their antibacterial effect. Metal nanoparticles, biopolymers, metal oxide
nanoparticles, and so on have been employed. We discussed some of the mechanisms
whereby bacteria are inhibited or killed. Several works reported in the literature have
achieved the complete elimination of bacteria. The most studied species are E. coli
and S. aureus. Hence, this chapter evidences that CBM could be used as a benchmark
antimicrobial agent.
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