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Abstract
Microbial resistance to antibiotics has become a major area of research having caused over a million human deaths in 2019. At present, lower
respiratory infection is the most burdensome disease. Antimicrobial Photodynamic Therapy (PDT) is regularly reported not to cause resistance
in any pathogen, and to eradicate both microbes that are susceptible to antibiotics and those that are resistant. However, evidence now
suggests that resistance to photosensitiser drugs at low concentrations is possible, and that tolerance to the reactive oxygen species (ROS)
created during subsequent light exposure will occur eventually. Additionally, an increased optical fluence and the addition of medication
have been necessary to destroy antibiotic resistant strains of Staphylococcus Aureus. Research has mostly focussed on bacteria, though the
importance of fungi is highlighted here given the ubiquity of clinical manifestations like mycosis and urinary tract infection. Proposed next
steps are the definition of terminology and methodology for experiments on microbial resistance/tolerance to PDT, varying the photosensitiser
used for repeat PDT while controlling oxygen and salt levels, and alternative treatments including the interception of neuroimmunological
signalling. Similar to the ESKAPE ranking of antibiotic resistant pathogens, a list summarising the degree of microbial resistance to PDT may
have a place.

Microbial resistance to antibiotics has become a major area
of research given that it caused 1.27 million human deaths
in 2019. Methicillin-resistant staphylococcus aureus (MRSA)
accounted for half these deaths, and lower respiratory infection
is the most burdensome syndrome [1]. Photodynamic therapy
is an alternative to antibiotics for treating infection and its
use is supported by the following rationale: 1) The technique
does not cause resistance to develop in microbes; and 2) Its
action is unaffected by a microbes existing drug resistance
status [2-4]. The purpose of this article is to discuss the validity
of these stock phrases by considering the mechanisms by
which resistance to any treatment occurs in pathogens. Th
author will also discuss the extent to which antimicrobial
stewardship, including the introduction of alternative
methods to antibiotics (i.e. PDT), has already influenced the
antibiotic resistome.
To consider the first statement, it is necessary to define what
we mean by the term ‘resistance.’ It refers to a microbe’s ability
to adapt to a drug so that it is no longer effective in its host or
those acquiring the microbe or its progeny. Bacteria develop
resistance to drugs over time by 1) modification of the drug
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target; 2) increased cell efflux of the drug; 3) reduced uptake
of the drug; or 4) inactivation of the drug [5], with similar
mechanisms described in parasites [6]. Fungi, however, have
shown epigenetic changes after repeat exposures to the
current antifungal agents [7]. Antiviral agents on the other
hand, damage the DNA causing mutation of the nuclear
enzyme thymidine kinase (TK) [8]. Future drug treatments
may introduce additional mechanisms of resistance.
Liu et al. [9] have stated that bacteria cannot develop
resistance to a photosensitiser used for PDT because the druglight interval is too short. These pharmacokinetic constraints
are similar for bacteria, viruses, fungi, and parasites, reflected
by similar incubation periods during clinical applications [10].
The incubation period can be minimised by using cationic
photosensitisers which are taken up rapidly by microbial
cells compared to anionic versions [11] especially in Gramnegative bacteria [12]. Other authors have found that low
concentrations of a photosensitiser can cause incomplete
damage to bacteria and the development of inheritable
resistance [13].
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Mechanisms of resistance to photosensitisers in bacteria are
known to be similar to those observed to antibiotics. When
considering the combination of drugs and light, it has been
proposed that metabolic adaptations cannot happen because
bacteria are unable to sense where the oxidative stress comes
from [14]. Or ROS created during PDT target such a variety
of bacterial cell structures and metabolic pathways that it
will take longer for tolerance to develop at any one site [14].
Tolerance results in the need for longer light exposures during
PDT to achieve the same degree of microbial killing given a
photosensitiser dose [14]. Increasing the irradiance of the
light source within safe limits [15-16] could increase fluence
without extending the duration of exposure, and there is a
need for experiments identifying which method minimises
the development of further tolerance.
One mode of resistance during PDT occurs as a result of tissue
hypoxia secondary to vascular damage and photochemical
oxygen consumption [17]. It would be interesting to know
how modes differ between microbial classes- it is postulated
that fungi and viruses possess few routes to death and so
could build up tolerance quite quickly. Type 1 and 2 reactions
are simply the different ways in which oxygen, a physiological
substrate, light and drugs interact to destroy the microbe.
The yield of type I and type II reactions during PDT varies by
substrate, photosensitiser and the local level of oxygen [18].
So, for an infection requiring repeat treatments, varying the
photosensitiser and the available oxygen will ensure a variety
of ROS are created and the full range of microbial targets are
enabled and reduce the rate at which tolerance develops.
Additionally, the use of salts maximises the effect of ROS on a
given target [19], presumably minimising treatment duration
and the likelihood of tolerance developing.
The second statement often made by those endorsing PDT
is that its utility is unaffected by the drug resistance status
of microbes [3]. However, microscopic lab observations of
Deuteroporphyrin PDT of Staphylococcus Aureus report a
larger light fluence and adjuvant Oxacillin during eradication
of antibiotic resistant isolates of S. Aureus compared to
susceptible ones [20]. It has also been found that while PDT
of sufficient dose can inactivate both susceptible and resistant
bacterial strains, the likelihood of selecting the latter is much
lower [21].
The six ESKAPE pathogens were those most common in
nosocomial infection up to 2019 [22] -‘ESKAPE’ being an
acronym of their first letters (Table 1). A 33% change to this
list has occurred since 2019 (Table 2) [1] and while the latter
study only considered bacteria, it is assumed that the other
microbial classes remain outside the top six. The deadliest
pathogen in 2019, Gram-positive Enterococcus Faecium, no
longer appears in the list, implying it has been managed
successfully. Escherichia Coli replaced it suggesting it in 2021
may have been overlooked when treatments strategies
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focussed exclusively on the original top six. Independent of
resistance status, Gram-negative bacteria are more difficult to
kill than Gram-positive bacteria [11] and this status could add
to the challenge of E. coli eradication.
Table 1: The ESKAPE pathogens.
Enterococcus Faecium

Gram-positive

Staphylococcus Aureus

Gram-positive

Klebsiella Pneumoniae

Gram-negative

Actinebacter Baumanni

Gram-negative

Psuedomonas Aeruginosa

Gram-negative

Enterobacter Spp

Gram-negative

Table 2: Six leading Pathogens for deaths.
Escherichia Coli

Gram-negative

Staphylococcus Aureus

Gram-positive

Klebsiella Pneumoniae

Gram-negative

Streptococcus Peneumoniae

Gram-positive

Actinebacter Baumanni

Gram-negative

Pseudomonas Aeruginosa

Gram-negative

While bacteria dominate rankings of lethal microbes, urinary
tract infection (UTI) can be caused by Candida spp [23] and is a
common cause of Sepsis [24]. Additionally, Twenty percent of
the population are affected by mycosis, which is often chronic
[25] and therefore prone to resistance to treatment. Mycosis
also predisposes the sufferer to bacterial infection [25] making
sustainable treatments for fungi vital.
Focussing on the bladder, the Venn diagram in Figure 1 one
categorises microbes by their presence in the three recognised
categories of UTI and illustrates which appear in the lists of
the six deadliest pathogens (Tables 1 and 2). The Enterococcus
genre are common to all types of infection but have proven
to be manageable since these data were presented, perhaps
by virtue of appearing on the ESKAPE list as stated earlier. The
Gram-negative Enterobacter proteus has also reduced since
2019, implying treatment methods might have improved too.
However, Klebsiella Pneumoniae (also Gram-negative) endures
as the third most deadly pathogen in keeping with the burden
of respiratory infection [1]. The relative difficulty in accessing
the lungs for treatment compared to the bladder may provide
an explanation for its persistence.
In summary, microbial resistance to PDT is complex and
defined terminology and methodology are proposed before
taking further steps [13]. Alternative methods are desirable
to prevent an upsurge in resistant microbes if PDT were to
be overused. Recent dermatological work has summarised
alternatives [4] but for infections affecting less accessible
organs like the lungs, neuroimmunological signalling
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CAUTI

Klebsiella
Pneumoniae
Enterobacter
Proteus

Candida spp

chUTI

Enterococcus spp

Escherichia Coli

uUTI

Staphylococcus Saprophyticus

Figure 1: Pathogens associated with the three types of urinary tract infection (UTI: uncomplicated UTI (uUTI); Catheter Associated UTI
(CAUTI); Complicated Human UTI (chUTI). The underlined organisms are on the 2019 list of ESKAPE pathogens. The green text highlights
those that appear in the Lancets 2022 list.

interception has proven to be effective [26]. The ranking list
of deadly pathogens provides one method of monitoring the
progress of an array of treatments on the antibiotic resistome.
A future list describing the PDT resistome may also have a
place.
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