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ARTICLE INFO ABSTRACT

Keywords: Riboflavin, or more commonly known as vitamin B2, forms part of the component of vitamin B complex.
Riboflavin Riboflavin consisting of two important cofactors, flavin mononucleotide (FMN) and flavin adenine dinucleotide
Immune-modulation (FAD), which are involved in multiple oxidative-reduction processes and energy metabolism. Besides main-
izgﬁfgxal taining human health, different sources reported that riboflavin can inhibit or inactivate the growth of different
Photosensitiser pathogens including bacteria, viruses, fungi and parasites, highlighting the possible role of riboflavin as an

antimicrobial agent. Moreover, riboflavin and flavins could produce reactive oxygen species (ROS) when exposed
to light, inducing oxidative damage in cells and tissues, and thus are excellent natural photosensitizers. Several
studies have illustrated the therapeutic efficacy of photoactivated riboflavin against nosocomial infections and
multidrug resistant bacterial infections as well as microbial associated biofilm infections, revealing the potential
role of riboflavin as a promising antimicrobial candidate, which could serve as one of the alternatives in fighting
the global crisis of the emergence of antimicrobial resistance seen in different pathogenic microbes. Riboflavin
could also be involved in modulating host immune responses, which might increase the pathogen clearance from
host cells and increase host defense against microbial infections. Thus, the dual effects of riboflavin on both
pathogens and host immunity, reflected by its potent bactericidal effect and alleviation of inflammation in host
cells further imply that riboflavin could be a potential candidate for therapeutic intervention in resolving mi-
crobial infections. Hence, this review aimed to provide some insights on the promising role of riboflavin as an
antimicrobial candidate and also a host immune-modulator from a multi-perspective view as well as to discuss
the application and challenges on using riboflavin in photodynamic therapy against various pathogens and
microbial biofilm-associated infections.

1. Introduction chiefly synthesized by microorganisms and plants. Humans or animals

often acquire vitamins in a minute proportion through their daily di-

The comprehensive identification and characterization of the
biological-chemical-physical properties of vitamins since the beginning
of the early twentieth century have unveiled the potential of applying
vitamins in therapeutic settings besides being long recognized as
essential micronutrients for human health and development (Uribe
et al., 2017). In general, vitamins are organic micronutrients that are
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etary intakes (Bender, 2003; Mora et al., 2008). Some vitamins such as
vitamin D and niacin can be produced endogenously by the human
body, via exposure of skin under sunlight or from the amino acid tryp-
tophan, respectively (Bender, 2003; Nair, 2012). Vitamins can be clas-
sified based on their solubility in different solvents, for instance, vitamin
B complex and vitamin C are water- soluble vitamins whilst vitamins A,
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D, E and K are fat-soluble vitamins (Bender, 2003; Mora et al., 2008). In
addition, vitamins can be grouped into five distinct groups in accor-
dance to their biological roles, highlighting the specialty of different
vitamins in regulating physiological processes in humans (Fidanza and
Audisio, 1982; McCormick, 1999; Uribe et al., 2017). (Fig. 1)

Miscellaneous studies with the emphasis on the biological roles or
functionality of vitamins in various human diseases and/or the studies
related to the consequences that arise from deficiency or excessive
intake of vitamins have been actively conducted. Riboflavin, also known
as vitamin B2, is part of the component of vitamin B complex. It can be
found in dairy products (milk and cheese), meat, fish, fruit, dark-green
vegetables, breads, cereals and grain product (Powers, 2003; Pinto,
2013). Riboflavin possesses a prosthetic group consisting of two
important cofactors, flavin mononucleotide (FMN) and flavin adenine
dinucleotide (FAD), which are essential coenzymes for oxidases, re-
ductases and dehydrogenases in multiple oxidative-reduction processes
and have a major role in energy metabolism (Nathan and Cunning-
ham-Bussel, 2013; Saedisomeolia and Ashoori, 2018). Riboflavin plays
multiple roles in human health, including maintenance of the homeo-
stasis of human body systems (Dey and Bishayi, 2016), regulation of
metabolic pathways through redox reactions (Powers, 2003) and
involved in the metabolism of various vitamins, such as niacin, pyri-
doxine, folic acid, and cobalamin through FMN and FAD (Nair and
Maseeh, 2012; Pinto, 2013).

Aside from being critically important for maintaining human health,
recent evidence reported that riboflavin can suppress or inactivate the
growth of different microbes including bacteria, viruses, fungi and
parasites, suggesting the possible role of riboflavin as an antimicrobial
agent (Akompong et al., 2000; Kashiwabuchi et al.,2013; Keil et al.,
2013; Tonnetti et al., 2013; Ahgilan et al., 2016;). Furthermore, ribo-
flavin and flavins (building blocks or degradation products of riboflavin)
are natural and effective sources of photosensitizers (PS), which are
capable of producing reactive oxygen species (ROS) under light expo-
sure thereby inducing oxidative damage in tissues resulting in cellular
damage (Agostinis et al., 2011; Cardoso et al., 2012). This photo-
sensitizing property of riboflavin is therefore exploited as photodynamic
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therapy, which is considered as non-invasive and safe therapeutic mo-
dality against various bacterial infections (Kornman, 1997). Two studies
have illustrated the therapeutic efficacies of photoactivated riboflavin
against nosocomial infections and multidrug resistant bacterial in-
fections, highlighting the potential of riboflavin as an ideal antimicro-
bial candidate (Khan et al., 2019; Makdoumi et al., 2010), which could
serve as one of the alternatives in tackling the global crisis of emergence
of antimicrobial resistance (AMR) (Nathan and Cunningham- Bussel,
2013; Ahgilan et al., 2016; Dey and Bishayi, 2016; Saedisomeolia et al.,
2018).

Host immunity comprising of both innate and adaptive immunity is a
crucial player in microbial defense. Several reports claimed that ribo-
flavin can manipulate host immune responses against invading microbes
by several mechanisms, which might enhance pathogenic clearance
from host cells and increase host resistance towards microbial infections
(Araki et al., 1995; Toyosama et al., 2004; Nathan and Cunning-
ham-Bussel, 2013). These mechanisms include stimulation of the
multiplication of monocytes and neutrophils, activation and enhance-
ment of macrophage functions, suppression of pro-inflammatory cyto-
kines and nitric oxide production and alleviation of tissue damages due
to excessive inflammation in host cells (Araki et al., 1995; Toyosama
et al., 2004; Nathan and Cunningham-Bussel, 2013; Mazur-Bialy et al.,
2013; Dey and Bishayi, 2016). Thus, this review aims to provide some
up- to-date scientific results on the mechanistic aspects of antimicrobial
activity and host immunomodulation of riboflavin from
multi-perspective approach. Besides, the antimicrobial and antibiofilm
formation properties of photodynamic therapy using a combination of
ultraviolet ray A (UVA) and riboflavin in microbial infections together
with some potential challenges and future directions on using this
approach in tackling microbial infections were also highlighted.

2. Riboflavin biosynthesis and antimicrobial drug target
The biosynthesis pathway of riboflavin has been well elucidated in a

number of previous studies (Bacher et al., 2000; Fischer and Bacher,
2005; Fisher and Bacher, 2006). As depicted in Fig. 2, presumably,
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Fig. 2. An overview of the riboflavin biosynthetic pathway producing riboflavin and the coenzyme FMN and FAD. One molecule of GTP and two molecules of
ribulose-5-phosphate are required from the purine biosynthesis pathway and pentose phosphate pathway respectively to form one molecule of riboflavin in a series of
enzyme- catalysed reactions. Two noticeable branches of the pathway are at the condensation between 3,4-dihydroxy-2-butanone-4-phosphate and 5-amino-6-(5’-
phosphoribitylamino) uracil to yield the riboflavin precursor, 6,7-dimethyl-8-ribityllumazine. (Modified from: Crossley RA, Gaskin DJH, Holmes K, Mulholland F,
Wells JM, Kelly DJ, et al. Riboflavin biosynthesis is associated with assimilatory ferric reduction and iron acquisition by Campylobacter jejuni. Appl Environ

Microbiol. 2007)

riboflavin is generated from one molecule of guanosine 5-phosphate
(GTP) and two molecules of ribulose 5-phosphate (Ribu5P) through a
cascade of enzymatic reactions consisting of six enzymes (Rib1-Rib5p
and Rib7p) (Bacher et al., 2000; Fischer and Bacher, 2005; Fisher and
Bacher, 2006). Higher animals including humans usually obtain

riboflavin from daily diets due to a lack of inherent system to produce
riboflavin endogenously. Conversely, riboflavin can be synthesized de
novo by certain bacteria, fungi and plants. Some pathogenic Gram-
negative enterobacteria such as Escherichia coli, Mycobacterium tubercu-
losis, and Salmonella typhimurium are highly reliant on the endogenous
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source of riboflavin due to the absence of effective riboflavin uptake
system (Oltmanns and Lingens, 1967; Neuberger and Bacher, 1985;
Wang, 1992;). Thus, riboflavin biosynthesis pathways in microbes could
be a promising drug target for pathogenic microbes that utilise the
endogenous biosynthesis in alignment with the continuous efforts in the
development of new antibiotics against multidrug resistance in various
pathogens.

In most of the Gram-positive bacteria, riboflavin biosynthesis or
transport genes are regulated by a specific mRNA structure known as
FMN riboswitch. Riboflavin is converted to FMN and FAD by riboflavin
kinase and FAD synthetase in the cell, respectively. The recognition and
binding of FMN to its cognate riboswitch receptor occurs when the FMN
supply is enough in the cell. This binding will cause structural rear-
rangements leading to the formation of a terminator hairpin or
sequestration structure, and consequently repression of adjacent gene
expressions (Serganov and Patel, 2009; Ott et al., 2009). The highly
conserved FMN riboswitch or other riboswitches in bacteria are prom-
ising therapeutic targets because of the absence of riboswitches coun-
terpart in humans (Blount and Breaker, 2006; Lee et al., 2009).
Additionally, majority of the riboswitches are regulated by small or
simple metabolites which are easier to modify or deliver into the system.
Furthermore, it is difficult for bacteria to develop resistance against
antibiotics that targets riboswitches because it is impossible for bacteria
to eliminate the antimicrobial effect exerted by a single type of ribos-
witches in multiple bacterial genes through single mutation (Machtel
et al., 2016).

So far, Roseoflavin (RoF), the analog of riboflavin derived from
Streptomyces davawensis is the sole example of naturally occurring
antibiotic targeting the riboswitch (Ott et al., 2009; Lee et al., 2009).
Roseoflavin has the capacity of inducing antibacterial effect in bacteria
species containing FMN riboswitch. The underlying mechanism could be
due to higher binding affinity of its cofactor,
roseoflavin-5-monophosphate (RoFMN) to FMN riboswitch in compar-
ison with native FMN, where the pattern of recognition by FMN ribos-
witch are similar for both ligands. Further investigation using both
resistant and susceptible strains of Streptomyces davawensis showed that
single nucleotide at position 61 in the aptamer could attribute to this
ligand discrimination (Pedrolli et al., 2012). Ribocil-C, another inhibitor
of FMN riboswitch binds to different Gram-negative bacteria including
Pseudomonas aeruginosa, E. coli, and Acinetobacter baumannii to suppress
ribB expression and riboflavin biosynthesis RF synthesis and conse-
quently arrest bacterial growth (Howe et al., 2015; Howe et al., 2016).
Besides, ribocil-C, together with roseoflavin specifically inhibit dual
Staphylococcus aureus (MRSA) FMN riboswitches that coordinates the
biosynthesis of riboflavin and uptake processes essential for pathogen-
esis and MRSA growth (Wang et al., 2017). The dual-target mechanism
in Gram-positive bacteria provides a useful window in developing
effective antibacterial agents targeting riboflavin metabolism.

Two studies suggested that riboflavin biosynthesis genes are associ-
ated with the virulence and pathogenesis of diseases caused by patho-
genic microbes. For example, ribB is an essential precursor of the FMN
and FAD cofactors in riboflavin biosynthesis. The crucial role of ribB has
been expressed in different Salmonella disease experimental models
(Becker et al., 2006; Rollenhagen and Bumann, 2006). The crucial roles
of riboflavin biosynthesis genes have also been demonstrated in several
pathogenic fungus species. Conditional repression of Rib2 leading to a
loss of virulence has been observed in immunocompetent mice infected
systemically with C. albicans (Becker et al., 2010). Similarly, disruption
of Rib2 in H. capsulatum impedes fungal proliferation within macro-
phages in vitro. Moreover, its virulence is severely attenuated in intra-
nasally infected immunocompetent mice, as exemplified by the inability
of the fungi to replicate in the lungs or disseminate to other organs
(Garfoot et al., 2014). However, Rib2 may not serve as an ideal anti-
fungal target because it shares similar homology with an unidentified
pseudouridylate synthase domain-containing protein (NP 689473) in
humans (Meir and Osherov, 2018). Likewise, mutational inactivation or
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deletion of Rib1 (riboB) in A. nidulans and A. fumigatus, respectively has
attenuated the virulence of pathogenic fungus species in different mu-
rine models (Purnell, 1973; Dietl et al., 2018). The AriboB strain exhibits
higher sensitivity towards nitric oxide with less siderophores is being
produced under riboflavin limitation, which reduces its ability to sur-
vive in hosts (Dietl et al., 2018).

Two sources have suggested that inhibitors which targets lumazine
synthase (LS) and riboflavin synthase (RS) enzymes in riboflavin
biosynthesis could serve as attractive antimicrobial drug targets
(Fischer and Bacher, 2005; Fisher and Bacher, 2006). In general, several
steps are involved in the identification of suitable inhibitors for LS and
RS. These steps include elucidation of crystal structure of LS and RS,
proposal of the mechanistic pathways of the enzymes, synthesis of
possible intermediates and determination of the interaction sites
through co-crystallizing the identified inhibitors with enzymes if
inhibitory activity was demonstrated (Long et al., 2010). The designa-
tion usually focuses on modifications of central pyrimidinedione core
and the extension of side chain from the central core, the ribitylamino
fragment, active sites and reactive intermediates of LS and RS. Various
analytical tools, such as rotational-echo, double resonance nuclear
magnetic resonance (REDOR NMR), X-Ray crystallography and
high-throughput screening (HTS) assays have been employed for high
resolution analysis of the crystal structure of LS and RS, ligand-enzyme
complexes elucidation and screening and identification of small mole-
cules or HIT compounds that potentially inhibit RS and LS (Goetz et al.,
1999; Gerhardt et al., 2002; Mehta et al., 2002; Cushman et al., 2005;
Kaiser et al., 2007; Kundu et al., 2019) A recent review summarizes the
concerted efforts of identification and designation of different classes of
inhibitors that target LS and RS (Kundu et al., 2019). Indeed, riboflavin
biosynthetic enzymes could be potential anti-tuberculosis drug targets.
For instance, HTS hit compound and its analogues (trifluoromethylated
pyrazoles were identified as inhibitors of RS which had shown potent
antimicrobial activity against both Mycobacterium tuberculosis repli-
cating and non-replicating persistent phenotypes (Zhao et al., 2009).
Another recent study had identified ten molecules with 50% inhibitory
concentrations from 44 000 highly diverse small drug-like molecules
against RS through HTS Amongst these ten low molecular weight mol-
ecules, the authors describe that bactericidal compounds with a 2-
Phenylamidazo (2,1- b) (1,3) benzothiazole chemical scaffold was
effective against brucellosis, supported by Brucella culture and intra-
macrophagic replication experiments (Serer et al., 2019).

Analogs of biosynthetic enzymes LS and RS could be promising
antifungal targets. The crystal structures of LS and RS have been illus-
trated in different fungal species including C. albicans, Schizosacchar-
omyces pombe (S. pombe) and Candida glabrata (Shankar et al., 2013). A
high- throughput assay using fluorescence of riboflavin had successfully
identified a few compounds that are able to suppress the LS of purified
S. pombe. However, evidence on the antifungal property of these com-
pounds were unavailable because of poor cell penetration (Chen et al.,
2005). A study reported that the binding of four different inhibitors to
the active site of LS from Candida albicans (Morgunova et al., 2007).
Another study had designed inhibitors that target LS of pathogenic
Candida glabrata, highlighting the potential of targeting LS for antifungal
drug development

Nonetheless, the ability of LS to maintain copies of the catalytic
products should be carefully considered in the designation of inhibitors
and preparation of LS for inhibitors screening (Shankar et al., 2013).
Similarly, a recent study also indicates that derivatives of C60 molecule
exhibit high affinity towards the binding site of LS, suggesting the pos-
sibility of using fullerene C60 derivatives as theranostics agents against
LS (Junaid et al., 2016). Through screening of 40,000 small drug-like
molecules, a study had identified two compounds (G8-59 and D4-65)
that lose their antifungal activities when there is an excess of ribo-
flavin in the growth medium. This suggests that de novo synthesis of
riboflavin is inhibited, and these compounds could have key roles in
riboflavin biosynthesis. Nonetheless, this warrants future work to



N. Farah et al.

unravel their precise role in riboflavin biosynthesis (Ben et al., 2017).

Taken together, numerous studies supported the importance of de
novo riboflavin biosynthesis in several pathogenic microbes and the
promising benefits of targeting riboflavin biosynthesis regulatory
mechanism or genes and enzymes as therapeutic targets for microbial
infections due to the absence of its counterpart in humans, and hence,
there will be minimal to low risk of toxicity on humans (Oltmanns and
Lingens, 1967; Neuberger and Bacher, 1985; Wang, 1992, Fisher and
Bacher 2000; Fisher and Bacher 2005; Fisher and Bacher 2006; Becker
et al.,2006; Rollenhagen and Bumann, 2006). The quest for ideal ribo-
flavin analogues for RS and LS biosynthetic enzymes is still on-going.
Cell permeability and bioavailability of leads must be carefully
assessed and improved for consistency between in vitro and in vivo effi-
cacy. The structural modification of the leads is mostly empirically built.
Therefore, radical amenable should be emphasised on those functional
groups that are dispensable for target enzyme bindings (Long et al.,
2010). More biological/functional studies in assessing the efficacy of the
designed leads as antimicrobial targets are required to validate the hy-
pothetical assumption built on predictive basis. On the other hand, when
considering the appropriateness of analogues for FMN riboswitch, the
identified analogue of riboflavin or FMN should exhibit good antibac-
terial activity that can suppress RS by catabolite repression, mimics
pattern of recognition of FMN as well as displaying higher binding af-
finity to FMN riboswitch to repress downstream gene expressions.
Moreover, the riboflavin inhibitor, if identified, should not interfere
with the enzymes catalysing or binding riboflavin in human. Indeed, the
riboflavin analogues should be recognised by RS and FMN riboswitch in
bacteria and by binding or transporting proteins in humans via
distinctive mechanisms (Long et al., 2010). Thus, it is rather challenging
to identify or design highly specific riboflavin analogues. Nevertheless,
with the advancement of high- throughput screening assays coupled
with diverse chemical compounds libraries, it is hoped that more pu-
tative leads for controlling microbial infections and antimicrobial drug
resistance are attainable.

3. Riboflavin biosynthesis pathway and host immunity

Mucosal-associated invariant T (MAIT) cells are lung-resident CD8+
T-cells found in abundance in humans. Not only these cells are capable
of tissue repair (Hinks et al., 2019), they are also able to respond to a
broad group of bacterial and fungal pathogens by recognizing conserved
bacterial antigens derived from riboflavin precursors, presented by a
non- polymorphic major histocompatibility complex class I-like mole-
cule, MR1 (Chen et al., 2017). These bacterial antigens are small mol-
ecules derived from riboflavin metabolic pathway. Lymphocytes will
then react to these riboflavin-synthesizing microbes in an
MR1-restricted manner and infiltrate solid tissues to trigger an immune
response (Kjer-Nielsen et al., 2018). MAIT cell types will then release
ThO, Thl and Th2 cytokines, and sCD40L in response to bacterial or
fungal infection, showing cytotoxic capacity against infected cells and
promote killing of intracellular bacteria (Chen et al., 2017; (Kjer-Niel-
sen et al., 2018). The rapid recognition of MAIT cells towards microbes
is an important element in controlling the bacterium population in
airway epithelium. Streptococcus pneumoniae, a common pathogen with
different serotypes and commonly found in nasopharyngeal cavity,
provide us some understanding on the importance of riboflavin in trig-
gering host immune response. The expression of metabolic enzymes in
riboflavin synthesizing pathways in these serotypes not only indicate a
potential role for vaccination to enhance MAIT cell immunity (Wang
et al., 2018) but are also very useful in determining the invasiveness of
these pathogens towards the host (Hartmann et al., 2018).

Interestingly, group A Streptococcus species, which does not encode
riboflavin metabolic enzymes did not elicit MAIT-cell responses whereas
group B Streptococcus species, which encodes riboflavin metabolic en-
zymes were found to elicit MAIT-cell responses. Besides riboflavin
metabolic enzymes, MAIT cell activation also requires IL-23 as a co-
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stimulator. MAIT cells of mice infected with pulmonary Legionella or
Salmonella require IL-23 for constant expansion and maintenance of
MAIT-17/1-type responses (Wang et al., 2018). These findings reveal
cellular and molecular targets for manipulating MAIT cell function
under physiological and pathological conditions. MAIT cells respond
aggressively towards riboflavin over expressive pathogens especially
group A Streptococcus, causing Streptococcal toxic shock syndrome
whereby pathological cytokine storm was induced in the process
(Emgard et al., 2019). Hence, regulating the activity of riboflavin syn-
thesis pathway is important to ensure MAIT cells act efficiently.

One of the drawbacks of chemotherapy is the unwanted side effects.
5- Fluorouracil (5-FU) is a common chemotherapy used in treatment of
various cancers despite its unwanted side effects such as diarrhoea,
nausea, mouth sores and low blood count. To make matters worse, 5-FU
alters the architecture and integrity of the small intestine due to high
cellular infiltration in the lamina propria and significantly increases pro-
inflammatory cytokine concentrations (IL-17, TNF-a, INF-y and IL-6 in
serum and IL-17, TNF-a, IFN-y, IL-6, IL-4 and IL-2 in intestinal contents)
and decreased IL-10 levels. Certain microbes such as Lactobacillus plan-
tarum CRL2130 is a riboflavin-overproducing strain that has previously
been shown to display anti- inflammatory properties (Levit et al., 2018).
Taking advantage of the anti-inflammatory properties, these
riboflavin-overexpressing bacteria were demonstrated to be capable of
preventing mucositis in animals treated with 5-FU, with amelioration of
unwanted common side-effects such as diarrhoea and nausea induced by
5-FU without compromising the efficacy of chemotherapy. It is believed
that high amount of riboflavin produced by microbes is responsible for
easing the side effects.

4. Riboflavin and its antimicrobial properties
4.1. Overview

Antibiotics and/or antimicrobial agents are undoubtedly amongst
the most prominent discoveries in medicine. The steadily increasing use
of antimicrobial drugs enable the effective treatment of complicated and
life-threatening microbial infections and has become fundamental in
modern medicine, facilitating a broad range of medical procedures
including cancer chemotherapy, orthopaedic surgeries and trans-
plantation. This eventually reduces microbial-related infections and
improve the quality of human life. However, currently, we are facing the
emergence of antimicrobial resistance (AMR) and multidrug-resistant
(MDR) to the clinically available antimicrobial drugs attributed by
misuse and/or intensive use in agriculture and/or health sectors, which
pose a serious challenge and threat to community and healthcare sys-
tems globally (Davies and Davies, 2010; Prestinaci et al. 2015; Aslam
et al. 2018; Matos De Opitz and Sass, 2020). Indeed, World Health Or-
ganization (WHO) declares AMR as one of the most serious threats to
animal and human health ((Mendelson and Matsoso, 2015). With fewer
new antimicrobial agents that have resistance-breaking features in the
developmental pipeline and/or even less leads are successfully mar-
keted; it is unlikely that we would see significant improvement in AMR
and MDR scenarios in the near future. These scenarios presumably will
cause high fatality rate and huge economic burden on both individuals
and countries (O’Neill, 2016 (a); O’Neill, 2016 (b)). Therefore, the
current resistance warrants the investigations on the mechanism of
resistance deployed by pathogenic microbes and also to actively explore
novel antimicrobial agents to counteract these scenarios. The following
section will discuss the potential of riboflavin or combination of ribo-
flavin with UVA (photodynamic therapy) as a suitable antimicrobial
agent based on its antimicrobial activity against various pathogenic
microbes, host immune-modulation and anti-biofilm formation activity.

4.2. Riboflavin alone and antimicrobial activity

Studies on antimicrobial activity of riboflavin are in scarcity. A few
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studies have demonstrated that riboflavin, when used alone exhibits
antimicrobial properties against pathogenic microbes including Staph-
ylococcus aureus, Enterococcus faecalis, Salmonella typhi, Klebsiella pneu-
monia Pseudomonas aeruginosa, C. albicans and Plasmodium falciparum
(Akompong et al., 2000a; Akompong et al., 2000b; Kashiwabuchi et al.,
2013; Ahgilan et al., 2016;). Antibacterial effect of riboflavin is
demonstrated through a study found that riboflavin alone at a concen-
tration of 50 pL inhibits the growth of the laboratory cultured
Gram-positive bacteria such as S. aureus, E. faecalis, S. typhi and
P. aeruginosa whilst E. coli showed intermediate effect towards riboflavin
and K. pneumonia was found to be resistant to the riboflavin treatment
(Ahgilan et al., 2016). Riboflavin also exerts antifungal properties. An in
vitro study reported an intermediate suppression of C. albicans growth
(Ahgilan et al., 2016) while significant changes on the morphology of
C. albicans treated with riboflavin alone (Kashiwabuchi et al., 2013).
Also, riboflavin is effective in treating malarial infection caused by
P. falciparum (Akompong et al., 2000a; Akompong et al., 2000b). The
authors highlighted that riboflavin at a concentration of 10 to 100 uM
could successfully inhibit the growth and function of asexual and sexual
forms of P. falciparum in vitro (Akompong et al., 2000a; Akompong et al.,
2000b). The group of researchers demonstrated that riboflavin syner-
gistically interacts with standard antimalarial drugs including meflo-
quine, pyrimethamine and quinine whereas interaction between
riboflavin with artemisinin and choloroquine are additive and mildly
antagonistic, respectively (Akompong et al.,2000b).

4.3. Riboflavin and host immunomodulation in microbial infections

It is well documented that riboflavin deficiency significantly altered
the immune system by delaying immune cell function, interfering
nucleic acid synthesis and protein production, contributing to oxidative
stress and disrupting with metabolic processes (Toyosawa et al., 2004
(a); Kodama et al., 2005). Two studies have illustrated the potent host
immune-modulation of riboflavin in microbial infections. A study re-
ported that administration of riboflavin increases host resistance to
different pathogens such as E. coli (in dose-dependent manner),
P. aeruginosa, K. pneumonia, S. aureus and Actinobacillus pleuro-
pneumoniae (Araki et al., 1995). The protective mechanisms of riboflavin
lie on the activation of phagocytic activity of macrophages and early
elimination of pathogens by stimulating multiplication of monocytes
and neutrophils (Araki et al., 1995). One study had demonstrated that
riboflavin is undoubtedly imperative to maintain the viability and ac-
tivity of macrophage RAW 264.7 cells. It is observed that proliferation of
macrophage cells is disrupted with decreased riboflavin concentration
(Mazur-Bialy et al., 2013). Nonetheless, supplementation of riboflavin
might interfere with migration of neutrophils and suppresses the influx
of infiltrations and activated granulocytes to the peripheral sites, which
could result in poor inflammatory responses to the site of infection
(Verdrengh and Tarkowski et al., 2005).

Sepsis is a consequence of overwhelming systemic inflammatory
response to microbial infections that cause multiple organ-system
damages in host. Numerous pro-inflammatory mediators such as in-
flammatory cytokines (IL1, IL-6 and TNF-a), chemokines, macrophage
inflammatory protein (MIP-2) and monocyte chemo attractant protein 1
(MCP-1) and nitric oxide (NO) that consists of high-mobility group
protein B1 (HMGBL1) are expressed during septic shock. Various exper-
imental animal models have revealed the promising effect of riboflavin,
attributed by its anti-inflammation property in improving the mortality
rates of exotoxin and exotoxin-induced shock, gram-positive and gram-
negative bacterial infections and LPS-induced septic shock. The potent
effects of riboflavin are achieved by reducing the high expression levels
of IL-1B, IFN-y, TNF-a, IL-1, IL-6, MIP-2, MCP-1 and NO (Toyosawa et al.,
2004 (a); Toyosawa et al., 2004 (b); Kodama et al., 2005). Riboflavin is
broken down into two cofactors, FMN and FAD by riboflavin kinase
wherein they are considered as key cofactors for phagocytic nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidase 2 (Nox2). One
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study had shown that deficiency in riboflavin impairs Nox2 priming via
conditional RFK knockout isolates leading to abruption of ROS pro-
duction and subsequently impairs phagocyte defence against Listeria
monocytogenes. The study highlighted that TNF-induced priming of Nox2
is RF-dependent whereby riboflavin is required for optimal ROS pro-
duction for an effective phagocytic immune response (Schramm et al.,
2014). Another study also demonstrated that RF-deficient mice are
highly susceptible to experimental pneumococcus infection compared to
control groups (Suwannasom et al., 2020). Furthermore, a study docu-
mented the efficacy of riboflavin alone and combination of riboflavin
with antibiotics such as ciprofloxacin and azithromycin against S. aureus
infection (Dey and Bishayi, 2016). This study indicates that riboflavin
coupled with antibiotics controls S. aureus infection by activating
phagocytosis of macrophages, enhancing the superoxide and hydrogen
peroxide production and downregulating the production of
pro-inflammatory cytokines including IFN-y, IL-6, IL-1$, NO and TNF-a
(Dey and Bishayi, 2016).

Although studies on riboflavin and its host immunomodulation ac-
tivities are limited, there is a robust connection between riboflavin and
host immune system. Riboflavin could modulate innate effector immune
cells activity and mediates ROS and NO production to control microbial
infections effectively. It is highly possible that riboflavin with its anti-
inflammation property could have crucial role in balancing the pro-
inflammatory responses to avoid destructive cell/tissue damages in
host after the clearance of microbial cells. Additionally, riboflavin, being
a proteasomes inhibitor could probably inhibit the release of NO and
TNF-a to exert its anti-inflammatory activity by down regulation of NF-
kP activation triggered by ROS, whereby NF-kf activation is associated
with the production of pro-inflammatory mediators, such as TNF-a and
IL-6. It has been shown that riboflavin confers protective roles in several
age-associated diseases by lowering the production of NO, reduces the
release of TNF-q, and inhibits the activation of NF- k3, and degradation
(Wooley and Sebrell, 1942). Such mechanism remains much to be
explored in microbial infections since current evidence is still scarce.

4.4. Overview of antimicrobial photodynamic therapy (aPDT)

Antimicrobial photodynamic therapy (aPDT) is an approach adopt-
ing a photosensitizer (PS) that is initially applied topically or systemi-
cally to a confined area, followed by photoactivation using a specific
range of light that can excite PS to generate cytotoxic ROS in the pres-
ence of oxygen molecule. The oxidative burst produced during photo-
activation imposes lethal effects on both pathogenic microbes and/or
cancerous cells. Based on its dual selectivity, aPDT can be tailored to be
specific for cancers or microbial infections and the lights can be adjusted
accordingly to the confined area for therapeutic application. A few
studies have documented that aPDT is safe and effective to be used in
vivo and ex vivo, respectively (Jori et al., 2006; Dai et al., 2009). aPDT
utilizes specific wavelength in visible light to excite the PS from its
lowest energy (ground singlet state, 'PS) to the short-lived excited
singlet state (*PS*), and can be changed to the long-lived excited triplet
state, >PS*. The triplet PS then undergoes type I and type II chemical
reactions in the presence of ambient oxygen. Type I reaction involves the
transfer of electrons to form reactive oxygen species (H202, hydroxyl
radicals, superoxide etc) while type II reaction produces highly reactive
oxygen species (102) that arise from an energy transfer ground state
triplet oxygen (Maisch et al., 2007; Alves et al., 2014; Baptista et al.,
2017; Wainwright et al., 2017). PS are generally non-toxic, highly
conjugated unsaturated organic compounds with a large absorption
coefficient in the visible to infrared spectrum to ensure good tissue
penetration (Wainwright et al., 1998; Wainwright et al., 2017; Hu et al.,
2018;). A plentiful of PS have been identified and are well elucidated in
different recently published reviews (Abrahamse and Hamblin, 2016;
Hu et al., 2018; Cieplik et al., 2018;).

Tsugita and his collaborators (1965), are among other researchers,
who firstly demonstrated that riboflavin, when exposed to visible or
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UVA light may cause inactivation of RNA containing tobacco mosaic
virus (Tsugita et al., 1965). The excitation of riboflavin by UVA had been
studied extensively. Riboflavin is a planar molecule that is able to
intercalate DNA and RNA base pairs of pathogens and absorbs the visible
light or UVA (Corbin, 2002). Riboflavin, once photoactivated by UVA,
could result in destruction of nucleic acids by generating ROS inclusive
of superoxide anion (02-), hydrogen peroxide (H202) and formation of
hydroxyl radical (OH), which aids in preventing the replication and
toxicity of pathogens (Mohania et al., 2017). A schematic diagram on
the UVA irradiated oxidation mediated by riboflavin is shown in Fig. 3.
Norval (2006) reported that the antimicrobial activity of UVA irradia-
tion includes sporicidal and virucidal effects (Norval, 2006). The
drawbacks of UVA include its penetration is fully dependent on the
distance from the UV source, of which uneven penetration will result in
nonhomogeneous microbial inactivation (Mohania et al., 2017). Expo-
sure to ultraviolet light in the presence of riboflavin on white blood cell,
on the other hand prevents these cells from proliferation, antigen pre-
sentation, cytokine production and T- cell activation. Inactivation of
white blood cells in fresh whole blood using both riboflavin and ultra-
violet light provides the transfusion medicine community with a better

Exposure to
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alternative to gamma irradiation given that the combination produced
white blood cells with better prevention of antigen presentation, cyto-
kine production and T- cell activation (Fast et al., 2013). For instance,
Mirasol™ pathogen-reduction technology (PRT) system is a commer-
cially available device that applies UVA/riboflavin mechanism for
pathogen inactivation in platelets and plasma during blood transfusions.
In this system, UVA/riboflavin inhibits the replication of pathogens such
as bacteria, fungi, parasite, virus and donor leukocytes, while main-
taining homeostasis of the erythrocytes, platelets and plasma proteins
(Hornsey et al., 2009; Smith and Rock, 2010; Balint et al., 2013).

4.4.1. Antibacterial effects and riboflavin/UVA

Extensive research has been carried out to assess the antibacterial
effect of riboflavin/UVA. A study reported that extensive eradication of
the colony forming unit (CFU) of S. aureus, P. aeruginosa and S. epidermis
cultured on blood/hematin-agar plates when exposed to UVA/riboflavin
(Makdoumi et al., 2010). The team also concluded that doubling of the
UVA dose and in combination with riboflavin is more potent in
decreasing bacterial number than UVA alone (Makdoumi et al., 2010).
Similarly, an in vitro study reported that UVA/riboflavin treatment has
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Fig. 3. Upon exposure to UV radiation, riboflavin gets excited and undergoes intersystem conversion from singlet state into triplet state. With the presence of oxygen
atom, there are two types of reaction that will take place, Type 1 reaction produced reactive oxygen species (ROS). These radicals cause destruction of DNA, lysis of
pathogens and disruption of cell membrane. Type 2 reaction generates highly reactive singlet oxygen species leading to lysis of pathogens.
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antibacterial activity to a broad spectrum of bacteria including S. aureus,
methicillin-resistant S. aureus (MRSA) and P. aeruginosa (Schrier et al.,
2009). A study showed that UVA/riboflavin was effective against
S. aureus, P. aeruginosa and S. epidermis, MRSA, multidrug-resistant
P. aeruginosa (MDRPA), and drug-resistant Streptococcus pneumonia
(DRSP) by using Kirby-Bauer method (Martins et al., 2008). The
UVA/riboflavin irradiation procedure not only inactivated the bacterial
pathogen but also will destroy leukocytes DNA that are impossible to be
repaired by normal pathways (Martins et al., 2008) A study using
riboflavin as photosensitizer in PDT demonstrated that combination of
riboflavin and PDT have the ability to exert bactericidal activities to-
wards MRSA, P. aeruginosa, enterohemorrhagic E. coli (EHEC) and A.
baumannii (Maisch et al., 2014). Also, an in vitro study demonstrated
that Mirasol™ PRT system is capable of reducing both Gram-positive
and Gram-negative bacterial pathogen in donor platelet products
including S. aureus, S. epidermidis, B. cereus, E. coli, P.aeruginosa, and
Serratia marcescens (Martins et al., 2008)

4.4.2. Antifungal effects and riboflavin/UVA

UVA/riboflavin combination has demonstrated inhibitory activities
against fungal pathogens. Fusaium, Bipolaris, Candida, Curvularia and
Aspergillus are the common genera that cause fungal keratitis (Gower
et al., 2010; Revankar and Sutton, 2010; Garg, 2012). Due to the min-
imal number of antifungal drugs, surface toxicity after prolonged
treatment, limited ocular penetration, poor bioavailability interaction
with other drugs and emergence of resistant strains, UVA/riboflavin
light-mediated collagen crosslinking (CXL) has been proposed to inhibit
the fungal pathogens growth (Thomas, 2003; Ganegoda and Rao, 2004;
Kashiwabuchi et al., 2013, Maharana et al., 2016). A study of UVA/r-
iboflavin light-mediated CXL on the microbiologically proven fungal
keratitis of patients (Adams, 2004). The case series showed that no
intraoperative complications lead to the recovery of corneal epithelium
and ulcer. On the contrary, a study reported that UVA/ riboflavin
combination was ineffective on C. albicans (Martins et al., 2008). The
finding was supported that the long-wave UVA combined with ribo-
flavin showed no antifungal effect on C. albicans and Fusarium solani
(Kashiwabuchi et al., 2013). They hypothesized that the total energy
delivered and wavelength of the UVA/riboflavin system conducted are
not sufficient enough for complete inactivation of both filamentous
fungi and yeast (Kashiwabuchi et al., 2013). However, the same study
reported that slight decrease in the cell structure of C. albicans after the
UVA irradiation alone treatment was observed (Kashiwabuchi et al.,
2013). This showed that C. albicans cell wall may be more susceptible to
UVA light irradiation which can be explained by the difference in the
components of cell wall including polysaccharides, glucan, cellulose
chitin and enzymes between the blank control and experimental groups
(Bartnicki-Garcia, 1968; Adams, 2004) Recently, a study has reported
that significant reduction in the number of Aspergillus and Fusarium
species on agar plates when the fungal suspensions were treated with
UVA/riboflavin (Kunt et al., 2020). Furthermore, no fungal growth was
seen when UVA/riboflavin were combined with antifungal drugs
including amphotericin B, variconazole and chlorhexidine in vitro (Kunt
et al., 2020).

4.4.3. Antiparasitic effects and riboflavin/UVA

Riboflavin activated by UVA has also been reported to intensify
antiparasitic properties. A study demonstrated that UVA/riboflavin has
the ability to reduce Babesia microti of hamster whole blood (Tonnetti
et al., 2013). In addition, UVA/riboflavin was effective in partial
reduction of Leishmania donovani amastigotes in human monocytes
(Tonnetti et al., 2015). This result was supported with finding that re-
ported that, L. donovani and other pathogens was not found in human
plasma and platelets after illuminated using Mirasol™ PRT system
(Cardo et al., 2006). Besides, the Mirasol™ PRT system reduced viable
P. falciparum parasitemia in vitro and P. yoelii in an in vivo murine model
for malaria (Keil et al., 2013). Another study) showed that Mirasol™
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PRT system is able to reduce viable Trypanosoma cruzi, the protozoan
parasitic agent of Chagas disease in the whole blood (Tonnetti et al.,
2015).

4.4.4. Antiviral effects and riboflavin/UVA

UVA/riboflavin has been reported to be capable of inactivating
several viruses including vesicular stomatitis virus (VSV), herpes sim-
plex virus (HSV), and polio virus in platelets with little effects on the
platelets quality (Yuksel et al., 2011; Mirshafiee et al., 2015; Al-Qarni
et al., 2015). The treatment of UVA/riboflavin had moderate effect to
decrease dengue viruses (DENV 1-4) titres (Faddy et al., 2016).
Recently, the severe acute respiratory syndrome coronavirus-2 (SAR-
S-CoV-2) were inactivated effectively in both plasma and platelet
products to below the limit of detection in tissue culture following the
treatment with UVA/riboflavin (Keil et al., 2020).

4.5. Antibiofilm formation and riboflavin/UVA

Biofilm is a complex structure comprises of microbial populations
embedded by extracellular polymeric substances (EPS), consisting of
polysaccharides, extracellular DNA, proteins, membrane vesicles, etc
(Davey and O’toole, 2000; Jamal et al. 2018; Fulaz et al. 2019). Biofilm
growth is critical for microbial survival in hostile environments such as
on living tissues inside humans or animals, wound surfaces and medical
devices (Donlan, 2002; Hall-Stoodley et al., 2004;). Microbial biofilms
constitute for up to 80% of all fungal and bacterial infections in humans
(Hpiby, 2017) and remain difficult-to-eradicate infections because it
protects pathogenic microbes against host immunity by increasing mi-
crobial resistance to various biocides and antibiotics (Stewart, 2003;
Tascini et al. 2017). Comparing with their free-floating planktonic
counterparts, microbial biofilm communities exhibit altered metabolic
and physiological states including elevated EPS production, activation
and/or suppression of genes associated with biofilm formation, reduc-
tion in growth rate (Flemming et al., 2007; Singh et al. 2017) and confer
protection against antibiotics 10- 1000 times higher than their plank-
tonic cells (Ceri et al., 1999). The need of the hour is to explore novel
therapeutic approaches against highly resistant microbial biofilms.
Numerous sources have proposed that antimicrobial photodynamic
therapy (aPDT) could be an efficient alternative, among others in
tackling recurrent and chronic microbial biofilm infections (Orlandi
et al., 2014).

To date, a plethora of pathogenic microbes have been isolated from
diverse biofilm-associated infections such as urinary tract infections,
endocarditis, oral cavity and medical implants. Different photosensi-
tizers through aPDT approach have been shown to exhibit wide spec-
trum of antibiofilm activity against various susceptible bacterial and
fungal species, including Gram-positive bacteria (MRSA Enterococcus
faecalis, Streptococcus spp., MSSA, Actinomyces naeslundii), Gram-
negative bacteria (Fusobacterium nucleatum, P. aeruginosa, Moraxella
catarrhalis, E. coli, Aggregatibacter actinomycetemcomitans) and fungi
(C. albicans). The ROS-mediated aPDT inactivation of biofilm involves
multiple targets and is thought to act on three separate fronts: biofilm
matrix, cell surface and cytoplasm, where successful elimination of
biofilm relies on the synergistic destruction on these three fronts (Hu
et al., 2018; Cieplik et al., 2018). Briefly, the antibiofilm mechanism of
distinctive photosensitizers (PS) is initiated by binding of PS to biofilm
matrix. Under this circumstance, some PS will be totally sequestered by
EPS whilst some PS partially penetrate through EPS and make a contact
with the cell surface of microbial cells. Several types of PS will remain
bound to cell surface whereas other types of PS can travel across cyto-
plasmic membrane into cellular cytoplasm and/or even penetrate or-
ganelles (Hu et al., 2018). Abundance of ROS are produced after
illumination of PS, leading to multitarget oxidative damage in various
adjacent molecules including destruction and detachment of poly-
saccharides from biofilm matrix, damage to the cell membrane (Ceri
et al., 1999;0Orlandi et al., 2014; Shrestha and Kishen, 2014), oxidation
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of lipids on the cell surface (Hu et al., 2018) inactivation of proteins by
targeting sulphur containing and aromatic amino acids (Gracanin et al.,
2009; Dosselli et al., 2012) and/or inducing intracellular DNA damage,
in particular DNA cleavage at guanine base (Bertoloni et al., 2000;
Hirakawa et al., 2014). Other organelles such as nucleus and mito-
chondria in fungal cells could be damaged during oxidative burst (Lam
etal., 2011). The oxidative damages in multiple targets eventually result
in the disintegration of biofilm matrix and cellular damage in microbial
cells. The generation of large amounts of ROS is also able to surpass the
antioxidant defence mechanism by microbial cells in the biofilm matrix.
Typically, hydroxide ion and singlet oxygen molecules are two most
common and damaging oxidative species produced by ROS during
oxidative burst. The actual targets of oxidative species depend on the PS
localization and its amounts, since most ROS are not able to travel for a
long distance before disappearing (Hu et al., 2018).

Recently, two reviews have summarized and discuss properties of
antibiofilm and efficacies of different types of photosensitizers in aPDT.
These reviews also offer some insights on the mechanistic aspects on
ROS-mediated aPDT inactivation of biofilm (Hu et al., 2018; Cieplik
et al., 2018). However, studies using riboflavin as photosensitizer in
aPDT for antibiofilm is extremely limited. A study reported that ribo-
flavin/UV combination suppresses C. albicans biofilm by 24.5% but it is
not able to inhibit biofilm formation in C. parapsilosis. The authors also
showed that riboflavin/UV combination has minimal effect on biofilm
formation of S. epidermidis and S. aureus (Giizel Tunccan et al., 2018). A
recent study demonstrated that photo-activated riboflavin increases
intracellular ROS production and inhibits mono- and mixed- species
biofilms produced by antibiotic resistant Staphylococcus aureus and
Escherichia coli using crystal violet assay. Nevertheless, the authors
observed that mixed species biofilms are more resistant to
photo-activated riboflavin than mono species biofilms. The disparity
could be due to the interaction between different EPS production in
mixed species biofilms (Banerjee et al., 2020). In another study, the
researchers observed an antibiofilm activity against biofilm produced by
Enterococcus faecalis using riboflavin with 405nm diode laser (Avianti
et al., 2020). Overall, these studies highlight the potential of riboflavin
as photosensitizer in aPDT against biofilm infections caused by various
pathogens. However, the antibiofilm mechanisms exerted by photo-
illuminated riboflavin remain poorly understood. Further studies are
needed to elucidate the mechanistic aspects of antibiofilm induced by
photosensitized riboflavin in different pathogens.

4.5.1. Challenges and future directions of antimicrobial photodynamic
therapy (aPDT) as antimicrobial and antibiofilm agent

Growing evidence have illustrated the promising effect of aPDT
coupling with different photosensitizers in controlling microbial in-
fections and biofilm formation in various bacterial and fungal infections
(Tsugita et al., 1965; Wainwright et al., 1998; Corbin, 2002; Norval,
2006; Schrier et al., 2009; Makdoumi et al.,2010; Maisch et al.,2014;
Mohania et al., 2017 Hu et al., 2018; Cieplik et al., 2018; Giizel Tunccan
et al., 2018; Kunt et al., 2019; Khan et al.,2019). As mentioned previ-
ously in the “Overview of antimicrobial photodynamic therapy (aPDT)”
on how aPDT played pivotal roles in antibacterial, antifungal, antipar-
asitic, antiviral effects and antibiofilm formation, it is therefore crystal
clear that much more to be explored in this interesting approach to
provide us with another angle of view in our quest to understand further
on antimicrobial and antibiofilm agents. The journey towards the dis-
covery and application of aPDT in the field of medical microbiology is
indeed crucial and warrants necessary attention to complete the
ever-challenging puzzle of tackling microbial and biofilm resistant
pathogens. However, there are several aspects that deserve attention
before we can effectively translate this approach into future clinical
application. Firstly, the selection, binding and attachment efficiency of
PS to the microbial cell surface, in particular cytoplasmic membrane
needs to be carefully assessed. The architecture of cell surface structure
varies among different microbes where different microbial cells will
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exhibit different levels of susceptibility to aPDT depending on the
chemical structure of PS (Avianti et al., 2020). For example, yeasts and
Gram-positive bacteria are more vulnerable to anionic and neutral PS
whilst Gram-negative bacteria are more resistant because of the exis-
tence of additional asymmetric outer membrane which are negatively
charged. Several methods to overcome the disadvantages have been
carried out, such as conjugating PS to positively charged compounds
including polyethylenimine, producing positively charged PS and
treating the bacterial cells with polymyxin B nonapeptide or Tris-EDTA
before the experiment (Nitzan et al., 1992).

The systemic effects of multiple targets of ROS-mediated aPDT using
riboflavin or other PS against microbial and biofilm infections have not
been investigated. A profound understanding on the actual mechanism
behind this approach and identification of susceptible targets in ROS-
mediated aPDT allow precise and accurate application of this
approach in controlling microbial and biofilm infections. Hence, a
comprehensive investigation of the intracellular events by means of
“multiomics” approach could provide a holistic view on the underlying
mechanisms of antimicrobial and antibiofilm properties of different
photosensitizers. The fabrication of PS into an appropriate drug delivery
type is crucial for effective control of microbial infections and biofilm
inhibition. Several nanoparticles such as silver nanoparticles (Nitzan
et al., 1992), chitosan nanoparticles (Darabpour et al., 2016) and gra-
phene oxide (Xie et al., 2017) have been demonstrated to enhance the
microbial killing and antibiofilm activity. Additionally, factors such as
incubation period and particle size should also be considered, since
these factors are important in controlling C. albicans and S. mutans
biofilm (Chen et al., 2012). Moreover, optimization of PS concentration
is required since high concentration of PS might hinder the light from
penetrating deep ER, which affects the efficacy of photoilluminated PS
(Orlandi et al., 2014; Aratjo et al., 2014). Usage of complementary
compounds, such as quorum sensing (Chung and Toh, 2014) or efflux
pump inhibitors (De Aguiar Coletti et al., 2017) could boost the aPDT
efficacy of antibiofilm activity.

Variables that influence the susceptibility of different microbial
isolates to aPDT should be carefully examined. For example, the capa-
bility of S. aureus clinical strains to form biofilm has increased after sub-
lethal treatment of aPDT (Kashef et al., 2013), which renders its sus-
ceptibility to another application of aPDT. Other virulence determinants
such as increased resistance to antibiotics after aPDT (Kashef et al.,
2013) should be identified to ensure the efficacy of aPDT in microbial
and biofilm controls. The potential hazards or side effects arise from
aPDT should be investigated more deeply although no toxicity of the
light sources has been documented so far.

5. Conclusion

In summary, riboflavin exhibits both antimicrobial and anti-biofilm
activities both when used alone or in combination with other anti-
infectives. Further, its capability of modulating host immune re-
sponses could enable riboflavin to serve as an adjuvant or immuno-
therapeutic agent against pathogenic microbes. Nevertheless, the
precise mechanism underscores these activities remain to be explored. It
is also imperative to have more data that conclude precise evidence and
dosage information for effective treatment or prophylaxis against mi-
crobial infections. Targeting riboflavin biosynthesis pathway, in
particular riboflavin biosynthesis regulatory mechanism or enzymes/
genes involved in the biosynthesis deem to be a promising therapeutic
target against selected pathogenic microbes. However, identification of
highly specific riboflavin analogues is rather challenging, and this quest
is continuing.

The use of riboflavin in combination with UVA in combating path-
ogens seems to be a motivating approach as it has shown remarkable
antiparasitic effects as well as promising antibacterial, antifungal and
antiviral activities. Overall, this area holds promise for providing an
additional arsenal against the AMR crisis and should be explored
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further.
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