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Abstract

A promising method to prevent and control infections is Antimicrobial Photodynamic Therapy (APDT). This study investigated
the use of chitosan-porphyrin composite (CPC) as photosensitizer for APDT test against four wound bacterial isolates:
Staphylococcus aureus, Klebsiella pneumonia, Proteus mirabilis, and Escherichia coli. The chitosan extracted from fresh prawns
and porphyrins with different functional groups complexed with zinc, tin, and silver were used. The functional groups on the
porphyrin were 4-phenyl (TPP), 4-sulphonatophenyl (TPPS), 4-hydroxylphenyl (THPP), 4-carboxylphenyl (TCPP), 4-
methoxylphenyl (TMPP), 4-methyl-4-pyridyl (TMPyP). The CPCs were characterized using UV-Vis and Infra-red spectroscopic
techniques and the results confirmed weak interactions between the chitosan and porphyrin molecules and in some cases resulting
in aggregation of the porphyrin molecules. A screening study was conducted to investigate both the dark toxicity and photo-toxicity
of the composites using agar well diffusion method. The composites that displayed growth inhibition against all pathogens
underwent additional evaluation to determine their minimum inhibitory concentration (MIC), minimum bactericidal concentration
(MBC), and killing rates. The study found that only silver meso-tetra(4-methoxylphenyl)porphyrin-chitosan composite (C-
AgTMPP) and silver meso-tetra(4-hydroxylphenyl)porphyrin-chitosan composite (C-AgTHPP) among the twenty-eight CPCs
showed activity against all the pathogens, with MBC values as low as 1.25 ug/mL and eradicating the pathogens within 24 hours
of exposure to light.
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INTRODUCTION

A wound that takes longer to heal than expected is considered a chronic wound and always
necessitates therapeutic intervention to facilitate the healing process (Zhu ef al., 2017). Examples
of such wounds include diabetic foot ulcers, venous leg ulcers, burn victim wounds, and pressure
sores. In some cases, certain disease conditions contribute to the chronicity of wounds, such as
malnutrition, cancer, radiation injury, diabetes mellitus, and chronic diseases like renal disease
(Harding, et al., 2002). These patients are most likely to have suppressed immunity, rendering their
bodies unable to fight infections and creating an environment favourable for bacterial colonization
of the wound. Pseudomonas aeruginosa (Gram-negative) and Staphylococcus aureus (Gram-
positive) are the primary bacteria that infect an open wound within the first 24-48 hours and after
a week, other bacteria such as Proteus mirabilis, Klebsiella pneumoniae, and Escherichia coli with
increased antibiotic resistance may also be found (Abbaspour et al., 2015).
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Preventing infections in chronic wounds is crucial for successful wound healing; however,
effectively managing persistent and festering wounds to achieve timely healing remains a
significant challenge for traditional and modern medical practitioners. Common methods used to
prevent or control wound infections include wound cleaning, debridement, and antibiotic therapy
(topical and/or systemic) (Atiyeh et al., 2009). More advanced techniques involve using
specialized dressings like foam dressings, hydrocolloids, hydrogels, alginate dressings, and films,
as well as treatments like negative pressure wound therapy (NPWT), hyperbaric oxygen therapy
(HBOT), bioengineered skin substitutes, platelet-rich plasma (PRP) therapy, growth factors and
cytokines, electrical stimulation, compression therapy, and surgical interventions (Okur et al.,
2020; Zhang et al., 2020; Hoang et al., 2022; Ongarora et al., 2022). However, these methods can
be expensive and may not be readily available in low-income areas. Some procedures require
anaesthesia, and the use of antibiotics alongside NPWT, HBOT, and PRP is considered
supplementary to the commonly used methods.

Therefore, there is a need to find more affordable and effective dressings/treatments for managing
chronic wounds, and antibacterial photodynamic therapy (APDT) holds promise in this regard.
APDT is a non-invasive therapy that utilizes three components: a photosensitizer (PS), light, and
oxygen to inactivate pathogens (Kou et al., 2017). It employs molecular oxygen as the
neighbouring molecule, absorbing energy from an excited PS to form cytotoxic chemical species
that cause the “photo-killing” of bacteria upon illumination with ultraviolet and visible light rays.
The administered photosensitizers, which are dye molecules, can be absorbed either into the cells
of the microbes or on the surface of the cell wall. Initially, the photosensitizers are in the ground
singlet state ('PSo) before exposure to light. Upon light irradiation, they absorb photons of a
specific wavelength (i.e. the visible region and may extend to the near-infrared region) (Karaoglu
et al., 2020; Almenara-Blasco et al., 2024) and undergo transition to an excited singlet state
('PSexc). This excited singlet state can follow two pathways - it can either radiatively decay to the
ground state, resulting in fluorescence, or undergo intersystem crossing (ISC), leading to the
formation of the triplet state (*PS). The triplet excited state has lower energy and a longer lifetime
(107 s). The excited state dynamics of the PS has been summarized in Figure 1. In the triplet
state, the photosensitizer interacts with the surrounding molecules through two types of
photochemical reactions, known as Type I and Type II, which produce various cytotoxic reactive
oxygen species (ROS) (Ongarora et al., 2022). Both Type I and Type II reactions are oxygen-
dependent and are believed to occur simultaneously during antimicrobial photodynamic therapy
(APDT), requiring proximity between the *PS and molecular oxygen (Ormond and Freeman,
2013).

APDT offers several advantages over other antibacterial therapies. It is non-invasive and targets
various structures within the pathogen, which could alter the different metabolic pathways of
the microorganism, unlike the other treatments (Feese et al., 2011).
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Figure 1: Photochemical reactions mechanism of ROS generation by photodynamic therapy (Kou
etal., 2017).

The process occurs so rapidly that the microorganism does not have sufficient time and resources
to recover and engage in adaptive survival mechanism. It also disables the pathogens' ability to
develop cross-generational adaptivity mechanisms against the therapy (Feese et al., 2011; Ranjbar
and Takhtfooladi, 2016). Additionally, the other components of this therapy, oxygen and light, are
non-toxic, and are freely available in nature, making the therapy effective for localized infected
wound such as chronic sores. Typically, dyes used as PSs in APDT are tetrapyrrole based (i.e.
porphyrinoids), coordinated to a wide range of metal ions. Examples include chlorins,
bacteriochlorins, phthalocyanines, and porphyrins. Non-porphyrinoids such as methylene blue,
rose bengal, toluidine blue O, neutral red, fullerenes, naturally occurring curcumin, and hypericin
have also been used (Voila and Dall’Acqua, 2006; Vilela et al., 2012; Prasanth et al., 2014;
Shrestha et al., 2015). An ideal ADPT photosensitizer should be able to absorb light within the
phototherapeutic spectral window, ranging from 600 to 850 nm, and generate a high quantum yield
of its triplet state (Karaoglu et al., 2020; Almenara-Blasco et al., 2024). High chemical purity,
thermal stability at room temperature, ease of penetration into the cell wall of the bacteria, and
high photostability, are among other essential characteristics of an ideal PS (Kral et al., 2000;
Ormond and Freeman, 2013).

Extensive research has been conducted on the use of porphyrins as photosensitizers in APDT
(Milanesio et al., 2001; Caminos et al., 2008; Liu et al., 2015; Gyulkhandanyan et al., 2016;
Fayyaza et al., 2016; Gourlot ef al., 2022; Savelyeva et al., 2023; Ji et al., 2023; Zhang et al.,
2024). Porphyrins are macrocyclic compounds made up of four pyrrole rings bonded together by
methine bridges. They possess an extensive conjugated m system with 22-n-electrons, of which 18
are delocalized. These compounds absorb light in the UV-Vis region of the electromagnetic
spectrum due to their conjugated 7 system, resulting in a variety of electronic and optical properties
(Gouterman, 1978). Porphyrins generate long-lived triplet states, especially when metals have
been inserted into the porphyrin ring (Gouterman, 1978). In the triplet state, they effectively
transfer energy to the surrounding molecular oxygen (*0.), generating a high singlet oxygen
quantum yield, which is the cytotoxic agent that is responsible for the death of the bacteria (Bonnett
et al., 1988). They are also easily synthesized from readily available precursors, easy to replicate
and functionalize, allowing tuning of their absorption bands to absorb light in the visible region
and near infrared, and can be made water-soluble by introducing charged substituents (Woodburn
et al., 1994; Tominaga et al., 1997). These unique properties make porphyrins ideal as PSs for
APDT compared to other dyes.

Currently, the major drawback with application of porphyrin in APDT is the loss of antimicrobial
activity of PS molecules through leaching (Feese ef al., 2011) and inadequate uptake of PSs by
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bacteria, resulting in insufficient photosensitization (Lui et al., 2015). Studies have shown that
structural modifications of existing PSs, including immobilization of PSs on biopolymeric
material, have optimized APDT efficacy, and chitosan and cellulose have been investigated (Huang
et al., 2010; Feese et al., 2011; Buchovec et al., 2016). Tsai et al. (2011) investigated the
photodynamic inactivation (PDI) of hematoporphyrin (Hp) combined with chitosan efficacy
against Acinetobacter baumannii, Pseudomonas aeruginosa, Staphylococcus epidermidis,
Staphylococcus pyogenes, and methicillin-resistant Staphylococcus aureus (MRSA). Feese et al.
(2011) wused cellulose nanocrystals with surfaces modified with cationic porphyrins to
photodynamically inactivate Mycobacterium smegmatics and Staphylococcus aureus. Shrestha et
al. (2012) studied the efficacy of rose bengal when immobilized on chitosan against E. faecalis
and P. aeruginosa.

Chitosan is a modified natural biopolymer derived from chitin. Chitin is a biopolymeric substance
found in the exoskeleton of invertebrate marine animals, insects, fungi, and yeast, with the largest
source being crustaceans such as snails, shrimp, crabs, etc. Chitin (CgH;305N),, is a linear
polysaccharide made up of repeated units of single sugar monomer N-acetyl-glucosamine linked
together via f-1,4 bonds. This polymer is biodegradable, biocompatible, non-toxic, and
environmentally friendly, with some antioxidant, anticancer, and antimicrobial properties against
bacteria, fungi, and yeast (Majekodunmi, 2016). As a result, it is extensively studied, especially
for medical and pharmaceutical applications (Tsai and Su, 1999; Raafat ef al., 2008; Majekodunmi,
2016).

In our recent study, a series of porphyrins (Figure 2), were synthesized and characterized, and the
effects of functional groups and metal ions on APDT were investigated (Daramola et al., 2021;
George et al., 2022). This study capitalized on the advantages offered by each of the components
of the composite material (chitosan-porphyrin composite (CPC)) to achieve enhanced antibacterial
activity. To the best of our knowledge, there are no studies on the application of chitosan-porphyrin
composites against the selected Gram-negative (Klebsiella pneumoniae, Proteus mirabilis,
Escherichia coli) and Gram-positive bacteria (Staphylococcus aureus). These strains are the most
predominant pathogens found in wounds and are equally reported as multidrug-resistant pathogens
(Alves et al., 2009; Abrahamse and Hamblin, 2016).

It is expected that the synergistic combination of the porphyrin derivatives with the antimicrobial
ability of chitosan could lead to an enhanced inactivation of these Gram-positive and Gram-
negative bacteria in the presence and absence of light.
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Figure. 2: Chemical structure of the studied porphyrin molecules.
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MATERIALS AND METHODS

All reagents and solvents used for this study were purchased from Merck and Sigma Aldrich and
used without further purification. Fresh prawns (Dendrobranchiata Family) used in this study were
obtained from local market. UV-Vis spectra were recorded on a Shimadzu UV-200
spectrophotometer using a path length of 1 cm quartz cells. The electronic spectra were plotted
using OriginPro 7.0 software (USA) installed on a personal computer. Fourier Transform Infrared
(FT-IR) (4000—400 cm™) was recorded on a KBr disk Shimadzu FT-IR 8400). The incubator used
was Gallenkamp, UK. Auto colorimeter (Metzer, India) at 540 nm and Mueller-Hinton agar
(MHA) plates were used for the antibacterial studies.

Preparation of Chitosan—Porphyrin Composite (CPC)

The preparation of CPC is in two stages - first is the extraction of chitin and its conversion to
chitosan. The second is, the immobilization of the porphyrin on chitosan. The chitosan employed
in this study was formed by alkaline hydrolysis of chitin as reported in the literature with only
minor modification (Majekodunmi, 2016). In this procedure, deproteination was performed first
by treating with 4% NaOH for 24 hours, followed by demineralization using 4% HCI for 12 hours.
Decolourization was carried out with 1% oxalic acid for 30 minutes. The deacetylation process
involved treatment with 65% NaOH for 3 days.

Extraction of Chitin and its Conversion to Chitosan

The shells of fresh prawns (500 g) were removed from the flesh and washed with warm water.
Thereafter they were sun-dried and ground to powder. The powdered shells (24 g) were subjected
to demineralization, deproteination, and deacetylation as illustrated in Figure 3.

Prawn shell _ Powdery form
1. d (Chitin, CaCOy, Protein and Pigment)
Was
hed 1. Demineralisation, 1% HCL,

24h at room temp, wash and dry

Chitin, Protein and Pigment

2. Deproteination - 2 % NaOH, 72h
at room temyp, wash and dry.

I.Decolounsation - 1% Oxalic

EGCH-_.,:?‘W acid
Chitosan \ F ' | Chitin
4. Deacetvlation- 5% NaOH

72 h at room temp

Figure 3: Flow chart showing the steps taken for the preparation of chitosan

The chitin and chitosan were characterized using FT-IR spectroscopy and the degree of
deacetylation (DDA) of chitosan was calculated using the baseline proposed by Domszy and
Roberts (2010). The computation equation for the baseline is given by Equation 1:

DDA % = 100 — [(ALSS) X ﬂ] )

Asaso 1.33
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where A;¢ss and Asys, are the absorbances at 1655 cm™ for the primary amide (1° amide) band
and 3450 cm™ is for the hydroxyl band. The absorbance of the 1° amide is a measure of the N-
acetyl group content while the hydroxyl band is an internal standard to correct for film thickness.
The factor '1.33" denotes the value of the ratio of A;gss /As450 for completely N-acetylated
chitosan.

Fixation of Porphyrins on Chitosan

All the porphyrin molecules were prepared from the condensation reaction of pyrrole with an
aldehyde-bearing functional groups of interest (Figure 2). The synthesis and characterization of
porphyrins used in this work have been reported in a previous study (Daramola et al., 2021; George
et al,, 2022). The porphyrins used were meso-tetra(4-phenyl) porphyrin (TPP), meso-tetra(4-
sulphonatophenyl) porphyrin (TPPS), meso-tetra(4-hydroxylphenyl) porphyrin (THPP), meso-
tetra(4-carboxylphenyl) porphyrin (TCPP), meso-tetra(4-methoxylphenyl) porphyrin (TMPP) and
meso-tetra(4-methyl-4-pyridyl) porphyrin (TMPyP). Each of these was metallated with zinc,
silver, or tin to obtain their metallated derivatives.

The chitosan-porphyrin composites were prepared according to the method of Castro et al., (2019).
The solution of each porphyrin (0.5 mmol in 25 mL THF) was mixed with 10 mL of chitosan (0.2
g in 10 mL of 1% acetic acid) and stirred for 15 min at room temperature. 10 mL of distilled water
was added resulting in a colloidal solution which was stirred for another 6 hours at 60 °C.
Afterward, the mixture was filtered, the residue rinsed repeatedly with distilled water, and then
oven-dried to yield the chitosan-porphyrin composite. These were characterized using UV-Vis and
FTIR spectroscopy.

Dark- and Phototoxicity of CPC on Microorganisms

Quality Control Analysis

A screening study was carried out using the Agar Well-Diffusion method (Gyulkhandanyan et al.,
2016) following the same procedure applied in a previous study (George et al., 2022). The working
concentration was 30 mg of the CPC dissolved in 1 mL of solvent (deionized water and methanol)
and 0.3 mL was dispensed into one of the four agar wells drilled on the seeded Mueller-Hinton
Agar (MHA) plates for each test bacterial isolate. As a positive control, streptomycin sulphate (84
mg/mL) was added to one of the wells, while sterile distilled water was used as a negative control.
Additionally, the solvent used to dissolve CPC was added to the fourth well.

The phototoxicity study involved exposing the content of the plates to a 100-Watt tungsten light
source placed approximately 35 cm away. To minimize the effects of infrared rays (heat), a glass
tray filled with water was placed between the lamp and the plates. The plates were incubated at 37
°C for 24 hours. A second set was incubated in the dark (dark toxicity) for the same duration of
time and at the same temperature. The diameters of the zones of inhibition were measured to assess
the toxicity of CPC against the Gram-positive and Gram-negative bacteria.

Minimum Inhibitory Concentration (MIC), Minimum Bactericidal Concentration (MBC), and
Killing Rates

These were determined for the samples that gave the optimal APDT activity after the quality
control analysis 1.e. the PS that exhibited APDT activity against all four pathogens. Therefore,
SnTCPP, SN THPP, ZnTCPP, ZnTHPP, and ZnTPPS were included in this aspect of the study for
comparison. To determine the MIC and MBC of the active PS, various concentrations of the PSs
(1.25,2.5,and 5.0 pg/mL) were suspended in test tubes containing 4 mL of freshly prepared tryptic
soy broth (TSB). Thereafter, 500 uL of the standardized bacterial isolates were inoculated into
corresponding broths and gently mixed by shaking. The tubes were incubated under the lamp rays
for 18 — 24 hours. After incubation, 100 pL of the cultured suspensions were spread-plated on
nutrient agar and were checked for visible growth. The least concentration without growth was
recorded as the MBC while concentrations preceding the MBC concentration with slight growth
were reported as the MIC. Un-inoculated TSB was prepared as positive control while TSB
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inoculated with the respective bacterial isolates but without PSs were used as negative control
(Andrew, 2001).

Varying concentrations identified as MBC for each porphyrin compound were assessed for its
time-kill assay. The reported MBC for the compounds were introduced in test tubes containing 4
mL TSB. A 500 uL of the standardized bacterial isolates were inoculated into their respective
medium and concentrations. The tubes were incubated under the lamp rays for 24 hours. Samples
were withdrawn at intervals of 6 hours to determine their killing rates. At those intervals, 100 pL
of the suspension broths were withdrawn and serially diluted (1:100). Thereafter, 1000 puL of the
dilutions were spread—plated on nutrient agar and incubated at 37 °C for 18 — 24 hours in the dark.
Visible growths on the cultured plates were counted and recorded (Alshareef, 2021). The data
obtained were statistically analyzed and expressed as mean + standard deviation (SD) using the
statistical software GraphPad Prism version 6.01.

RESULTS AND DISCUSSION

Molecular Characterization

Chitosan

The white crystalline solid chitosan obtained was insoluble in organic solvents and water but
soluble in 1% acetic acid solution. The —NH, group gets protonated by the acetic acid forming a
charged species (—NHZ), enhancing the solubility of chitosan. Hence, the solubility test was used
as a preliminary test in the work to confirm the formation of chitosan. Both the chitin and chitosan
are UV-Vis inactive because they are largely composed of N-acetylglucosamine units resulting in
limited UV-Vis absorbance capability. Structural changes were determined from FT-IR spectra of
the chitin and chitosan (Supplementary Information, (SI-1)) and the significant bands of chitin and
chitosan are summarized in Table 1.

It is not unexpected that not all the chitin was converted to chitosan, accounting for the presence
of the N-H and C=0 bands in the chitosan IR spectrum (Zvezdova, 2010). The bands at 1562 and
1659 cm™ were assigned to N-H bending vibration and C=O stretching vibration respectively,
from -NHCOCH3 in chitin which were also present in chitosan but at a slightly lower wavenumber.
According to other reports, an increase in the N—H band intensity with a corresponding decrease
in the C=0 band intensity is indicative of effective deactylation as well as prevalence of the -NH>
groups (Zvezdova, 2010).

Table 1: FT-IR data of chitin of chitosan (KBr cm™1)

Functional groups Chitin Chitosan

—OH and —NH stretching 3441 (amide) 3433 (amide + amine)
—CH (CH3) stretching 3109 3181

—CH (CH, ) stretching 2928 3005

C=0 (amide) stretching 1659 1640

—NH (2° amide) bending 1562 1560

—CH (CH3) bending 1425 1414

C-O stretching (s) 1157 1130
—C—-0O—C— (glycosidic linkage) 1030 1020

The glucosamine units are responsible for the similarities in the IR spectra of chitin and chitosan
and according to Peter (1995), the slight differences in the spectra of chitin and chitosan arise from
interactions such as van der Waals forces and possibly hydrogen bonding created by the amino
groups (Kumari and Rath, 2014). As a result of the similarities and the incomplete conversion of
chitin to chitosan, the degree of deacetylation (DDA) of chitin was determined. It has been shown
that DDA above 50% signifies that more than half of the biopolymer chitin has been successfully
converted to chitosan and therefore be suitable for use (Ghannam et al., 2016). Following the
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procedure of Domszy and Roberts (2010), they obtained 55% DDA while in this work 56.03%
DDA was obtained.

Chitosan—Porphyrin Composite, (CPC)

The prepared CPC were translucent and purple in colour except for C-TPPS and its metallated
series which were light brown. They were insoluble in water but soluble in 1% (v/v) acetic acid
which was used to obtain their UV-Vis spectra (SI-2). The general features of the porphyrin spectra
were retained, having an intense Soret band and weak Q-bands. Profile retention indicates that the
electronic properties of the porphyrin were not lost due to composite formation. Other features
observed were — (i) broadening of the bands, (ii) shifting of bands and (iii) little or no change in
the spectra (Figure 4). Pronounced broadening of the porphyrin bands is indicative of aggregation
and the broader the bands the greater the aggregation (Koti ef al., 2003). The 22 conjugated n—
electrons of porphyrins cause a strong 7—n interaction which facilitates the formation of aggregates
(Pasternack et al., 1972). A blue shift is evidence of the formation of H-aggregates, while a red
shift is for J-aggregation. There are instances aggregation without definate geometry, here only the
broadening of the bands is observed with no significant shift in peaks (White 1978; Rubires 1999).

1.0 1.0 - — SnTCPP
1 = ZInTHPP L
, 081 % o0s4 = C-SNTCPP
7] J =— C-ZnTHPP < -
=
G 0.6 £ 064
o [+]
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0.0 o
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Figure 4: Some of the UV-Vis spectra of porphyrin and it CPC (a) no shift (b) broaden with
no shift (c) blue shift (d) red shift

The slight shifts in the absorption bands are attributed to the interaction between the porphyrin
unit and the chitosan either by electrostatic, hydrogen bonding and/or other van der Waal forces
(Fontana et al., 2008). In addition, there is a possibility of the m-conjugated electron cloud of the
porphyrin rings interacting with the hydroxyl groups of chitosan (Fontana et al., 2008). Table 2 is
a classification of the CPCs based on the features described above.

20



George et al. / Ife Journal of Science and Technology Vol. 9 No. 1 (2025) 1333

Table 2: Classification of CPCs

Spectra Features Chitosan-Porphyrin Composites (CPCs)
Band broadening | C-TPP series, C-TCPP series, C-TPPS, C-TMPP & C-ZnTMPP, C-TMPyP
C-SnTMPyP
Band shift C-TPPS, C-TCPP & C-AgTCPP, C-TMPP & C-SnTMPP, C-TMPyP
Littlemo  shift | C-TPP series, C-MTPPS (M=Zn, Sn, Ag), C-THPP series, C-MTCPP (M=7
change Sn), C-M'TMPyP (M'=Zn, Sn, Ag), C-MTMPP (M=Zn, Ag)

The FTIR data of the CPCs (SI-3) showed no newly created bonds in the CPC since no new bands
were detected. Nevertheless, due to weak interactions between the two molecules, certain bands
in the spectra of either chitosan or porphyrin shifted to new wavenumber. The chitosan bands that
were impacted included the -OH/-NH, -CH (sp*), -C=0 stretching, and NH-bending vibrations. At
the same time, affected bands of the porphyrin ring were the =CH and C=N stretching. The spectra
revealed that the porphyrins' =CH stretching and -C=N vibrational frequencies occurred at lower
wavenumbers in the CPC. Similarly, the composites exhibited the -N-H bending vibration of
chitosan at a lower wavenumber. Nevertheless, in contrast to all free-base porphyrin composites,
the -OH/-NH stretching vibration of chitosan was found to be at a higher wavenumber in a few
metalloporphyrin composites (C-AgTMPyP, C-ZnTMPyP, C-ZnTPP, C-SnTPP, C-AgTPPS, and
C-SnTHPP). One possible mechanism by which metal ions attach to chitosan macromolecules is
electrostatic interaction with the oxygen atoms that are rich in electrons in the polar hydroxyl, or
coordination to the nitrogen in the -NH> groups (Kumari and Rath, 2014). Possibly, the lower
vibrational frequencies were a result of the metals' attachments to chitosan.

The Antimicrobial Inhibition Profile of Chitosan-Porphyrin Composites (CPCs)

Screening Exercise

The cumulative mean data of the antimicrobial inhibition profiles is shown in Table 3.
Staphylococcus aureus was the most susceptible bacterium while P mirabilis was the most
recalcitrant. Chitosan showed antibacterial activity against all the tested pathogens with significant
APDT action against P. mirabilis. Contrary to expectations, the antibacterial characteristics of the
CPCs decreased when porphyrins were immobilized on chitosan, as opposed to when either
chitosan or porphyrins were utilized independently (Daramola et al., 2021; George et al., 2022).
The phytotoxic species needed for biocidal effect may be less abundant in the CPCs, which could
justify this challenge. The substituents and metals present in each porphyrin molecule could induce
diverse interactions with chitosan, which in turn potentially contribute to the observed decrease in
photoactivity.

High positive charge density has been attributed to be one of the factors that increase the
antibacterial activity of chitosan due to stronger electrostatic interaction between chitosan and the
surface of the bacteria (Tweedy, 1964). It is for this reason that despite the decrease in antibacterial
activity in the composites, the C-TMPyP series' zones of inhibition were larger than those without
chitosan (George ef al., 2022) except in the case of C-TMPyP and C-SnTMPyP. The impact of
high positive charged density was also evident with the negatively charged porphyrins (C-TPPS
and C-TCPP series) as these materials exhibited a significant decrease in bactericidal activities
compared to their counterpart without chitosan (George ef al., 2022).
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Table 3: Zones of inhibition (mm) of the chitosan-porphyrin composites

Staphylococcus sp. Klebsiella sp. Proteus sp. E. coli
Strepto. 35+£1.4 27+238 27+ 14 35+2.8
Dark Light | Dark  Light Dark Light | Dark Light
Chitosan 1607 25+39 |21+1.0 27+32 |0 27+28(B) | 17+06 20+14
TPP SERIES
C-TPP 0 15£0.7 |0 0 0 0 0 15+£0.6
C-ZnTPP 0 0 0 0 0 0 0 0
C-SnTPP 0 0 0 0 0 0 0 0
C-AgTPP 14+05 13+00 |0 12+ 0.0 0 0 0 13+0.7
TPPS SERIES
C-TPPS 0 16+14 0 15+0.6 0 0 0 14+£2.8
C-ZnTPPS | 18+0.0 21+0.7 11+0. 0 0 0 13£0.7 13+14
C-SnTPPS 0 0 0 0 0 0 0 0
C-AgTPPS 0 0 13£1.4 16+0.7 0 0 0 0
THPP SERIES
C-THPP 0 0 0 0 0 0 0 0
C-ZnTHPP |16+28 21+2.1 0 0 0 0 0 0
C-SnTHPP 0 0 0 0 0 0 0 0
C-AgTHPP | 14+00 20+14 15+£0. 16+0.0 0 13£14 [ 13£00 14+£0.0
TCPP SERIES
C-TCPP 0 0 0 0 0 0 0 0
C-ZnTCPP 0 12+£0.0 0 0 0 0 0 0
C-SnTCPP | 14+0.7 23+14 [12+0.7 17+0.7 0 0 0 0
C-AgTCPP 0 20+14 0 0 0 0 0 0
TMPP SERIES
C-TMPP 0 0 0 0 0 0 0 0
C-ZnTMPP 0 0 0 0 0 0 0 0
C-SnTMPP 0 0 0 0 0 0 0 0
C-AgTMPP | 38+0.0 39+£5.6 |[33+0.7 36+2.8 0 26+3.5 3642 34+28
TMPyP SERIES
C-TMPyP 0 0 0 0 0 0 0 0
C-ZnTMPyP 0 16£0.7 |25+14 25+14 0 0 27+14 16+£0.7
C-SnTMPyP 0 15+£0.7 | 13+£0.7 15+0.7 0 0 0 0
C-AgTMPyP| 37+14 38+14 |33+35 32+0.7 0 0 25+£28 29+£2.1
B = Bacteriostatic Strepto. = streptomycin sulphate (84 mg/mL) photosensitizer (30 mg/mL)

For the neutral porphyrins (C-TPP, C-THPP, and C-TMPP series), increased activity occurred with
the silver complexes. It is assumed that the effect of the chelation of silver by chitosan was
responsible for their increased antibacterial properties. Chitosan has been reported to have high
chelating capacity for metals being one of its modes of antimicrobial action (Yilmaz Atay, 2019).
This was possible with the silver complexes because the silver metal ion is sitting-atop in the
porphyrin cavity and therefore easily accessible for chelation which is in line with the Chelating
theory (Tweedy 1964).

In most cases where biocidal activity was observed, both dark toxicity and phototoxicity were
present. However, certain CPCs exhibited phototoxicity without dark toxicity. These included C-
TPP, C-TPPS, C-ZnTCPP, C-AgTCPP, C-ZnTMPyP, and C-SnTMPyP against S. aureus; C-
AgTPP and C-TPPS against K. pneumoniae; C-AgTHPP and C-AgTMPP against P. mirabilis; and
C-TPP, C-AgTPP, and C-TPPS against E. coli.
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Determination of MIC and MBC

From a previous screening exercise using SnTCPP, SnTHPP, ZnTCPP, ZnTHPP, ZnTPPS,
(Daramola et al., 2021; George et al., 2022) and in this current study, C-AgTHPP, and C-AgTMPP
were deemed suitable for MBC and MIC testing since they exhibited APDT activity against all
four pathogens. Table 4 showcases the responses of the pathogens to the three concentrations of
the photosensitizers. SN"TCPP and ZnTCPP showed no growth inhibition therefore, the MIC and
MBC values are likely greater than 5.0 pg/mL. SnTHPP, had MBC values at 5.0 pg/mL against
three of the bacterial isolates (E. coli, P. mirabilis, and S. aureus). ZnTPPS recorded MBC values
against two of the bacterial isolates namely, K. pneumoniae and S. aureus at 5.00 pg/mL and 2.50
pg/mL respectively. ZnTHPP had one against S. aureus at 2.5 pg/mL Worthy of note is the MBC
values for C-AgTHPP and C-AgTMPP were active at the lowest concentration (1.25 pg/mL)
against all the bacterial isolates with the exception of P. mirabilis, with an MBC value for C-
AgTHPP at 5.0 pg/mL.

Table 4. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC) values of porphyrin complexes and CPCs at the concentrations of 5.0,
2.5, 1. 25 ng/mL.

Bacterial Isolates
Escherichic ~ Klebsiella ~ Proteus  Staphylococcus
coli pneumoniae  mirabili: aureus
5 + + + +

SnTCPP 2.5
1.25

5

ZnTCPP 2.5
1.25

5

ZnTHPP 2.5
1.25

5

ZnTPPS 2.5
1.25

5

SnTHPP 2.5
1.25

5

C-AgTHPP 2.5
1.25 * -
5 _ _ _ _
C-AgTMPF 2.5 — — — -
125 _k _% _% _%

+ = Growth : — = no Growth : — x = MBC

Porphyrin ~ Concentrations
Compounds (ng/mL)

+ o+ |+ +

+

Wt [+ + |+ +

* 1

Wl + |+ o+ |+ |+
W+ + |+ o+ |+ |+t
I*I

I
I*+

+ +

W+ +
+ -

|
% |

+ +
|

Rate of Kill Assay

After 24 hours of incubation, all bacterial isolates were eliminated in the time-kill assay, which
was conducted using each of the PSs MBC values obtained against each isolate (Figure 5). Figure
5a shows that by the 18th hour, five of the tested PSs had eliminated S. aureus, and by the 24th
hour, the C-AgTHPP had shown full bactericidal action. The results demonstrated that the three
active PSs MBC concentrations tested had complete or near-complete bactericidal efficacy against
K. pneumoniae (Figure 5b). Figure 5c showed that other PSs had effectively eliminated the E. coli
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cells at the 18th hour, whereas C-AgTHPP exhibited a delayed rate of kill (between the 18th and
24th hour). Within the first 18 hours of incubation, none of the three PSs MBC values of P
mirabilis had a complete bactericidal effect. However, by the 24th hour of incubation, the effect
of the CPCs became apparent (Figure 5d).

100 -

100 1

(a) S. aureus (b) K. preumoniae
80 4 80

60 4 60 -

40 A 10 |

Percentage removal (%)

20 1

percentage removal (%)

20 A

0

0 hour 6th hour 12th hour 18th hour 24th hour 0 < T T T '
0 hour 6th hour 12th hour 18th hour 24th hour
—4— C-AgTPPS (1.25 pg/mL) —#—ZnTPPS (2.5 ng/mL)
C-AgTHPP (1.25 pg/mL) SnTHPP (5 pg/mL) ZnTPPS (5 pg/mL) C-AgTHPP (1.25 pg/mL)
—#—ZnTHPP (2.5 pg/mL) —o— C-AgTMPP (.25 pg/mL) C-AgTMPP (1.25 pg/mL)
100 4 100 TS
(¢) E. coli (d) P. mirabilis
$ 80 - £ 80
3 3
2
] -]
g 60 g 60
g g
o @
& 40 1 2 40
E 20 4 E 20
[ T T T ] 0 < T T T ]
0 hour 6th hour 12th hour 18th hour 24th hour 0 hour 6th hour 12th hour 18th hour 24th hour
C-AgTHPP (1.25 pg/mL Sn-THPP (5 pg/mL
g (1.25 pg/mL) " (5 ng/mL) C-AgTHPP (5 pg/mL) Sn-THPP (5 pg/mL)
C-AgTMPP (1.25 pg/mL) C-AgTMPP (1.25 pg/mL)

Figure S: Rate of Kill of C-AgTHPP, C-AgTMPP and Sn-THPP against (a) S. aureus (b)
K. pneumoniae (c) E. coli (d) P. mirabilis

CONCLUSION

We created and studied a chitosan film that included both free-base porphyrins and
metalloporphyrins. S. aureus, K. pneumoniae, P. mirabilis, and E. coli were eliminated after 24
hours at extremely low concentrations by the phototoxicity action of silver meso-tetra(4-
hydroxylphenyl) porphyrin-chitosan composites (C-AgTMPP) and silver meso-tetra(4-
hydroxylphenyl) porphyrin-chitosan composite (C-AgTHPP). Our study has shown that C-
AgTMPP can be more effective as an APDT against these wound pathogens when combined with
cheap and non-toxic chitosan. There may be no need for photodynamic therapy as some data in
this study confirmed dark toxicity for some CPCs. These results show that APDT will be easier to
implement for localized infection and might pave the way for less complicated wound management
using sunlight and the CPC photosensitizers. However, to establish an effective protocol,
additional research is required to identify the ideal dosage for accomplishing total elimination with
APDT, along with defining certain light characteristics (light treatment intensity and duration) and
this further study is expected to be mostly an in vivo evaluation.
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Electronic spectra of CPC series (A) TPP and MTPP (B) TPPS and MTPPS (C) THPP
and MTHPP (D) TCPP and MTCPP (E) TMPP and MTMPP (F) TMPyP and
MTMPyP (The Blue line represents the spectra of the porphyrins incorporated into
the chitosan (CPC) while the red line is the spectra of the porphyrins only)
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SI-3: FT-IR Data of the CPCs (KBr cm™)
TPP SERIES
Functional groups CHITOS TPP C-TpPP C-ZnTPP C-SnTPP C-AgTPP
N
—OH and —NH stretchis 3433 - 3431 3441 3446 3430
~CH (sp®>) e 3090 2928 3267 3107 3174
—CH (CH; ) stretching 3005 —meeee- 2855 e 2928 e
—NH (amide) bending 1560  —eee- 1560 1574 1558 1562
—C=0 (amide) stretchir 1640 - 1654 - 1653 -
—C=N stretching - 1358 1411 1346 1379 1339
TPPS SERIES
Functional groups CHITOS TPPS C-TPPS C-ZnTPPS C-SnTPPS C-AgTPP;
N
—OH and —NH stretchis 3433 3421 3433 3428 3422 3447
~CH (sp>) - 3052 3005 2928 2920 3271
—CH (CH; ) stretching 3005 e 3180 2893 2888 2928
—NH (amide) bending 1560 - 1560 1578 1576 1559
—C=0 (amide) stretchir 1640 - 1639 e 1653 1653
—C=N stretching = -—--—-- 1350 1413 1340/1414 1411/1341 1418/1379
THPP SERIES
Functional groups CHITOS THPP C-THPP C-ZnTHPI C-SnTHPF C-AgTHP
N
—OH and —NH stretchis 3433 3415 3421 3404 3443 3431
~CH (sp®> e 2928 2924 e 2964 2926
—CH (CH, ) stretching 3005 - 2855 e e e
—NH (amide) bending 1560 - 1560 1568 e 1572
—C=0 (amide) stretchir 1640 - 1654 1653 1634 e
—C=N stretching - 1410 1411 1410/1342 1410/1356 1408/1342

TMPP SERIES
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Functional groups CHITOS TMPP C-TMPP C-ZnTMP] C-SnTMPI C-AgTMF
N
—OH and —NH stretchir 3433 e 3427 3422 3439 3422
—CH (sp>) - 3003 2926 3021 2918 e
—CH (CH, ) stretching 3005 - 2889 2938 e e
—NH (amide) bending 1560 - 1560 1560 1597 1570
—C=0 (amide) stretchir 1640 - 1654 - 1653 1655
—C=N stretching - 1350 1413 1414 1411 1418
TCPP SERIES
Functional groups CHITOS TCPP C-TCPP C-ZnTCPI C-SnTCPP C-AgTCP
N
—OH and —NH stretchis 3433 - 3421 3424 3375 3375
~CH (sp®>) e 2655 2924 2928 2920 2920
—CH (CH; ) stretching 3005 - 2855 2893 2884 2884
—NH (amide) bending 1560  —eee- 1560 1578 1570 1570
—C=0 (amide) stretchir 1640 1694 1654 - 1647 1647
—C=N stretching - 1406 1411 1414/1341 1412/1341 1412/1341
TMPyP SERIES
Functional groups CHITOS TMPyP C-TMPy] C-ZnTMP: C-SnTMPy C-
N AgTMPyl
—OH and —NH stretchi 3433 3433 3447 3424 3443
~CH (sp®>) e 3092 2924 2926 2926 2924
—CH (CH, ) stretching 3005 - 2889 e e 2859
—NH (amide) bending 1560 - 1558 1549 1541 1541
—C=0 (amide) stretchir 1640 - 1635 1634 1649 1638
—C=N stretching = -—----- 1467 1417 1416/1385 1421/1384 1420/1384




