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photodynamic inactivation (aPDI) of methicillin-resistant Staphylococcus aureus
(MRSA) and cytotoxicity evaluation for topical applications: in vitro and in vivo
study
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ABSTRACT

Antimicrobial photodynamic therapy (aPDT) is an innovative approach to combat multi-drug resistant bacteria. It is known
that cationic Zn(ll) phthalocyanines (ZnPc) are effective in mediating aPDT against methicillin-resistant Staphylococcus
aureus (MRSA). Here we used ZnPc-based photosensitizer named ZnPcE previously reported by our research group to
evaluate its aPDT efficacy against broad spectrum of clinically relevant MRSAs. Remarkably, in vitro anti-MRSA activity
was achieved using near-infrared (NIR, >610 nm) light with minimal bactericidal concentrations ranging <0.019-
0.156 uM against the panel of MRSAs. ZnPcE was not only significantly (p <.05) more potent than methylene blue,
which is a clinically approved photosensitizer but also demonstrated low cytotoxicity against human fibroblasts cell
line (Hs-27) and human immortalized keratinocytes cell line (HaCaT). The toxicity was further evaluated on human 3-D
skin constructs and found ZnPcE did not manifest in vivo skin irritation at <7.8 uM concentration. In the murine MRSA
wound model, ZnPcE with PDT group demonstrated > 4 log;o CFU reduction and the value is significantly higher (p
<.05) than all test groups except positive control. To conclude, results of present study provide a scientific basis for
future clinical evaluation of ZnPcE-PDT on MRSA wound infection.
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Introduction patients in 1960 [3]. MRSA is now endemic, and
even epidemic, in many hospitals around the world,

The development of bacterial resistance to available  long-term care facilities [4], and communities [5].

antibiotics is increasing at a very alarming rate globally
[1]. This process is exacerbated by misuse and overuse
of antibiotics both in humans and livestock. As a con-
sequence, the last two decades have witnessed the
emergence and spread of antibiotic resistance in patho-
genic bacteria, and subsequently, the existing failed
antibacterial treatment options have led to thousands
of deaths annually [2].

Strains of Staphylococcus aureus (SA) that are resist-
ant to all B-lactam antibiotics (with the exception of
ceftaroline), known as methicillin-resistant SA
(MRSA), were first identified among hospitalized

With the increasing prevalence of MRSA, vancomycin
was discovered to treat MRSA by inhibiting their cell
wall synthesis. However, owing to the increasing use
of vancomycin, vancomycin-resistant S. aureus
(VRSA) has emerged, which further aggravates the
problem of drug resistance [6]. Repeatedly, wherever
antibiotics are used, antibiotic resistance will inevitably
follow. Hence, scientists are motivated to find alterna-
tive ways to eradicate the multi-drug resistant (MDR)
bacteria rather than the conventional use of antibiotics.

With a remarkably unique mode of action, antimi-
crobial photodynamic therapy (aPDT) has emerged
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as a promising alternative [7-9]. It utilizes the com-
bined action of three nontoxic components, namely a
photosensitizer (PS), light, and molecular oxygen to
generate cytotoxic reactive oxygen species (ROS).
aPDT provides significant advantages over the existing
antimicrobial therapies. For example, resistant strains
were equally susceptible as their naive counterparts
[10] or sometimes even more susceptible towards
aPDT [11-13]. Secondly, the absence of toxicity
towards non-irradiated tissues along with the high
specificity of PS towards microorganism provides a
perfect platform for the infected site-confined therapy.
Consequently, toxicity is largely absent in the PS-
depleted zone [14]. Finally, the rapid inactivation of
microorganisms [15] as well as the limited or no resist-
ance developed against the PSs has been reported to
date [16,17].

Among the various classes of PSs being investigated
[18-22], phthalocyanines are considered as PSs of par-
ticular interest due to the strong absorption they have
at near infra-red region (ca.700 nm), allowing deep
penetration, high efficiency in the generation of singlet
oxygen, high photostability and easy chemical modifi-
cation [23]. A number of structurally diverse phthalo-
cyanines have been prepared and screened for their
anti-MRSA activity in vitro [24-28] and in vivo [29-
32]. Initial modifications of these phthalocyanines via
D-glucopyranosyl substitution [26], Aluminium disul-
phonation or non-sulphonated compounds [24,25]
only gave antibacterial activities at micromolar concen-
trations of these compounds [24-26]. These com-
pounds tested were neutral in charge while
subsequent studies revealed that substitutions of cat-
ionic moieties in the PS improved aPDT than neutral
or negatively charged PSs [33-36]. This may be attrib-
uted to the fact that negatively charged thick peptido-
glycan bi-layer has a greater affinity towards cationic
PSs by facilitating the active transport of these com-
pounds into the bacterial cells [37-39].

Our research group thus synthesized oligolysin-con-
jugated polycationic ZnPcs and tri-cationic monosub-
stituted ZnPcE (Figure 1) to study their aPDT
activities against microbes including various bacterial,
fungal and virus strains [26,27]. Indeed, all four
ZnPcs yielded 4 log;o CFU reductions in vitro at nano-
molar concentrations against the MRSA ATCC BAA-
43 strain, hence deserving a more comprehensive
investigation with the best hit. In the current investi-
gation, we determined the photodynamic minimal bac-
tericidal concentration (PD-MBC) against a collection
of clinically relevant MRSAs (four ATCC type strains,
two mutant strains and five each from representative
hospital and community-acquired MRSAs prevalent
in Hong Kong and Southeast Asia), where the lethal
dose at which bacterial eradication in vitro will be
ascertained. Furthermore, none of the previous reports
has studied the compatibility of the monosubstituted
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Chemical Formula: CggHsgl3N¢11O0Zn
Molecular Weight: 1267.1285

Figure 1. Chemical structure of ZnPcE.

ZnPcE compounds in mammalian systems. We thus
examined the in vitro cytotoxicity of ZnPcE on
human fibroblasts (Hs-27) and human immortalized
keratinocytes (HaCaT). Additionally, an in vivo skin
irritation assessment was also performed using
human 3D skin constructs (EPI-200) to demonstrate
its suitability for topical applications. Importantly,
here we evaluated the efficacy of ZnPcE-PDT in an in
vivo murine MRSA-infection full-thickness wound
model to further support aPDT as a therapeutic
modality for MRSA skin infection.

Materials and methods
Synthesis

ZnPcE was synthesized according to previously
described method [24]. The reagents used were
obtained from commercial sources and used as
received unless otherwise noted.

Bacterial strains and culture conditions

The bacterial strains, MRSA (ATCC 43300, ATCC
BAA-42, ATCC BAA-43, ATCC BAA-44) and two
antibiotic-resistant SA strains, APH2”-AAC6' and
RN4220/pUL5054, were included for testing. The
APH2"-AAC6’ strain expresses the bi-functional
enzyme AAC(6')-APH(2”), which is an aminoglyco-
side-modifying enzyme conferring high-level gentami-
cin resistance (MIC: >128 ug/mL). The RN4220/
pUL5054 strain over-expresses the msr(A) gene encod-
ing for an ATP-binding cassette (ABC) transporter that
induces resistance against erythromycin (MIC: 128 pg/
mL) [40]. Ten non-duplicate clinical isolates, namely
five hospital (HA)- and five community-associated
(CA)-MRSA were included. They include important
clonal types ST239, ST30, and ST59 previously docu-
mented to be prevalent in Hong Kong and in neigh-
bouring countries [41-43] All MRSA strains were
grown in Mueller Hinton Broth (MHB) for 18 h at
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37°C. The overnight culture suspension was adjusted to
McFarland 0.5 and suspended in MHB to make a final
concentration of 1.0 x 10° CFU/mL. Altogether, 16
MRSA strains (6 ATCC type strains and 10 clinical
non-duplicate isolates) were included for in vitro
aPDT studies.

In vitro photodynamic minimal bactericidal
concentration (PD-MBCgg 999,) studies

MBC:s of ZnPcE and methylene blue (MB) were deter-
mined according to the Clinical and Laboratory Stan-
dards Institute (CLSI) guidelines [44] against sixteen
strains in 96-well microtitre plates. Briefly, PS solution
for PDT study was prepared freshly by dissolving
ZnPcE in DMSO to make a 10 mM stock solution. It
was then diluted in Tween 80 and MHB to set a desired
stock solution 2. Serial two-fold dilutions procedure
was employed to obtain final working concentrations.
Tween 80 and DMSO concentrations were main-
tained < 0.1% and 1% (v/v), respectively. Aliquots of
this suspension (200 uL) were incubated in dark at
37°C for 120 min as pre-irradiation step. Selected
plates were illuminated from above with light intensity
40 mW/cm® using a 300 W quartz-halogen lamp atte-
nuated by a 5 cm layer of water (heat buffer) and a col-
our glass filter with a cut-on wavelength of 610 nm
(65CGA-610, Newport, Franklin, MA, 176 USA) as
shown in Section 1 in Supplementary information.
The power densities were measured at multiple points
where a 96 well plate was placed using a power metre
with a thermal power sensor head (model S370C, 178
Thorlabs, Newton, New Jersey, USA) and noted to be
comparable (~40 mW/ cm?). The 96 well plate was illu-
minated for 20 min [26,27], corresponding to a fluence
(A> 610 nm) of 48 J/cm? for PDT. In order to evaluate
the dark toxicity of ZnPcE, samples of each microbial
suspension were incubated with ZnPcE separately
and maintained in the dark for 140 min, corresponding
to the pre-irradiation and illumination times. The
effect of light alone was verified by adding 100 pL of
PBS to each microbial suspension, incubating it for
120 min and illuminating it for 20 min (48 J/cm?).
The untreated control group (negative control) did
not receive any PSs nor light. Solvent toxicity (blank
control) also evaluated with 0.1% Tween 80 and 1%
DMSO (v/v) to mimic in vitro aPDT assay. The posi-
tive control groups were incubated with varied concen-
trations of MB for 120 min followed by light
illumination for 20 min. After the PDT, the plates
were re-incubated at 37°C overnight under dark con-
dition. To determine the MBC, the treated broth cul-
ture from wells which did not show any visible
growth was cultured (10 pL) on freshly prepared sterile
blood agar plates. The least concentration (highest
dilution) of the compound that completely inhibits col-
ony formation on blood agar after incubation at 35°C

for 24 h was considered as MBC [45]. Each experiment
was carried out in triplicate and the range of MBC
values was reported.

In vitro cytotoxicity studies on Hs-27 and HaCaT
cell line

Human fibroblasts cell line (Hs-27) and human
immortalized keratinocytes cell line (HaCaT) were
used in this study The procedure adopted for the cyto-
toxicity study was that of Woods et al. and Rusanov
et al. [46,47]. These cell lines were maintained in Dul-
becco’s modified Eagle’s medium (DMEM, Gibco,
USA) supplemented with 10% (v/v) foetal bovine
serum (FBS, Gibco, USA) and 1% (v/v) penicillin—
streptomycin (full DMEM, Gibco, USA). The cells
were incubated at 37°C in a humidified atmosphere
of 5% CO, in the air. For the experiments, cells were
detached from culture flasks with 0.25% trypsin-
EDTA (Gibco, USA) incubated with Hs-27 and
HaCaT for 2-3 and 15 min, respectively at 37°C.

The Hs-27 and HaCaT cells were seeded in 96-well
plates (ThermoFisher Scientific, USA) to set 3 x 10°
and 1 x 10* cells/well, respectively. Serial dilutions of
MB and ZnPcE were added to the wells and incubated
at 37°C for 120 min under dark conditions. The selec-
tive plates were irradiated with a light intensity of
40 mW/cm?® for 20 min for PDT groups. The treated
plates were re-incubated at 37°C for 48 h in dark. At
the end of the incubation period, cell viability was
determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay [48]. The
optical density (OD) of each well was determined at
540 nm using a microplate reader (Bio-Tek EIx800,
Winooski, VT). The toxicity represents the ratio of
OD of a well in the presence of compounds to the
OD of vehicle control wells in the presence of medium
containing the corresponding percentage of DMSO.

In vitro EpiDerm™ skin irritation
test (EPI-200-SIT)

3D Human skin model

Reconstructed human three-dimensional skin con-
structs EpiDerm™ (EPI-200, MatTek Cor, Ashland,
MA) were used for the toxicity test. This in vitro
model consists of normal, human-derived epidermal
keratinocytes (NHEK) cultured at the air-liquid inter-
face on a semi-permeable tissue culture insert. The
NHEK cells form a multilayered, highly differentiated
model of the human epidermis that consists of orga-
nized basal, spinous, granular, and cornified layers
(stratum corneum), closely resembling native human
epidermis. The test was carried out according to the
manufacturer’s instructions. Method in briefly, upon
arrival, the EpiDerm™ tissues were transferred to 6-
well plates containing 0.9 mL maintenance media



provided with skin (MatTek Co. MA). Following 1 h
pre-incubation, the tissues were then conditioned over-
night at 37°C, 5% CO, in a humidified incubator.

Chemical exposure

Tissues were treated by topically applying 30 uL ZnPcE
at a concentration of 0.78 uM (10x MBC) and 7.8 uM
(100x MBC). For the negative and positive controls
Dulbecco’s phosphate-buffered saline (DPBS) and 5%
sodium dodecyl sulphate (SDS) were used, respectively.
All the test components were added and treated
between 1 min intervals. Upon exposure of each test
component for 60+ 1 min, tissues were thoroughly
washed with DPBS to remove residual test material.
After which, transfer the blotted tissue inserts to a
new 6 well-plate twice, containing 0.9 mL of fresh
assay medium for 48 h incubation (transfer to fresh
medium at time = 0 h after the wash and time =24 h).

MTT tissue viability assay

EPI-200 tissue samples were washed twice with PBS
and placed in a fresh 24-well plate containing 300 L/
well of 1 mg/mL MTT (MTT-100, MatTek Corpor-
ation) solution. After 3 h of incubation at 37°C, each
insert was removed carefully, the bottom was blotted
with paper wipes and the insert was transferred into
a new 24-well plate. The culture inserts were then
immersed in 2 mL/well of extraction solution (isopro-
panol). The plates were covered and incubated on a
shaker for 2 h at room temperature in the dark. Inserts
were discarded and the contents of each well were
mixed thoroughly before transferring 200 pL of each
sample into 96-well plates and the OD measured
using the microplate reader at 540 nm. The % viability
of the tissue was determined using the equation:

% Vlablht}’ =100 x [OD (sample)/ OD(negative control)]-

Murine MRSA-infected wound model

A vpreviously reported [28,49] murine skin infection
model with modifications, was used to validate the in
vivo efficacy of the ZnPcE-PDT treatment against
MRSA. All animal experiments were conformed to
the university guidelines and approved by the Animal
Experimentation Ethics Committee (Ref. no.16/176/
MIS) of The Chinese University of Hong Kong. 4-6
weeks old male BALB/c mice (17-21 g) were supplied
by Laboratory Animal Services Centre (LASEC), The
Chinese University of Hong Kong. They were housed
in individual ventilated cages (IVC) under the con-
ditions of 22-25°C and a 12 h light-dark cycle, with
free access to chow and tap water. MRSA RN4220/
pUL5054 was grown in MHB under aerobic conditions
at 37°C with 100 rpm orbital shaking for overnight.
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Table 1. Conditions of the five groups of mice in the murine
MRSA wound infection aPDI model.

No. of animals

Group (n) Treatment
A Negative control group 6 50 pL of distilled water
(NC) alone
B Positive control group 6 50 pL of Fusidic cream
(PO alone
C Light control group (LC) 6 50 pL of distilled water +
PDT
D Dark control group (DC) 6 50 pL of ZnPcE (7.8 uM)
alone
E Test group (T) 6 50 pL of ZnPcE (7.8 uM) +
PDT

The overnight culture was diluted with fresh MHB
and re-incubated for 2-3 h until the mid-log growing
phase. The desired suspension was centrifuged at
1000x g for 15 min to harvest the cell pallet. The cell
pallet was re-suspended and diluted in MHB to achieve
0.6 optical density at 600 nm (ODgqg) corresponded to
1 x 10® CFU/mL, and used for wound inoculations.

On Day 0, mice were anaesthetized by an intraper-
itoneal (i.p.) injection of ketamine (40 mg/kg) and
xylazine (8 mg/kg), with the hair of the back shaved,
and the skin cleansed with 10% povidone-iodine sol-
ution. A circular full-thickness excision wound (4-
5 mm in diameter) was established through puncher
on the back subcutaneous tissue of each animal. The
lesion overlaid with gauze was dressed up with
adhesive bandage. Buprenorphine, commercially avail-
able as Temgesic®, at a dosage of 0.05 mg/kg was admi-
nistrated subcutaneously to the mice 12 hourly for 24 h
after wound induction to relieve pain.

Two days after the wound induction (Day 2), mice
were anaesthetized with ketamine/xylazine cocktail
and in all animals, the adhesive bandage were removed.
A 20 pL aliquot was drawn from the 1 x 10° CFU/mL
suspension of MRSA in MHB and spread evenly over
the wound area using a micropipette. A dressing (Tega-
derm™ film, 3M, USA) was applied to cover the
wound immediately. The mice with infected wound
were equally divided into five cohorts (n =6 per each
group) as listed in Table 1.

The first treatment was carried out 30 min after
MRSA inoculation on Day 2. A 50 uL of 7.8 uM
ZnPcE solutions, Fucidin (2% w/w) cream or distilled
water was injected under the dressing (Tegaderm™
film) by syringe and allowed to spread over the wound.

For Group C and E, photoactivation (Biolitec group,
Bonn, Germany) was initiated immediately. Single
dosage of laser at 1W was delivered for 60 s by optical
fibre 2 mm in diameter, corresponding to 60 J/wound.
After each treatment, the mice were returned to IVC
and Groups D and E were placed in dark. The second,
third and fourth treatments were carried out on Day3,
Day 5 and Day 9, respectively (Figure 2).

On Day 9, animals were killed with an overdose of
dorminal pentobarbital solution after the last
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Figure 2. Timeline for in vivo aPDT study. Four treatment cycles were performed at Day 2, 3, 5 and 9. After the 4th treatment, the

mice were sacrificed for the CFU count.

treatment. The wound (5 x 10 mm) was then excised
aseptically. Each skin sample was homogenized in
0.5 mL of PBS solution for bacterial viability counts.
Quantification of viable bacteria was performed by cul-
turing serial dilutions (10 pL) of the bacterial suspen-
sion on blood agar plates. For this purpose, all plates
were incubated at 37°C for 24 h and the bacteria counts
in colony-forming units (CFU) were enumerated.

Results and discussion
In vitro PD-MBCgyg 994, studies

ZnPcE was initially evaluated as a photosensitizer
against a range of bacterial strains, including the
Gram-positive ~ methicillin-sensitive ~ S.  aureus
(MSSA) ATCC 25923 and MRSA ATCC BAA-43,
and the Gram-negative Escherichia coli ATCC
35218 and Pseudomonas aeruginosa ATCC 27853
by Ke et al. [26] by determining the CFU reduction.
The photosensitizer concentration required to induce
4-log reduction of some of the bacterial strains was as
low as 5nM. The photosensitizer could also effec-
tively inactivate some of the enveloped viruses.
These preliminary studies showed that ZnPcE is a

promising photosensitizer for further investigation
for aPDIL

In the current study, we determined complete
eradication of ATCC type strains, mutant strains
and clinically relevant MRSAs (16 strains of
S. aureus) to analyse the strain-dependent aPDI
activity of ZnPcE and it resulted comparable anti-
bacterial activity irrespective of their MDR status,
sequence type or source of the strains. The aPDI
of ZnPcE against MRSAs are remarkably rapid and
potent, by demonstrating complete eradication at
concentration  ranging from  <0.019-0.156 uM
(Table 2). In contrast, ZnPcE exhibited only modest
bactericidal activity in the absence of light (5 to
>10 uM concentration) (Table 2). The PDT effect
thus increased the potency of ZnPcE against
MRSAs by over 2 log;, when compared with its
bactericidal activity in the dark (Table 2).

The aPDI of ZnPcE were compared with another PS
exposed to similar A;,, value under identical con-
ditions. MB, a mono-cationic phenothiazine, has
been extensively studied and already in clinical use.
In vitro aPDI studies using A > 610 nm filter cut-on,
light revealed that both PSs were active at this wave-
length, but MB is significantly (p <.05) less potent

Table 2. The Minimal Bactericidal Concentrations (MBCs) values of ZnPcE and MB against 16 MRSA strains.

ZnPcE MB
MRSA type MRSA strain PDT (uM) No PDT (uM) aPDI potency? PDT (uM) No PDT (uM) aPDI potency
ATCC 43300 0.019-0.039 10 256-512 625 >2500° >4
ATCC BAA 42 0.078 10 128 625 >2500 >4
ATCC BAA 43 0.039-0.078 10 128-256 312.5-625 >2500 4->8
ATCC BAA 44 0.078-0.156 10 64-128 312.5-625 >2500 4->8
Mutant APH2AAC 6 0.156 5 32 625-1250 >2500 2->4
Mutant RN4220 0.078 5 64 1250-2500 >2500 2->4
/pUL5054

CAC W44 <0.019°-0.019 >10°¢ 512- >512 2500 >2500 >1
CA W45 0.019 >10 >512 1250-2500 >2500 1->2
CA W46 0.019 >10 >512 2500 >2500 >1
CA w47 0.019-0.039 >10 256->512 2500 >2500 >1
CA W48 0.039-0.078 >10 128->256 2500 >2500 >1
HAf W231 0.019-0.039 >10 256->512 2500 >2500 >1
HA W232 <0.019-0.019 >10 512->512 2500 >2500 >1
HA w233 0.019 >10 >512 2500 >2500 >1
HA W234 0.019-0.039 >10 256->512 2500 >2500 >1
HA W235 <0.019-0.019 >10 512->512 2500 >2500 >1

?Fold reduction in ZnPcE and MB concentration, relative to dark toxicity (no light exposure); bHighest concentration tested for MB; “Community-associated’
dLowest concentration tested for ZnPcE; ®Highest concentration tested for ZnPcE; "Hospital-associated.
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Figure 3. (a) Cytotoxicity of MB and ZnPcE on Hs-27 cells upon PDT (n = 3). (b) Cytotoxicity of MB and ZnPcE on Hs-27 cells under
dark (n = 3). (c) Cytotoxicity of MB and ZnPcE on HaCaT cells upon PDT (n =3). (d) Cytotoxicity of MB and ZnPcE on HaCaT cells
under dark (n = 3). The LCsq values of ZnPcE against both Hs-27 and HaCaT is well above 100 uM and the values are significantly

higher (p <.05) than MB under dark conditions.

than ZnPcE (Table 2). The difference of the aPDT
potency may attribute to the higher cationic charge of
ZnPcE (tri-cationic) than MB (mono-cationic), as well
as due to the efficacy of the singlet oxygen formation
(®, = 0.63, respective to unsubstituted ZnPc) [26].

In vitro cytotoxicity studies on Hs-27 and HaCaT
cell line

ZnPcE was tested for toxicity against Hs-27 and
HaCaT cells to address potential effect for topical
exposure with and without PDT. It is apparent from
Figure 3(a) that upon irradiation, ZnPcE possessed sig-
nificantly higher (p <.05) cytotoxicity than MB for Hs-
27 cells. The cytotoxicity upon HaCaT also followed a
similar pattern against ZnPcE (Figure 3(c)), implying
the efficiency of ZnPcE in formation of ROS upon
irradiation.

Furthermore, both Hs-27 and HaCaT cells were
evaluated for dark toxicity following a 48-h incubation
with double diluted concentration series of ZnPcE. The
50% lethal concentration (LCs,) values of ZnPcE under
the dark condition were >100,000 nM for both cell
lines and the values were significantly higher (p <.05)
than the LCs, values of MB (Figure 3(b,d)). This cyto-
toxicity results suggested that the dark toxicities of
ZnPcE against two normal cell lines are well above
the concentration needed for complete eradication of
the whole panel of MRSA (Table 2). We thus conclude
that the ZnPcE-mediated aPDI is compatible with

mammalian systems under the conditions observed
in the current investigation.

In vitro EpiDerm™ skin irritation test

The findings from in vitro cytotoxicity studies against
Hs-27 and HaCaT cell lines prompted us to further
investigate the effects of ZnPcE on human-derived
non-transformed tissue model EpiDerm™. 3-D
human skin culture (EpiDermTM) is a living reconsti-
tuted human epidermis used to provide information
regarding cytotoxicity, irritant potential and immuno-
toxicity of different compounds [50].

As shown in Figure 4, the cell viability of Epi-
Derm™ cells after ZnPcE treatment at 0.78 uM (10
times of MBC value against MRSA RN 4220/
pUL5054, ZnPcE-10) and 7.8 uM (100 times of MBC
value against MRSA RN 4220/pUL5054, ZnPcE-100)
were 85.41 + 4.3% and 76 + 4.8%, respectively.

According to the manufacturer’s instructions (Sec-
tion 2 in supplementary information), ZnPcE did not
manifest toxicity [according to the EU and GHS
classification (R38/category 2 or no label)] on Epi-
Derm™ when <7.8 uM concentration. This finding
supports the safe use of ZnPcE topically for aPDT.

Murine MRSA wound infection aPDI model

4-6-week-old male BALB/c mice were divided into five
groups, each of six animals. The description of the five
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Mean percetage cell viability of EPI-200 cells against ZnPcE
at their different concentrations
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Figure 4. Cell viability of EPI-200 cells treated with DPBS [Negative control (NC)], 5% SDS [Positive control (PC)], 7.8 uM of ZnPcE
[equivalent to 100 x MBC against MRSA RN 4220/pUL5054 (ZnPcE-100)] and 0.78 uM of ZnPcE [equivalent to 10x MBC against
MRSA RN 4220/pUL5054 (ZnPcE-10)]. Mean cell viability > 50% for the ZnPcE-100 and ZnPcE-10 implies ZnPcE did not pose
any skin irritation for human 3-D skin construct at or below 7.8 uM concentration.

groups is given in Table 1. Full-thickness skin punch
wounds (4-5 mm diameter) were introduced on ani-
mals and inoculated with MRSA RN4220/pUL5054.
Compound treatments were added by direct appli-
cation to infection sites. NIR (A > 610 nm) was applied
in four doses over nine days (Figure 2) with 60 s

irradiation in each treatment, and at day 9 the mouse
was sacrificed and wound was dissected out for bac-
terial culture and enumeration of the CFU counts.
The quantitative measures of bacterial load after four
treatment cycles are given in Figure 5. In the light con-
trol group (Group C), the bacterial load decreased just

Bacterial load after 4 treatments (Day 9)
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Figure 5. In vivo aPDT efficiency against MRSA RN4220/pUL5054 infected wound mediated by 7.8 pM concentration of ZnPcE.
Experimental data are expressed as mean + SD (n =6). Means that do not share a letter are significantly different. ZnPcE + PDT
cohort showed significantly lower (p < .05) bacterial load after four treatment cycles, compared to all other treated groups, except

positive control (2% Fusidic cream).



0.83 £0.23 log;o CFU (Figure 5), confirming that the
bacterial load was stable over four PDT cycles. For
ZnPcE dark control (Group D), a 1.25%0.37 log;o
CFU reduction was observed (Figure 5). Application
of light to the ZnPcE-treated cohort (Group E) demon-
strated 4.36 £ 0.27 log;y CFU reduction which is sig-
nificantly higher (p<.05) than all other cohorts,
except positive control (Group E) that demonstrated
complete eradication of bacteria (Figure 5). The in
vivo aPDT activity of MRSA-infected wound in the
current investigation showed comparatively higher
activity than previous studies [30,31] on RLP068/Cl,
a tetra-cationic ZnPc. Simonetti et al. [30] investigated
RLP068/Cl mediated aPDT activity of a similar type of
full thick MRSA-infected excision wound and observed
only = 2 logs reduction at day 9 of the infection. How-
ever, in this study, there were modifications with the
wound establishment, since the wound induction and
the bacterial inoculation both done on the same day
and the treatment was started after 2 days of infection
development. In the other study [31], aPDT activity
was applied on an MRSA-infected scratch wound and
2.9 log unit decrease of bacterial bioluminescence was
observed. Unlike our study, both RLP068/Cl mediated
studies were performed with a single dose treatment
but with significantly higher (p <.05) PS concentration
and light dose.

The post-treatment monitoring of infection sites
was performed after the final treatment by measuring
the wound size and change in the body weight of ani-
mals. The size of negative control (Group A) wounds
was slightly larger but there is no significant difference
in wound size among the treatment groups. Further-
more, there is no body weight loss in the treatment
groups when compared with the negative control
(Group A) (Section 3 and 4 in supplementary
information).

Conclusions

The tricationic ZnPcE being investigated in the study
demonstrated high in vitro aPDI (MBC values ranging
from <0.019-0.156 pM) against the tested panel of
MRSA with 2 log;o potentiation upon irradiation. Fur-
thermore, the comparable MBC values shown for the
panel of MRSA strains suggested the possibility of
using ZnPcE to treat S. aureus infections, regardless
of their MDR status.

ZnPcE appeared to be nontoxic towards Hs-27 and
HaCaT cells by demonstrating significantly higher (p
<.05) LCsq values than the concentration needed for
complete eradication (MBC value) of MRSAs under
this investigation. In addition, ZnPcE did not manifest
any toxicity towards human 3-D skin constructs Epi-
Derm™ even up to 2 logy, of increase from the
MBC value of RN4220/pUL5054. We thus conclude
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that the ZnPcE-mediated aPDI is safe and compatible
with mammalian systems.

In the in vivo studies in a murine MRSA wound
infection model, ZnPcE with NIR irradiation demon-
strated > 4 log;y CFU reduction which is significantly
higher (p>.05) than all other test groups except for
the positive control (2% Fusidic cream).

Optimization of the dose and dosing intervals of
ZnPcE and the irradiation durations may further
improve the treatment outcome. ZnPcE-PDT is a
promising PDT compound with activity against
MRSA infections and deserves further clinical
investigations.
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