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Staphylococcus aureus is a common etiological factor in infections of burns and other chronic wounds.

The development of an effective and fast-acting treatment would be enormously beneficial and is highly

desired. We focused on testing the bactericidal efficacy of photoinactivation using a known photosensiti-

zer (protoporphyrin IX, PPIX) in sequential combination with silver nanoparticles against S. aureus. Using

PPIX-based photoinactivation followed by silver nanoparticles we obtained a high bactericidal effect
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(7 logp units reduction) with limited harmful effects on human epidermal keratinocytes. Moreover, we

observed that the use of silver nanoparticles prevents bacterial re-growth 24 h post-PDI treatment. A

DOI: 10.1039/c3pp50039j

www.rsc.org/pps antibacterial approach.

1. Introduction

The rapid increase in the emergence of antibiotic-resistant
strains among many species of pathogenic bacteria may bring
to an end the “antibiotic era”." The growth of multi-drug
resistant bacteria has encouraged research focused on alter-
native antibacterial therapeutic options to which bacteria will
not easily be able to develop resistance.

One of the possible alternative therapies could be photo-
dynamic inactivation (PDI) and photodynamic antimicrobial
chemotherapy (PACT) utilizing the ability of photosensitizers
(PS), in combination with visible light and molecular oxygen,
to kill target cells.” In the presence of oxygen, the excited state
PS transfers energy or electrons to ground state molecular
oxygen-producing reactive oxygen species (ROS), such as
singlet oxygen and hydroxyl radicals, which are able to kill
cells.

A second possible alternative antibacterial approach could
be nanobiotechnology combining biotechnology with nano-
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sequential combination of photoinactivation and silver nanoparticles represents a potentially effective

technology (particles of 1-100 nm in size) to develop environ-
mentally friendly technologies that have several appli-
cations, such as in food preservation, the decontamination of
materials and, most interestingly, medicine. For microbial
infections the most interesting are silver nanoparticles
(AgNPs), which have been shown to be most effective against a
broad spectrum of microorganisms, including S. aureus, Pseudo-
monas aeruginosa, Candida albicans and several types of
viruses.” The mechanism of action of silver nanoparticles has
been extensively studied in the last few years on the model
Gram-negative bacteria E. coli; this research has shown that
the nanoparticles interact with the bacterial membrane and
cause cell death. After attaching to the cell membrane, the
silver nanoparticles also penetrate into the bacterial cell and
release silver ions which preferably attack the respiratory
chain, sulfur-containing proteins and phosphorus-containing
compounds such as DNA.*® S. aureus, including the multi-
drug-resistant strains, was shown to be efficiently killed by
silver colloid nanoparticle formulations.” On the basis of other
interesting studies, concerning three forms of silver nanoparti-
cles (dissolved, small - 10-20 nm, and large - 70-80 nm), we
can assume that silver nanoparticles rapidly accumulate in
eukaryotic cells, and further follow an efficient depuration
process.® The area of research connected with silver nanoparti-
cles remains controversial as from one side AgNPs are widely
used in FDA regulated products, and on the other hand, some
toxicity regarding biological systems is reported. We believe
that special attention should be paid to adapting AgNPs in bio-
logical applications. However, there are several points which
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must be taken into account with respect to the matter, includ-
ing the particular type of AgNP, and the method of AgNP appli-
cation (e.g. local treatment of skin infections).

In this study, we present an innovative approach of sequen-
tially combining photodynamic inactivation with the use of
silver nanoparticles that could significantly increase the individ-
ual antibacterial activities of each of these previously described
therapies. To exemplify the potential synergistic effect of
sequential combination of AgNPs and photodynamic treatment,
we used PPIX-based photoinactivation. The PPIX was chosen as
it exerts a poor bactericidal effect when compared with other
highly efficient photosensitizers e.g. phthalocyanines. The
attainment of a significantly increased bactericidal effect of
PPIX-mediated PDI in sequential combination with AgNP one
could assume that even greater effects could be achieved with
the use of more efficient photosensitizing agents.

2. Results

2.1. Minimal bactericidal concentrations of silver
nanoparticles

MBC values of silver nanoparticles acting solely and preincu-
bated with different PPIX concentrations are presented in
Table 1. When analyzing silver nanoparticles acting solely, the
MBC was determined as 6.74 x 10'*> NP ml™". In the case of
preincubation of silver nanoparticles with different PPIX con-
centrations, the MBC values increased accordingly to the PPIX
concentration used, suggesting binding of PPIX to AgNP and
preventing its effective interaction with bacteria (Table 1).

2.2. PPIX-based photodynamic inactivation

Photodynamic inactivation (PDI) using various doses of light
was applied to an S. aureus Newman reference strain. The
results from multiple experiments showed that the bactericidal
effect ranged from a 0 to 4.0 log;, reduction in viable counts of
bacteria, suggesting that the response of S. aureus to PDI
changes in a light dose-dependent manner (Fig. 1).

The higher the dose of light applied, the higher the bacteri-
cidal effect obtained. In the presence of 10 pM PPIX, an eradi-
cation level of 4.0 log;, reduction was obtained using a light
dose of 200 ] em™. Sub-lethal photoinactivation was obtained
with the PPIX concentration of 0.05 puM (light dose up to
200 J em~?) and the PPIX concentration of 0.5 pM (light dose

Table 1 Changes in MBC values after preincubation of silver nanoparticles
with different PPIX concentrations

MBC of AgNP (NPs ml ™) after preincubation with PPIX”

PPIX concentrations (pM):

0 0.05 0.5 5

6.74 x 10" 6.74 x 10" 1.3 x 10" 2.6 x10"
“Silver nanoparticles were preincubated with PPIX for 30 min at 37 °C

prior to the addition of the bacteria suspension (10° CFUs).
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Fig. 1 PPIX-mediated PDI against S. aureus Newman strain in planktonic
culture. The probes were illuminated after dark incubation for 30 min at 37 °C
with different concentrations of PPIX (up to 10 pM). Bacteria were illuminated
with different doses of blue light, and survival fractions were determined as
described in Materials and Methods. Lines were only used for a better visualiza-
tion. Values are means of three separate experiments, and bars are s.d.

up to 100 J cm™2). Higher sensitizer concentration resulted in
lethal damage of S. aureus. Because light irradiation seemed
not to induce any growth inhibition and the toxicity of the
sensitizer itself did not exceed 0.2 log;, reduction in bacterial
viability, these data are not included in Fig. 1.

2.3. Combination of PPIX-based photodynamic inactivation
and silver nanoparticles

To determine whether the addition of silver nanoparticles
(AgNP) potentiates the efficacy of PPIX-based phototreatment,
we sequentially combined these two reagents (AgNP and PPIX)
in several unique ratios. These combinations are shown in a
scheme in Fig. 2A. In this experiment, two identical plates were
used; one of them was subjected to light treatment, and the
second was kept in the dark. Under these experimental con-
ditions, we were able to observe the effect of AgNPs alone (dark
control) as well as the combined effects of AgNP and PDI treat-
ment. It is important to remember, however, that in the sample
recognized as the ‘dark control’, we also observed a possible
effect of PPIX toxicity. The experiments were performed as
described in the Materials and Methods section, and the results
were analyzed 24 h post-PDI treatment. We observed that in the
‘dark control’ samples, AgNP concentrations equal to 1 MBC
and above were effective in the total eradication of the S. aureus
strain. However, higher concentrations of PPIX (5 pM and
10 pM) abrogated the antibacterial effect of AgNPs (Fig. 2A).
This is presumably because the anionic PPIX can bind to the
cationic AgNP and prevent the AgNP binding to the bacteria.
This was tested by preincubating the AgNP with different con-
centrations of PPIX and then adding them to bacteria and
measuring MBC. Increased MBC values of AgNP preincubated
with different concentrations of PPIX (Table 1) suggest that
PPIX interacts with the AgNP and prevents its binding to the
bacteria. Thus, the PBS washing step preceded the addition of
silver nanoparticles to limit the possible interactions of PPIX
with the AgNP. When photodynamic treatment was applied
(treating the cells with a combination of PPIX and 100 J cm™> of
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Fig. 2 Combined bactericidal effect of silver nanoparticles and photodynamic treatment against planktonic culture of S. aureus. (A) Schematic representation of
the experimental design. AgNP MBC value — 6.74 x 10"2, PPIX concentration values are indicated in a grey panel (0-10 pM). (B) Survival fraction of the bacteria 24 h
after PPIX treatment with 100 J cm™2 light and AgNP (left panel) and 24 h after PPIX treatment without illumination and AgNP (dark control) (right panel). MBC

values of AgNPs are indicated in the legend.

light followed by administration of AgNP), we observed augmen-
ted bactericidal effects. The 24 h post-PDI treatment, the
S. aureus eradication and re-growth prevention were obtained
using the following conditions: >0.05 pM PPIX and AgNP >0.5
MBC; >0.5 pM PPIX and AgNP >0.25 MBC (Fig. 2A and 2B). It is
important to underline that upon PDI treatment without the
addition of AgNPs the re-growth effect was observed (Fig. 2A
and 2B - 0 MBC). Although, directly after PDI treatment we
observed decrease in viable cell counts by 4 log;, (Fig. 1). Only
the sequential combination of AgNP and PDI treatment allowed
for total eradication of bacteria after 24 h incubation. Moreover,
this high bactericidal effect was reached with significantly lower
concentrations of AgNP and PPIX when compared to AgNP and
PPIX used separately. Protoporphyrin IX-mediated photoinacti-
vation rarely exceeds 4 log;, reduction in the survival fraction.
Current studies indicate that PPIX used in combination with
the appropriate AgNP concentration leads to reduction in the
survival fraction as high as 7 logs CFU ml™" and prevents bac-
terial re-growth. Interestingly, and similar to the ‘dark control’,
we observed a lack of bactericidal effect of sequentially com-
bined PDI and AgNP treatment when 10 pM PPIX was used
without a PBS washing step (data not shown). As indicated
above, higher concentrations of PPIX could abrogate the bacteri-
cidal effect of AgNP leading to increased MBC values (Table 1).
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This effect was probably caused by the interactions between
PPIX and AgNP that prevent AgNP binding to bacteria and lead
to re-growth of bacterial cells within the 24 h incubation. Suc-
cessfully, bacterial re-growth could be effectively eliminated by
washing the cells prior to administration of AgNPs.

2.4. Cyto- and phototoxic effects of antimicrobial agents
against HaCaT cells

The viability of mammalian cells treated with the sensitizer
and silver nanoparticles was assessed using an MTT assay. The
toxicity of different concentrations of protoporphyrin IX and
AgNP on human skin cells was evaluated using epidermal kera-
tinocytes. As shown in Fig. 3, incubation of keratinocytes with
PPIX reduced cell viability only upon illumination. Incubation
of keratinocytes with silver nanoparticles at concentrations up
to 6.74 x 10"> NPs m1~" (1 MBC) with and without illumination
did not significantly influence cell viability (Fig. 3). The effects
of PPIX upon illumination showed concentration-dependent
differences in bacterial and eukaryotic cells. Protoporphyrin IX
at concentrations of 0.05 and 0.5 pM in the presence of 0.5
MBC of silver nanoparticles resulted in a 7 log;, reduction in
bacterial viability after illumination, whereas keratinocytes
were still viable (80%) with or without illumination (Fig. 3).
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cell viability (%)

Fig. 3 Cyto- and phototoxic effects of AgNP and PPIX against human epider-
mal keratinocytes. Illlumination parameters: blue light, 100 J cm™2. Toxicity of
PPIX and silver nanoparticles was assessed after 24 h incubation at 37 °Cin the
dark. Each point is the mean of three experiments =+ s.d.

3. Discussion

The light-mediated killing of many pathogens in vitro has been
extensively investigated. A wide range of organisms, ranging
from the Gram-positive S. aureus to the Gram-negative P. aeru-
ginosa, has proved to be susceptible to PDI with a number of
different photosensitizers in vitro. It is well known that multi-
drug-resistant strains are just as susceptible as their naive
counterparts’ and moreover, it has not yet been possible to
artificially induce resistance to PDI in any microbes on which
it has been tested.'® It has been shown that human cells (kera-
tinocytes and fibroblasts) can survive PDI conditions that are
lethal to microorganisms."" Zeina et al.'' have demonstrated
that PDI conditions yielding a reduction in bacterial load of
7 logy, units have no effect on mammalian keratinocytes. The
low toxicity of PDI on human cells at doses that are lethal to
microorganisms indicates that PDI has potential for in vivo
use. Our study indicates that with the use of PPIX-mediated
photoinactivation we can achieve 4 log;, units reduction in
viable counts with no harmful effect towards human
keratinocytes.

Although silver-based materials have been used for centu-
ries to treat burns in humans, their role decreased substan-
tially after the introduction of penicillin. It was demonstrated
by Leaper'? that silver nanoparticles promote healing of burn
wounds and improve the cosmetic appearance, while Tian
et al."® demonstrated the effective therapeutic use of silver for
scarless wound healing. The same group also demonstrated
in vivo, using a mouse model of burn-related skin infections, that
in addition to their antibacterial properties, silver nanoparti-
cles modulate the inflammatory state in the organism by influ-
encing IL-10 and IL-6 cytokines. This modulation significantly
shortens the healing process. In most studies, silver nanoparti-
cles have been shown to be non-toxic to humans when used in
low concentrations. However, after exposure of rat liver cell
line BRL 3A to increasing concentrations of silver nanoparti-
cles, abnormally sized and irregularly shaped cells were
observed.'* We observed no cytotoxic effects of the silver nano-
particles used in our studies.
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Next, we aimed at combining the action of highly effective
silver nanoparticles with PPIX to enhance their bactericidal
effects against the most common pathogen. Although there is
already some evidence indicating that PS activity is substan-
tially increased when conjugated with nanoparticles, the idea
of a sequential combining effect of PS and nanoparticles is
quite new. Our study indicates that sequential combination of
PPIX-mediated photoinactivation with silver nanoparticles
results in high bactericidal effects. Only the combination of
PDI treatment followed by addition of AgNP allowed for total
eradication of bacteria after 24 h incubation. In addition, this
high bactericidal effect was obtained with significantly lower
concentrations of AgNP and PPIX when compared to AgNP and
PPIX used separately. The low water solubility of protopor-
phyrin IX promotes its usage at low concentrations. It is worth
emphasizing that with the use of nontoxic silver nanoparticles,
very low PPIX concentrations (0.05 and 0.5 pM) could be
applied to reach high bactericidal activity (7 log;, reduction in
bacterial viability). It indicates that photoinactivation renders
S. aureus more susceptible to the action of silver nanoparticles
and is indeed synergistic with AgNPs. It also indicates the
possible usage of sequentially combined PDI and AgNP as a
therapeutic approach for superficial infections treatment.
Once irradiated, an infected skin lesion could be administered
with a solution of silver nanoparticles to enhance the bacteri-
cidal effect of photoinactivation and prevent bacterial
regrowth. As supported by the current research, such an
approach could be safe for human epidermal cells.

4. Experimental
4.1. Strains and culture conditions

The S. aureus NEWMAN strain was used in all experiments.'®
The strain is stored in the Faculty of Biotechnology, UG &
MUG, Poland. S. aureus was grown overnight in TSB medium
(Oxoid, UK) at 37 °C.

4.2. Sensitizer

Protoporphyrin IX (PPIX) (MP Biomedicals) was used in this
study. PPIX was dissolved in 100% dimethyl sulfoxide to give a
1 mM stock solution, filtered-sterilized and stored at —20 °C in
the dark until use. The concentration of the photosensitizer
was determined spectrophotometrically (extinction coefficient
1.6 x 10° M~ em™', wavelength 408 nm).

4.3. Light source

The illumination was performed with a Q.Light® PDT Lamp
(b & p® Shweiz AG, Switzerland) (ISO 9001 & EN 46001 — CE
1275). The light energy delivered was approximately 7.62 ] cm™>
per minute. The Q.Light PDT Lamp emits polarized (98% level
of polarization) light in the range of 385 to 480 nm.

4.4. Nanoparticles

Silver nanoparticles were provided by ProChimia Surfaces Co.
(Poland). Positively charged particles of Ag coated with
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HS-(CH,);;-N(CHj3);" were used. Average size: 5.5 nm, dispersity:
15%, concentration: 2.4 x 10" NPs mI™" (SPR maximum, Apqx:
420-424 nm). Soluble in water. Trypcase-soy broth (Oxoid, UK)
was used for the dilutions.

4.5. Cell line

HaCaT (human epidermal keratinocytes) cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum, 2 mM glutamine, 100 units ml™*
penicillin and 100 pg ml™" streptomycin. The cultures were
maintained in a humidified atmosphere containing 5% CO, at
37 °C.

4.6. Minimal bactericidal concentrations of silver
nanoparticles

By using the Broth Microdilutions Method'® we determined the
Minimal Bactericidal Concentrations (MBC) of AgNPs. We pre-
pared solutions with the following ranges of concentrations:
8.4 x 10''-9.5 x 10" NPs m1™". To each well of the microtiter plate
containing 100 pl of a studied antibacterial agent we added
100 pl of bacterial suspension containing 10° CFUs. The plates
were incubated for 24 h at 37 °C. In order to determine the
MBC values based on the wells in which no visible bacterial
growth was found, we took 100 pl from each of those wells and
placed it on dishes with TSB medium fixed with agar. The
dishes were then incubated for 24 h at 37 °C. MBC was defined
as the lowest concentration of an antibacterial factor that,
during a defined period of time (24 h), reduces the bacterial
inoculum by 99.9%, which is a 3 log;, reduction.'® To establish
the possible interaction between AgNP and PPIX, the MBC was
also determined for silver nanoparticles preincubated with
different PPIX concentrations (in the range of 0.05 to 5 pM).
Solutions of AgNP with PPIX were incubated for 30 min at
37 °C. Next, to each well of the microtiter plate containing
100 pl of a mixture of AgNP and PPIX we added 100 pl of bac-
terial suspension containing 10> CFUs. The plates were incu-
bated for 24 h at 37 °C in order to determine the MBC.

4.7. PDI studies and determination of lethal and sub-lethal
conditions

Lethal and sub-lethal conditions were defined according to the
definition by Dodd et al.'” as conditions where the direct
damage is sufficient or insufficient to destroy the majority of
the bacterial population. Thus, lethal and sub-lethal con-
ditions were defined as the combination of light and photo-
sensitizer concentrations which resulted in 2 log;, and 0.5-1
log; unit reduction in viable count, respectively. The bacterial
cultures were grown overnight (16 h) at 37 °C in TSB broth
(Oxoid, UK), diluted (10’ CFU ml~" bacteria) and then incu-
bated with the sensitizer (in the range of 0-10 uM) at 37 °C in
the dark for 30 min. Afterwards, the cells were transferred into
a 96-well microtiter plate (100 pl per well) and illuminated
with an appropriate dose of blue light (385-480 nm) (50, 100
or 200 J cm™?). After the illumination, aliquots were removed
to determine the cell number in colony forming units (CFUs)
as described by Jett et al.'® Three types of control conditions
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were used: illumination in the absence of PS, incubation with
PS in the dark and treatment with neither photosensitizer nor
light. Each experiment was performed at least three times. Sur-
vival fractions were expressed as the ratio of CFU of bacteria
treated with PDI to CFU of untreated bacteria.®

4.8. Effects of PDI and AgNP used in combination

Overnight planktonic cultures of S. aureus cells were diluted in
a fresh TSB medium to a concentration of 10 CFU ml™*, and
100 pl aliquots were placed in 96-well plates. An appropriate
concentration of PPIX was added to each well in the range of
0-10 pM (as indicated in the scheme, Fig. 2A, horizontal
panel). Each plate was set up in duplicate, one for the treat-
ment with light, the other for the unilluminated control. The
plates were incubated for 30 min at 37 °C. Subsequently, the
samples were illuminated with blue light (385-480 nm) at a
dose of 100 J cm ™. Next, the PBS washing step was performed.
The cell suspensions were centrifuged (9000g, 1 min), the PS
solution was aspirated, and cells were washed once with 100 pl
of sterile PBS and centrifuged as described above. Finally, the
pellet was diluted in 100 pl of fresh broth, and 100 pl of AgNP
diluted in TSB medium were added to each well. The final
AgNP concentration values ranged from 4 MBC to 0.25 MBC
(as indicated in the scheme, Fig. 2A, vertical panel). Thus,
each well in the plate contained a unique combination of PPIX
and AgNP amounts. The cells were incubated at 37 °C, and
bacterial growth was measured 24 h post PDI treatment. The
contents of each well were pipetted to mix, serially diluted 10
times with sterile PBS and plated on TSA plates. After over-
night incubation at 37 °C, colonies were counted and CFU
ml " values were calculated.

4.9. Cytotoxicity assay with eukaryotic cells

Cells (5 x 10%) were seeded in 96-well plates and allowed to
adhere overnight. The chemicals of interest (photosensitizers,
nanoparticles) were added to the medium in the range of con-
centration determined experimentally (8.4 x 10''-6.74 x 10"
AgNPs ml™; 0.05-0.5 pM PPIX). In the case of photoinacti-
vation, the cells were incubated for 30 min at 37 °C in the dark
prior to irradiation. Cell survival was determined 24 h after the
illumination step by a standard 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay in which MTT
was an indicator of metabolically active cells and a mitochon-
drial enzyme activity results in a color reaction that can be
measured spectrometrically. Following the treatment, MTT
(0.5 mg ml™") was added, and the cells were incubated for 2 h
at 37 °C. The cells were subsequently lysed in DMSO, and the
optical density of the formazan solution was measured at
550 nm with a plate reader (Victor, 1420 multilabel counter).

5. Conclusions

We describe a potentially effective antibacterial therapeutic
approach involving photoinactivation and silver nanoparticles.
By combining these two elements, we can obtain significantly
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increased bactericidal effects against an S. aureus strain, indicat-
ing the potential synergistic effects between these agents. More-
over, applying the combined treatment, we can prevent bacterial
re-growth and reach complete S. aureus eradication. In addition,
the treatment regimens tested so far have acceptable levels of
toxicity on human epidermal keratinocytes, suggesting that this
approach is safe for use on human tissues.
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