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Abstract: Silver nanoparticles (AgNPs) have been used as potential antimicrobial agents against
resistant pathogens. We investigated the possible therapeutic use of AgNPs in combination with
visible blue light against a multidrug resistant clinical isolate of Pseudomonas aeruginosa in vitro
and in vivo. The antibacterial activity of AgNPs against P. aeruginosa (1x10° colony forming
unit/mL) was investigated at its minimal inhibitory concentration (MIC) and sub-MIC, alone and
in combination with blue light at 460 nm and 250 mW for 2 hours. The effect of this combined
therapy on the treated bacteria was then visualized using transmission electron microscope.
The therapy was also assessed in the prevention of biofilm formation by P. aeruginosa on
AgNP-impregnated gelatin biopolymer discs. Further, in vivo investigations were performed to
evaluate the efficacy of the combined therapy to prevent burn-wound colonization and sepsis in
mice and, finally, to treat a real infected horse with antibiotic-unresponsive chronic wound. The
antimicrobial activity of AgNPs and visible blue light was significantly enhanced (P<<0.001)
when both agents were combined compared to each agent alone when AgNPs were tested at MIC,
1/2, or 1/4 MIC. Transmission electron microscope showed significant damage to the cells that
were treated with the combined therapy compared to other cells that received either the AgNPs
or blue light. In addition, the combined treatment significantly (P<<0.001) inhibited biofilm
formation by P. aeruginosa on gelatin discs compared to each agent individually. Finally, the
combined therapy effectively treated a horse suffering from a chronic wound caused by mixed
infection, where signs of improvement were observed after 1 week, and the wound completely
healed after 4 weeks. To our knowledge, this combinatorial therapy has not been investigated
before. It was proved efficient and promising in managing infections caused by multidrug resistant
bacteria and could be used as an alternative to conventional antibiotic therapy.

Keywords: biofilm, invasive sepsis, wound colonization, murine model, bioplastic disc, non-
conventional therapy

Introduction

Metallic silver, silver nitrate, and silver sulfadiazine have been used in the treatment
of a wide range of infections;' their use, however, had been diminished with the start
of the antibiotic era. Since most pathogenic bacteria continuously develop resistance
to most available antibiotics, silver nanoparticles (AgNPs) have been reconsidered as
a potential alternative to conventional antimicrobial agents.

AgNPs can be incorporated into antimicrobial applications, such as bandages,
surface coatings, medical equipment, food packaging, functional clothes, and
cosmetics.? It has been estimated that 320 tons of nanosilver are used annually,® with
30% of all currently registered nanoproducts containing nanosilver.* Metallic silver
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is a potential biocide that has been reported to be less toxic
compared to silver ions.’

Visible blue light is recently attracting increasing atten-
tion as an alternative to traditional antibiotics as a novel
light-based antimicrobial agent. It does not involve the use of
exogenous photosensitizers as in the photodynamic therapy,
and is less damaging to mammalian cells than ultraviolet
irradiation.® Blue light has been reported to have significant
antimicrobial activity against a broad range of bacterial and
fungal pathogens.®’

The rate of emergence of antibiotic resistance has
increased dramatically due to antibiotic misuse, the failure of
some patients to comply with their treatment regimen, and the
high capability of bacteria to mutate. As a result, antibiotic
resistance leads to the failure of treatment of life-threatening
bacterial infections and increases costs due to longer stay in
health care settings.’’

The use of nonconventional therapy to which bacteria
are improbable to develop resistance would be the best
alternative.

The aim of this work is to investigate the therapeutic
application of AgNPs in combination with blue light against
Pseudomonas aeruginosa. To our knowledge, this is the first
study that investigates this combined therapy against bacterial
infections both in vitro and in vivo.

Materials and methods

Unless otherwise indicated, all chemicals (analytical grade)
were purchased from Sigma-Aldrich, St Louis, MO, USA.
Prior to the start of the animal experiments, ethical and legal
approval was obtained from the Faculty of Pharmacy and
Biotechnology Committee for Care and Use of Animals. The
use of the combined therapy to treat real infection in the horse
was approved by the Faculty of Pharmacy and Biotechnology
Ethics Committee decision # 56-2011.

Microorganism

A multidrug resistant (MDR) clinical isolate of P. aerugi-
nosa was used in the study. The isolate was identified to the
species level by using standard microbiological techniques.
The microorganism was found to be resistant to ciprofloxacin,
ceftazidime, piperacillin, and imipenem.

Preparation of AgNPs

The AgNPs were prepared as previously described by
Métraux and Mirkin." Briefly, 75 mL from a 0.01M stock
solution of silver nitrate was added to 10 mL of an aqueous
solution containing 0.08 g sodium citrate and 0.2 g polyvi-
nylpyrrolidone. Ten mL of 0.05M sodium borohydride was

added to the mixture all at once, and the volume made up
to 100 mL using distilled water. The solution turned dark
brown indicating the conversion of silver nitrate to AgNPs.
The final concentration of AgNPs was 0.862 mg/mL. Higher
concentrations of the AgNPs can be obtained by increasing
the concentration of the starting material, silver nitrate.

The nanoparticles were characterized spectrophoto-
metrically, where a surface plasmon resonance peak
appeared between 390 and 410 nm.! The particles size
was characterized by Malvern Zetasizer Nano ZS (Malvern
Instruments Ltd, Malvern, UK) and Tecnai G20, Super
twin, double tilt ultra-high resolution transmission electron
microscope (FEI Tecni, Hillsboro, OR, USA), which showed
a uniform distribution of the nanoparticles, with an average
size of 15-20 nm.

Determination of MIC and MBC of AgNPs

against P. aeruginosa

The minimal inhibitory concentration (MIC) was determined
based on the guidelines of the Clinical Laboratory Standard
Institute.'? The minimum bactericidal concentration (MBC)
was determined by taking 10 pl samples from MIC well, and
from wells with higher concentrations, and streaked onto
the surface of Muller Hinton agar plates. After a 24-hour
incubation, the number of colony forming units (CFU) per
mL was counted and the MBC, defined as the concentration
that kills 99.9% of bacteria, was determined.

Antimicrobial activity of AgNPs in
combination with visible blue light against

P. aeruginosa in vitro

The effects of AgNPs were investigated in combina-
tion with visible blue light against the clinical isolate of
P. aeruginosa. The AgNP preparation was tested at its MIC
and sub-MICs (1/2, 1/4, 1/8, 1/16, 1/32, 1/64, and 1/128 of
the MIC) in 24-well plates. Briefly, bacterial suspensions
were pipetted into the wells, which contained the AgNPs
at the tested concentrations in Muller Hinton Broth (MHB)
to give an initial inoculum density of 1x10° CFU/mL and
a final volume of 2 mL/well. The wells were exposed to a
photon emitting diode (Photon Scientific, Cairo, Egypt) at
460 nm and 250 mW for 2 hours. Samples were taken after
0, 2, 4, 6, and 8 hours of inoculation, where viable bacteria
were determined by viable count technique. Briefly, 10 uL
aliquots were withdrawn and spread onto nutrient agar plates.
The plates were incubated for 24 hours at 37°C. The same
procedure was repeated with AgNP- and light-free wells. The
experiment was performed in triplicates and the results were
compared to drug-free samples.
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Visualization of the effect combination

of AgNPs and blue light on P. aeruginosa
using TEM

Ten mL of MHB was inoculated with 1x10° CFU/mL of P.
aeruginosa in 15 mL conical centrifuge tubes (Falcon, Corn-
ing, NY, USA) before being incubated at 37°C for 4 hours,
until the bacteria reached the logarithmic phase. The suspen-
sions were then centrifuged at 2.800x g for 10 minutes, then
the cell pellets were resuspended in 10 mL of fresh MHB
containing 8 mg/mL of AgNPs. Two mL portions of the sus-
pension were transferred to 24-multiwell plates. The plates
were incubated at room temperature during which the wells
were exposed to the blue light at 460 nm for 2 hours using
the photon emitting diode. One mL samples were then taken
and prepared for transmission electron microscope (TEM)
as previously described.” Briefly, the samples were cen-
trifuged and the bacterial pellets were fixed in 1 mL of 3%
glutaraldehyde for 2 hours and then centrifuged and washed
with 7.2% phosphate buffer. A secondary fixative, osmium
tetraoxide, was then added to the pellets, and incubated for
1 hour before being washed with phosphate-buffered saline.
The samples were then subjected to a series of dehydration
steps using different concentrations of ethanol, starting with
ethanol 50% to 95%. During each step, the samples were left
for 10 minutes before finally being put in absolute ethanol
for 20 minutes. The samples were then embedded in resin
blocks that were subsequently cut into semi- to ultra-thin
(60 nm) thickness and finally stained with uranyl acetate
and lead citrate before being examined by TEM. The same
procedure was repeated for bacterial cultures treated with
AgNPs, blue light, or both. The results were compared to
drug- and light-free control experiments.

Antimicrobial effect of combined AgNPs
and blue light on biofilm formation by

P. aeruginosa on gelatin-based bioplastic
discs

The gelatin-based bioplastic discs were prepared in our
laboratory. Briefly, 4 g of gelatin was dissolved in 40 mL
distilled water. Two mL of formaldehyde was then added
and the mixture was stirred for 4 hours. The AgNPs were
added to the mixture to give a final concentration of § mg/mL
followed by addition of 20 mL glycerin as a plasticizer and
the final volume was made up to 100 mL using distilled
water. The solution was degassed under vacuum until a clear
bubble-free solution was obtained. The mixture was then
poured into Petri dishes and left to dry at 45°C for 24 hours.
The formed gelatin sheets were then aseptically punched out

using a sterile cork borer to give 1 cm diameter discs. To get
rid of formaldehyde, the discs were washed in sterile distilled
water and then left to dry under laminar flow.

The rate of the release of nanoparticles from the gelatin
disc was determined by placing the discs in 10 mL aliquots
of distilled water and daily samples were taken and the
characteristic peak at 400 nm was monitored spectrophoto-
metrically over a period of 14 days.

The efficacy of AgNPs impregnated in the gelatin discs
with or without combination with the blue light to prevent
biofilm formation of P. aeruginosa was evaluated. Briefly,
the unloaded or loaded discs with AgNPs were placed in
the wells of 24-multiwell plates. One mL portions of sterile
MHB containing 1x107 CFU/mL of P. aeruginosa were
delivered into the wells before being exposed to blue light
for 2 hours, and the plates were then incubated for 24 hours
at 37°C. The discs were washed twice with 2 mL of sterile
phosphate-buffered saline to remove planktonic cells. To
dislodge adherent cells, the discs were placed in pre-cooled
saline, and sonicated using Bandelin Sonoplus HD 2070
Ultrasonic Homogenizer (BANDELIN electronic GmbH
& Co. KG, Berlin, Germany) at a continuous sonication
cycle set at the maximum output for 30 seconds. The viable
count of the dislodged bacterial cells was then determined.
The same experiment was repeated in the presence of either
AgNPs or blue light and the results were compared to control
experiment in which the biofilm was formed on unloaded
disc without blue light exposure.

Effect of AgNPs in combination with blue
light on wound colonization and invasive
sepsis by P. aeruginosa in a murine model
All procedures and guidelines of the Institutional Animal
Care and Use Committee were strictly followed. Seven
groups each of five male Swiss mice were used as described in
Table 1. Bacteria were grown in Tryptic Soya Broth medium
for 18 hours at 37°C. Culture suspensions were centrifuged at

Table | The groups of mice and the corresponding treatment
they received

Group Burn Bacteria Light AgNPs Silver sulfadiazine
| _ _ _ _ —
1l + - - - —
1] + + - - -
v + + + - -
\4 + + - + -
\ + + - - +
vil + + + + —

Notes: (—) no treatment received; (+) treatment received. Group lll received silver
nanoparticle (AgNP)-free gel preparation.
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7,000x g for 15 minutes, washed twice in sterile phosphate-
buffered saline, and finally standardized to 10 CFU/mL. The
animals were anesthetized using intraperitoneal injection of
60 mg/kg pentobarbital, and a full thickness scalded wound
was produced on the animals’ dorsum by exposing 4 cm?
area of their shaved skin to 100°C water for 30 seconds.
All animals received 5 mg/kg of ketoprofen subcutaneously
every 12 hours. The animals were infected with 1 mL of the
bacterial suspension.

The AgNPs in hydroxypropylmethyl cellulose (K200M)
gel preparation were formulated as previously described by
Rupal et al." Briefly, hydroxypropylmethyl cellulose (3.5 g)
was dispersed in 90 mL distilled water with continuous
stirring using a magnetic stirrer at a moderate speed (500 rpm)
for ~2 hours. Calculated amounts of AgNPs were mixed to
homogeneity to produce a final concentration of 8 mg/g using
Wiggen Hauser D500 Homogenizer (Wiggenhauser Mash-
inenbau, Berlin, Germany). The prepared gel was packed in a
wide-mouthed container and kept stored at 4°C until used.

The topical treatment with AgNPs at 8 mg/g was
applied 2 hours after bacterial inoculation and then once
daily for 2 days. On the third day, the mice were euthanized
and 1 cm? of the burn wounds, kidney, lung, and liver were
aseptically collected and homogenized. Briefly, specimens
were suspended and homogenized in 5 mL precooled saline
solution by sonication at a continuous sonication cycle set
at the maximum output for 30 seconds. One mL samples
were then serially diluted in MHB, spread onto the surface
of nutrient agar plates, incubated at 37°C for 24 hours, and
viable colony counts were recorded.

Efficacy of the combined therapy of
AgNPs with blue light in the treatment of
antibiotic-unresponsive chronic wound in

an infected horse

A 13-year-old female thoroughbred horse suffering from a
chronic skin wound on its back was treated with AgNPs in
combination with blue light. The horse is the property of Al
Shams Sporting Club, Cairo, Egypt, and is used for train-
ing horse riders. Initial examination of the animal showed a
wound with inflamed, red, and swollen tissues with exudates
and blood. The wound resulted from the friction with the
saddle, which resulted in a skin cut. The surrounding dusty
and humid environment exacerbated the wound condition
and promoted bacterial infection. The medical record of the
horse indicated that it received a topical treatment regimen
composed of oxytetracycline hydrochloride aerosol, 40 mg,
in combination with gentian violet paint for 2 weeks.

Following the topical treatment, Pentstrep-400, a combined
injection consisting of procaine penicillin (200 mg) and
dihydrostreptomycin sulfate (200 mg), was given as 1 mL
per 10 kg body weight every day for 2 weeks. The course of
treatment with topical and systemic antibiotics was repeated
several times with no sign of improvement.

A swab was taken from the wound and spread onto the
surface of a blood agar plate. After 24-hour incubation at
37°C, the growing colonies were identified by Gram staining
and standard microbiological techniques.

The AgNPs at 16 mg/g were formulated in hydroxypro-
pylmethyl cellulose gel preparation as described above. The
gel was applied to the infected wound every 12 hours for
3 weeks. Each dose was followed by application of blue light
to the wound for 20 minutes using the blue light emitting
diode. The course of treatment was repeated with one dose
of the drug followed by application of the blue light every
24 hours till the complete healing of the wound. A swab was
taken every week for bacterial subculture.

Statistical analysis

Each experiment was performed in quadruplicate and the
mean and standard deviation were calculated. One-way
analysis of variance was used to determine the differences
between various treatments. Tukey’s pair comparison test
was used at the chosen level of probability (P<<0.05) to
determine significant difference between means.

Results

Antimicrobial activity of AgNPs in
combination with blue light against

P. aeruginosa in vitro

The MIC and MBC of AgNPs against the tested isolate were
found to be 8 mg/mL. The antimicrobial activity of AgNPs at
their MIC was significantly enhanced (P<<0.001) in combina-
tion with blue light compared to each of them alone (Figure 1),
where all bacteria were killed after 2 hours of exposure to
the combined therapy. Although this enhancement was also
observed when the compound was tested at 1/2 and 1/4 of its
MIC, longer exposure times were needed to kill all bacteria. At
lower concentrations of the AgNPs, the effect was insignificant
compared to the drug-free control and each agent alone.

TEM examination of P. aeruginosa after
combined treatment with AgNPs and
blue light

The effects of the AgNPs administered alone or in combina-
tion with a 2-hour exposure to blue light on P. aeruginosa
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Figure | Antimicrobial activity of silver nanoparticles (AgNPs) in combination with blue light against Pseudomonas aeruginosa.

Notes: Cell suspensions were exposed to either the silver compound alone at minimal inhibitory concentration (MIC) and sub-MIC, blue light alone at 460 nm and 250 mW
for 2 hours, or a combination of both agents. Viable colony count was recorded as the mean of three separate experiments. Note that the combination enhanced the
antimicrobial activity of both agents when the AgNPs were tested at MIC (A), 1/2 MIC (B), and 1/4 MIC (C), but not at 1/8 MIC (D).

Abbreviations: CFU, colony forming unit; SD, standard deviation.

were investigated using TEM (Figure 2). As shown in the
figure, blue light had no visible effects on the bacterial cells,
which remained intact after the indicated exposure period.
On the other hand, bacteria treated with AgNPs showed signs
of membrane damage and partial release of chromosomal
fragments. Bacteria treated with a combination of both agents
were severely affected with most cells lysed at the end of
the experiment.

Effect of the combined antimicrobial
therapy of AgNPs and blue light in
preventing biofilm formation by

P. aeruginosa on gelatin-based bioplastic

discs

The combined therapy significantly (P<<0.001) reduced the
number of adherent cells (log,, CFU/mL reduction =9.8)
of the biofilm of P. aeruginosa on the gelatin-based

discs compared to the silver compound (log,, CFU/mL
reduction =7.9) or the blue light alone (log,, CFU/mL
reduction =0) (Figure 3).

Effect of AgNPs in combination with blue
light in preventing wound colonization
and invasive sepsis by P. aeruginosa in a
murine model

Combination of AgNPs with blue light significantly
(P<0.001) reduced the number of bacteria in the
wounded skin while the effect of other treatments was
insignificant compared to untreated animals (Figure 4).
Dissemination of the infection to internal organs was
significantly (P<<0.001) diminished in the liver following
the treatment with blue light, AgNPs alone, or the com-
bined therapy, while such an effect was not observed in
other organs.
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Figure 2 Visualization of the effect of combination of silver nanoparticles (AgNPs) and blue light on Pseudomonas aeruginosa using transmission electron microscopy.
Notes: The bacterial cells in Mueller Hinton Broth medium were treated as follows: (A) 8 mg/mL AgNPs alone at zero time. (B) 8 mg/mL AgNPs alone after 2 hours.
(C) 8 mg/mL AgNPs in combination with blue light for 2 hours. (D) Blue light alone after 2 hours of exposure. Note that at zero time most of AgNPs adhered to the cell
surfaces whereas the majority entered the cells after 2 hours. Prominent damage is clear in cells that received the combined therapy compared to other cells which received
each treatment alone. Small arrows indicate the location of the AgNPs and long arrows show the cellular damage.

P<0.001
12
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alone alone blue light

Figure 3 Effect of the combined antimicrobial therapy of silver nanoparticles
(AgNPs) and blue light in preventing biofilm formation by Pseudomonas aeruginosa
on gelatin-based bioplastic discs.

Notes: AgNP-impregnated gelatin discs with or without combination with the blue
light were inoculated with 1x10” CFU/mL of P. aeruginosa. The formed biofilm was then
dislodged by sonication and the viable adherent cells were counted. Viable colony count
was recorded as the mean of three separate experiments. Note that the combined
therapy significantly reduced the number of adherent cells in the biofilm compared to
the control and the silver compound or blue light alone. Error bars represent SD.
Abbreviations: CFU, colony forming unit; SD, standard deviation.

mm Untreated
Treated with blue light
E== Treated with silver sulfadiazine
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Figure 4 Effect of silver nanoparticles (AgNPs) in combination with blue light in
preventing wound colonization and invasive sepsis by Pseudomonas aeruginosa in a
murine model.

Notes: The AgNPs at 8 mg/mL, alone and in combination with blue light, were
tested to prevent burn wound infection and dissemination by P. aeruginosa. The
combined therapy was more effective to reduce the bacterial load in the wound
compared to other treatments; other treatments failed to prevent dissemination to
internal organs except to the liver. Error bars represent SD.

Abbreviation: SD, standard deviation.
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Figure 5 Efficiency of the combined therapy of silver nanoparticles (AgNPs) with blue light in the treatment of antibiotic-unresponsive chronic wound in an infected horse.
Notes: A [3-year-old female thoroughbred horse suffering antibiotic-unresponsive chronic skin wound on its back was treated with AgNPs in combination with blue
light. The photos show the wound before treatment (A), and after | (B), 2 (C), and 4 weeks (D) of treatment. Note that the wound completely healed after 4 weeks of

treatment.

Efficacy of the combined therapy of
AgNPs with blue light in the treatment of
antibiotic-unresponsive chronic wound in

an infected horse

Three types of bacteria were isolated from the wound,
including methicillin-sensitive Staphylococcus aureus,
catalase-negative Gram-positive cocci, and P. aeruginosa.
Signs of improvement following treatment with the combined
therapy were observed after 1 week where the tissues partially
healed and the amount of exudates decreased. The condition
further improved after 2 weeks of continuous treatment and
the wound was free from infection. The wound completely
healed after 4 weeks and, therefore, the treatment was
stopped. The animal was then followed up for another month
to monitor possible relapse of the infection (Figure 5).

Discussion

Nanosized silver is finding increasing attention in medical
applications as a promising biocide against a wide range of
infections.

A clinical isolate of P. aeruginosa was selected as a
model Gram-negative bacterium to evaluate the combined
therapy utilized in this study; this isolate has probably
developed constitutive resistance to several classes of anti-
biotics, actively formed a biofilm on catheters and implants
in a health care setting, and did not respond to any of the
available antimicrobial agents. The successful treatment
of infections caused by P. aeruginosa remains poor with a
crude mortality rate of as high as 50%.'"'7 Pseudomonas
resistance was even demonstrated with the use of antibiotic
combinational therapy, which in many reported cases was
proven ineffective against MDR strains, especially those
which grow in the biofilm.!® With the current situation
of emergence of bacterial multidrug resistance to most
available antibiotics, searching for nonconventional anti-
bacterial agents becomes mandatory. AgNPs are potential
antimicrobial agents, which can be considered as an alter-
native to antibiotics for the treatment of infections caused
by MDR bacteria.!” They have been used as antimicro-
bial agents against a wide range of pathogens, including
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Gram-negative and Gram-positive bacteria, viruses, fungi,
and nematodes.?*

The reported broad-spectrum antimicrobial activity of
AgNPs has been attributed to a combined effect between their
physical properties and the released free silver ions.?

The tested isolate, however, showed exceptionally low
susceptibility to the AgNPs with MIC and MBC as high as
8,000 wg/mL. P. aeruginosa was previously shown to be
more resistant to AgNPs compared to other Gram-negative
bacteria.** A significant improvement of the bactericidal
activity was observed when the cultures were treated with
AgNPs at their MIC with concurrent exposure to blue light
for 2 hours, compared to each of them alone (Figure 1). The
combined therapy resulted in complete killing of all bacte-
ria after 2 hours, which is significantly faster than the time
needed by either agent alone (6 hours). A similar effect was
observed when AgNPs were tested in the combination at
1/2 and 1/4 MIC, but with extension of the time needed to
completely kill the bacteria (4 and 6 hours, respectively).

The mechanism of the antimicrobial effect of either
AgNPs or blue light is still not fully understood. Several
theories have been postulated to explain such mechanisms.
Many studies have reported that AgNPs can damage cell
membranes in Gram-negative bacteria leading to structural
changes, which render bacteria more permeable.?2¢* AgNPs
have unique optical, electrical, and thermal properties with
a high surface area to volume ratio resulting in the optimal
possible interaction with bacterial surfaces leading to a higher
antimicrobial activity (Morones et al, 2005).?’ Cationic silver
is released from the nanoparticles when they are dissolved
in water or when they penetrate into the cells.'® Silver
ions bind to the cellular membranes, proteins, and nucleic
acids, causing structural changes and deformations of the
bacterial cell.” They also deactivate many vital enzymes
by interaction with thiol groups® and are involved in the
generation of reactive oxygen species.?” For blue light, the
commonly accepted hypothesis is the production of highly
cytotoxic reactive oxygen species in a similar manner to
photodynamic therapy.*

Genes encoding blue light sensory proteins, such as the
light, oxygen, or voltage histidine kinase, have been reported
in nonphotosynthetic bacteria, for example, Pseudomonas
syringae and Pseudomonas putida.’' Although the biological
roles of these proteins are largely unknown in pathogenic
bacteria, they are believed to regulate the swarming motil-
ity in response to blue light. In P. aeruginosa, a cross-talk
between light, oxygen, or voltage and the bacteriophyto-
chrome BphB is suggested.*?

A possible mechanism of the observed toxicity of the
combinational therapy in this study could be the transduction
of the captured blue light energy to the AgNPs resulting in
the thermal destruction of the bacterial cells.

The effect of AgNPs and blue light, alone and in combina-
tion, on the bacteria was visualized by using TEM (Figure 2).
At zero time, most of AgNPs adhered to and accumulated at
the bacterial surfaces (Figure 2A), while 2 hours of exposure
to a combination of both agents resulted in the appearance of
several clumps of AgNPs inside the cells (Figure 2B). AgNPs
probably enter the microbial cell by simple diffusion causing
the damage of its intracellular structures. When both agents
were combined, the damage was significant, demonstrated
by perforation of the cell wall, genomic fragmentation, and
cell lysis (Figure 2C). A limited effect was observed when
P. aeruginosa was exposed to blue light (Figure 2D) or the
silver compound alone, where the majority of the bacteria
remained intact. This supports our finding that synergy is
demonstrated in the combination of both agents.

P. aeruginosa is among the most common Gram-negative
bacteria responsible for biofilm-associated infection.*
Bacteria in the biofilms can be up to 1,000 times more
resistant to antibiotics than the equivalent planktonic.** Such
resistance is demonstrated not only toward antibiotics but
also preservatives, disinfectants, and antiseptics.***¢ In a
medical setting, biofilm-associated infections constitute a
steadily increasing problem and can occur on the surfaces
of different indwelling devices. Silver has been used to
coat plastic catheters and other medical devices to inhibit
bacterial colonization.’™*

The ability of the combined therapy to prevent coloni-
zation and biofilm formation by P. aeruginosa on AgNPs
impregnated gelatin-based bioplastic discs was assessed.
Gelatin was used as a model because it is a natural, nontoxic,
and nonimmunogenic material. The fact that it is biodegrad-
able makes it suitable for manufacturing of catheters, which
means that it is easily absorbed and no further surgical inter-
vention is required following catheterization. The amount of
AgNPs that was released from the disc over a total period of
2 weeks was approximately 25% of the total loaded amount
(results not shown). AgNPs showed sustaining release from
the cross-linked matrix as a result of gelatin swelling when
it imbibes water. This causes the slow diffusion of the silver
particles from the swollen matrix allowing thereby a longer
period of colonization prevention.

Blue light alone had no effect on biofilm formation by
P. aeruginosa compared to drug-free and blue light untreated
discs (Figure 3). Biofilm formation was significantly
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inhibited (P<<0.001) on AgNP-impregnated discs that were
exposed to blue light (log ; CFU reduction =9.80) compared
to the AgNPs alone (log , CFU reduction =7.99).

The demonstrated in vitro antimicrobial synergy between
blue light and AgNPs was further investigated in vivo. The
combined therapy was evaluated in prevention of infection of
burn wound and sepsis by P. aeruginosa in a murine model.
Burns are one of the most common and devastating forms of
trauma, and most deaths in severely burn-injured patients are
still due to burn wound sepsis.*’ The antimicrobial activity of
the silver compound alone and in combination with blue light
was compared to that of silver sulfadiazine, which is listed by
the World Health Organization as an essential antiinfective
topical medicine.*' The experiment was performed by mea-
suring the bacterial load in the burn wound, and the degree
of bacterial dissemination was measured by taking samples
from the liver, lungs, and kidneys. The combined therapy
significantly (P<<0.001) reduced the number of bacteria in
the wound compared to other treatments. However, all treat-
ments failed to diminish dissemination of the infection to the
internal organs, except to the liver (Figure 4).

Management of a chronic wound — defined as a bar-
rier defect that has not healed in 3 months — has become a
major therapeutic challenge to clinicians.*> The incidence,
cost, morbidity, and mortality associated with nonhealing
chronic skin wounds are dramatic.* Horse wounds are easy to
catch bacteria from their surrounding environment. Infected
wounds harbor diverse populations, which can be difficult to
identify and fail to respond to antibiotic treatment, resulting
in chronic nonhealing wounds.*

The presented case of the infected horse was selected to
test the combined therapy because conventional antibiotic
treatment failed to treat the chronic wound caused by mixed
infection. S. aureus, Streptococcus spp., and P. aeruginosa
were recovered from the swabs that were taken from the wound.
These bacterial pathogens are commonly associated with skin
infections in horses as single or mixed populations.*’

The treatment protocol establishes an effective and
reproducible combinatorial therapy comprising both AgNPs
and a simultaneous exposure to blue light (Figure 5). After
application and drying, the gel-based medication acted as
a shield against any sort of contamination caused by dirt,
dust, or flies.

Conclusion

Synergistic antimicrobial and antibiofilm activities were
demonstrated when AgNPs were used in combination with
blue light against P. aeruginosa in vitro. Synergy was also

proved in vivo through treatment of a case of chronic wound
caused by mixed infection in a horse. To our knowledge, this
combination therapy has not been investigated before. It was
proved efficient and promising in managing infections caused
by MDR bacteria in vitro and in vivo and could be used as
an alternative to conventional antibiotic therapy.
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