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ABSTRACT

Antimicrobial resistance is one of the major threats to human health. Thereby, discovering

alternative strategies that can circumvent the mechanisms of resistance presents a big
challenge. One of which is the use of nanotechnology and Photodynamic therapy. The
current study included a total of 40 isolates that were; Twenty isolates of Staphylococcus
aureus (14 MRSA and 6 MSSA isolates) and twenty isolates of multiple drug resistance
(MDR) Gram negative bacteria (4 Escherichia coli, 4 Pseudomonas spp., 6 Klebsiella spp,
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isolates 4 Proteus spp., 1 Acinetobacter spp. and one Enterobacter spp. isolates.). The effects due

. the interaction of silver nanoparticles (SNPs), laser in the presence of antibiotics
Avrticle Info (Polymyxin B for Gram negative bacteria and Fusidic acid for Gram positive bacteria) and
Accepted: photo-sensitizer; methylene blue (MB) on the test isolates was investigated by micro

dilution test. The combinations that showed a statistically significant change in MIC values
were those with the different combinations containing SNP. The effect of these
combinations on the inhibition of growth of the Gram positive and/ or Gram negative
isolates showed a statistically significant difference. In vivo studies are needed to
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determine whether considerable bacterial kills can be obtained in a wound model.

Antibiotic resistance genes have recently
emerged (D’Costa et al., 2011), encouraged

Introduction

Increasing hospital and community-acquired
infections due to bacterial multidrug-resistant
(MDR) infections against which current
antibiotics are in-effective represent a serious
public  health  problem.  Antimicrobial
resistance is, thus, one of the major threats to
human health (Walker et al., 2009).

by inappropriate use of antibiotics (Dos Santos
et al., 2014); hence, fighting antibiotic
resistance anticipates innovation and the
reduction of antibiotic misuse (Seppala et al.,
1997). Thereby, discovering alternative
strategies that can circumvent the mechanisms
of resistance presents a big challenge— one of
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which is the use of nanotechnology and
Photodynamic therapy (Jain et al., 2009; Bell
etal., 2001).

The interaction of nanoparticles with
biomolecules and microorganisms is an
expanding field of research (Bell et al., 2001).
In the field of infections, nanoparticles are
being utilized as therapeutic tools against
microbes (Amin et al., 2009). Various types of
nanoparticles are available to treat wound
infections (Mishra et al.,, 2008). Silver
nanoparticles (SNPs) seem to be an alternative
to antibiotics and have the ability to overcome
the bacterial resistance against antibiotics
(Sondi and Salopek-Sondi, 2014).

The mechanism of action of SNPs is not fully
understood. The potent broad-spectrum
activity against the different gram positive and
gram negative bacteria seems to be due to
multifaceted mechanisms (Lok et al., 2006).

The synergistic action of antimicrobial agents
can reduce the need for high dosages and
decrease side effects (Li et al., 2005).

Therefore the purpose of the current study was
to identify the effects of the combination of
SNPs and laser diode array (a maximum
wavelength of 650 nm and a fluency rate of
3.90mW/mm3) in the presence of antibiotics
and /or photo-sensitizer on Gram positive and
Gram negative bacteria.

Materials and Methods
Clinical specimens

The current study included a total of 40
isolates; Twenty isolates of Staphylococcus
aureus (14 MRSA and 6 MSSA isolates) and
twenty multiple drug resistance (MDR) Gram
negative bacterial isolates (4 Escherichia coli,
4 Pseudomonas spp., 6 Klebsiella spp, 4
Proteus spp., 1 Acinetobacter spp. and 1

Enterobacter spp isolates.).The bacterial
isolates were collected from wound swabs
from patients who attended the Microbiology
Department of the Medical Research Institute,
Alexandria University.

Ethical considerations

Under the guidelines of the committee of
ethics of the medical research institute (MRI)
of Alexandria University, an informed consent
was obtained from patients prior to sample
collection.

Culture and identification

The samples were cultured on blood agar and
MacConkey agar. The isolated Gram positive
and Gram negative bacteria were identified
according to standard biochemical tests (Todar
text book 2005). The isolates were preserved
in LB broth at — 20°C.

Isolates were tested for their antibiotic
susceptibility

Using Bauer and Kirby method (Baur et al.,
1966), the sensitivity test was carried out for
the  following  antibiotics:  p-lactams
(ceftazidine, cefepime, piperacillin-
tazobactam, imipenem and carbenicillin),
aminoglycosides (gentamycin), macrolides
(erythromycin) and fluroquinolones
(levofloxacin, ciprofloxacin, norfloxacin and
ofloxacin).

Preparation of silver nanoparticles

Silver nanoparticles were prepared by the
chemical reduction method, based on the
Turkevich mrethod (Turkevich et al., 1951) by
reduction of silver nitrate (AgNO3) with
sodium citrate.

The growth of nanoparticles was monitored by
UV-vis spectrophotometer and complemented
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with  characterization using transmission

electron microscopy (TEM).
Particle size distribution
The particle size distribution of the silver

nanoparticles was determined by laser light
scattering on a Beckman Coulter Particle Size

Analyzer (N5 submicron particle size
analyzer, Japan).

Determination of Minimum Inhibitory
Concentration (MIC)

Each isolate was freshly thawed and

subcultured on blood agar prior to testing. The
pure colonies were suspended in nutrient broth
and adjusted to 0.5 McFarland standards.
Broth microdilution tests were performed
according to the CLSI recommendations
(CLSI, 2015) to determine the isolate MIC for
polymyxin B (with Gram negative bacteria)
and fusidic acid (with Gram positive bacteria)
in the presence and absence of Silver
nanoparticles at a fixed concentration 0f100

pg/ml

Determination of photo-sensitizer effect

The effect of a fixed concentration
0f100pg/ml of methylene blue was studied on
the 40 Gram positive and Gram negative
isolates included in the study. Negative
control wells contained broth alone and
positive control wells contained broth plus the
isolate in question. Results were read visually
after an overnight incubation at 35°C.

Determination the effect of laser irradiation
alone and with SNPs, photo-sensitizer and
antibiotics

Visible diode laser

In the present work a homemade Diode laser
multipurpose array derived with IC PIC

microcontroller was designed and constructed
(Figure 1). The laser diode array was
constructed over micro titer plate [96 wells (8
x 12)]. These arrays were suitably coupled to
irradiate bacterial suspensions inside the
corresponding micro titer plates. Each diode
laser was derived with a maximum power of
150 mW and emits a red color light at
maximum wavelength of 650 nm. During the
experiments, the laser beam was delivered to
the wells of the micro-titer plate containing
samples with an irradiation spot of a 7-mm
diameter. The fluency rate was 3.90 mW/mm?,
The derive circuit operated at a low voltage of
5 volt with a maximum consumption power of
15 Watt. An air fan was used for cooling the
laser diode arrays.

Statistical analysis of the data

Data was fed to the computer and analyzed
using IBM SPSS software package version
20.0.

Results and Discussion

Characterization of the prepared silver
nanopartices (SNPs)

The results of particle size analyzer are shown
in  (Figure 2). Transmission electron
microscope (TEM) examination indicated the
presence  of triangle  shaped  silver
nanoparticles with low level of adhesion
among particles and high level of uniformity
(Figure 3). The plasmon absorption spectra of
prepared silver nanoparticles were evaluated
by UV-visible spectrophotometer and the
results obtained revealed that the plasmon
absorption of prepared nanoparticles was
clearly visible and its maximum absorption
peak was at 610 nm (Figure 4).

Several studies reported that silver has
antimicrobial effect against more than 650
pathogens, showing a broad spectrum of
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activity. Its use in the form of nanoparticles
exalts this property, allowing its application
(Dastjerdi et al., 2010; Yoon et al., 2007).
Thereby, SNPs is considered one of the most
suitable strategies to solve the problem of
bacterial multidrug resistance (Franci et al.,
2015; Salomoni et al., 2015; Rai et al., 2012).

The antimicrobial effect of PDT is still in the
experimental phase. A light-sensitive non-
toxic compound (photo-sensitizer—PS) is
applied on the site of infection and, after an
incubation period (to allow accumulation of
the PS in the bacterial cells), the area is
irradiated with a visible light source of
appropriate  wavelength ~ with ~ maximum
absorption by the PS (Gattuso Rai et al., 2016;
Jori et al., 2006).

In the current series, the twenty (100%)
Staphylococcus isolates showed inhibition of
growth in the presence of truncated triangular
SNPs. Meanwhile, there was inhibition of
growth in only six (30%) out of the twenty
Gram negative isolates (a single isolate of
each of Escherichia coli, Pseudomonas spp.,
Klebsiella spp., Proteus spp., Acinetobacter
spp., and Enterobacter spp.). There was a
highly  significant  statistical  difference
between the number of Gram positive and
Gram negative isolates that showed inhibition
of growth in response to SNPs (P = 0.0027).

Similar to our results, Shrivastava et al.,
conducted a study on Four bacterial strains (E.
coli; ampicillin-resistant E. coli; multi-drug
resistant S. typhi and S. aureus).

They observed that Gram negative bacteria
were less susceptible to SNPs because of the
positive charges of the silver nanoparticles
interact  with  the Gram negative
lipopolysaccharide with more affinity than
with the Gram positive cell wall, which has
fewer interaction sites with positive charges
(Shrivastava et al., 2007).

In contrast to our results, Pal et al., reported
that for truncated triangular particles, almost
complete inhibition of Gram negative bacterial
growth was observed even at a total silver
concentration of 1 pg/ml. They concluded that
silver nanoparticles undergo a shape
dependent interaction with the Gram-negative
organisms (Pal et al., 2007). Kong and Jang,
and Petica et al., have proven that silver
nanoparticles exert similar effect on both
Gram positive and Gram negative bacteria
(Kong et al., 2008; Petica et al., 2008).

Previous studies indicate that SNPs' mode of
action is different from that of antibiotics.
Microbes are unlikely to develop resistance
against silver, as they do against conventional
and narrow-target antibiotics, because the
metal attacks a broad range of targets in the
bacteria, which implies that they would have
to develop multiple mutations simultaneously
(Pal et al., 2007).

The synergistic action of antimicrobial agents
can reduce the need for high dosages and
minimize side effects (Li et al., 2005). It has
been reported that, the combination of SNPs
and Polymyxin B showed the most
pronounced antibiotic synergy against Gram
negative bacteria. It turns out that polymyxin
B makes pores in the outer bacterial
membrane thereby, enhances the antibacterial
effect of the silver nanoparticles (Ruden et al.,
2009).

Fusidic acid has low toxicity and a unique
mechanism of action (elongation factor G [EF-
G]) that lacks significant cross-resistance to
other antibacterial classes. Thus, it is regarded
as a potentially valuable therapeutic option.
To diminish the chance of the development of
fusidic acid resistance, it has been strongly
recommended that fusidic acid should not be
administered as a mono therapy but
concomitantly with another antimicrobial
agent (Howden et al., 2006) (Fig. 5-8; Table
1-6).
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Table.1 The comparison of the effect of different combinations on the growth of the 20 Gram
negative isolates in the absence (Dark toxicity) or presence of laser for 10 minutes

Gram Negative Gram Negative p-value
20 (100%0)(Dark toxicity) | 20 (100%) with laser
Resistant Sensitive Resistant  Sensitive

Polymyxin B 20(100%)  0(00%)  20(100%) 0 (00 %) 1.0
14 (70%) 6 (30 %) 14 (70%) 6 (30 %) 1.0
20 (100%)  0(0%)  20(100%) 0 (0%) 1.0
14(710%) 6(30%) 14(70%)  6(30%) 1.0
14 (70%)  6(30%)  14(70%) 6 (30 %)

Table.2 The comparison of the effect of different combinations on the growth of the 20 Gram
positive isolates in the absence (Dark toxicity) or presence of laser for 10 minutes

Gram Positive Gram Positive p-value
20 (100%0)(Dark toxicity) | 20 (100%) with laser

Resistant  Sensitive Resistant  Sensitive
IEEEEEE e 20(100%) 0(00%) - 17(85%) < 3(15%) [NEEET
(SN Ps) 0 (0%) 20 (100%) 0(0%) 20 (100%)
15(75%) 5(25%)  15(75%) 5(25%) 10
0(0%)  20(100%)  0(0%) 20 (100%) 1.0
0(0%)  20(100%)  0(0%) 20 (100%)

Table.3 The comparison of the effect of different combinations on the growth of the 14 Gram
positive (MRSA\) isolates in the absence (Dark toxicity) or presence of laser for 10 minutes

(MRSA) (MRSA) p-value
14 (100%0) (Dark toxicity) 14 (100%) with laser

Resistant Sensitive Resistant  Sensitive
|Fusidicacid ~ |[EEREDOOLT)) 0 (0%) 12(85.7%) 2 (14.3%) [T
(SN D) 0 (0%) 14(100%) 0(0%)  14(100%) | o o

10 (71.4%)  4(28.6%) 10 (71.4%) 4 (28.6%)
0 (0%) 14 (100%) 0(0%) 14 (100%)

[ (SNPs)+(MB) ()] 14 (100%) 0 (0%) 14 (100%)

(SNPs) + fusidic acid 0 (0%) 14 (100%) 0(0%) | 14 (100%)
+(MB)
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Table.4 The comparison of the effect of different combinations on the growth of the 6 Gram
positive (MSSA) isolates in the absence (Dark toxicity) or presence of laser for 10 minutes

(MSSA) (MSSA) p-value
6 (100%)(Dark toxicity) 6 (100%) with laser

Resistant Sensitive Resistant Sensitive
Fusidic acid 6 (100%) 0 (0%) 5(83.3%) 1(16.7%) 0.4651

(SNPs) 0(0%)  6(100%)  0(0%) 6 (100%) 1.0
(MB) 5(83.3%) 1(16.7%) 5(83.3%) 1(16.7%) 1.0

(SNPs) + fusidic acid 0 (0%) 6 (100%) 0 (0%) 6 (100%) 1.0
(SNPs) + (MB) 0 (0%) 6 (100%) 0 (0%) 6 (100%) 1.0
(SNPs) + fusidic acid +(MB) 0 (0%) 6 (100%) 0(0%) | 6(100%)

Table.5 The determination of MIC values of fusidic acid and Polymyxin B either alone or in
different combinations on the growth of Gram positive and gram negative
isolates in absence or presence of laser

Gram negative Gram positive Mann
(n=20) (n=20) Whitney
median (min-max) test

Antibiotic >16(16- >16) >16(4- >16) U=191
p=.549

Antibiotic - Laser >16(8- >16) >16(<0.25 - >16) U=1475

p=.032

SNPs — Antibiotic >16(<0.25- >16) <0.25 (<0.25 - U=50
<0.25) p<.001

SNPs - Antibiotic — Laser >16(<0.25 - >16) <0.25 (<0.25 -<0.25) U=50
p<.001

SNPs - Antibiotic - (MB) >16(<0.25 - >16) <0.25 (<0.25 -<0.25) uU=40
p<.001

SNSRI o] [ [ (\VIS) B BTl - >16(<0.25 - >16) | <0.25 (<0.25 -<0.25) U=30
p<.001

Broth microdilution tests were performed according to the CLSI recommendations
p <0..05 are significant
U: MannWhitney test
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Table.6 The determination of MIC values of fusidic acid either alone or in different
combinations on the growth of Gram positive isolates in absence or

Antibiotic

Antibiotic

SNPs — Antibiotic

SNPs — Antibiotic-Laser (10

minutes

SNPs — Antibiotic-Methylene

blue (MB)

SNPs — Antibiotic-Methylene

- Laser (10 minutes)

presence of laser for 10 minutes

MRSA(n=14 MSSA(n=6

median (min-max)
>16(4->16) >16(>16->16)
>16(<0.25 ->32) >16(<0.25 ->16)
<0.25(<0.25-<0.25)  <0.25 (<0.25 -<0.25)
<0.25 (<0.25 -<0.25)  <0.25 (<0.25 -<0.25)
<0.25 (<0.25 -<0.25)  <0.25 (<0.25 -<0.25)

<0.25 (<0.25 -<0.25)  <0.25 (<0.25 -<0.25)

blue (MB) — Laser (10minutes)

Mann Whitney
test

U=49
p=.602
U=52.5
p=.397

U=42

p=1

U=42

p=1

U=42

p=1

U=42

p=1

Table.7 The effect of fusidic acid and Polymyxin B either alone or in different combinations on
the growth of Gram positive and Gram negative isolates

Mean rank

Antibiotic
(p1)
Antibiotic
+ Laser 10
mins (p2)

- Antibiotic
(p1)

= Antibiotic

+ Laser 10

mins (p2)

Antibiotic

>16(16-
>16)
4.15

>16(4-
>16)

*Results<.05 are significant

**Adjusted p

SNPs +
Ab.+
Laser 10
mins
median(min-max)

SNPs +
Ab.+
(MB)

SNPs +
+(MB

Lase
10mi

Ab.
) +
r

n

Statistical
significance

>16(8- >16(<0.25 >16(<0.25 >16(<0.25 >16(<0.25- Fr=26.66
>16) ->16) - >16) - >16) >16)
4.25 3.05 3.05 gl 3.4
p<.001*
p>.05 p>.05
p=.011
>16(<0. <0.25 <0.25 <0.25 <0.25 Fr=191.64
25 - (<0.25 - (<0.25 - (<0.25 - (<0.25 -
>16) <0.25) <0.25) <0.25) <0.25)
p<.001** = p<.001**  p<.001** p<.001** p<.001*
p<.001**  p<.001**  p<.001** p<.001**

Fr: Friedman test

"Results <.016 are significant by Wilcoxon signed rank test.
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Fig.1 96 laser diode array and driver
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Fig.2 Particle size distribution of prepared silver nanoparticles showing mean particle size of 36
nm at diffraction angle of 11.1°
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Fig.3 TEM of triangle-shaped silver nanoparticles (Mag. 35000x)
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Fig.4 Absorption spectra of prepared coated silver nanoparticles (Amax= 610 nm)
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Fig.5 Effect of Methylene Blue (MB) in the absence and presence of laser on the growth
of Gram negative bacteria
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Fig.7 The effect of polymyxin B alone and in different combinations on the growth of the 20
Gram negative bacterial isolates according to the CLSI standard breakpoints
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Fig.8 The effect of fusidic acid alone and in different combination on the growth of the 20 Gram
positive bacterial isolates according to the CLSI standard breakpoints
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In the current study, none of the tested Gram
negative or Gram positive isolates showed
inhibition of growth in the presence of
antibiotic alone.

On the other hand, six Gram negative isolates
(a single isolate of each of Escherichia coli,
Acinetobacter  spp., Enterobacter spp.,
Proteus spp., Pseudomonas spp., and
Klebsiella spp., the same isolates that showed

inhibition of growth in the presence of SNPs
alone) showed conversion from resistant to
sensitive in the presence of polymxin B and
SNPs.

Meanwhile, all of the 20 (100%) Gram
positive isolates (MRSA and MSSA isolates)
showed conversion from resistant to sensitive
in the presence of fusidic acid with SNPs.
There was a statistically significant difference
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between the effect of antibiotic alone and
antibiotic with SNPs on Gram positive
isolates (P = 0.0002). Meanwhile, the Gram
negative isolates showed no such statistically
significant effect (P = 0.0534).

In contrast to our results, Fayaz et al., (2009)
reported that; SNP showed an overall
synergistic antibacterial effect with several
antibiotics against Gram-positive and Gram-
negative bacteria, including multiresistant
strains (Fayaz et al., 2010; Birla et al., 2009).
On the other hand, clindamycin was reported
to show an additive effect with SNPs on
MRSA, S. aureus 6538 P, S. flexneri and B.
subtilis (Shahverdi et al., 2007).

Meanwhile, De Sousa et al., observed an
antagonistic effect of SNPs tested in
combination with a group of nineteen
antibiotics against Gram-positive and Gram-
negative strains such as multiple-drug
resistant (MDR) E. coli, S. enteric and S.
Typhi (De Sousa et al., 2006).

Several studies of photodynamic action of
MB on pathogenic bacteria have been
performed. MB easily crosses bacterial cell
walls. It binds easily to the negative charge of
the lipopolysaccharides of Gram-negative
bacteria. Gram-positive bacteria have only
capsular material and peptidoglycan outside
of the cytoplasmic membrane; thereby,
enabling MB to cross it (Zeina et al., 2001,
Usacheva et al., 2001 Kashef et al., 2011).

In the current study, none of the Gram
negative bacteria showed inhibition of growth
in response to laser for 10 min. Similar results
were obtained either in response to 100 pg/ml
methylene blue alone (dark toxicity) or in
combination with laser. Similar results were
reported by Kashef et al., (Kashef et al.,
2011) Meanwhile, Usacheva et al,
demonstrated that all of the irradiated Gram
positive and Gram-negative organisms were

eradicated to some extent by red laser light in
the presence of Toluidine blue or MB
(Usacheva et al., 2001).

There are conflicting results for both
laboratory studies and clinical trials, even
when using the same laser wavelength. Many
reasons exist for this puzzle, such as different
laser wavelengths; variability in laser
parameters;  insufficient  reporting  of
parameters which, in turn, does not allow
calculation of energy density; differences in
experimental design, protocols and controls.
Simply put, there is insufficient evidence to
suggest that any specific wavelength of laser.
Also, differences in bacterial cell structure
and virulence may play a role (Cobb, 2006).

If antibiotics are used in combination with
photodynamic therapy, biochemical changes
in the organic molecules of the cell that arise
from alteration in enzyme molecules or
chemical break down of structural molecules,
especially in the cell membrane may lead to
increasing the sensitivity of the bacteria to the
antibiotics.

The antimicrobial susceptibility of bacteria is
regulated by several factors that may modify
drug efficacy.

It was found that the two most important
environmental factors that affect the
susceptibility of the microorganism to the
antibiotics are the pH and temperature
(Segun, 2004; Anwer et al., 2007).

On the other hand, methylene blue showed a
statistically significant difference between its
inhibitory effect on the Gram negative and
Gram positive isolates when used in
combination with SNP and SNP with
antibiotic (p = 0.0027, 0.0042; respectively).

Ahmadov, et al.,
Ag@MS@HPIX  hybrid

reported that
photosensitizers
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displayed  significant  singlet  oxygen
generation with broadened excitation profile.

They demonstrated remarkably high PDI
efficacy against S. aureus (ATCC BAA-44), a
multidrug-resistant strain without involving
antibiotics (Ahmadov et al., 2016).

In the present study, the combinations that
showed a statistically significant change in
MIC values were with the different
combinations containing SNP;

SNPs + Antibiotic,
SNPs + Antibiotic + Laser (for 10 minutes)
SNPs + Antibiotic + Photosisitizer (MB),

SNPs + Antibiotic+ Photosisitizer (MB) +
Laser (for 10 minutes).

These results can be attributed to the effect of
SNPs, as the effect the different combinations
containing SNPs were associated with a
marked increase in the number of sensitive
isolates among both the Gram positive and
Gram negative isolates.

Recommendations

Evaluation of differences between the pre-
formulated nanoparticles bound antibiotics
versus the concomitant addition of the silver
nanoparticles and antibiotics.

The comparison of silver nanoparticles
produced chemically or biosynthetically,
merit more profound investigation.

In vivo studies are needed to determine
whether considerable bacterial kills can be
obtained in a wound model.

The insufficient evidence to suggest specific
wavelength to test the antibacterial effect of

laser, lack of proper controls, differences in
experimental design and protocols should be
the target for standardization.
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