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Abstract

Infections caused by Acinetobacter baumannii have become a challenge for healthcare professionals because of the
rapid increase in Gram-negative bacteria resistant to carbapenem antibiotics. The objective of this study was to
evaluate the effect of antimicrobial photodynamic therapy (aPDT) against different strains of A. baumannii isolated
from patients with infectious process and hospitalized at the intensive care unit of the hospitals of Sao Jose dos
Campos, S@o Paulo. These isolates were obtained from the Valeclin Clinical Analysis Laboratory (SP, Brazil) and
were tested for susceptibility to the carbapenems imipenem and meropenem by determination of the minimal inhib-
itory concentration (MIC) using the broth microdilution method. The strains susceptible and resistant to these
antibiotics were submitted to aPDT using methylene blue and a low-level laser with a wavelength of 660 nm and
fluence of 39.5 J/em® (energy of 15 J and time of 428 s). The number of colony-forming units (CFU/mL) was
analyzed by ANOVA and the Tukey test. The laboratory of origin of the clinical isolates identified 1.54% of 13,715
strains tested over a period of 8 months as A. baumannii. Among the A. baumannii isolates, 58% were resistant to
carbapenems by the disk diffusion test. Susceptible isolates exhibited MIC of 0.5 to 1 pug/mL and resistant isolates
of 64 to > 128 ug/mL. PDT reduced the number of A. baumannii cells for all isolates tested, with this reduction
ranging from 63 to 88% for susceptible isolates and from 26 to 97% for resistant isolates. The percentage of
viability was dependent on the strain analyzed. In conclusion, these data indicate that PDT could be an alternative
strategy for the control of infections caused by carbapenem-resistant A. baumannii.
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Introduction

Acinetobacter is a nosocomial pathogen represented several spe-
cies, being Acinetobacter baumannii the most important as a
healthcare pathogen with a negative impact on patients’ outcome
of hospitalization [1-3]. The severity of infections caused by
these microorganisms is related to virulence factors such as cap-
sular exopolysaccharide, 3-lactamase production
(carbapenemases), porin alterations, and overexpression of efflux
pumps. This diversity of virulence factors permits A. baumannii
to escape the host immune response and to resist treatment with
antibiotics, resulting in the persistence of infection [2—4].

The alert for A. baumannii in nosocomial infections is that
the resistance profile of this microorganism has changed over
the years [1, 5, 6]. Although carbapenems are considered ef-
fective antibiotics against A. baumannii infections, several
studies have reported increasing resistance to these antibiotics.
Kuo et al. [7] demonstrated an expressive increase in the re-
sistance of A. baumannii strains to imipenem from 3.4% in
2002 to 58.7% in 2010.

These microorganisms encounter in hospitalized patients
an ideal environment for multiplication and development of
antibiotic resistance [3, 4, 8]. The characteristics of hospital-
ized patients, particularly those of intensive care units, meet
the necessary requisites for the colonization and multiplication
of pathogenic microorganisms, as well as immunological vul-
nerability and imbalance of the resident microbiota [3, 4, 9].
Gales et al. [10] characterized the profile of microorganisms
causing nosocomial infections using the database of the
SENTRY Antimicrobial Surveillance Program of Latin
American medical centers. From 2008 to 2010, more than
5000 clinical isolates were evaluated and A. baumannii was
a leading species involved in cases of bloodstream infections,
pneumonia, and skin infections. In addition, these patients are
frequently exposed to antimicrobials, often attributed to epi-
sode of recurrent infections and previous hospitalization [9].

The development of new therapies that can destroy micro-
organisms without inducing the emergence of undesired resis-
tant strains is necessary and urgent since the arsenal of antibi-
otics against multidrug-resistant microorganisms that are con-
sidered safe for the patient has become restricted. In view of
this scenario, antimicrobial photodynamic therapy (aPDT) is
emerging as a very useful adjunct treatment to conventional
antibiotic therapies. PDT is a non-thermal photochemical re-
action that involves the simultaneous presence of visible light,
oxygen, and a dye or photosensitizer (PS). Several PS have
been studied for their ability to bind to bacteria and efficiently
generate reactive oxygen species (ROS) upon
photostimulation [11]. ROS are formed through type I or II
mechanisms and may inactivate several classes of microbial
cells including Gram-negative bacteria such as A. baumannii,
which are typically characterized by an impermeable outer cell
membrane that contains endotoxins and blocks antibiotics,

@ Springer

dyes, and detergents, protecting the sensitive inner membrane
and cell wall [11-13]. Photosensitizers are light-sensitive mol-
ecules and should be biologically stable, photochemically ac-
tive, and minimally toxic to tissues of the organism. The pho-
tosensitizers used include hematoporphyrin derivatives, phe-
nothiazines (toluidine blue and methylene blue), cyanines,
phytotherapeutic agents, and phthalocyanines [14].

The use of aPDT to treat localized infections usually in-
volves the topical application of a PS into the infected tissue,
followed by illumination with red or near-infrared light that is
able to penetrate the tissue [15]. Because of the delivery of
visible light, aPDT has been recommended exclusively to lo-
calized infections, as opposed to systemic infections such as
bacteremia [15, 16]. A. baumannii is an opportunistic patho-
gen that causes hospital-related infections, especially wound
infections. This microorganism has caused 2.1% of intensive
care unit-acquired skin/soft tissue infections [17] and was iso-
lated from > 30% of combat victims with open bone fractures
[18, 19]. Moreover, the treatment of these infections are very
complicated [8, 20]. Thus, aPDT is used to treat localized
infections with ability to kill bacteria without interfering with
wound healing and it is one of the best advantages of this
method [15, 21].

Considering the promising results of aPDT against
A. baumannii and the need of alternative therapies for the
control of nosocomial infections caused by antibiotic-
resistant Gram-negative bacteria, the objective of this study
was to evaluate the effect of aPDT on carbapenem-susceptible
and carbapenem-resistant clinical A. baumannii isolates.

Material and methods
Clinical isolates

This study was approved by the Ethics Committee (Process:
24409813.9.0000.0077) of the Institute of Science and
Technology of Sao Paulo State University (UNESP). All iso-
lates were obtained by ValeClin Laboratory from patients with
infectious process hospitalized at Hospital Santa Casa of Séo
José dos Campos, Sao Paulo, during the July 2014 to February
2015 period. In total, 207 A. baumannii were isolated from
various clinical specimens and identified by biochemical
methods (Rugai, Enterokit C, NF Kit) and submitted to anti-
biotic susceptibility testing by the Kirby & Bauer disk diffu-
sion method at the Valeclin Laboratory according to method-
ology standardized and validated in this laboratory.

For this study, 21 isolates of A. baumannii were col-
lected from clinical specimens such as tracheal aspirates
(8), wound infection (6), burn wound (5), and catheter
(2) from patients hospitalized at an intensive care unit.
Among these isolates, 18 strains were resistant and 3
susceptible to carbapenem antibiotics.
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Stocks of the clinical isolates and reference strain were
maintained in Brain Heart Infusion broth (BHI, Himedia®,
Mumbeai, India) with 20% glycerol at —70 °C in a freezer at
the Laboratory of Microbiology and Immunology of ICT/
UNESP. For activation, the strains were seeded onto Mac
Conkey agar (Himedia®, Mumbai, India) and cultured in
BHI broth. The cultures were incubated in a bacteriological
oven for 24 h at 37 °C. Reference strain of A. baumannii
(ATCC 19606) was included in all experiments.

Determination of minimal inhibitory concentration

The minimal inhibitory concentration (MIC) of the carbapenems
imipenem and meropenem (Sigma-Aldrich, St. Louis, MO,
USA) was determined for the 21 clinical isolates selected for this
study. These tests were performed according to the broth
microdilution protocol established by the Clinical and
Laboratory Standards Institute [22]. The planktonic
A. baumannii cells were adjusted to an optical density of 0.6 to
0.8 (10® bacterial cells/mL), at 625 nm using a spectrophotometer
(B582, Micronal, Sao Paulo, Sdo Paulo, Brazil) and used to
prepare the inoculum, with a final concentration of approximate-
ly 10° cells/mL in each well. Stock solutions of imipenem and
meropenem (Sigma-Aldrich, St. Louis, MO,USA) were prepared
and diluted serially in Mueller-Hinton broth (cation-adjusted)
(Difco, Mumbai, India) in 96-well microtiter plates (Costar
Corning, New York, NY, USA), and standard inocula of each
strain were added to the wells. After 24 h of incubation in an
oven at 37 °C, the MIC values were determined by the observa-
tion of turbidity of the medium in the microtiter plates. The MIC
was defined as the lowest concentration of the antibiotic that
inhibits bacterial growth. The breakpoints of susceptibility and
resistance to the antibiotics tested were interpreted according to
CLSI M100-S23, as followed: imipenem (susceptible <4 and
resistant > 16) and meropenem (susceptible <4 and resistant >
16). Escherichia coli ATCC 25922 was used as a control for
susceptibility testing.

Antimicrobial photodynamic therapy

The methodology for aPDT was performed on 21 isolates of
A. baumannii according to Souza et al. [23]. Methylene blue
(Synth, Sao Paulo, Brazil), at a concentration of 0.1 mg/mL,
was used for the sensitization of Acinefobacter strains. The
photosensitizer was prepared by dissolution of the dye in
physiological solution (0.85% NaCl) and filtration through a
sterile 0.22-um Millipore membrane (Sdo Paulo, Brazil).
After filtration, the photosensitizer solution was stored in the
dark. The light source used was a gallium—aluminum-—arse-
nide (GaAlAs) Laser (Easy Laser, Clean Line, Taubaté,
Brazil) with a wavelength of 660 nm, output power of
0.035 W, spot size area of 0.028 cmz, and fluence of 39.5 J/
cm? (energy of 15 J and time of 428 s) as shown in Fig. 1. The

Fig. 1 Photodynamic therapy with methylene blue and a low-level laser
performed in the planktonic bacterial cells in the well of a 96-well plate

illuminated area was 0.38 cm?. The optical output of the laser
unit was measured before, halfway through and after the ex-
periment. The temperature at the bottom of the 96-well micro-
titer plates (Costar Corning, New York, NY, USA) was mon-
itored using an infrared thermometer (MX4, Raytek,
Sorocaba, Sao Paulo, Brazil), and no increase in temperature
was observed after irradiation.

Standard suspensions (10® bacterial cells/mL) of the micro-
organisms were prepared in saline from colonies isolated on
BHI agar and adjusted to an optical density of 0.6 to 0.8 at
625 nm using a spectrophotometer (B582, Micronal, Sao
Paulo, Sao Paulo, Brazil) for all experiments.

Four experimental groups were evaluated: Control
group with absence of photosensitizer and laser (P—L-),
saline and laser (P—L+), photosensitizer without laser (P+
L—) and PDT group with presence of photosensitizer and
Laser (P+L+). In the PDT and P+L— groups, 0.1 mg/mL
of the methylene blue was added in each well, and the
plates were incubated for 5 min on an orbital shaker
(Solab Piracicaba, Brazil). Subsequently, the contents of
the wells were subjected to irradiation according to the
protocol described above. Each assay was performed in
aseptic conditions within a laminar flow chamber and
with ambient lights turned off. A black mask with a hole
matching the diameter of the wall opening minimized ar-
tifacts related to light scattering during the irradiation pro-
cedure. After irradiation, decimal serial dilutions of the
suspension (107" to 107°) were prepared for each test
sample, and 100 uL aliquots of each dilution were spread
on plates containing Brain Heart Infusion (BHI) agar. The
plates were incubated at 37 °C for 24 h. Afterwards, those
plates containing from 30 to 300 colonies were used to
calculate the colony-forming units (CFU) and converted
into logarithm. Five assays were conducted per group.
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Statistical analysis

The CFU/mL data were converted to logarithmic values and
submitted to ANOVA, Tukey’s test, using the GraphPad Prism
5 program (GraphPad Software, Inc., CA, USA). A p value <
0.05 was considered significant.

The percentage reduction in CFU/mL was calculated for
each A. baumannii isolate, considering the P+L+ group in
relation to the control group (P—L-).

Results

Among the clinical samples registered at the Valeclin
Laboratory between July 2014 and February 2015 (8
months), 13,715 were suspicious of an infectious process from
hospitalized patients. Of these samples, 13,426 were con-
firmed to be an infectious process and 207 were positive for
A. baumannii (1.54%). Fifty-eight percent of the clinical
A. baumannii isolates were resistant to imipenem and
meropenem in the Kirby & Bauer disk diffusion test per-
formed at the Valeclin Laboratory.

At the Laboratory of Microbiology of ICT/UNESP, the 21
isolates from patients hospitalized at an intensive care unit
were submitted to the broth microdilution test for determina-
tion of imipenem and meropenem MICs and the results are
shown in Table 1. The result of the broth microdilution test
showed the same antibiotic susceptibility profile as the agar
diffusion method. The MIC determined by the broth
microdilution method was 0.5 to 1 ug/mL for susceptible
isolates and 64 to> 128 pg/mL for resistant isolates.

Firstly, three susceptible (AS1, AS2, and ASS5) and three
resistant clinical isolates (AR 1, AR2, and AR6) were tested to
antimicrobial PDT in order to verify the effects of laser or PS
alone (P—L+, P+L— groups). For these isolates, four experi-
mental groups proposed in the present study (P-L—, P-L+, P+
L—, and P+L+) were performed. Statistically significant dif-
ferences (p <0.0001) were obtained in the P+L+ group
(aPDT) compared with the other groups (P—L—, P—L+, and
P+L-), which did not show significant differences among
them (p>0.05) as indicated in the Fig. 2. Thus, the 15
carbapenem-resistant A. baumannii isolates were investigated
regarding their susceptibility to in vitro photosensitization,
testing only two experimental groups: control (P—L—) and
submitted to aPDT (P+L+).

The percentage of viability in CFU/mL was calculated for
all isolates studied: one reference strain (ATCC), 3 antibiotic-
susceptible isolates (Fig. 3a), and 18 antibiotic-resistant iso-
lates (Fig. 3b). The percentage of viability was dependent on
the strain analyzed. PDT resulted in a reduction of 92% for
ATCC strain 19,606. The reduction achieved with aPDT
among the susceptible strains was 63% for isolate AS1, 70%
for ASS5, and 88% for AS2 (Fig. 3a). PDT resulted in a
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Table 1 Determination of the minimal inhibitory concentration in
clinical Acinetobacter baumannii isolates

A. baumannii isolate  Imipenem (pg/mL) Meropenem (pg/mL)

MIC Reference  MIC Reference

AS-1 1 S 1 S
AS-2 <05 S <0.5 S
AS-5 1 S 1 S
Al >128 R 128 R
A2 >128 R 128 R
A3 >128 R 128 R
A4 >128 R 64 R
AS 64 R 64 R
A6 >128 R 128 R
A7 >128 R 64 R
A8 >128 R 128 R
A20 > 128 R 128 R
A23 >128 R 64 R
A24 >128 R 64 R
A25 >128 R 64 R
A26 >128 R 128 R
A27 >128 R >128 R
A28 >128 R 64 R
A31 >128 R 128 R
A32 >128 R 64 R
A33 >128 R 128 R
ATCC 8 I 4 I

Escherichia coli ATCC25922 were used for quality control of antimicro-
bial susceptibility testing and included in each assay

S susceptible, R resistant, / intermediate susceptibility to the antibiotics

microbial reduction of 24 to 97% in the resistant isolates and
this reduction was higher than 50% in 15 out of 18 isolates and
higher than 80% in 11 out of 18 isolates tested (Fig. 3b).

Discussion

In the present study, among the 13,426 clinical isolates ana-
lyzed at Valeclin Laboratory (Brazil) over an observation pe-
riod of 8 months, 1.54% was identified as A. baumannii.
Gaynes and Edwards [17] analyzed 400,000 nosocomial iso-
lates registered at the National Nosocomial Infections
Surveillance (NNIS) in Atlanta (USA) from 1986 to 2003
and found 7% of A. baumannii isolates, a rate slightly higher
than that observed in the present study.

The antibiotic susceptibility profile of these clinical isolates
was compared by two different methods: disk diffusion and
broth microdilution. The results indicated that both methods
were effective in detecting susceptibility of the isolates to the
antibiotics since the broth microdilution method confirmed all
results obtained in the agar diffusion test. Comparing methods
for antibiotic susceptibility testing, Liu et al. [24] obtained
reliable results with the disk diffusion and broth microdilution
methods. The authors suggested to replace the broth
microdilution method, which has been used as a gold stan-
dard, with the disk diffusion method because of the low cost of
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Fig. 2 Mean and standard deviation CFU/mL (log;() obtained for
photosensitization of clinical isolates of A. baumannii with methylene
blue and a low-level laser. One-way analysis of variance (ANOVA) and
Tukey’s test for each strain were performed. Different letters (A and B)
indicate a significant difference between groups P—L— (control group), P

the latter. However, although the disk diffusion method can be
used for identifying antibiotic susceptibility of clinical iso-
lates, the determination of MIC has become increasingly more
necessary, which is done by the broth microdilution method.
According to Jiang et al. [25], to control the increase in nos-
ocomial infections caused by multidrug-resistant
A. baumannii strains, the determination of MIC of antibiotics
and screening for metallo-(3-lactamase producers among
Acinetobacter spp. isolates are extremely important.
Fifty-eight percent of all clinical A. baumannii isolates
identified in this study were resistant to imipenem and

—L+ (only laser), P+L— (only photosensitizer), and P+L+ (laser and
photosensitizer) (p <0.0001). Equal letters denote statistical similarity
between the groups (p >0.05). Three carbapenem-susceptible clinical
isolates: AS1, AS2, and ASS5 and three carbapenem-resistant clinical
isolates: AR1, AR2, and AR6 were evaluated in this assay

meropenem. Similar results have been reported by Tien et al.
[26], who analyzed 1381 clinical Acinetobacter spp. isolates
from the Teaching Hospital of the China Medical University
(Taiwan) and observed resistance rates of 65 and 68% to
imipenem and meropenem, respectively. Within this context,
antimicrobial PDT has emerged as an alternative and adjunct
treatment for the control of pathogenic microorganisms, in-
cluding Gram-positive and Gram-negative bacteria and fungi,
especially those resistant to antibiotic therapy [11, 27-29].
Control measures of A. baumannii have become increasingly
more necessary and urgent since its potential of nosocomial

Fig. 3 Percentage reduction, a 100 -
expressed as mean values (CFU/
mL), in the viability of clinical 804
isolates of A. baumannii exposed -
to laser and photosensitizer (P+ 2 60
L+) compared to the control - 1
group (P-L-). a Three E
carbapenem-susceptible clinical E 40+
isolates and reference strain o - e o o
ATCC 19606. b Eighteen 204
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dissemination has reached elevated numbers in recent years
[6, 30-34]. Jiang et al. [25] identified A. baumannii as the
main contaminating agent of catheters in hospitalized patients,
leading to the development of bacteremias and subsequent
infections. In this respect, PDT may be an important tool to
reduce skin bacterial cells and the contamination of catheters.

In addition to the antimicrobial effects, the light source
selected for this study (laser at 660 nm) has been widely used
to stimulate cellular functions with physiological and clinical
benefits [35, 36]. Low-level laser/light therapy (LLLT), also
known as photobiomodulation, is based on the assumption
that red (600—700 nm) and near-infrared (770—1200 nm) light
at low irradiance excites specific chromophores, such as the
mitochondrial cytochrome C oxidase, that represents the main
source for intracellular ROS generation [35, 36, 37]. In turn,
LLLT alters the cellular redox state which induces the activa-
tion of numerous intracellular signaling pathways, affecting
the transcription factors related to cell proliferation, survival,
tissue repair, and regeneration [38—40]. The main medical
applications of LLLT include the reduction of pain and inflam-
mation, promotion of repair and regeneration of different tis-
sues and nerves, and prevention of tissue damage in situations
where it is likely to occur [36, 38, 39—42]. Based on these
facts, Santos et al. [43] evaluated the immunomodulatory ef-
fects of PDT on the treatment of Porphyromonas gingivalis
infections in Galleria mellonella animal model. Using red
light (laser 660 nm) associated to methylene blue, the authors
found that PDT was able to kill the cells of P. gingivalis, and
also activate the G. mellonella immune system by increasing
the number of circulating immune cells.

In the present study, the clinical A. baumannii isolates that
were susceptible and resistant to imipenem and meropenem
exhibited significant susceptibility to in vitro photosensitiza-
tion, confirming that PDT is a promising adjunct technique to
resistant infections and has the further advantage of not lead-
ing to the selection of resistant strains. In a recent study, Zhang
et al. [21] evaluated the bactericidal action of PDT on a
multidrug-resistant clinical isolate of A. baumannii in a mouse
burn model. The results showed significant inactivation of
bacterial cells in the treated group after a single exposure to
PDT, while the degree of infection remained stable in the
control group, with no reduction in the infectious process [21].

In order to test the efficiency of aPDT on different nosoco-
mial A. baumannii isolates, 18 carbapenem-resistant clinical
isolates were analyzed in this study. Our data showed that
PDT resulted in bacterial reduction higher than 50% in 15 iso-
lates. In addition, microbial reduction higher than 80% was
achieved in 11 of the 18 isolates submitted to PDT. These data
demonstrate the potential of aPDT for the treatment of infec-
tions caused by antibiotic-resistant A. baumanni strains.

In addition to assisting in the treatment of these infections,
PDT can help tackle the transition of susceptible to resistant
strains in the hospital setting. In the present study, 42% of the
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clinical A. baumannii isolates were susceptible to imipenem
and meropenem, indicating that despite the increase of resis-
tant strains in recent years there is still a high percentage of
antibiotic-susceptible strains that should be viewed with cau-
tion. In these cases, aPDT could be important to reduce anti-
biotic doses and to avoid the use of different classes of anti-
microbials. In conclusion, aPDT exerted significant antimicro-
bial activity against carbapenem-susceptible and resistant clin-
ical A. baumannii isolates from patients hospitalized at an
intensive care unit, indicating that aPDT could be an alterna-
tive strategy to treat superficial infections of A. baumannii and
to control nosocomial infections.
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