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Antimicrobial Photothermal Treatment
of Pseudomonas Aeruginosa by a
Carbon Nanoparticles-Polypyrrole
Nanocomposite

Behzadpour N.">®) Sattarahmady N.3#*®  Akbari N.>

ABSTRACT

Background: Nowadays, it is needed to explore new routes to treat infectious
bacterial pathogens due to prevalence of antibiotic-resistant bacteria. Antimicrobial
photothermal therapy (PTT), as a new strategy, eradicates pathogenic bacteria.

Objective: In this study, the antimicrobial effects of a carbon nanoparticles-poly-
pyrrole nanocomposite (C-PPy) upon laser irradiation were investigated to destroy
the pathogenic gram-negative Pseudomonas aeruginosa.

Material and Methods: In this experimental study, the bacterial cells were
incubated with 50, 100 and 250 pg mL"' concentrations of C-PPy and irradiated with
a 808-nm laser at two power densities of 0.5 and 1.0 W cm?. CFU numbers were
counted for the irradiated cells, and compared to an untreated sample (kept in dark).
To explore the antibacterial properties and mechanism(s) of C-PPy, temperature
increment, reactive oxygen species formation, and protein and DNA leakages were
evaluated. Field emission scanning electron microscopy was also employed to inves-
tigate morphological changes in the bacterial cell structures.

Results: The results showed that following C-PPy attachment to the bacteria
surface, irradiation of near-infrared light resulted in a significant decrement in the
bacterial cell viability due to photothermal lysis. Slightly increase in protein leakage
and significantly increase intracellular reactive oxygen species (ROS) were observed
in the bacteria upon treating with C-PPy.

Conclusion: Photo-ablation strategy is a new minimally invasive and inexpen-
sive method without overdose risk manner for combat with bacteria.
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Introduction

he prevalence of antibiotic resistance is a growing worldwide

problem in controlling pathogens particularly antibiotic-resis-

tant gram-negative bacteria. These bacteria have an additional
outer membrane making an impermeable barrier toward antibiotics or
drugs in terms of their penetration [1]. Pseudomonas aeruginosa (PA)
as an opportunistic gram-negative pathogen infects humans with im-
munocompromised natural defense, and causes diverse types of infec-
tions in urinary tract, respiratory system, bone and joint, soft tissue,
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bloodstream, and burn injuries [2]. This mi-
croorganism exhibits a multidrug resistance
to antibiotics, either intrinsically orbecause of
acquiring the resistance genes from other bac-
teria through plasmids [3]. Furthermore, dur-
ing some infections such as cystic fibrosis, PA
forms biofilm by expressing polysaccharide-
based extracellular polymeric substance on
the surface of bacteria that contributes to high
antibiotic resistance [4, 5]. Therefore, new an-
timicrobial approaches that target pathogenic
bacteria with the global antibiotic-resistant
problem should be innovated as alternatives to
antibiotics.

There have been attentions on photother-
mal therapy (PTT) using nanomaterials which
are activated by absorption of specific wave-
lengths of near infrared (NIR) light in a range
of 700-1100 nm with sufficient long tissue
penetration depth. PTT mechanisms are based
on generation of heat leading to irreversible
destruction of bacterial cells. This is a non-
invasive approach that can improve the thera-
peutic efficacy and minimize the undesirable
side effects of antimicrobial agents [6]. Unlike
antibiotics, this approach has been shown no
resistance induction in bacteria and can af-
fect antibiotic-resistant bacteria [1]. In addi-
tion, PTT kills the bacterial cells more rapidly,
compared to traditional antibiotics, and there-
fore, it has a potential advantage to cease fast
spreading infections, e.g. in burn injuries [7].

Nanomaterials are developed due to exhibi-
tion of novel characteristics arising from their
size-dependent features, and widely used in
medical diagnoses and therapies [8-10]. These
materialshave ausageinbiological and medical
applications such as labeling of biomolecules
[11], drug and gene delivery [12-14], rapid
and sensitive microbial detections [15, 16],
antimicrobial materials [10, 17-19], detection
and recognition of DNA and proteins [20-
22], probing of intrinsic DNA structure [23],
biologic substitutes and regenerative medicine
[24], hyperthermia [25], separation of spe-
cific cell types [26] and MRI contrast agents

[27]. Photothermal agents employed in PTT
should absorb NIR light, while they possess
photostability with no cytotoxicity. Nanosized
photothermal agents include metallic nanoma-
terials such as gold and silver nanostructures
[28], carbon-based nanoparticles such as car-
bon nanoparticles [29], and single and multi-
walled carbon nanotubes [30], quantum dots
[31], and conducting polymer nanoparticles
[32]. However, low photostability, irreproduc-
ible preparation method, accumulation in the
body and non-biodegradable features limit
application of nanomaterials such as gold-
based nanostructures in PTT [28]. Among the
nanomaterials, carbon-based and conducting
polymers-based nanoparticles are of the most
promising types of nanomaterials with a great
attention in biomedical applications. Carbon
nanostructures possess unique properties such
as supreme electrical and thermal conductiv-
ity, great photoluminescent properties and
high mechanical strength [33]. Moreover,
their biocompatibility increases and toxic-
ity decreased by functionalizing which helps
them to be more beneficial in medical fields
[34]. Recent studies have shown that carbon
nanomaterials led to a significant cease in
the bacterial growth [29] and the effect was
accelerated by laser irradiation [29, 35]. On
the other hand, conducting polymers such as
polypyrrole (PPy) have been widely used as
a contrast agent in optical coherence tomog-
raphy due to strong absorbance of NIR light
[36]. In a study, this utility has been utilized
in treatment of cancer by intratumoral injec-
tion of PPy that caused a tumor ablation with
no considerable side effects [37]. Combination
of the characteristics of these two materials as
carbon-PPY mixtures, composites or complex
structures can possibly elevate their biocom-
patibility, stability, NIR light absorbance and/
or PPT efficacy.

In this study, the effect of a carbon core-PPY
shell nanostructure (C-PPy) in the course of
PPT upon a NIR laser irradiation was inves-
tigated. Different concentrations of C-PPy at
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two power densities of laser irradiation affect-
ed the viability of the pathogenic gram-neg-
ative bacterium PA for the first time. PTT of
C-PPy was explicated by evaluation of protein
and nucleic acid leakage, ROS production,
and morphology changes in the bacterial cells.

Material and Methods

Materials

In this experimental study, all chemicals
were prepared from Sigma (USA), Scharlau
(Spain) or Merck (Germany) without further
purification. Deionized water (DW) was used
throughout the study.

Synthesize and characterization of
C-PPy

Carbon dots (C-dots) were firstly synthe-
sized via a solution synthesis route. Briefly,
5.04 gr citric acid dissolved in 10 mL water
was added into 1.0 mL ethylenediamine. The
mixture was shacked until a clear solution was
obtained, and then, the solution was warmed
at 200 °C for 30 min until a dark brown syrup
was obtained. After cooling the mixture natu-
rally, the syrup was dialyzed by a 1 KDa mem-
brane versus water for 24 h. A C-dots solution
was obtained. Separately, 4 mmol L' pyrrole
(Py) in 4 mL 1.0 mol L' HC] was mixed for
30 min at room temperature. Then 4.0 mL C-
dots solution was mixed with the Py-HCI so-
lution and next, 200 uL. H,O, 29% was added.
The mixture was continuously stirred until
the reaction mixture gradually changed from
brownish to black. The color change was due
to the polymerization of Py in the presence of
C-dots. The reaction was allowed to continue
for 12 h to complete polymerization. It was
filtered and washed with water and methanol
several times. Finally, the filtrate was collected
and dried at 50 °C for 12 h. PPy nanoparticles
were synthesized similarly unless C-dots were
not added to the reaction mixture.

A TESCAN Mira 3-XMU field emission
scanning electron microscope (Czech Repub-

lic) was employed to study the particle size
and morphology of C-PPy.

CHN elemental analysis was done to deter-
mine the carbon content of C-PPy by an ECS
4010 elemental analyzer (Costech, Italy).

Bacteria culture

All glassware and samples were firstly ster-
ilized in an autoclave at 120 °C for 20 min. A
wild type PA standard strain (PTCC 1430) was
received from Iranian Organization of Sci-
ence and Technology. Bacteria were cultured
in brain heart infusion (BHI) broth (Scharlau,
Spain) and then incubated at 37 °C for 24 h.
Aliquots of 25-30 mL were transferred to ster-
ile tubes containing 10 mL of tryptone soy
agar (Scharlau, Spain) and incubated for 2 h
at 37 °C to attain the middle logarithmic phase
of growth (600-nm optical density, OD, =0.1,
10%-107 CFU mL™"). Optical density was mea-
sured by a microplate spectrophotometer
(Epoch, USA) to estimate concentration of
bacteria in the medium and employed. Subse-
quently, 100 uL of the bacteria stock was dis-
persed in vials and reached 250 pL with serum
for following experiments.

Photothermal effect of C-PPy under
laser irradiation

An 808-nm 1.0 W continuous wave laser
diode was purchased from Thorlabs (USA)
as the light source and C-PPy solution was
employed as the photosensitizer to assess the
temperature augmentation during photother-
mal therapy. 250 pL-solutions of different
concentrations of C-PPy (0, 50, 100 and 250
ng mL") in the presence of bacterial suspen-
sions (OD,=0.1) in vials were separately ir-
radiated by the laser light with power densi-
ties of 0.5 and 1.0 W cm™ for different times.
Temperature augmentations were recorded at
0, 5, 10, 15 and 20 min of light irradiation by
a Lutron thermometer (Taiwan) at a precision
of 0.01 degree. For a comparison, tempera-
ture augmentations of a bacterial suspension
(as a control) and the suspensions contain-
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ing PPy nanoparticles, C-dots or C-PPy were
recorded at a concentration of 250 pg mL-!
upon laser irradiation for 20 min at a power
density of 1.0 W cm™. The probe was placed
vertically in the center of the samples, approx-
imately 3-5 mm deep inside the vials. Each ex-
periment was repeated three times in similar
conditions.

Photothermal treatment and anti-
bacterial activity of C-PPy

The efficacy of antimicrobial photothermal
treatment on the viability of bacterial cells
was investigated at C-PPy of different concen-
trations. Separate groups of the PA were de-
signed as: 1) no laser and no C-PPy ([L'N));
i1), laser irradiation without C-PPy ([L*N]);
1i1), no laser irradiation with C-PPy ([L'N*]);
and 1v), exposure to laser with C-PPy ([L*N™]).
The [L'N"] group was considered as a control.
For [N*] groups, C-PPy solutions at different
concentrations of 50, 100 and 250 pg mL!
and DW was added to bacterial suspensions
(OD,,=0.1) and mixed by a vortex for 15 min.
In [L*] groups, bacterial suspensions were
immediately irradiated by 808-nm laser light
for 20 min at power densities of 0.5 or 1.0 W
cm?. For [L] groups, bacterial suspensions
were stored in dark for 20 min.

After irradiation, the samples were prepared
in a serial dilution manner with phosphate buf-
fer solution (100 mmol L', pH 7.0, PBS), and
spread on tryptic soy agar. Following incuba-
tion of the samples at 37 °C for 24 h, the num-
ber of CFU formed on the plates was counted
and multiplied by the factor of dilution to
measure the bacterial viabilities. The experi-
ment was repeated 3 times in similar condi-
tions. Digital images from the culture plates
were taken with a digital camera.

Detection of reactive oxygen spe-
cies (ROS)

Intracellular ROS production was detected
by 2,7-dichlorodihydro fluorescein diacetate
(DCFH-DA) as an oxidant-sensing fluorescent

probe. Bacterial samples were centrifuged at
10000 rpm for 20 min, washed 2 times with
PBS, mixed with 0.1 mmol L' DCFH-DA dis-
solved in a PBS:ethanol mixture (80:20, V/V),
incubated in dark at 37 °C for 30 min, and
centrifuged again at 10000 rpm for 20 min.
Then, the bacterial suspensions were washed
with PBS and re-suspended in PBS by sonica-
tion for 10 min. After these, 100 pL of the cell
extracts was added into 1.0 mL PBS, and the
samples fluorescence intensity was obtained
upon excitation at 480 nm at room temperature
by a Cary Eclipse spectrofluorescence (USA).

Evaluation of protein release

Nanoparticles adhesion to the cell membrane
and wall leads to release and leakage of the
content of intracellular bacteria [38]. Bradford
reagent is used to detect the leaked protein in
the released intracellular content [39]. Treated
bacteria samples were passed through 0.4-um
membranes to eliminate the bacterial cells,
and the resultant fluids were incubated with
Bradford reagent for 3 min in dark. After that,
absorbance values at 595 nm were recorded.
As a control, a filtered fluid of the bacterial
cells with no treatment was selected, and the
amounts of the leaked proteins were compared
to this control.

Field emission scanning electron
microscopy (FESEM) from the bac-
teria

Samples of the control and treated bacteria
of [L'N-] and [L*N*] groups were evaluated by
FESEM. To prepare the samples, the bacte-
rial samples were washed with PBS and fixed
with 2% glutaraldehyde dissolved in PBS at
4 °C for 12 h. After re-washing, the samples
were stained by 1% osmium tetroxide solution
during 1 h at room temperature. After that, the
samples were dried in a gradient of acetone
and a very thin gold film was coated by sput-
tering. FESEM was done by a TESCAN Mira
3-XMU field emission scanning electron mi-
croscope (Czech Republic).
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Results

Figure 1A shows FESEM images of C-PPy.
The C-PPy images displayed that the nano-
composite comprised near-spherical particles

with a mean diameter of ~ 1.3 um.
The results of elemental analysis of C-PPy as
a gas chromatogram of its heat combustion are

presented in Figure 1B. These results showed

Time / min

(c)

Figure 1: FESEM images of C-PPy (A). A gas chromatogram of C-PPy heat combustion (B).

that the percent of the C, H and N elements in
C-PPy were 78.9, 11.4 and 9.7%, respectively.
This indicated that C-PPy comprised 59.8 and
40.2% from carbon and PPy, respectively.
Figures 2A and 2B show temperature aug-
mentation in the [L*N*] group containing C-
PPy solutions of different concentrations of
50, 100 and 250 pg mL!' upon laser irradia-
tion at different times of 5, 10, 15 and 20 min
with two power densities of 0.5 (A) and 1.0
(B) W cm?™. At both of the power densities,
temperature increment was compared with the
[L'N] group. The results showed that tem-
perature increment depends on the C-PPy
concentration, laser power density or time of
irradiation. These results indicated that C-PPy
exhibited suitable photothermal efficiency
upon NIR laser irradiation. As shown in Fig-

ures 2A and 2B, temperature increments upon
irradiation at power density of 0.5 and 1.0 W
cm? for 20 min were 10 and 20 °C, respec-
tively. Because the bacterial meiosis usually
occurs at >20 min, the longer times of irradia-
tion more than this time was omitted. Figure
2C shows temperature augmentations of a
bacterial suspension (control) and the suspen-
sions containing PPy nanoparticles, C-dots or
C-PPy at a concentration of 250 pg mL™" upon
laser irradiation for 20 min at a power density
of 1.0 W em™

Figure 2D and 2E represents survival rate of
bacteria for each group of [L*N-], [L'N*] and
[L*N*] at different C-PPy concentrations of
50, 100 and 250 pg mL"' and laser light irra-
diation of power densities of 0.5 (D) and 1.0
(E) W cm™. The percentage of the viable PA
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Figure 2: Temperature augmentation in the [L*N*] group containing C-PPy solutions of 50, 100
and 250 pug mL* upon laser irradiation at different times of 5, 10, 15 and 20 min and two power
densities of 0.5 (A) and 1.0 (B) W cm™. Temperature augmentations of a bacterial suspension
(control) and the suspensions containing PPy nanoparticles, C-dots or C-PPy at a concentration
of 250 ug mL? upon laser irradiation for 20 min at a power density of 1.0 W cm™ (C). Survival
rate of bacteria for [L*N’], [LN*] and [L*N*] groups at different C-PPy concentrations of 50, 100
and 250 ug mL* and laser light irradiation of power densities of 0.5 (D) and 1.0 (E) W cm?.

cells (based on CFU), compared to the viable
cells in the [L'N] group (assuming a 100% vi-
ability) were measured. The survival rates of
the [L'N"] group were 19 and 32% higher than
[L*N"] one at the power densities of 0.5 and
1.0 W cm™, respectively. This indicates that
the bacterial strains were exclusively affected
by laser irradiation. On the other hand, the
survival rates of the [L'N] group were 19, 37
and 63% higher than [L'N*] one at the C-PPy
concentrations of 50, 100 and 250 pg mL", re-
spectively. This indicates that bacterial strains
were exclusively affected by C-PPy. There-
fore, the bacterial viability rates in groups
showed a decrement in both laser power and
C-PPy concentration dependencies. More-
over, the bactericidal rates of the [L"N*] group

at the laser power density of 0.5 W cm™? were
36, 44 and 70% at C-PPy concentrations of 50,
100 and 250 pg mL, respectively. The bac-
tericidal rates of the [L"N*] group at the laser
power density of 1.0 W cm? were 44, 58 and
82%, at C-PPy concentrations of 50, 100 and
250 pg mL"!, respectively.

Nanoparticles can represent bactericidal
activity through the mechanisms of enzyme
inactivation, membrane damage and/or ROS
production [40]. To clarify the mechanism(s)
of PTT effect of C-PPy, protein and DNA leak-
age, ROS production and the surface morphol-
ogy changes in the treated PA with C-PPy un-
der laser irradiation were investigated. Based
on the obtained results, 250 ug mL' of C-PPy
and laser power density of 1.0 W cm™ were

|\

J Biomed Phys Eng 2019; 9(6)



www,jbpe.ir

Carbon Nanoparticles-Polypyrrole as Photothermal Agent

selected for this purpose and in further studies
due to the highest bactericidal effect.

Figure 3 shows the absorption intensities of
intracellular media of [L'N-], [L*N-], [L'N*] and
[L*N*] groups at different wavelengths and flu-
orescence spectra of [L'N], [L*N], [L'N*] and
[L*N'] groups of 250 ug mL"' C-PPy and 1.0
W cm? laser irradiation after interaction with
DCFH. The absorption of intracellular content
of bacterial samples at 595 nm were measured
using the Bradford reagent (Figure 3A), at 280
nm as a sign of protein absorption (Figure 3B)
and at 260 nm related to nucleic acid absorp-
tion (Figure 3C). The values of absorbance of
[L*N*] group at 595 and 280 nm (Figures 3A
and 5B) slightly increased, compared to absor-
bance values of other groups. The results indi-
cated that a small amount of protein leakage

04
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occurred from the bacteria in [L*N*] group.
On the other hand, no DNA leakage into the
bacterial medium was observed for the [L'N+]
and [L*N*] groups, compared to the [L'N-] and
[L*N-] ones.

The high reactivity of ROS is due to pres-
ence of a single unpaired electron, and can
cause outstanding damage to the cell structure.
Excessive ROS production leads to cell death
[41]. Enhancement in fluorescence intensity of
DCFH-DA is a sign of intracellular ROS for-
mation. Esterases in cells convert DCFH-DA
to the non-fluorescent compound 2,7-dichlo-
rodihydrofluorescein (DCFH). Interaction of
ROS with DCFH generates a fluorescent com-
pound dichlorofluorescein (DCF) within the
cells [38]. Figure (3D) displays fluorescence
spectra of [L'N], [L*N], [L'N"] and [L*N"]

33
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Figure 3: Absorption intensities of intracellular media of [LN], [L*N], [LN*] and [L*N*] groups
at different wavelengths of 595 (A), 280 (B) and 260 nm (C). And fluorescence spectra of [LN],
[L*N7], [LN*] and [L*N*] groups of 250 pg mL* C-PPy and 1.0 W cm™ laser irradiation after interac-

tion with DCFH (D).
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groups of 250 pg mL"' C-PPy and 1.0 W cm™
laser irradiation after interaction with DCFH.
The results pointed out that the fluorescence
intensities for [L*N'] and [L'N"] groups were
similar. Hence, laser irradiation could not
stimulate formation of ROS. However, in the
groups of [L'N*] and [L*N*], ROS formation
occurred. These results showed that although
C-PPy exclusively produced ROS, laser irra-
diation led to enhancement in ROS genera-
tion. Therefore, C-PPy acts via both PTT and
PDT mechanisms for killing the bacteria.
FESEM images of bacteria were recorded to
investigate probable bactericidal laser ablation
of C-PPy. Figures 4A and 4B show FESEM
images of native and PTT treated PA at two
magnifications. Untreated PA appeared in rod
shapes. The images recorded from the treated

PA show that while C-PPy was fully attached
to the PA surface, morphology and shape of
the PA cells (treated with 250 ng mL"' C-PPy
and 1.0 W cm™ laser irradiation) did not tre-
mendously change with no vital alteration
in the morphology or deformation in the cell
surface.

Discussion

FESEM images helped us to figure out the
size and morphology of C-PPy. At higher
magnifications, the images indicate that the
particles were adhered to very smaller parti-
cles. C-PPy is a nanocomposite of C-dots and
PPy and composed of adhered C-dots by a net-
work of PPy.

Temperature increment by PPy nanoparticles
was higher than C-dots, and both of them were

Figure 4: FESEM images at two magnifications of native (A1, A2) and PTT treated PA (B1, B2).
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lower than C-PPy. A recent study has proven
that PPy nanoparticles in a core-shell structure
with gold nanorods greatly improved the tem-
perature elevation and photostability of the
nanorods, compared to the bare gold nanorods
[42]. Upon irradiation of this core-shell struc-
ture, PPy was polarized providing additional
oscillating electrons accompanied by decre-
ment in the electron vibrational space. These
later effects led to a bathochromic shift in the
absorption maximum of the core-shell struc-
ture to NIR region due to the Mie theory [42].

Statistical analysis of the presented values
of survival or bactericidal rates indicated that
treatment with different C-PPy concentrations
affected the bacterial survival (p<0.05). There-
fore, C-PPy had a function as a PTT agent to
prevent bacteria growth by temperature eleva-
tion.

Cell’s outer membrane plays a crucial role
as a functional barrier and its damage might
lead to leakage of cellular contents. Bacterial
membrane integrity or disruption cell surface
can be estimated by measuring the protein and
DNA leakages [38]. The obtained results can
be interpreted in terms of bigger size of DNA
(compared to proteins) that can be released to
the medium; it needs deeper damage in the
membrane. It can be deduced that PTT did not
inclusively damage the membrane integrity by
C-PPy.

It has been reported that some nanomaterials
have elevated ROS generation under laser ir-
radiation along with heat productison. There-
fore, these nanomaterials act via both the
mechanisms of PTT and PDT for killing bac-
teria [43, 44]. ROS induce damage in cells via
oxidation of DNA, lipids and proteins. Gen-
erally, ROS are produced from irradiation to
organic photosensitizers, but sometimes inor-
ganic nanostructures, including quantum dots,
TiO,, fullerenes and carbon nanotubes gener-
ate ROS upon irradiation [45, 46]. Laser irra-
diation of noble metal nanomaterials induces
confined resonance condition that redound
singlet oxygen, superoxide radical anions or

hydroxyl radicals [47]. A study showed that
changing the wavelength of NIR irradiation
into gold nonorods led to conversion of PTT
to PDT behavior of the nanorods [48].
Attachment of C-PPy to the cell surface of
bacteria is related to the lipophilic characters
of polypyrrole which leads to locating this
nanomaterial in cell membrane of bacteria
consisting of lipid layers. Therefore, it seems
that an important damage site of PA PTCC
1430, through ROS producing by PTT, occurs
in the cytoplasmic membrane, or it inactivates
enzymes and membrane transport systems.
The reaction of these important cellular com-
ponents may result in bacterial cell death [49].

Conclusion

Since the antibiotic resistance of bacte-
rial strains, among different classes of gram-
negative and gram-positive bacteria, has been
increasing, it is needed to explore alternative
antimicrobial treatment such as antimicrobial
PTT. PTT combines non-toxic compound and
light of appropriate wavelength without going
on antibiotic complexity. The main reasons be-
hind the bactericide effect of C-PPy as a nano-
material are property of light capturing, rais-
ing the solution temperature and induction of
ROS formation. Combination of C-dots with
PPy provided both the advantage of NIR light
absorbing (followed by heat producing) and
ROS generating. Laser light irradiation on the
attached C-PPy to the PA surface might change
the membrane permeability. Alternatively,
ROS reacted with many cellular components
such as enzymes, proteins and lipids in bacte-
rial cell leading ultimately to cell death. Pho-
to-ablation strategy is a new minimal-invasive
and inexpensive method without any overdose
risk manner for combat with bacteria. PTT can
be applied for rapid topical treatment besides
routine antibacterial drugs.
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