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Background: The emergence of drug-resistant bacterial strains has raised the need to develop alternative
treatment modalities to combat infectious diseases. Antimicrobial photodynamic therapy (aPDT) is an alter-
native to conventional treatment modalities. aPDT integrates a photosensitizer, which, after exposure to light of
an appropriate wavelength, leads to the generation of cytotoxic reactive oxygen species (ROS).

Methods: The aim of the present study was to synthesize a toluidine blue/multiwalled carbon nanotube con-
jugate (TBCNT) for enhanced photoinactivation of Pseudomonas aeruginosa and Staphylococcus aureus.
Synthesized TBCNT conjugate was characterized and its antibacterial and antibiofilm activity was determined.
Results: During TBCNT synthesis, dye loading, and entrapment efficiency of the CNT were 12.04 = 0.55% and
48.99 + 2.33%, respectively. The photo-destruction of planktonic cells of the test bacteria was performed by
exposure to a 125 mW red laser with a wavelength of 670 nm (radiant exposure of 58.49 J/cm?) for 3 min.
Photoinactivation using TBCNT resulted in a 4.91- and 5.47-log10 reduction in P. aeruginosa and S. aureus,
respectively. The mechanism of this aPDT was studied by measuring intracellular ROS generation, protein
leakage, and lipid peroxidation in the test bacteria after light irradiation. The antibiofilm activity of TBCNT after
light exposure was 69.94% and 75.54% for P. aeruginosa and S. aureus, respectively. Photoinactivation of test
bacteria treated with TBCNT reduced cell viability and exopolysaccharide production. Confocal laser-scanning
microscopy revealed a significant biofilm inhibition efficacy of the TBCNT conjugate.

Conclusion: Therefore, TBCNT conjugates may be used for the eradication of P. aeruginosa and S. aureus biofilms.

1. Introduction lives by the end of 2050 due to the emerging resistant bacterial strains.

This emerging threat forced the researchers to find alternative solutions

The emergence of antibiotic resistant microorganism has led to the
development of serious health problems in recent years. Most of the
infectious pathogens are resistant to at least one of the existing anti-
microbial agents, which are generally employed to eliminate the pa-
thogens. The global threat of antibiotic resistance is associated with
higher health care costs [1]. Report says that world will loss 10 million
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to eliminate these bacterial strains [2]. This global health threat owing
to the antimicrobial resistance urged the need to discover alternatives.
AMR bacteria are difficult to treat by conventional antimicrobial agents
[3]. Origin and molecular mechanism of antibiotic resistance are di-
verse and complex process in every bacterium. The evolution of new
mechanisms of resistance has resulted in the emergence of several
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dangerous resistant strains including multidrug-resistant (MDR) bac-
terial strains, known as ‘superbugs’ [4]. These superbugs are able to
produce antibiotic resistant biofilms. Antibiotic resistance in microbial
biofilms is mainly contributed by their life style. Biofilms constitute
cells which coordinate among themselves that are encased in a self-
protective polymeric matrix or exopolysaccharides. Biofilms are re-
sponsible for chronic infections by colonizing the prosthetic devices
such as indwelling catheters and endotracheal tubes [5].

Antimicrobial photodynamic therapy is an emerging non- antibiotic
approach for the elimination of antibiotic resistant microorganisms [6].
aPDT employs a nontoxic dye or photosensitizer and low intensity light
which produces cytotoxic oxygen species in presence of molecular
oxygen. The antimicrobial effect is due to the generation of free radicals
that results from the PS exposed to light [7]. The lethal damage to the
cell includes cellular damage, membrane lysis, protein inactivation and
DNA damage [8]. aPDT is proficient in inactivation of all known classes
of microorganisms such as bacteria, fungi, protozoa and viruses. The
major limitations of a PS in aPDT are poor solubility and the tendency
to aggregate in aqueous solution forming dimers, trimers etc. Nano-
carriers can be employed to overcome these limitations.

Nanotechnology is a promising strategy to prevent biofilms with
diverse mode of antibiofilm mechanisms compared to the traditional
antimicrobials [9]. Nanotechnology has created new windows in the
antibiofilm research as the nanomaterials are highly efficient in pene-
trating the biofilm matrix [10]. Various metal nanoparticles are studied
due to their antimicrobial and photocatalytic properties [11,12]. Green
synthesized nickel oxide nanoparticles were removed organic dyes due
to their photocatalytic degradation property [13]. Some nanoparticles
act as drug carriers and as well as antimicrobial agents. In a study,
authors reported antimicrobial activity of zinc oxide-copper oxide na-
nocomposites against P. aeruginosa and S. aureus [14]. The nanocarriers
has contributed promising results in aPDT by increasing the solubility
and delivery of hydrophobic PS [15]. Recent reports had emphasized on
carbon encapsulated materials including carbon nanotubes, fullerenes,
graphene oxide etc as drug delivery agents and also known for their
antibacterial activities [16]. Carbon nanotubes are innovative nano-
material with novel physiochemical, mechanical, antimicrobial and
electrical properties [17]. The excellent properties of carbon nanotubes
(CNT) makes them appropriate in different applications such as super
capacitors, as biosensors, for drug delivery, in tissue engineering and
antimicrobial photothermal therapy [18]. CNTs are excellent drug
carriers due to their outstanding properties such as tunable morphology
that provides biocompatibility and enhanced solubility [19].

Among a great number of photosensitizers available and studied,
Phenothiazinium family of dyes are widely used in antimicrobial pho-
toinactivation. These are efficient photosensitizers having increased
binding and permeability to both Gram positive and Gram negative
bacteria [20]. The previous reports on antimicrobial photodynamic
therapy clearly suggests the broad spectrum antimicrobial action of
various cationic and anionic dyes [21]. Toluidine blue is an cationic
photosensitizer exhibiting phototoxicity against broad spectrum mi-
croorganisms. In a study, toluidine blue conjugated silver nanoparticles
were used for the photodynamic inactivation of Streptococcus mutants
biofilms [22]. Toluidine blue (TB) was reported as an effective photo-
sensitizer against biofilms of P. aeruginosa and S. aureus [23]. Although
the photo bactericidal activity of TB was studied in vitro, the poor so-
lubility and tendency to form ineffective aggregates demands the
synthesis of nanoconjugates. The present work is focused to evaluate
the effective and enhanced photodynamic inactivation of P. aeruginosa
and S. aureus biofilms using toluidine blue conjugated carbon nano-
tubes.
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2. Materials and methods
2.1. Chemicals, bacterial strains and growth media

Carboxyl functionalized multiwalled carbon nanotubes with a
length and diameter of 1.5 pym and 9.5 nm were purchased from Sigma-
Aldrich, USA. Toluidine blue (TB), Luria Bertani broth (LB) and Agar
were procured from Hi-Media, India. Bacteria used in this study were
Pseudomonas aeruginosa PAO1 and Staphylococcus aureus MCC 2408. P.
aeruginosa PA01, a standard biofilm producing bacterium, was gifted by
Prof. E. Peter Greenberg (Department of Microbiology, University of
Washington and School of Medicine). S. aureus MCC 2408 was obtained
from Microbial Culture Collection (MCC), National Centre for Microbial
Resource, Pune, India. The bacteria were cultured in Luria Bertani (LB)
broth in aerobic conditions at 37 °C in a shaker incubator. An overnight
bacterial culture of 0.5 McFarland standard containing 1.5 x 108 CFU/
mL was used for all in vitro assays.

2.2. Synthesis of TBCNT conjugate

Briefly, 5mg of carboxyl functionalized CNT dispersed in double
distilled water (10 mL) and mixed with toluidine blue dye (0.25 mg).
The solution was magnetically stirred for 1 h at room temperature. The
reaction mixture was sonicated for 15 min at room temperature and
subjected to continuous magnetic stirring for 24 h. The mixture was
centrifuged and washed thrice with deionized water. The bluish black
pellet obtained was collected and dried. The dried powder was used for
characterization and biological studies [24].

2.3. Characterization of TBCNT conjugate

Optical properties of TBCNT was recorded using a UV-VIS-NIR
spectrophotometer (varian model: 5000) in the wavelength range of
250-800nm. High resolution transmission electron micrograph
(HRTEM) of TBCNT was obtained from HITACHI H-8100 electron mi-
croscopy (Hitachi, Tokyo, Japan) operated with an accelerating voltage
of 20 KV. FTIR spectrum of CNT, TB and TBCNT conjugate was graphed
using a Fourier transform infrared spectrometer (thermo nicolet model:
6700). The FTIR spectra was recorded and identified in a wavelength
range of 400-4000cm™! with resolution of 0.1cm™!. The Raman
spectrum of TBCNT was obtained by Raman Renishaw spectrometer
with an excitation laser of 785 nm. The vibrational modes formed in the
Raman spectra resulted from scattering of photons was recorded using
Raman spectroscopy. Photo excitation and emission spectra of CNT, TB
and TBCNT were studied using Fluorescence spectrophotometer (make:
Jobin Yvon, model: FLUOROLOG -FL3-11) equipped with a xenon lamp
as the excited light source at room temperature (0.2 nm resolution).

2.4. Loading capacity of dye and entrapment efficiency of CNT

The loading capacity (LC) and entrapment efficiency (EE) were
measured according to the previous report with slight modifications
[25]. Two milligrams of TBCNT conjugate was dispersed in 2mL of
absolute ethanol and vortexed for 5 min. The solution was centrifuged
at 10000 rpm for 10 min which enables the complete release of dye
from TBCNT. The supernatant obtained was measured spectro-
photometrically at 630 nm to calculate the amount of TB loaded onto
the CNTs. The percentage of LC and EE were calculated using the for-
mula;

Dye Loading capacity = [M;/ M,] X 100
Entrapment efficiency = [M;/ M3] X 100

Where M; is the weight of TB in TBCNT, M, is the weight of CNT used,
M; is the total weight of TB used for conjugation experiment.
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2.5. Dye release study

The dye release study was performed according to the method de-
scribed elsewhere with slight modifications [26]. To obtain the release
profile of TB from TBCNT, dye loaded CNT (1 mg) was dispersed in
1mL of PBS at 37°C (pH = 7.4) and kept in shaking conditions
(125 rpm) for 3 h. At different time intervals (every 30 min) aliquots of
reaction mixture was collected and centrifuged at 10000 rpm for 10 min
to test the amount of dye released. One milliliter of PBS was added to
the tube after taking out the supernatant for UV absorbance at 630 nm.
Release profile of TB was recorded by measuring the optical density of
supernatant at 630 nm.

2.6. Bacterial uptake of TB

The bacterial uptake of TB from the cells treated with free TB and
TBCNT was analyzed using the method described previously [27].
Overnight cultures of bacteria were centrifuged and OD was adjusted to
1.5 x 10% CFU/mL. About 2 mL of culture was incubated with 2mg of
TBCNT and free TB in dark for different time intervals (30, 60, 90, 120,
150 and 180 min) on a shaking incubator (125 rpm). The solution was
centrifuged at 10000 rpm for 10 min. The obtained pellet was washed
gently using PBS to remove the unbound TB. Cell bound TB was ex-
tracted by incubating with methanol (1 mL) at room temperature for
1 h. The mixture was again centrifuged at 10000 rpm for 10 min and the
TB present in the supernatant solution spectrophotometrically mea-
sured at 630 nm. The amount of TB internalized by bacteria was de-
termined using the equation;

% Uptake of TB = [Amount of TB in the dissolved pellet / Total amount
of TB added] x 100

2.7. Photosensitizer and light source

Toluidine blue (TB) was used as the photosensitizer. A stock solu-
tion of 10 mg/mL of TB was prepared and stored in dark. The samples
were photoactivated using a 125mW red diode laser with emission
wavelength of 670 nm. The photoinactivation of samples were carried
out in a 96- well microtitre plate with flat bottom wells having circular
shape. The area of irradiation was calculated as = r* (r; radius of well,
0.35 cm).

The radiant exposure was calculated as follows:

Radiant exposure = P.D X Exposure time.
Power density (P.D) = P (W)/ A (cm?)

(P; the output power of laser used for exposure in Watts (W) and A;
the irradiated area in cm? (v 2)) [28].

The radiant exposure of laser was calculated according to the
average output power and time of irradiation of samples. The bacteria
were treated with TB (50 ug/mL) and TBCNT (416.6 ug/mL) with a
final concentration of TB equal to 50 ug/mL. Concentration of CNT
(366.6 pg/mL) was fixed according to the concentration of CNT present
in the TBCNT. All the test samples were light irradiated for 3 min after
the pre-incubation in dark for 3h. Spectral parameters used in this
study were given in the Table 1.

The test samples were distributed as 8 different groups.

Sample 1- Control (L™); Bacterial samples incubated in dark and not
treated with CNT, TB and TBCNT.

Sample 2- Control (L™); Bacterial samples irradiated in the absence
CNT, TB and TBCNT.

Sample 3- CNT (L™); Bacterial samples treated with CNT and not
irradiated.

Sample 4- CNT (L*); Bacterial samples treated with CNT and irra-
diated.

Sample 5- TB (L™); Bacterial samples treated with TB and not
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Table 1
Spectral calculations and experimental parameters used in anti-
microbial photodynamic inactivation studies.

Diode LASER 670 nm

Peak wavelength (nm) 630 nm
Operation mode Continuous mode
Radiant power (mW) 125
Polarization Random
Exposure duration (min) 3

Radiant exposure (J/cm?) 58.49

Irradiated area (cm?) 0.385

Application technique Top irradiation
Number of treatments 1

irradiated

Sample 6- TB (L*); Bacterial samples treated with TB and irradiated

Sample 7- TBCNT (L™); Bacterial samples treated with TBCNT and
not irradiated

Sample 8- TBCNT (L*); Bacterial samples treated with TBCNT and
irradiated

2.8. Photodynamic inactivation of bacteria

Antimicrobial photodynamic inactivation of planktonic cells of test
bacteria using TBCNT conjugate was studied [29]. Overnight test cul-
tures were diluted to a concentration of 0.5 McFarland standard
(1.5 x 108 CFU/mL) and aliquots of 100 uL of culture was transferred
into the 96 well plate. All the eight test sample groups were maintained
in 96 well plates with appropriate labels. All the samples were treated
with CNT, TB and TBCNT conjugate at their specific concentration of
366.6, 50 and 416.6 ug/mL respectively. All the samples were in-
cubated in dark for 3h prior to the irradiation. Sample 2, 4, 6 and 8
were light irradiated using a red laser of 670 nm for 3 min with a ra-
diant exposure of 58.49 J/cm?. Samples 1, 3, 5 and 7 were kept in dark
conditions. Samples treated with and without light were diluted serially
in multitier plate containing 100 pL of LB broth. After incubation for
24 h at 37 °C, the number of colonies were counted. The obtained re-
sults were expressed as the logarithmic reduction in the planktonic cells
by comparing with the control (CFU/mL).

2.9. Study of mechanism of action

2.9.1. Detection of reactive oxygen species (ROS)

The ROS produced after aPDT was detected using 2’,7’- dichloro-
fluorescein diacetate (DCFH-DA) [30]. The overnight test culture
(1.5 x 10® CFU/mL) was treated with CNT, TB and TBCNT in appro-
priate concentration and pre-incubated for 3h. The pre-incubated
samples were treated with 5mM DCFH-DA and incubated in dark for
10 min. Excess of DCFH-DA from the samples was removed by cen-
trifugation and irradiated for 3 min. The control wells were maintained
untreated. A similar experiment was maintained in dark for compar-
ison. The fluorescent intensity produced was measured using fluores-
cence spectroscopy at an excitation wavelength of 485 nm.

2.9.2. Analysis of cytoplasmic leakage

The effect of aPDT on the integrity of bacterial cell membrane was
analyzed through the release of intracellular biomolecules. The cyto-
plasmic leakage of protein was determined by using standard Bradford’s
protein estimation method [31]. A positive control was maintained by
treating the sample with 10 pg/mL of CTAB (Cetyl Trimethyl Ammo-
nium Bromide) to obtain cytoplasmic leakage index. The test bacteria
were treated with CNT, TB and TBCNT. The samples were pre-in-
cubated in dark for 3h and irradiated for 3 min. The samples treated
with and without light were centrifuged at 10,000 rpm for 5min to
remove the bacterial cells. The absorbance of supernatant was recorded
at 595nm to determine the amount of protein leaked. The protein
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leakage of treated samples was calculated by comparing with the results
of CTAB treated samples.

2.9.3. Lipid peroxidation assay

Thiobarbituric acid reactive substances (TBARS) assay was per-
formed for the detection of membrane lipid peroxidation [32]. Lipid
peroxidation will occur in test bacteria due to the oxidative stress
mediated by light irradiation. This results in the formation of complex
and reactive compounds such as 4-hydroxynonenal (4-HNE) and mal-
ondialdehyde (MDA). The produced MDA was measured using TBARS
assay. Cellular damage in aPDT treated cells leads to the formation of
lipid peroxides. The test cultures (1.5 X 108 CFU/mL) were treated
with CNT, TB and TBCNT and pre-incubated in dark for 3 h. After pre-
incubation, one set of samples including a control was irradiated with
light of 670 nm. A similar experiment was conducted for the samples
treated with CNT, TB and TBCNT and incubated in dark. All samples
were mixed with 10% ice-cold TCA. The samples were centrifuged at
14000 rpm for 15s and the homogenate formed was collected. One
milliliter of supernatant was mixed with 1 mL of 0.6% 2-Thiobarbituric
acid (TBA) and heated in boiling water for 10 min. The samples were
cooled to room temperature and the chromogenic complex formed was
detected spectrophotometrically at 535 nm. The lipid peroxides for-
mation was quantified by comparing with the MDA standards.

2.10. Antibiofilm activity

2.10.1. Biofilm inhibition assay

Biofilm inhibition assay was performed using the method described
previously with slight modifications [22]. Overnight culture of test
bacteria were diluted to 1.5 x 10® CFU/mL and incubated with CNT,
TB and TBCNT conjugate. The samples were pre-incubated for 3h and
irradiated for 3min. A set of samples were irradiated with laser and
other was kept in dark. A control well with culture broth and bacteria
was maintained in both the experimental setup. All samples were di-
luted in LB broth and incubated at 37 °C for 24 h. After incubation, the
wells were washed gently with PBS in order to remove planktonic
bacteria. The wells were allowed to air dry and stained with 200 pL of
0.1% crystal violet at room temperature for 15 min. The wells were
slightly washed with PBS and cell bound crystal violet was eluted with
100 puL of 95% ethanol. The biofilm inhibition was quantified spectro-
photometrically at ODsgo by measuring the absorption of the eluted
dye. Inhibition in the biofilm formation was calculated by using the
following formula:

% of Inhibition = [(ODsgg in control — ODsggq of test) / ODsgq in con-
trol] x 100

2.10.2. Cell viability assay

Cell viability after aPDT was analyzed wusing 2,3,5-
Triphenyltetrazolium chloride (TTC) assay [33]. Overnight cultures
were adjusted to a McFarland standard containing 1.5 x 10® CFU/mL
of test bacteria and treated with appropriate concentrations of CNT, TB
and TBCNT. The wells with culture broth and bacteria were served as
control. All the samples were pre incubated in dark for 3h and irra-
diated for 3 min using a light of 670 nm wavelength. All the samples
were serially diluted in Luria Bertani broth (100 uL) and kept for in-
cubation at 37 °C for 24 h. After incubation, the wells were rinsed with
sterile PBS and to the each well, 100 pL of 0.5% freshly prepared TTC
was added. A similar experiment was conducted and incubated in dark
for comparison. The plates were incubated for 5min at room tem-
perature and the absorbance was measured spectrophotometrically at
485 nm.

2.10.3. Exopolysaccharides (EPS) quantification assay
Exopolysaccharides was quantified using the congo red (CR) agar
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method [34]. A standard suspension of test cultures equivalent to 0.5
McFarland standard was used for the light and dark treatment. The
bacterial cultures were treated with CNT, TB and TBCNT (50 pg/mL)
and the control samples were maintained without any compound. The
samples were pre-incubated in dark for 3h. Two experimental setups
were maintained where one was irradiated with light and other kept in
dark condition. The irradiated and non-irradiated samples were in-
oculated in BHI broth having 1% sucrose and incubated for 24 h at
37°C. After 24h of incubation, the medium was removed, and the
biofilms formed were gently washed with PBS. Fresh medium was
supplemented to the wells along with 50 uL of 0.5mM CR. The plates
were incubated for 2h at room temperature and centrifuged at
10000 rpm for 5min. EPS was quantified spectrophotometrically by
measuring the ODy4go of the supernatant. The absorbance value of
treated sample was subtracted from the blank CR to calculate the
amount of EPS produced.

2.11. Confocal laser scanning microscopic analysis (CLSM)

Effect of aPDT on the biofilms when treated with CNT, TB and
TBCNT was observed using confocal laser scanning microscopic ana-
lysis [35]. Biofilms were provided with growth conditions to establish
on sterile coverslips placed in the wells having BHI broth with 1% su-
crose. The experimental setup was incubated for 48h at 37 °C. The
biofilms formed were treated with CNT, TB and TBCNT (50 pg/mL) and
irradiated for 3 min. Non-irradiated samples were also maintained for
comparison. After the treatment both irradiated and non-irradiated
samples were washed with sterile PBS to remove planktonic cells. Cells
in the biofilm were stained with acridine orange and ethidium bromide
at room temperature and left undisturbed for 15 min. Biofilms were
visualized using a CLSM (LSM710, Carl Zeiss, Jena, Germany) equipped
with argon laser with an excitation wavelength of 488 nm.

2.12. Statistical analysis

All the experiments were conducted in triplicate and represented
with their mean and standard deviation. One-way ANOVA was used to
analyze the results and the statistically (P < 0.05) significant results
were represented with asterisk (*) symbol.

3. Results
3.1. Characterization of TBCNT conjugate

The optical properties of CNT, TB and TBCNT were determined
using UV-Vis absorption spectroscopy. An intense peak for CNT at
273 nm due to n- & transition in the aromatic ring was observed. The
maximum absorbance of TB was observed at 610 nm and a secondary
absorption peak at 290 nm. In TBCNT conjugate, peaks observed at 280
and 630nm were correspond to the absorbance of CNT and TB re-
spectively (Fig. 1A). The quenching in the absorption peaks of TBCNT
indicated the binding of TB on to carbon nanotubes. The UV-vis ab-
sorption results confirmed the conjugation of cationic dye on CNT. In
HRTEM micrograph cylindrical, coiled and branched CNT were ob-
served (Fig. 1B). The infra-red spectra (IR) of CNT, TB and TBCNT were
shown in Fig. 2B. The IR spectra of TB showed characteristic vibrations
at 1037.2, 1353.4, 1444.1, 1489.2, 1535.7 and 3267.7cm™"'. The
functional groups present in CNT were graphed at 1073.6, 1458.3,
1544.8 and 3451.1 cm ™. In CNT, a characteristic oxygen containing
band obtained at 3451.1 cm ™! corresponds to the O—H stretching vi-
bration and a band at 1073.6 cm ™! corresponds to the C—O stretching
vibrations of — COOH groups. A sharp peak at 1544 cm ™! attributes to
the C=C stretching of the benzene ring with C-H bending. The aro-
matic ring band of TB is observed at 1535.7 cm ™' and the band at
3267.1cm™! depicts N—H stretch due to the primary amine. The
characteristic IR spectra of TBCNT conjugate graphed with peaks at
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Fig. 1. (A) UV-vis spectroscopic analysis of CNT, TB and TBCNT. CNT and TB exhibited maximum absorbance at 273 and 610 nm respectively. Absorbance bands for

TBCNT were recorded at 280 and 630 nm. (B) HRTEM micrograph of TBCNT.

1060.2, 1327.9, 1436.2, 1592.8, 2922.6 and 3442.9cm™' and re-
presents presence of TB and CNT (Fig. 2A). FTIR spectrum of TBCNT
conjugate confirms the conjugation of dye on nanoplatform.

In Raman spectra characteristic peak of TB was observed at
448 cm ™ 'that is associated with the C—N—C skeletal deformation mode
(Fig. 2B). Two prominent peaks observed at 1394 and 1623 cm ™~ at-
tributes to C—N symmetrical stretching and C—C ring stretching re-
spectively. Raman spectra of functionalized CNT showed 2 main first
order bands at 1603.1 (G or graphitic band) and 1312.2 cm ™! (D or
defect band) which corresponds to the vibrations in the planes of the
graphene sheets and the defects in the sidewalls of carbon nanotubes
respectively. In TBCNT conjugate peaks at 1309.3, 1600, 1760.7,
1853.5, and 1925.5 cm ™! correspond to the raman bands of both CNT
and toluidine blue. Photoluminescence excitation and emission prop-
erties of CNT, TB and TBCNT were studied using fluorescence spec-
trophotometry. The emission spectra of TB and CNT were recorded at
670 and 375 nm respectively (Fig. 3B and D). The excitation spectra of
TB and CNT were observed at 590 and 290 nm (Fig. 3Aand C). The
photoluminescence spectrum of TBCNT showed emissions at 657 nm
and 361 nm that corresponds to the emission of TB and CNT respec-

tively (Fig. 4A and B). The excitation spectra of TBCNT were graphed at
A 4000 3500 3000 2500 2000 1500 1000 500
1 T T T T ¥ T T T

CNT ]

Transmittance %
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625 and 273 nm showing TB and CNT excitations respectively (Fig. 4C
and D).

3.2. Loading capacity of TB and entrapment efficiency of CNT

Loading and entrapment efficiency are the two important para-
meters for achieving enhanced phototoxicity against test bacteria. The
loading capacity of TB was found to be 12.04 *= 0.55%. The entrap-
ment efficiency of CNT was estimated as 48.99 = 2.33%.

3.3. Dye release study

In vitro release profile of TB from TBCNT was studied at different
time intervals in PBS at room temperature. A continuous release profile
of TB was observed with a saturation point at the 180 min (Fig. 5A). The
initial release was found to be 19.94 + 1.61% and which further in-
creased to 98.98 = 3.34% at 180 min. The release profile shows a
complete release of TB from TBCNT at 180 min.
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g. 2. (A) FTIR spectra of CNT, TB and TBCNT showing characteristic functional groups. (B) Raman spectra of CNT, TB and TBCNT.
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3.4. Bacterial uptake of TB

The internalization of dye through the bacterial membrane is an
important parameter to achieve significant photodynamic inactivation
of bacteria. Fig. 5B and C represents the uptake of free dye and TBCNT
by P. aeruginosa and S. aureus at different time intervals. The maximum
amount of TB (37.53 * 1.31%) and TBCNT (54.19 + 2.43%) uptake
was occurred at 120 min in P. aeruginosa PAO1 (Fig. 5B). The amount of
TB uptake from free dye and TBCNT by S. aureus was estimated as
46.57 + 2.26 and 58.96 = 3.28% respectively at 120 min (Fig. 5C).

3.5. aPDT of planktonic bacteria

The photodynamic destruction of P. aeruginosa and S. aureus in
presence of CNT, TB and TBCNT with a radiant exposure of 58.49 J/
cm? for 3min was evaluated. The results were represented as loga-
rithmic reduction in the planktonic cells. The TB and TBCNT treated
cells of both the test bacteria showed a significant decrease in plank-
tonic cells. P. aeruginosa treated with TBCNT showed 4.91 log;, re-
duction compared to 2.20 log;o reduction when treated with TB
(Fig. 5D). Planktonic cells of S. aureus showed a log;o reduction of 5.47
and 2.21 in TBCNT and TB treated samples with light irradiation.

3.6. Study of mechanism of action

3.6.1. Detection of ROS

P. aeruginosa and S. aureus treated with TB and TBCNT were ob-
served more DCF fluorescence intensity suggesting higher amount of
ROS production. The fluorescence intensity was more in the samples
treated with TBCNT compared to the control and non-irradiated sam-
ples. A less fluorescence intensity was measured in CNT, TB and TBCNT
treated bacteria without irradiation. The fluorescence intensity de-
tected in the irradiated samples was a measure of ROS generated inside
the bacteria which influences the cellular damage and photodynamic
destruction (Fig. 6A and B).

3.6.2. Cytoplasmic protein leakage

The effect of aPDT on cell membrane was evaluated by measuring
the leakage of protein from the cells. The amount of protein leaked in S.
aureus after treatment with TBCNT and TB was 63.41 *+ 1.52 and
21.81 = 1.14% after light exposure respectively. P. aeruginosa showed
a protein leakage of 59.19 + 1.45 and 20.76 = 0.74% in TBNCT and
TB treated samples after irradiation (Fig. 6C). Protein leakage from cells
after photoactivation of TBCNT was significantly higher than TB and
CNT treated cells. The TBCNT irradiated samples exhibited more pro-
tein leakage compared to the non-irradiated samples.

3.6.3. Lipid peroxidation
Lipid peroxides formed after aPDT was measured using MDA
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with respect to the dark control (P value < 0.05).

standards and found maximum peroxidation in TBCNT treated bacterial
cells irradiated with laser. P. aeruginosa and S. aureus treated with
TBCNT after aPDT exhibited a lipid peroxidation of 12.34 + 0.74 and
11.82 = 0.68 nM/mL respectively (Fig. 6D). The lipid peroxidation
was less in samples treated with TB and TBCNT without light irradia-
tion.

3.7. Antibiofilm activity

3.7.1. Biofilm inhibition

CNT, TB and TBCNT treated bacteria showed higher biofilm in-
hibition after light irradiation compared to the dark condition. TBCNT
conjugate exhibited a significant photodestruction in the biofilm for-
mation after aPDT on the test bacteria. After light irradiation TBCNT
conjugate reduced the biofilm formation in P. aeruginosa and S. aureus
by 69.94 = 2.90 and 74.54 * 3.77% respectively (Fig. 7A). The for-
mation of biofilms in P. aeruginosa and S. aureus was inhibited to
34.36 = 2.90 and 45.22 + 1.04% in TB treated samples after light
irradiation.
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3.7.2. Cell viability

The reduction in the viable cells of P. aeruginosa PAO1 after the
treatment with TBCNT and free TB in light irradiation was
56.64 + 2.15 and 28.82 + 1.51% respectively (Fig. 7B). TBCNT and
TB treated S. aureus after light irradiation showed 65.28 + 2.58 and
33.50 + 2.01% reduction in cell viability. An enhanced reduction in
the cell viability was observed in the samples with light irradiation.
Bacteria treated with CNT, TB and TBCNT after irradiation exhibited
more reduction in cell viability when compared with non-irradiated
samples.

3.7.3. EPS quantification

The effect of aPDT on exopolysaccharide (EPS) production was
quantified and a significant reduction was observed in TBCNT treated
cells after irradiation. High amount of EPS production was observed in
control. EPS production was reduced to 44.51 = 2.71 and
57.25 = 3.15% in P. aeruginosa and S. aureus treated with TBCNT after
light irradiation (Fig. 7C). In contrast EPS production was reduced to
24.49 * 2.16 and 27.11 = 1.87% in P. aeruginosa and S. aureus after
the treatment with TB.
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3.8. CLSM analysis

The effect of aPDT on both bacterial species was visualized using
CLSM. Bacterial cells treated with TB and TBCNT with light irradiation
showed more-red fluorescence whereas control biofilms showed green
fluorescence. The red and green fluorescence corresponds to the dead
and live cells after irradiation. The intensity of red-fluorescence was
predominant in TBCNT treated biofilms of P. aeruginosa PAO1 and S.
aureus after light irradiation (Fig. 8). CLSM images represents photo-
destrcution of biofilms in the CNT, TB and TBCNT treated bacteria after
light irradiation.

4. Discussion

Infections associated with antibiotic resistant bacteria are the pri-
mary challenge to public health sector, due to high rates of morbidity
and mortality. Multi drug resistant Gram positive and Gram negative
bacteria are difficult to treat with conventional antimicrobials [35].
Biofilm forming pathogenic bacteria are responsible for infections such
as urinary tract infections (UTI), catheter infections, medical device
related infections, middle ear infections, caries and periodontitis. Mi-
crobial biofilms are having different properties where self-produced
polymeric matrix as surface structure makes them resistant to available
antibiotics and antibacterial treatments [36]. These biofilms are char-
acterized by a significant decrease in their antimicrobial susceptibility.
For instance, researchers reported that S. aureus biofilms require 100
times more MBC concentration of vancomycin for a 3 log reduction in
cells [37]. Some of the known nosocomial pathogens responsible for
catheter related infections such as P. aeruginosa and S. aureus establish
biofilms on catheter surfaces. These organisms possess various me-
chanisms of antibiotic resistance and difficulty to prevent [38]. One of
the promising alternatives to the currently available antibiotics is an-
timicrobial photodynamic inactivation. aPDT is a photochemical pro-
cess where a nontoxic photosensitizer (PS), photo activated in presence
of light of appropriate wavelength. The photoactivated PS generates
reactive oxygen intermediates which are cytotoxic in nature and da-
mage cellular components [39].

In this context primary focus of this study was to enhance the an-
tibiofilm efficacy of toluidine blue (photosensitizer) by conjugating
with multiwalled carbon nanotubes. There are several metal and metal
oxide nanoparticles studied for their antimicrobial and antibiofilm
properties against broad range of microorganisms [39-41]. Among the
carbon nanostructures, carbon nanotubes are having strong anti-
microbial activity, suggesting its vast applications in biomedical field.
The lethal antibacterial and antibiofilm properties of CNT are highly
influenced by their size, diameter, doping, surface functionalization,
electronic structure, residual catalyst and surface chemistry [18].
Carbon nanotubes are known to be excellent drug carriers and also
possess photo activities. Carbon nanotubes exhibit higher amount of
ROS production under UV illumination than other carbon nanos-
tructures like fullerene. Multiwalled carbon nanotubes conjugated with
various metallic elements such as TiO, and Si exhibited greater pho-
totoxicity against E. coli upon illumination with visible light for 60 min
[42].

Although the reports regarding the antimicrobial photodynamic
inactivation of biofilms using TB are available, photodynamic in-
activation of P. aeruginosa and S. aureus using TBCNT nanoconjugate
was not studied. This is the first report on potent antimicrobial and
antibiofilm efficacy of photoactivated toluidine blue conjugated carbon
nanotubes against P. aeruginosa and S. aureus. Positively charged dye
toluidine blue has significantly inhibited the growth of several Gram
negative and positive bacterial pathogens especially oral bacteria. In
previous studies, lipopolysaccharides of E. coli and proteases of P. aer-
uginosa were photoinactivated in presence of toluidine blue [43].

The prepared nanoconjugate was characterized using UV-vis spec-
troscopy, FTIR, Raman spectroscopy and photoluminescence
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Control

aeruginosa
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spectroscopy. According to the previous reports CNT and TB showed a
maximum absorbance at 280 and 630 nm respectively [44]. Functional
group analysis carried out by FTIR spectroscopy depicted the con-
jugation of dye with carbon nanotubes [45]. The Raman shifts of CNT
and TB observed were in agreement with the previous reports [46]. The
characterization of TBCNT using various techniques confirmed the
conjugation of TB on CNT.

Loading capacity of dye and entrapment efficiency of CNT are two
important parameters in antimicrobial photodynamic inactivation. The
efficiency of photodynamic destruction varies according to the photo-
sensitizer properties including the amount of energy needed to activate
the PS, penetration depth of laser, the charge and purity of the PS
molecule, specificity of PS for the bacteria, time of illumination and the
uptake kinetics. The loading and encapsulation efficiency of TB was
measured as 12.04 + 0.55% and 48.99 + 2.33, where as in Usacheva
et al., 2016 has reported the loading of TB in alginate nanoparticles as
10.8 = 2.2% [27]. Moreover TBCNT conjugate was observed with
maximum release of dye at 180 min when compared to other nano-dye
conjugate. The release of TB from a carbomer hydrogel was reported as
68.26% in 24 h [23]. The release profile of TB from TBCNT showed a
sustained and controlled release (98.98 + 3.34%) with a saturation
point after 180 min. Uptake of TB- alginate nanoparticle and free TB by
P. aeruginosa was reported as 39.4 and 22.7% respectively [27]. Binding
efficiency of dye to the bacterial cells differs based on the physiology of
bacterial membrane and charge of dye molecules. In this work, TBCNT
uptake was recorded as 54.19 + 2.43 and 58.96 + 3.28% in P. aeru-
ginosa and S. aureus bacterial system respectively which lead to the
effective photodynamic destruction of bacteria. The high uptake of dye
from TBCNT conjugate over free dye has indicated the advantage of
using nanoplatform in this work for the effective antimicrobial photo-
dynamic inactivation of test bacteria.

The TBCNT conjugate synthesized in this work is having the
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Fig. 8. CLSM analysis of P. aeruginosa PAO1 and S.
aureus. (A and E) 3D images of non-irradiated and ir-
radiated (control) biofilms; (B and F) non-irradiated
and irradiated biofilms in the presence of CNT; (C and
G) non-irradiated and irradiated biofilms in the pre-
sence of TB; (D and H) non-irradiated and irradiated
biofilms in the presence of TBCNT.

following beneficial characteristics: (i) The TBCNT conjugate synthe-
sized is an effective broad spectrum antibacterial agent; (ii) TB exerted
phototoxic effect on both the test bacteria, P. aeruginosa PAO1 and S.
aureus (iii) The conjugation of dye onto CNT results in the effective
delivery of PS to the biofilms and enhanced activity [22]. The photo-
inactivation of TBCNT conjugate on planktonic cells and biofilms of P.
aeruginosa PAO1 and S. aureus was observed more when compared to
previous reports. Previous studies on aPDT using chitosan-TB reported a
4 log reduction of S. aureus and P. aeruginosa with a radiant exposure of
20J/cm 2 [47]. In another study on photodynamic therapy, oral mi-
croorganisms in their planktonic stage were significantly reduced to
3.06 log;¢o CFU/mL when treated with toluidine blue (100 pg/mL) with
an exposure time of 5min. In the same study, they have found that
biofilms of oral bacteria were significantly reduced to 2.21 log;, [48].
The present study showed a 4.91 and 5.47 log,, reductions of P. aeru-
ginosa PAO1 and S. aureus respectively with a radiant exposure of
58.49J/ cm”.

The mechanism of action of aPDT on both the bacterial species was
studied through cytoplasmic leakage and lipid peroxidation activities.
The ROS generated after aPDT was responsible for the altered cell
membrane integrity which leads to cellular damage [49]. Light acti-
vated PS generates ROS which causes the oxidation of certain vital
biomolecules, leakage of cytoplasmic contents and lipid peroxidation
[49,50]. The antibacterial activity of nanoconjugate can be enhanced
more by reducing the dimension of carbon nanotubes. Previous studies
showed that CNT with shorter length are having increased surface area
which aids in the enhanced interaction and uptake by bacteria. The
biological effects exhibited by shorter CNTs will be improved compared
to the larger form [17]. In future, antimicrobial photodynamic activity
of TBCNT conjugate can be improved by reducing the dimension of
carbon nanotubes.

TBCNT conjugate prepared in this study exhibited significant
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photodestruction on planktonic cells and biofilms of test bacteria. The
photodynamic therapy using TBCNT conjugate can be used as an al-
ternative approach to the conventional methods in the treatment of
localized infections and the infections associated with medical devices.

5. Conclusion

Nanotechnology has grazed upon several fields of biology and
medicine. Particles in their nanosize have gained more attention in
antimicrobial therapy as drug carriers. Carbon nanotubes are known as
attractive scaffolds for the targeted delivery of drug with improved
efficacy. In this work CNT is used as a dye delivery vehicle to the
bacterial cells which enhances the antimicrobial photodynamic in-
activation of bacteria. This is the first report on TBCNT conjugate for
photodynamic inactivation. The present study provides insights into the
synthesis and mechanism of antimicrobial activity of TBCNT conjugate
after light illumination. The toluidine blue conjugated carbon nanotube
was successfully used for the reduction and eradication of both the
planktonic cells and biofilms of P. aeruginosa and S. aureus. The novel
conjugate can be used as an effective antimicrobial agent to treat drug
resistant and biofilm forming bacteria.
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