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Highlights:

¢ Nano-Graghene oxide (NGO) as a novel platform of conjugation of indocyanine green (ICG)
can enhance antimicrobial photodynamic therapy (aPDT).

¢ NGO-ICG-PDT significantly reduced cell viability of E. faecalis by 2.81-log as compared to
the control group (untreated bacteria; all P < 0.05).

e A 99.4% reduction was observed in biofilm formation ability of E. faecalis in NGO-ICG-PDT
as compared to the control group (P < 0.05).

o NGO-ICG-PDT antimicrobial activity against E. faecalis at lower ICG concentrations (200
ug/mL) was 47% more than ICG-PDT (1000 pg/mL) (P<0.05)

o NGO-ICG-PDT anti-biofilm activity against E. faecalis at lower ICG concentrations (200
ug/mL) was 1.3 time more than ICG-PDT (1000 pg/mL, P > 0.05)

Abstract

Background: Recently developed photodynamic therapy (PDT) has gained attention for
achieving effective root canal disinfection. Using an optimized nontoxic photosensitizer (PS),
such as indocyanine green (ICG), is an imperative part of this technique. Therefore, the
objective of the current study was to improve ICG photodynamic properties through
incorporation of ICG into nano-graphene oxide (NGO) in order to produce NGO-ICG as a
new PS and also to assess the antimicrobial effects of NGO-ICG against Enterococcus
faecalis after photodynamic therapy.


mailto:abahador@sina.tums.ac.ir
mailto:ab.bahador@gmail.com

Materials and methods: NGO-ICG was synthesized based on oxidation of graphite flakes
and direct loading of ICG onto NGO. NGO-ICG formation was confirmed using the Fourier
Transform Infrared Spectroscopy (FT-IR), Scanning Electron Microscopy (SEM), and UV—
Vis spectrometry. The antimicrobial and anti-biofilm potential of NGO-ICG against E.
faecalis was assessed via colony forming unit and crystal violet assays, respectively.

Results: FT-IR, SEM and UV-vis spectrometry confirmed successful synthesis of NGO-ICG
containing 200 pg/mL of ICG. NGO-ICG-PDT at an energy density of 31.2 J/cm? showed a
significant reduction (2.81 log) in the count of E. faecalis (P < 0.05). NGO-ICG-PDT
significantly reduced the biofilm formation ability of E. faecalis up to 99.4% (P < 0.05). The
overall antimicrobial and anti-biofilm potential of NGO-ICG-PDT was higher than PDT
based on ICG (1000 pg/mL) (47% and 21%, respectively).

Conclusion: Because NGO-ICG-PDT showed a significant reduction in the number and
biofilm formation ability of E. faecalis at low ICG concentrations (200 ug/mL), it could be a
new approach to adjuvant treatment of endodontic infections.

Keywords: biofilm, Enterococcus faecalis, indocyanine green, nano-graphene oxide,
photodynamic therapy

1. Introduction

One part of endodontic infection treatment is the management of microorganisms and
their by-products, which targets the microorganisms residing inside the infected root canal
system [1]. The complexity of the root canal system and increased bacterial resistance make
it practically impossible to completely remove microorganisms from infected root canals
through instrumentation, irrigation, and intracanal medicaments [1-3].

Enterococcus faecalis, a facultative anaerobic Gram-positive coccus, is one of the
most predominant bacteria isolated from root canals after endodontic failure [4]. Reports
show that E. faecalis is resistant to common antimicrobial irrigants such as sodium
hypochlorite, calcium hydroxide, and chlorhexidine due to biofilm formation [5]. Evidence
shows that bacteria in biofilm matrices are more resistant (up to 1000 times more resistant) to
antimicrobial agents when compared to their planktonic counterparts [6]. Moreover, some
chemical disinfectant treatments have also been discontinued due to their side effects of
tissue damage or accidental injury caused by leakage [3]. Therefore, it is essential to develop
effective root canal disinfection methods to improve the outcomes of endodontic infection
treatment [7, 8].

Successful endodontic infection treatment requires an effective disinfectant technique
such as photodynamic therapy (PDT) [7, 9, 10]. The reason that PDT has gained attention
among other treatments is the fact that it not only disinfects the root canal, but also preserves
or possibly improves the chemical/mechanical stability of the dentin. The principle of PDT is
based on a nontoxic photosensitizer (PS) which is activated by specific wavelengths and
forms cytotoxic reactive oxygen species (ROS) that can directly damage sub-cellular
components [9-11]. The efficacy of PDT depends on the type, concentration, and incubation
time of PS, and laser parameters including wavelength, power density and time of irradiation
[9]. For PSs with a negative charge (i.e. anionic PSs) like indocyanine green (ICG), the
reduced efficacy of PDT is mostly attributed to the reduced interaction between the PS and
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cell the surface of negatively charged microorganisms which decrease the production of ROS
during photoactivation [12].

In order to improve the binding of ICG to microorganisms, studies suggest
development of nano-PS conjugates for photodynamic therapy [12, 13]. Recently, nano-
graphene oxide (NGO), an oxidized derivative of graphene, has earned popularity in
biomedical applications due to its high surface area, high functional groups and cost-effective
large scale synthesis [13]. So, the objective of the current study was to improve ICG
photodynamic properties through incorporation of ICG into NGO in order to produce
NGO-ICG as a new PS and also to assess the antimicrobial effects of NGO-ICG against
E. faecalis after photodynamic therapy by counting colony forming units (CFUs) and
biofilm formation ability as a major virulence factor. By revealing a significant increase
in antimicrobial properties of NGO-ICG compared to ICG against E. faecalis, at least in
part, our findings might help devise strategies for effective adjuvant treatment of
endodontic infections as well as other local oral infections.

2. Materials and Methods
2.1. Preparation of NGO

GO (Qingdao Tianhe Graphite Co. Ltd., Quingdao, China) was synthesized based on
a modified Hummers method [14]. Graphite flakes were oxidized using a combination of
powerful reagents, i.e. sulfuric acid (H2SOs4, 99%), potassium persulfate (K.S20s), and
phosphorus pentoxide (P2Os) (all were purchased from Sigma-Aldrich, St Louis, MO, USA).
After that, GO powder was initially dispersed in dry toluene and then sonicated at room
temperature (2522 °C). Then, dispersed GO was treated with 3-aminopropyltriethoxysilane
(APTES) in toluene under nitrogen atmosphere for 24 h at 110 °C. Finally, residual APTES
was completely removed by repetitive toluene washing. The product was left to dry overnight
in a vacuum drying oven (Thermo Napco vacuum Oven Model 5831., MA, USA) [15]. After
that, NGO was transferred to the solution. Then, the precipitates were washed with distilled
water and ethanol at 20 °C and finally dried in a vacuum desiccator [16].

2.2. Loading of ICG onto NGO-ICG

Loading of ICG (Serva, USA) onto NGO was performed according to the following:
first, ICG (2 mg) was added to 5 mL NGO (2 mg/mL) and the suspension was stirred. The
product was centrifuged at 6000 rpm for 10 min at 10 °C to remove unbound ICG molecules.
The fabricated NGO-ICG material (Figure 1) was stored at 4 °C in the dark for further use
[17].

2.3. Confirmation of synthesized NGO-ICG

Fourier Transform Infrared Spectroscopy (FT-IR) on a Magna-IR 750 FT-IR
spectrometer (Nicolet, USA) was applied for confirmation of synthesized NGO-ICG.
Characterization of multifunctional groups, and types of chemical bonds of the NGO-ICG,
and general structure of NGO-ICG were confirmed by FT-IR and scanning electron
microscopy (SEM).
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2.4. Spectral analysis of NGO-1CG

Ultraviolet-visible (UV-Vis or UV/Vis) spectra were compared before and after
loading ICG onto NGO (ICG vs NGO-ICG) using the UV-Vis spectrometer (Lambda 25,
PerkinElmer, USA) for determination of spectral properties of ICG in the presence of GO.

2.5. Bacterial strain and culture conditions

In this study, the strain ATCC 29212 of E. faecalis was used. It was aerobically
cultured in the fresh brain heart infusion (BHI) broth (Merck, Darmstadt, Germany) at 37 °C
until the logarithmic growth phase was achieved (4-5 h). The cell density was adjusted in a
spectrophotometer to a final concentration of 1.0 x 106 CFU/mL (optical density [OD] 600
nm: 0.2) [10].

2.6. Preparation of photosensitizer for ICG-PDT
In order to prepare an appropriate stock dilution of ICG (Serva, USA), 4 mg/mL ICG
was dissolved in sterile distilled water and kept in dark conditions before use.

2.7. Light source

The 810 nm diode laser system (DX82, Konftec, Taiwan) with an output power of
250 mW was used for a period of 60 s on a surface of 0.384 cm? with a diameter of 6.39 mm
as a light source for PDT experiments [18].

2.8. Study design

To evaluate the effect of PDT based on NGO-ICG and PDT based on ICG on
virulence characteristics of E. faecalis, the test groups containing E. faecalis strains were
subjected to:

A. ICG group (at final concentration of 1000 pg/mL)

B. ICG + Laser group (at final concentration of 1000 ug/mL of ICG + irradiation at
an energy density of 31.2 J/cm?)

C. NGO-ICG group (at an incorporated concentration of 200 pg/mL of ICG)

D. NGO-ICG + Laser group (at an incorporated concentration of 200 pg/mL of ICG
+ irradiation at an influence rate of 31.2 J/cm?)

E. Control group: only bacterial suspension

2.9. Antimicrobial Photodynamic Therapy (aPDT)
2.9.1. Colony count assessment

The antimicrobial effect against E. faecalis was evaluated by the broth micro-dilution
method in accordance with the Clinical and Laboratory Standards Institute (CLSI) [19] as
described previously [10]. Panel A and B were used for the evaluation of the antimicrobial
effect of the test group A and B, respectively. The wells of a 96-well round-bottomed sterile
polystyrene microplate (TPP; Trasadingen, Switzerland) were filled (100 pL) with ICG at a
final concentration of 1000 pg/mL and then 100 pL of the fresh bacterial suspension in 2X
BHI broth (final concentration of 1.0x 10° CFU/mL) was added to the wells. In panel C and
D, 100 pL NGO-ICG (at a final concentration of 200 ug/mL of incorporated ICG) was added
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to wells and then 100 pL of fresh bacterial suspension in the BHI broth (at a final
concentration of 1.0x 10° CFU/mL) was added to the wells. All panels had one column as the
positive control (bacterial growth) and one column as the sterility control (without bacterial
inoculation). All panels were incubated in the dark for 5 min at room temperature. After
incubation, the panels B and D were irradiated using the diode laser 810 nm for 60 s in a
continuous mode. Then, ten-fold serial dilutions (up to 107°) of the content of each well in all
panels were prepared in phosphate-buffered saline (PBS; 10 mM Na2HPO4, 2 mM
NaH2PO4, 2.7 mM KCI and 137 mMNaCl at pH 7.4). Samples (10 pL) from each dilution
were placed on the BHI agar (Merck, Darmstadt, Germany) and spread over the entire agar
surface with a sterile spreader (1:10 dilution). Ten pL of the positive control well was
transferred and spread over a non-selective enriched nutrient agar (e.g., blood agar plates) for
purity checkup.

To ensure that the column contained 2-8 x 10° CFU/mL bacteria (the acceptable
range), 10 pL of the positive growth control was diluted with 1 mL saline (1:100 dilution)
and mixed; then, 10 pL of the suspension was transferred to a non-selective agar medium
(e.g. trypticase soy agar) and spread over the entire agar surface with a sterile spreader (1:100
dilution). The colony count plates and the purity plates were incubated at 37 °C for 24 h. The
calculation of the colony count (CFUs/mL) of the test wells was done based on the method of
Miles and Misra [20].

2.9.2 Assessment of biofilm formation ability in treated planktonic E. faecalis by crystal
violet assay

The biofilm forming ability of E. faecalis was observed to be in agreement with a
previous study [18]. The free-floating bacteria (150 pL aliquots) in planktonic suspension
which were adjusted to a final concentration of 1.5x10® CFU/mL were placed in flat-
bottomed microplates (TPP; Trasadingen, Switzerland). The anti-biofilm formation ability of
each of the above groups A-E (study design) was evaluated as described previously [10].
After each treatment, the microplates were incubated at 37 °C for 24 h to allow biofilm
formation. After pouring out the contents of the microplates and washing them with PBS, the
remaining suspension of the wells containing free-floating planktonic bacteria was removed.

The biofilm was quantified in accordance with previous studies [6, 21-24]. In short,
200 pL of 0.1% (wt/vol) crystal violet was used to stain biofilm cells at room temperature (25
+2 °C) for 15 min. After two rounds of PBS washing, the wells were treated with 95%
ethanol at room temperature for 10 min and left to dry. In order to quantify the biofilms, the
wells were filled with acetic acid (150 pL of 33% [vol/vol]) and the absorbance
quantification was determined by a microplate reader (Thermo Fisher Scientific, US) at 570
nm. The biofilm formation was clarified according to the criteria mentioned in a previous
study, [6].

2.10. Statistical Analysis
The results of the colony count measurements and biofilm formation assessment groups were
statistically analyzed using the two-way analysis of variance (ANOVA) followed by Tukey’s



test. All experiments were performed at least three times, and the results were reported as
meanz standard deviation (SD). The significance level was set at 0.05.

3. Results
3.1. FT-IR and SEM analysis

FT-IR analysis confirmed the synthesis of NGO-ICG in this study. The FT-IR spectra
of GO showed the characteristic peaks of GO at 3420 cm™t (O-H st), 1740 cm™ (C=0 st),
1630 cm™ (C=C st), 1221 cm™* (C-O st) and 1074 cm™* (C-O-C), confirming the successful
formation of GO.

ICG was successfully conjugated to the surface of NGO according to indication of the
stretching vibrations of S=0, C-S, and S-O (1074 cm™). Another confirmation for the
loading of ICG was the presence of the vibrational stretching of C=N and C=C at 1644 cm!
and 1424 cm* respectively, as well as the vibrational stretching of the single-bond C-N at
1356 cm™?, which are all reported in ICG. As shown in Figure 2, the SEM image implied that
the sheets that formed NGO-ICG were smooth with small wrinkles at the edges.

3.2. Spectral analysis of NGO-ICG

As shown in Figure 3, comparison of UV-Vis spectra before (the black line) and after
ICG loading on NGO (the red dotted line) showed successful loading of ICG onto NGO.
Comparison of the absorption spectrum of NGO (Figure 3; blue line) and the absorption
spectrum of free ICG (Figure 3; black line) indicated that the ICG molecules were loaded on
the surface of the NGO due to strong m —x stacking and hydrophobic interactions. This effect
was clearly shown in the NGO-ICG absorption spectrum (Figure 3; red line).

3.3. CFU count

NGO-ICG-PDT and ICG-PDT significantly reduced cell viability of E. faecalis by
2.81- and 1.91-log as compared to the control group (untreated bacteria; all P < 0.05; Figure
4) respectively, whereas there was no remarkable reduction in the bacterial population in
NGO-ICG and ICG alone (P > 0.05). A significant difference was observed between the
antimicrobial effect of NGO-ICG-PDT at a final concentration of 200 pg/mL of incorporated
ICG and ICG-PDT at a final concentration of 1000 ug/mL of ICG (90.6- and 43.6- percent
reduction in bacterial count, respectively; P < 0.05; Figure 4).

3.4. PDT reduced biofilm formation in E. faecalis by crystal violet assay

A 99.4 % and 78.2% reduction was observed in the ability of biofilm formation of E.
faecalis for NGO-ICG-PDT and ICG-PDT respectively as compared with the control group
(P < 0.05). Our results showed that biofilm formation of E. faecalis was not significantly
reduced when the bacterial cells were treated with NGO-ICG and ICG alone (P > 0.05;
Figure 5). The anti-biofilm potential of NGO-ICG-PDT at a lower final concentration of ICG
(200 pg/mL) was 1.3 time more than the ICG-PDT at a higher final concentration of ICG
(1000 pg/mL) (P > 0.05).

4. Discussion



Enterococcus faecalis is a significantly resistant endodontopathogenic bacterial
species, and conventional disinfectant treatments only cause a partial reduction in this species
[25]. The biofilm formation ability of E. faecalis is the most important factor involved in
bacterial resistance to antimicrobial agents. Numerous in vitro, ex vivo, and in vivo studies
using PDT indicate that this approach can potentially maximize biofilm microbial
degradation [18, 23, 26].

The efficiency of PDT depends on several factors such as the type and concentration
of PS, and energy dose and irradiation time of the light. There are important factors that make
a PS ideal for PDT, including low levels of dark toxicity, high interaction with microbial
cells, and the presence of absorption bands in the so-called optical window (600-900 nm) for
sufficient tissue penetration of light [27]. ICG has received the Food and Drug
Administration (FDA) approval for clinical applications and also has the near-infrared (NIR)
absorption which is thought to be an effective PS against Gram-positive and Gram-negative
oral bacteria [17]. However, several limitations of ICG molecules, such as concentration-
dependent aggregation in aqueous solutions [17], low interaction with microbial cells, and
poor delivery to the target site [28], lead to decreased efficiency of aPDT [11]. Therefore, the
future of PDT largely depends on introducing more effective PSs. In addition to the
photochemical processes, several factors are important in aPDT efficiency, such as targeting
of microorganisms. [9].

Modifications to the ICG molecule in order to improve its photodynamic properties
have been addressed in recent studies. A study showed that PDT based on nanochitosan
(NC)-ICG, as a new PS, had significant antimicrobial effects against Porphyromonas
gingivalis when compared to the ICG-PDT. While PDT based on ICG (500 ug/mL) did not
cause any significant antimicrobial effect on P. gingivalis, application of the NC-ICG reduced
the CFU/mL by two logio for P. gingivalis [29]. It was revealed that the surface of NC-ICG
was given a positive charge by a chitosan coating to improve its ability to adhere to the
bacteria than the ICG [29]. Sasaki et al. [30] demonstrated that PDT that photosensitizes
ICG-loaded nanospheres through the gingivae from outside the pocket using a diode laser has
marked bactericidal effects against P. gingivalis, with reductions in colony-forming units of
four logio (99.99% reduction) compared with the control group. ICG-loaded nanospheres
coated with chitosan (ICG-nano/c) demonstrate nano-spherization, positive charging of the
chitosan coating of the PS, and improved antimicrobial effects of PDT [29]. Another in vitro
study [31] showed that combination of Trolox™ antioxidant, a water soluble vitamin E
analogue, with ICG significantly enhanced the antimicrobial effect of ICG up on irradiation
with NIR-laser-light against different periodontopathogenic bacterial species. It is known that
under hypoxic conditions, antioxidants can also serve as substrate for PSs of the excited
triplet state, causing intense formation of superoxide radical anions and other ROS [32].

However, different studies have already indicated the enhancing character of GO in
ICG-PDT treatment of neoplastic cells. For example, Ocsoy et al. [33] reported that aptamer-
functionalized magnetic GO conjugates loaded with ICG resulted in a significant stronger
photoinactivation of the human T-cell leukemia cell line (CCRF-CEM cells) compared to
treatment without it. In another study, nanohybrid NGO-copper sulfide (CuS)/ICG was
introduced as a NIR light activable theranostic nano-drug for deep-seated cancer noninvasive
phototherapy [34]. Sharker et al. [35] synthesized a pH-dependent, NIR-sensitive, reduced
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GO hybrid nano-composite via electrostatic interaction with ICG which markedly improved
in vitro cancer cell targeted photothermal destruction compared to free ICG.

In this study, we designed and examined a nano-carrier (i.e. NGO) that conjugated
with ICG (NGO-ICG) in order to increase the efficacy of PS during aPDT. To the best of
our knowledge, this is the first study to investigate the antimicrobial effect of NGO-ICG as a
new nano-PS in PDT. According our results, the antimicrobial potential of PDT based on
NGO-ICG with a lower final concentration of ICG (200 ug/mL) was 47% more than the PDT
based on ICG (1000 pg/mL) (P < 0.05). Also, in this study, the anti-biofilm potential of
NGO-ICG-PDT at a lower final concentration of ICG (200 pg/mL) was 1.3 time more than
ICG-PDT (1000 pug/mL) (P > 0.05). Our results showed that NGO-ICG was more effective
for antimicrobial PDT when compared with ICG, which is consistent with previous reports,
demonstrating that integration of the nanomaterials with strong intrinsic absorption in NIR
region (e. g. graphene [36-38]) and PS in a single complex is becoming a promising strategy
to combine photothermal (PTT) and PDT.

Furthermore GO has various properties that make it a promising material for ICG
carrier substances [16]. The ultrahigh surface area of GO allows loading of many aromatic
ICG molecules [17, 28]. Moreover, incorporation of ICG into GO nano-vehicles can
significantly improve the stability and bioavailability effects of ICG, with distinctive
therapeutic effects [39]. It is known that, singlet oxygen generation (*Oy) is a key component
for PDT [39]. Ocsoy et al. [39] demonstrated that the GO-ICG-PDT causes a 'O, increase
greater than that of ICG-PDT. They demonstrated that ICG-GO conjugates offered enhanced
PDT when irradiated with the 810 nm NIR laser by producing more singlet oxygen
generation than that of ICG alone. Ocsoy et al. [33] showed that ICG solution exhibits a
characteristic absorption peak around 780 nm. The authors reported that ICG aggregates in
aqueous solution forms, and also degrades rapidly. After loading ICG on GO, an absorption
peak of ICG-GO conjugates appears around 808 nm (28 nm red shift), which matches the
NIR laser wavelength used for PDT. Therefore, GO can be used as both stabilizer and a
carrier to prevent degradation and aggregation of ICG [33].

In this study, no significant differences were observed in the CFU/mL and biofilm
formation between the groups treated with the PSs only (ICG and NGO-ICG) and the control
group (untreated bacteria). These findings are consistent with the principles of PDT,
suggesting that application of the PSs alone has no antimicrobial effect [9].Our finding
showed that PDT with NGO-ICG had potential antimicrobial and anti-biofilm activities
against E. faecalis. However, further investigations are required to identify the effect of
NGO-ICG-material on the tooth color in ex vivo assays, the expression of virulence factors,
and metabolic activity of E. faecalis as well as the other endodontopathogenic bacteria.

5. Conclusion

Although the concentration of the conjugated ICG in NGO-ICG, as a desirable
platform, was one-fifth of its concentration in conventional PDT, it could significantly reduce
the number of E. faecalis. The anti-biofilm activity of PDT based on NGO-ICG at a lower
final concentration of ICG (one-fifth) was 1.3 times more effective than the PDT based on
ICG. In conclusion, the use of this new NIR photo-triggered drug delivery system, in addition
to its antimicrobial and anti-biofilm properties, has advantages like cost-effectiveness,
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exposure to lower dye concentrations (less toxicity), and less discoloration of the teeth. NGO-
ICG-PDT can be considered as an adjuvant to conventional irrigation for endodontic
treatment which presumably improves the treatment outcome.
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Figure legends:

Figure 1. Schematic of the chemical path to the synthesis of NGO-ICG. Abbreviations: GO,
graphen oxid; APTES, 3-aminopropyltriethoxysilane; EDC, 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide; NHS, N-hydroxy succinimide; ICG, indocyanine green.
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Figure 2. Scanning Electron Microscopy image shows the smooth sheets of NGO-ICG with
small wrinkles at the edges.
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Figure 3. The comparison of the absorption spectrum of the GO (blue line) and the
absorption spectrum of the free ICG (black line) at 780 nm indicates that the ICG molecules
are loaded onto the surface of the GO due to strong m —m stacking and hydrophobic
interactions. This effect is clearly shown in the GO-ICG absorption spectrum (red line).

Absorbance

0.0 ‘ : . . . , .
500 600 700 800 900

Wavelength (nm)

15



Figure 4. Effects of ICG-PDT and NGO-ICG-PDT on reduction of CFU/mL of Enterococcus
faecalis. *Significantly different from the control, P < 0.05.
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Figure 5. Effects of ICG-PDT and NGO-ICG-PDT on inhibition of biofilm formation ability
of Enterococcus faecalis. *Significantly different from the control, P < 0.05.
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