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a b s t r a c t

Reactive oxygen species is the main contributor to photodynamic therapy. The results of this study show
that a nitrogen-doped graphene quantum dot, serving as a photosensitizer, was capable of generating a
higher amount of reactive oxygen species than a nitrogen-free graphene quantum dot in photodynamic
therapy when photoexcited for only 3 min of 670 nm laser exposure (0.1 W cm-2), indicating highly
improved antimicrobial effects. In addition, we found that higher nitrogen-bonding compositions of
graphene quantum dots more efficiently performed photodynamic therapy actions than did the lower
compositions that underwent identical treatments. Furthermore, the intrinsically emitted luminescence
from nitrogen-doped graphene quantum dots and high photostability simultaneously enabled it to act as
a promising contrast probe for tracking and localizing bacteria in biomedical imaging. Thus, the dual
modality of nitrogen-doped graphene quantum dots presents possibilities for future clinical applications,
and in particular multidrug resistant bacteria.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Photodynamic therapy (PDT) is a type of phototherapy that has
established medical applications, involving selectively exposing

photosensitizers (PSs) to light of appropriate wavelength and en-
ergy. In addition to conventional PSs [1,2], several newly synthe-
sized PSs [3,4] have recently been prepared and applied. With
recent developments in nanotechnology, the use of nanomaterials
in PDT has served as a potential alternative approach to achieving
improved therapeutic efficacy [5,6]. Graphene-based nanomaterial
has shown potential in the pursuit of applying new nanomaterials
to efficiently perform PDT. Graphene is a two-dimensional mono-
layer of graphite that bonds carbon (C) atoms, forming a hexagonal
lattice. Graphene-based materials have been investigated in
numerous fields; they exhibit excellent conductivity as well as
mechanical, thermal, and optical properties. Although some studies
have reported using graphene-based nanomaterials combinedwith
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PSs for PDT [7,8], research on the direct use of a graphene quantum
dot (GQD) as a PS for generating reactive oxygen species (ROS) in
developing PDT has been limited [9e12]. The GQD is a new type of
zero-dimensional QD converted from two-dimensional graphene
sheets that is emerging as a promising optical nanomaterial; con-
tributions from intrinsic- and defective-state emission, possibly
involving photoluminescence (PL) mechanisms and sequential
GQDs, could be applied to biomedical research, including PDT
research. Furthermore, doping is crucial in semiconductors because
the carrier density can be noticeably changed, resulting in optical
and electrical properties completely distinct from the intrinsic
counterpart. Consequently, nitrogen (N) functionalization and
doping is considered to be highly useful in modifying the intrinsic
properties of GQDs because the five-valance electrons and incor-
porated electron-donating N atoms, which have a comparable
atomic size to that of C atoms, impart a relatively high positive-
charge density to adjacent C atoms in graphene [13]. Thus, given
GQDs exhibiting extraordinary quantum confinement and edge
effects, N atoms doped with GQDs (N-GQDs) can exhibit enhanced
electrocatalytic, electrochemical, and photochemical activities,
providing advantages in biomedical and optoelectronic applica-
tions [14].

This study employed N-GQDs as PSs to eliminate the gram-
negative bacteria Escherichia coli (E. coli) by using 670-nm laser
exposure involving a PDT pathway. A limited quantity (1 mg mL�1)
of N-GQDs with an N 1seC 1s ratio of approximately 5.1%, deter-
mined by X-ray photoelectron spectroscopy (XPS), with a 3-min
photoexcitation time and low-dose energy irradiation
(0.1 W cm�2) led to 100% bacterial elimination, compared with
approximately 52% elimination when conducting the same treat-
ment with a GQD. Additionally, in contrast to a lower N content
(2.9%), a higher N content in N-GQDs (5.1%) enhanced PDT efficacy
and achieved improved bactericidal capability. Furthermore, the
photoproperty of emitted PL (Em: 728 nm) in a near-infrared (NIR)
region, employing slight scattering, low energy absorption, and
optimal irradiation penetration, enabled N-GQDs to serve in this
study as promising contrast probes to track and localize N-GQD-
treated-bacteria and provide additional data on the irradiated
bacterial status. The integration of N-GQDs, dual-modality PDT, and
a contrast agent was found to have high potential in simultaneous
PDT for eliminating bacteria and tracking targeted bacteria to
evaluate the therapeutic effect.

2. Materials and methods

2.1. N-GQD and GQD preparations

Graphene oxide was prepared from the graphite (Bay carbon,
SP-1, USA) with amodified Hummersmethod [15]. Graphite (8.5 M)
and NaNO3 (0.6 M) (Merck Germany) were mixed with H2SO4
(18 M) (Wako, Japan). KMnO4 (2.0 M) (Merck Germany) was slowly
added and kept stirring overnight. Then, the ddH2O was gradually
added and kept stirred. Adding H2O2 (35wt %) (Shimakyu, Japan) to
terminate reaction. Washing and centrifugation with ddH2O
several times were addressed and the graphene oxide was
collected. The as-prepared graphene oxide was heated to
400e600 �C (400 �C and 600 �C for N-GQD 2.9% and 5.1% of the
N(1)/C(1s) ratio for N-GQD determined by XPS, respectively) in the
presence of ammonia for several hours, and then were introduced
to concentrated HNO3 (16 M) (Wako, Japan) and stirred overnight.
Themixturewas put in sonicator and then put it in oven at 160 �C to
vaporize all the liquid. Washing and centrifugation (83000 rpm)
(Optima TLX Ultracentrifuge, BECKMAN, USA) with ddH2O several
times were addressed. The resulting black suspension was tuned
the pH to 7.4 with NaOH (Merck Germany), and it was stayed in a

dialysis bag (retained molecular weight: 100 kDa) > 12 h, and N-
GQD was obtained. On the other hand, the as-prepared graphene
oxide was put in a tube furnace to elevate the temperature to
400 �C for several hours in the presence of argon and then con-
ducted the same treatment for the following steps to prepare GQD.

2.2. Characterization

The samples were then subject to transmission electron mi-
croscopy (TEM) and high-resolution TEM (HRTEM) (JEOL 1400 and
JEOL 2100F, Japan) observation. The height profile diagram, thick-
ness and size of samples were determined by atomic force micro-
scopy (AFM, multimode 8, Bruker, Germany). The crystalline
structures of samples were identified using X-ray diffraction (XRD,
Bruker AXS Gmbh, Germany/D2 Phaser) with Cuka radiation at 30
kv and 30 mA. Fourier transform infrared spectroscopy (FTIR),
ultravioletevisible (UVevis), zeta potential spectra and dynamic
light scattering (DLS) of samples were recorded by the spectrom-
eters: PerkinElmer RX1 USA, U-4100 Hitachi Japan and Malvern
Nano-ZS90 UK, respectively. Raman spectroscopy (DXR, Thermo
Scientific, USA) was examined the crystallinity of samples with
532 nm laser. XPS (PHI 5000, VersaProbe, USA) was examined the
surface chemistry of materials. The PL signal was recorded by the
spectrometer (F-7000, Hitachi, Japan).

2.3. Culturing E. coli

E. coli, obtained from our own laboratory were grown on the
nutrient agar plate of LB, composed of agar 15 g, sodium chloride
8 g, yeast extract 5 g, tryptone 10 g for per liter and tune pH to 7.5)
(Sigma Aldrich Co., USA) and incubated at 37 �C.

2.4. Coating antibody

The absorbance of a quantity of antibody (anti-lipopolysaccha-
ride (LPS) antibody (AbLPS) or anti-epidermal growth factor recep-
tor antibody (AbEGFR) (Antagene, USA)) was recorded by UVevis
spectroscopy (Abs: approximately 276 nm). By the electrostatic
interaction, the nanomaterials were mixed with the same quantity
antibody for 30 min of incubation at 4 �C in the dark and centrifuge
(83000 rpm) to remove excess antibody, and then the nano-
material-AbLPS, or -AbEGFR was prepared. On the other hand, keep
the supernatant and measure its absorbance. The difference in
absorbance between the collected supernatant and the original
antibody was estimated. Consequentially, the quantity of the anti-
body absorbed on the nanomaterials was calculated by Lambert-
Beer's law. There was approximately 8.5 mg of AbLPS absorbed on
0.1 mg of N-GQDs (5.1%), which meant the coating efficiency was
approximately 8.5%, whereas 11.7% for AbEGFR. For N-GQDs (2.9%),
the coating efficiency was 8.2% for AbLPS and 11.7% for AbEGFR,
whereas 8.7% of AbLPS and 12.1% of AbEGFR, absorbed with GQDs.

2.5. Biocompatibility assay with colony forming unit (CFU)
counting method

Bacteria (OD600 ~0.05) were added with nanomaterials-AbLPS
(0e10 mg mL�1), by 3 h of incubation at 37 �C. After incubation, the
mixture was centrifuged and the pellet of bacteria were diluted
(OD600 ~0.05). Then, a dilution factor of 10�5 to 10�8 was con-
ducted in the incubated bacteria with plating on the plates. The
plates were stayed in an incubator at 37 �C overnight. The number
of surviving bacteria was determined and expressed as a percent-
age (%) that corresponds to the unit of CFU mL�1 after incubation.
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