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Background: Although graphene quantum dots (GQDs) have received considerable
research attention for their applications in various fields, the use of GQDs, such as nitro-
gen-doped GQDs (N-GQDs) and amino-functionalized N-GQDs (amino-N-GQDs), as
photosensitizers to facilitate photodynamic therapy (PDT) has received limited research
intention. To address this research gap, this study prepared novel amino-N-GQDs and
investigated their properties.

Methods: The amino-N-GQDs subjected to two-photon excitation (TPE) exhibited remark-
able bactericidal capability in PDT. The bonding compositions of nitrogen and the amino-
functionalized group played a critical role in their antimicrobial effects.

Results: Compared with amino-group-free N-GQDs and amino-N-free GQDs, the amino-N-
GQDs generated a higher amount of reactive oxygen species, demonstrating their superior
efficacy for two-photon PDT. Additionally, the intrinsic luminescence properties and high
photostability of the amino-N-GQDs demonstrate their suitability as an effective two-photon
contrast agent for tracking bacteria during two-photon biomedical imaging.

Conclusion: The amino-N-GQD and their remarkable properties may provide an efficient
alternative approach for observing and easily eliminating malignant microbes in the future.
Keywords: nitrogen atom-doped graphene quantum dots, amino-functionalized and nitrogen
atom-doped graphene quantum dots, two-photon photodynamic therapy, two-photon contrast
agent, two-photon biomedical imaging

Introduction

In multiphoton microscopy, which is also referred to as TPE laser scanning microscopy,
fluorescence is created through nonlinear localized excitations. This method has been
extensively used in imaging research. In bioimaging applications, multiphoton micro-
scopy is generally coupled with near-infrared (NIR) laser excitation to ensure maximal
tissue transmission. NIR laser excitation is characterized by low energy absorption, a
low degree of scattering, minimal photobleaching, and optimal irradiation penetration,
thus enabling the observation of thick tissues and deep biological specimens.
Furthermore, multiphoton microscopy has been helpful in therapies involving
photoexcitation.” Multiphoton microscopy involves a short photoexcitation period
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and has ultralow energy requirements; therefore, it has poten-
tial applicability in PDT. In PDT, reactive oxygen species
(ROS) are formed through the reaction of molecular oxygen
with a photosensitizer that has been photoexcited by light of
an appropriate wavelength and energy. Singlet oxygen'
and superoxide radical anions (O,. ) typically constitute
PDT-generated ROS. These species can irreversibly damage
cells because they undergo oxidative reactions with the
neighboring biological substrates. To achieve efficient PDT,
obtaining a photosensitizer with a large TPE cross section is
crucial; however, some photosensitizers are toxic and should
not be employed. A large cross section is particularly crucial
for molecular activity and photoproperty evaluation using
two-photon techniques. When a large cross section is used,
the proportion of specimen-absorbed input energy is high,
which reduces the likelihood of photodamage. Accordingly,
a large TPE cross section renders a photosensitizer efficient
for nonlinear microscopic investigations.’

Materials with two-photon properties have received
considerable attention because of their potential utility in
PDT and bioimaging applications.! Several novel TPE
materials are based on graphene,* a two-dimensional hex-
agonal-lattice monolayer comprising graphite and carbon
atom bonds. Graphene-based materials have been investi-
gated in numerous fields. When such materials are com-
bined with photosensitizers, PDT mechanisms can be
induced.” In a previous study, ROS were generated
directly using GQDs as a photosensitizer.® The main lim-
itation of the aforementioned study is that it did not con-
sider PDT involving two-photon processes. GQDs can be
illuminated by surface groups, a process that could be
among potential photoluminescence (PL)-based mechan-
isms underlying intrinsic- and defective state emissions.’

In semiconductors, doping has a critical effect because
it can substantially alter the carrier density, resulting in
distinct optical and electrical properties. Nitrogen functio-
nalization and doping are thus considered to be highly
useful because they alter the intrinsic properties of
GQDs. The five valence electrons and electron-donating
N atoms of GQDs, whose atomic size is comparable to
that of carbon atoms, provide a high positive charge den-
sity to the adjacent carbon atoms in graphene. Therefore,
because of the remarkable edge and quantum confinement
effects of GQDs, N-atom-doped GQDs (N-GQDs) have
improved electrochemical, electrocatalytic, and photoche-
mical activities, which can be advantageous for biomedical

modification with primary amine molecules leads to strong
electron donation, which has a considerable influence on
the electronic properties of N-GQDs.® Because of the
amino-functionalized N-GQDs (amino-N-GQDs), inter-
system crossing can be effectively achieved; this is
because intersystem crossing competes with internal con-
version among states with the same multiplicity, which
results in simultaneous PL and ROS generation in PDT.’

In the present study, N-GQDs exhibited superior two-
photon properties to N-free GQDs. We noted that the N
dopant demonstrated remarkable bactericidal capability in
two-photon PDT and that amino group functionalization
played a critical role in the antimicrobial effects of the
N-GQDs. This functionalization also enhanced the effective-
ness of the N-GQDs as contrast agents when compared with
amino-group-free N-GQDs. Furthermore, we explored the
two-photon properties of GQD-based materials—GQDs,
N-GQDs, and amino-N-GQDs—through TPE microscopy
in the NIR spectrum. A previous study reported that strong
electron donation and a large m-conjugated system could
improve charge transfer efficiency in amino-N-GQDs;'"’
this could result in enhanced two-photon absorption (TPA),
post-TPE  stability, = TPE
two-photon luminescence (TPL), in addition to engendering

cross  sections,  and
a relatively high radiative—to—nonradiative decay rate ratio.
Additionally, the N-GQDs exhibited a relatively short life-
time, demonstrating their potential for use as bactericidal and
contrast agents in biomedical imaging and biomedical track-
ing. In this study, the prepared amino-N-GQDs were used as
two-photon photosensitizers to localize or track analytes that
were subjected to amino-N-GQD treatment under TPE at an
excitation energy of 394.24 nJ pixel ' and laser power of
3.9424 mW (refer to the Supplementary Information for

details about the laser power calculations); as illustrated in
Figure 1, the laser system’s x—y focal point and z-axis resolu-
tion were 0.37538 and 0.90265 mm, respectively. The ana-
lytes were eliminated completely through TPE (800 nm)
after 700 scans (total effective exposure time, 3.171 s; scan
rate, 4.53 ms scan_l; scan area, 200 um x 200 pm; refer to the
Supplementary Information for the calculations). This find-
ing indicates that the PDT was highly efficient and that the
amino-N-GQDs had a higher elimination efficiency than did
the amino-group-free N-GQDs and amino-N-free GQDs
(~58% and ~35% elimination, respectively). Under TPE
mediation, the amino-N-GQDs had more favorable lumines-
cence and stability than did the other two GQD-based mate-
rials. Accordingly, in a three-dimensional (3D) environment,
effective tracking or localization of amino-N-GQD-treated

and optoelectronic applications. Moreover, achieving
amino group functionalization through chemical
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Figure | According to the z-axis scan of a gold thin film for measuring the signal of
second harmonic generation at different positions, the z-axis resolution of the laser
system (full width at half maximum) was 0.90265 pm (fitting performed using the
Gaussian function).

analytes can be achieved using amino-N-GQDs as a two-
photon contrast agent. In combination with two-photon PDT,
the amino-N-GQDs efficiently killed the entirety of the bac-
teria under observation.

Materials and Methods

Bacterial Cultures

Bacillus subtilis (B. subtilis) obtained from our own
laboratory were grown in nutrient agar of Luria-Bertani
(LB) broth (per liter: tryptone 10g, yeast extract Sg,
sodium chloride 10g, agar 15g, and pH tuned to 7.5)
(Sigma Aldrich Co., St Louis, MO, USA) and incubated
at 37 °C.

Biocompatibility Assay with Colony-
Forming Unit (CFU) Counting Method
B. subtilis (ODggg ~0.05) was added with material-Abr,sa
(6 pg mL™") by incubating for 3 h at 37 °C. After incuba-
tion, the mixture was centrifuged and the pellets of bac-
teria were diluted (ODggg ~0.05). Then, a dilution factor in
the range of 107 to 10°® was used for the incubated
bacteria with plating on the agar plates. The plates were
placed overnight in an incubator at 37 °C. The number of
surviving bacteria was determined and expressed as a
percentage (%) that corresponds to the unit of CFU mL ™
after incubation. Data are means = SD (n=6)

All material and methods for this article can be found
in the Supplementary Information.

Results and Discussion
Characterization of GQD-Based

Materials

The amino-N-GQDs were prepared through ultrasonic
shearing. The shearing reaction involved a graphene
oxide sheet that was obtained using a modified Hummers
method.!" High-resolution transmission electron micro-
scopy (HR-TEM) was used to obtain the mean lateral
size of the quantum dots under high magnification. The
results revealed that mean lateral size of the quantum dots
was 7.1 £ 0.6 nm. Favorable crystallinity and lattice dis-
tance were observed, which could be attributed to the
{1100}
(Supplementary Information, Figure S1A). Dynamic light

d-spacing of the graphene lattice fringes

scattering was conducted to determine the size distribution
of the GQDs, and the results are presented in Table S1
(Supplementary Information). The height profiles of the

GQDs were determined through atomic force microscopy
(AFM), and the results indicated a single 1.08 £+ 0.03-nm-
thick layer of amino-N-GQDs (Supplementary

Information, Figure S1B). Figure S1C (Supplementary

Information) presents the X-ray diffraction (XRD) spec-
trum derived through crystallinity analysis. The diffraction
angle (26) of the amino-N-GQD material was nearly 24.3°,
indicating that the material had appropriate layer regularity
and a well-ordered lamellar structure with an interlayer
distance of 0.360nm. The interfringe distances were 0.213
and 0.360 nm, which could be attributed to graphite’s in-
plane lattice spacing and basal plane distance, respectively.
Moreover, the values observed for the amino-N-GQDs are
consistent with those reported in the literature (0.340—
0.403 nm).'*"* The XRD results also indicated that the
basal plane was not considerably functionalized. This find-
ing is in agreement with the theories that graphene has
considerably more active edges than in-plane carbons do
and that functional groups are present at the amino-N-
GQD edges.'® The large basal spacing of the amino-N-
GQD material can be attributed to the accommodation of
several oxygen species, such as epoxy, hydroxyl, and
amino groups, and the alteration of the carbon hexahedron
grid plane, which resulted in increased graphene layer
spacing. Raman spectroscopy was conducted for the
GQDs. In the derived Raman spectrum, the integrated
intensity ratio of the D-band (~1384cm™") to the G-band
(~1607 cm™')—that is the I/l ratio—was approximately
0.88 (Supplementary Information, Figure S1D). The Ip/Ig

ratio was used in Raman spectroscopy to estimate the

International Journal of Nanomedicine 2020:15

submit your manuscript

6963

Dove


https://www.dovepress.com/get_supplementary_file.php?f=242892.pdf
https://www.dovepress.com/get_supplementary_file.php?f=242892.pdf
https://www.dovepress.com/get_supplementary_file.php?f=242892.pdf
https://www.dovepress.com/get_supplementary_file.php?f=242892.pdf
https://www.dovepress.com/get_supplementary_file.php?f=242892.pdf
https://www.dovepress.com/get_supplementary_file.php?f=242892.pdf
https://www.dovepress.com/get_supplementary_file.php?f=242892.pdf
https://www.dovepress.com/get_supplementary_file.php?f=242892.pdf
https://www.dovepress.com/get_supplementary_file.php?f=242892.pdf
https://www.dovepress.com/get_supplementary_file.php?f=242892.pdf
https://www.dovepress.com/get_supplementary_file.php?f=242892.pdf
http://www.dovepress.com
http://www.dovepress.com

Kuo et al

Dove

mean sp” domain size of the GQD-based specimens. The
size obtained from the Raman estimation (~7.0 nm)
approximately matched that obtained from HR-TEM;
nevertheless, the value obtained from the Raman estima-
tion was slightly lower than that obtained from HR-TEM
because oxygenated regions were ignored in the Raman
estimation'® (Supplementary Information, Equations S4

and S5). An absorption peak was observed at approxi-
mately 221 nm, corresponding to the m—n* transition of
aromatic C=C bonds. Furthermore, a peak was observed at
nearly 324 nm and was attributed to n—n* transitions of the
C-N and C=0 shoulders, indicating the occurrence of a @
electron transition in the oxygen-containing amino-N-
GQDs and confirming the N doping of the dots, as
revealed through ultraviolet (UV)-visible (Vis) spectro-
scopy (Supplementary Information, Figure SI1E). X-ray

photoelectron spectroscopy (XPS) was applied to investi-
gate the surface chemistry of the amino-N-GQDs, which
were predominantly composed of carbon and nitrogen
atoms. The C(1s) spectra were deconvoluted, and the
corresponding peaks were fitted with a Gaussian function.
The results revealed the presence of nonoxygenated rings
(C-C/C=C, 286.0 eV), C—N bonds (286.7 eV), hydroxyl
groups (C-0, 287.0 eV), and carbonyl groups (C=0, 288.3
eV) (Supplementary Information, Figure S1F). We also
used the Gaussian function to fit the N(1s) spectra. The
results indicated the presence of pyridinic N (398.3 eV),
amino N (NH», 399.0 eV), pyrrolic N (399.7 eV), quatern-
ary N (400.5 eV), and amide N (O=C-N, 401.3 eV)
compounds (Supplementary Information, Figure S1G).

The table in Figure S1 (Supplementary Information) pre-

sents a summary of the bonding compositions and atomic
ratios of the amino-N-GQDs. The atomic ratio of O(1s) to
C(1s) and that of N(1s) to C(1s) were 28.2% and 4.5%,
respectively. Fourier-transform infrared spectroscopy was
also executed to identify exposed functional groups on the
amino-N-GQDs, and Figure S2 (Supplementary

Information) displays the results. On the basis of the
aforementioned characterization results, the preparation
of the amino-N-GQDs was successful.

Identification of the Generated ROS

ROS induce DNA damage, inactivate enzymes, and oxidize
amino acids, all of which engender bacterial injury. 'O, and
0O,.” are ROS with major roles in PDT. Therefore, 0, and
0,.” produced after laser irradiation of amino-N-GQDs
should be directly detected. Accordingly, this study con-
ducted PDT under the following conditions: the excited

triplet amino-N-GQDs were combined with oxygen and
then illuminated with light of suitable wavelength and
energy; Singlet Oxygen Sensor Green (SOSG) reagent,
trans-1-(2"-methoxyvinyl)pyrene (-MVP), 2,3-bis (2-meth-
oxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide
(XTT), and glutathione (y-L-glutamyl-L-cysteinyl-glycine,
GSH) were subsequently introduced.'*'>"” To capitalize on
the potential bactericidal capability of the amino-N-GQDs,
we determined their optimal wavelength. The maximum
TPA ratio of the amino-N-GQDs was observed at approxi-
mately 800 nm, which was thus considered the most effi-
cient wavelength under TPE (Figure 2A); this could be
attributed to the interband transitions. Hence, we used 800
nm as the wavelength in subsequent experiments. The
amino-N-GQDs were photoexcited through TPE (power,
394.24 nJ pixelfl; number of scans, 700; exposure wave-
length, 800 nm; total effective exposure time, ~3.171 s)
with a delivered dose of 6 ug mL™' (Supplementary
Information, Table S2). To verify that ROS were involved
in the PDT effect of the amino-N-GQDs, we used a-toco-
3 This step reduced the
quantity of the generated ROS, and we discovered an

pherol for ROS neutralization.

increase in cell viability, as expected. Inadvertent exposure
of the amino-N-GQDs to white light would have led to the
production of '0, and 0,.”, which would have compro-
mised our experimental results;'® to prevent this, the sub-
sequent PDT-related experiments were conducted in the
dark. We considered the quantities of 'O, and O,.” gener-
ated to be critical. According to the experimental results, the
amino-N-GQDs exhibited
demonstrating their potential for application in PDT. We

strong antibacterial effects,

observed that after the GQD-based materials were subjected
to the same experimental conditions, the amino-group-free
N-GQDs (ie, N-GQDs) and amino-N-free GQDs (ie,
GQDs) demonstrated a lower capability to generate 'O,
and O,. (Supplementary Information, Figures S3 and S4)

than did the amino-N-GQDs (Supplementary Information,

Table S2). Specifically, the amino-N-GQDs generated larger
quantities of 'O, and O,.” than did the N-GQDs and GQDs.
We obtained an estimated singlet oxygen quantum yield
(wa) of 0.55 for the amino-N-GQDs, 0.46 for the
N-GQDs, and 0.31 for the GQDs (for reference, yp =
0.64 for meso-tetra(4-sulfonatophenyl)porphine dihy-
drochloride dissolved in D,0O").

Antimicrobial Effects Under TPE

TasA is the primary protein component of the biofilm

extracellular matrix of B. subtilis, a Gram-positive
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Figure 2 (A) Relative TPA spectra of materials. Signals were observed through TPE at various wavelengths (720-820 nm) at 98.56 n) pixel '. (B) Viability (%), which was
quantified following the number of material-Abr,.a-treated B. subtilis found to be viable using the CFU assay at a TPE power of 394.24 n] pixel ' (scanning frequency, 700
scans; total effective exposure time, ~3.171 s; Ex, 800 nm). Regarding the amino-N-GQD-, N-GQD-, and GQD-Abr,sa-treated B. subtilis subjected to TPE, p < 0.0001, p =
0.0583, and p = 0.6227, respectively. (C) CFU assays for amino-N-GQD-, N-GQD-, and GQD-Ab-treated bacteria were conducted at power levels of 394.24, 475.20, and
566.72 n] pixel ', respectively (scanning frequency, 700 scans; total effective exposure time, ~3.171 s; Ex, 800 nm). For all material-Abr,,a-treated B. subtilis subjected to TPE,
p < 0.0001. Delivered dose: OD¢no~0.05 of B. subtilis and 6 g mL™' material-Abr,sa. Data are means * SD (n = 6). *p value obtained by Student’s t-test.

bacterium. To explore antimicrobial effects, we used B.
subtilis as the experimental template. To improve the
efficiency and specificity of TasA, one of the quantum
dot materials was coated onto Abr,sa to form material—
Abrtasa. We determined the antimicrobial potential of the
amino-N-GQD, N-GQD, and GQD materials by conduct-
ing PDT experiments against B. subtilis (ODgpp: 0.05) at a
TPE power of 394.24 nJ pixel ' (number of scans, 700;
total effective exposure time, ~3.171 s; wavelength, 800
nm) and material dose of 6 pg mL™'. The system was
incubated in the dark for 3h at 37°C. We calculated the

number of surviving bacteria (in colony-forming units per
milliliter, CFU mL™") and express it as a percentage (%)
herein. We observed that the materials subjected to laser
exposure and those not subjected to laser exposure had no
bactericidal effects on B. subtilis when used alone
(Figure 2B). However, under TPE, the amino-N-GQDs
completely eliminated the bacteria (100% elimination),
demonstrating their efficient antibacterial effect. Next, we
investigated whether the N-bonding composition and
amino-functionalized group would affect bacterial viabi-
lity. We conducted identical photoexcitation experiments
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Figure 3 TEM images showing (A) bare B. subtilis. (B) Bacteria treated with amino-N-GQD-Abr,a and incubated for 3 h, and (C) 3 days of incubation, respectively. (D) The
photoexcited amino-N-GQD-Abr,sa-treated-B. subtilis for 3 h of incubation with 394.24 n) pixelfI TPE (scanning frequency, 700 scans; total effective exposure time, ~3.171
s; Ex, 800 nm). Delivered dose: OD¢~0.05 of B. subtilis and 6 ng mL™" material-Abryea.
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Figure 4 (A) Uptake assay results derived for B. subtilis treated with amino-N-GQD-Abr,,a for 0—10 h at 37°C. (B) Viability (%), which was quantified following the number
of amino-N-GQD—-Abr,a-treated B. subtilis found to be viable using the CFU assay. Delivered dose: ODg~0.05 of B. subtilis and 6 ug mL ™' material-Abr,.a. Data are means
+SD (n = 6).

and discovered that the N-GQDs had a weaker bactericidal  1logl0 reduction (Supplementary Information, Figure S3).
effect than did the amino-N-GQDs (Figure 2B). The via- We also found that regardless of the type of GQD-based
bility of the N-GQD-Abrasa-treated B. subtilis cells was  material, the bactericidal effect of the amino-N-GQDs on
42% after exposure, which corresponded to a nearly 0.382  B. subtilis was stronger than those of N-GQD—Abr,,4 and

6966 submit your manuscript International Journal of Nanomedicine 2020:15
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GQD-Abr,sa (65% bacterial viability, ~0.189 logl0
reduction; Supplementary Information, Figure S3) when

the same treatment procedure was used. By contrast, bac-
terial viability was higher for the amino-N-GQDs,
N-GQDs, and GQDs without antibody coating than it
was for those with antibody coating (23%, 63%, and
88% vs. 0%, 42%, and 65%, respectively). Moreover, for
the GQD-based materials with Abr,ss coating, the
observed bacterial viability was further reduced, with
nearly all bacteria being killed, when a high laser irradia-
tion power was used; nevertheless, the same effect was not
observed for the amino-N-GQD, N-GQD, and GQD mate-
rials without antibody coating (22%, 36%, and 55% via-
bility, respectively; Figure 2C and Supplementary
Information, Figure S4). Although the amino-N-GQDs
generated a higher quantity of ROS than did the amino-

N-free GQDs and amino-group-free N-GQDs, false-posi-
tive ROS signals may have existed; such signals could be
caused by interactions among the GQD-based materials,
t+-MVP, XTT, GSH, and SOSG reagent, which could have
compromised the PDT results.'® We recorded the quanti-
ties of 'O, and O,.” produced by the laser-irradiated
Abrysa-treated B.
(Supplementary Information, Table S3). The quantity of
ROS generated by the amino-N-GQD-Abr,ss-treated B.
subtilis was higher than that generated by the N-GQD- and
GQD-Abrasa-treated B. subtilis; these results were consis-

material, namely subtilis

tent with the ROS results obtained from the determination
assay (Supplementary Information, Table S3) and with the

measured y, values. The materials without antibody coat-
ing (Supplementary Information, Table S4) generated a
higher quantity of ROS than did those with Aby,s coat-
ing. This finding demonstrates that Abr,a successfully

coated the materials, resulting in enhanced specificity and
selectivity. In summary, the three types of GQD material—
Abr,sa facilitated PDT by generating 10, and O,.” after
laser exposure, and material-reagent interactions were not
responsible for this effect. These findings are consistent
with the trends presented in Figure 2B and C, Figures S5
and S6, and Tables S2-S4 (Supplementary Information),

the chemical composition of amino-N-GQDs with remark-
able quantum confinement and edge effects can be altered
to enhance the electrochemical, electrocatalytic, and
photochemical activities of such materials, which offers
additional benefits in the fields of biomedicine and
optoelectronics.® The amino-N-GQD-induced increase in
ROS observed in the present study may have been caused
by the amino-N-GQDs having more frequent intersystem
crossing and a higher triplet state yield than did the amino-
group-free N-GQDs and amino-N-free GQDs, which led
to the amino-N-GQDs having higher PDT-regulated anti-
microbial activity.

TEM and Physiological Assay

We conducted HR-TEM to obtain images of the material-
treated bacteria after laser exposure. To determine the
most effective ROS generation rate in PDT, we first
performed HR-TEM on the amino-N-GQDs. Incubating
bare B. subtilis (Figure 3A) with amino-N-GQD—Abrysa
for 3 h (Figure 3B; GQD—Abr,sa treatment and N-GQD—
Abrt,sa treatment (Supplementary Information,
Figure S7A and B) had no bactericidal
(Figure 2B)) resulted in the adsorption of a substantial

effects

amount of material on the surface of the bacteria; this
could be attributed to the Abr,ss antibody’s highly spe-
cific binding ability. An uptake assay revealed that
approximately 76% of the material was adsorbed onto
the bacterial surface within the first 3 h of incubation
(Figure 4A), and the rate of adsorption was constant from
the 3rd hour to the 12th hour because all adsorption sites
on the material were occupied. The physiological func-
tions of bacteria are maintained through ion filtering and
nutrient assimilation by the cell wall. However, any
adsorbed material acts as a barrier on the surface of
bacteria. In this study, the material-Abr,ss-treated B.
subtilis did not exhibit any exceptional morphology
after 3 h of incubation; however, after 3 days of incuba-
tion, the morphology began to change (Figure 3C), with
the estimated viability being 68% (Figure 4B and
Supplementary Information, Figure S8). The bacteria

suggesting that bacteria were eliminated through the gen-
eration of ROS signals. On the basis of the study findings,
we demonstrate that heterocyclic aromatic compounds can
be obtained by replacing C atoms with N atoms in sp-
bonded molecular systems. Therefore, such replacement is
an effective method for modifying the inherent properties,
such as the electronic properties and both surface and local
chemical characteristics, of C-based materials. Moreover,

could not function normally and died. The amino-N-
GQDs adsorbed and coated on the surface of the bacteria
hindered the absorption of nutrients crucial for microbial
growth and affected cell wall permeability, thereby inhi-
biting the growth of the bacteria and causing an internal
osmotic imbalance. Consequently, after 3 days of incuba-
tion, the materials exhibited bacteriostatic or bactericidal
capabilities. By contrast, the photoexcited material—
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Figure 5 Relative PL spectra of the materials for (A) TPE (98.56 nJ pixel '; cut-off of 700 nm, as determined through cascading filters) and (B) OPE (Ex/Em: 630/678 nm,
620/667 nm, and 600/650 nm for the amino-N-GQDs, N-GQDs, and GQDs, respectively). (C) Dependence of the TPL intensity on the materials and fluorophore excitation
power (logarithm), with the corresponding slopes being approximately 2.00-2.02. The TPE power was 704.0-2816.0 n) pixelf', and R%> 0.999. (D) TPI (gray level) of the
amino-N-GQDs at a TPE of 105.6 n) pixel ' (scanning frequency, 100 scans; total effective exposure time, approximately 0.453 s; scan rate, 4.53 ms scan '; scan area, 200
um % 200 pm). (E) Time-resolved room-temperature TPL material decay profiles at room temperature (105.6 nJ pixel ). (F) Two-photon stability of amino-N-GQDs
subjected to a TPE power of 566.72 n] pixel ' for 5 min. The emission intensities of the integrated area after photoexcitation were divided by those of the newly prepared
materials without photoexcitation to obtain the normalized integrated area. The TPE wavelength was 800 nm, and delivered material dose was 6 ng mL™". The data are

represented as means * standard deviation (n = 6).

Abrgsa-treated B. subtilis were severely damaged after 3
h of incubation and exhibited an abnormal morphology
3D; GQD-Abryea-treated B.
N-GQD—-Abr,sa-treated B. subtilis (Supplementary

(Figure subtilis and

Information, Figure S7C and D) exhibited 42% and
65% viability, respectively (Figure 2B)); these results

indicate the achievement of nearly 100% bacterial elim-
ination (Figure 2B and C).
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Two-Photon Property and Stability

Because the PL mechanism may involve both intrinsic and
defective state emissions,’ the amino-N-GQDs may have
potential for use as a highly effective contrast probe for
TPE bioimaging. In general, the average laser power is
low under TPE, and the excitation wavelength can be
extended to the NIR region, which would enhance the
TPL intensity. The TPL intensity, which is a nonlinear
phenomenon, increases linearly with the quantum yield
(QY), square of the excitation power, and TPE cross
section.” A large TPE cross section is preferred during
the monitoring of molecular actions. Enhanced localized
excitation power and intrinsic fluorophores can boost TPL
signals under conditions of a high QY and large TPE cross
section. In this study, the TPL spectrum of the amino-N-
GQDs under TPE (800 nm) revealed a peak at approxi-
mately 680 nm (Figure 5A); this peak corresponded to that
in the one-photon emission (OPE) spectrum (~678 nm; Ex:
630 nm; Figure 5B). Subsequently, a two-photon process
was confirmed; the PL intensity in this process was quad-
ratically dependent on the TPE power (eg, 800 nm),’ and
the corresponding exponent was approximately 2.01
(Figure 5C). Moreover, the two-photon imaging (TPI)
emissions of the amino-N-GQDs occurred through a two-
photon process (Figure 5D). We estimated the relative QY
to be 0.36 (reference QY: 0.28 for Cy5.5 in dimethyl
sulfoxide?®); similarly, the absolute QY?' was 0.34. The
QY values were the same under OPE and TPE.!” The
N-GQDs and GQDs exhibited relative QY values of 0.23
and 0.21, respectively, and absolute QY values of 0.12 and
0.11, respectively. Radiative electron—hole pair recombina-
tion was induced by NH, groups present on the amino-N-
GQD surface, and this recombination resulted in the
enhancement of intrinsic state emissions. However, a pre-
vious study suggested that NH, groups existing at the
edges of N-GQDs possess the highest occupied molecular
orbital due to the strong orbital interaction with primary
amines.'® Therefore, the resonance between the deloca-
lized © orbital and molecular orbital existing in the pri-
mary amines may have caused orbital band gap narrowing,
leading to an increase in the PL QY. Figure 5A presents
the TPL spectra. Under TPE at 800 nm, the derived spectra
of the amino-N-GQDs, N-GQDs, and GQDs revealed
peaks at 680, 669, and 651 nm, respectively. The wave-
lengths of these peaks were similar to those of the peaks in
the OPE spectra (Figure 5SA and B). When two-photon
techniques are used in vitro or in vivo to investigate and

monitor molecular activities, chromophores with large
absolute TPE cross sections are particularly desirable
because they engender a high absorbed energy—to—input
energy flux ratio for a specimen, which reduces the like-
lihood of photodamage. For the amino-N-GQDs synthe-
sized in this study, we calculated the absolute TPE cross
section to be 54,013 Goeppert—Mayer units (GM; 1 GM =
1075° cm* s photon '). Moreover, the absolute TPE cross
sections of the N-GQDs and GQDs were approximately
51,628 and 48,379 GM, respectively (Figure 5C, Table 1,
and Supplementary Information, Table S5). Rhodamine B

served as a reference” in the calculations of TPE cross
sections. Thus, the absolute TPE cross section was more
than three orders of magnitude larger for the amino-N-
GQDs than for the traditional fluorophores, and the TPE
cross section of the amino-N-GQDs was larger than that of
semiconductor quantum dots (Table 1).'* We measured the
lifetime of the materials and sequentially determined the
effects of radiative and nonradiative decay rates on
the lifetime and QY of the materials (Figure 5E and
Table 2). The average lifetime of the amino-N-GQDs
was nearly 1.092 ns, which was calculated from the fol-
lowing lifetimes: 0.164, 0.898, and 3.307 ns. The N-GQDs
and GQDs had average lifetimes of 1.300 and 1.432 ns,
respectively (Table 2). Therefore, the radiative—to—nonra-
diative decay rate ratio of the amino-N-GQDs was 0.563
(radiative and nonradiative decay rates: 3.297 x 10® and

Table | TPE Cross Section of Materials (Ex: 800 nm)

Reference Integrated Action
emission cross-
intensity section
(counts) (mo)

Rhodamine B* 288.61 154.2

Sample Integrated Relative Absolute
emission quantum | cross-
intensity yield (n) section
(counts) (o)

amino-N-GQD 36393.651 0.36 54012.729

N-GQD 22224.708 0.23 51627.516

GQD 10865.882 0.12 48378.983

Alexa Fluor 594 38.603 0.66° 31.250

605 Qdot ITK 62386.567 0.78° 42733.600

Carboxyl quantum

dots (Q21301MP)

Notes: *Rhodamine B was selected as the standard reference for the cross section,
and the relevant calculations are presented in the Materials and Methods.
PInformation was obtained from the official website of Thermo Fisher Scientific
(Waltham, MA, USA).
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Table 2 Lifetime Data and Parameters Generated Using a Time-Correlated Single-Photon Counting Technique Involving a Triple-

Exponential Fitting Function for Monitoring the Emission at a Wavelength of 800 nm Under TPE

3 exp fitting model: (a0*exp(alx)+a2*exp(a3x)+ad*exp(a5x)+ab) lifetimel | lifetime2 | lifetime3 | average
lifetime (ns)
a0 al a2 a3 a4 a5 ab
amino- 560.624 | -6.08982 | 875.994 | -1.11307 | 311.320 | -0.30240 | 8.29483 | 0.164208 | 0.898416 | 3.306933 1.091904112
N-GQD
N-GQD | 471.662 | -4.54648 | 709.702 | -0.96423 | 232.055 | -0.23264 | 1.53496 | 0.219950 1.037096 | 4.298542 1.299876050
GQD 563.053 | -4.36590 | 895.292 | -0.96340 | 333.936 | -0.22I51 | 1.52171 | 0.229048 1.037992 | 4.514571 1431611057

5.861 x 10® s™!, respectively). The radiative—to—nonradia-
tive decay rate ratios of the N-GQDs and GQDs were
0.299 (radiative and nonradiative decay rates: 1.769 x
10® and 5.923 x 10® s') and 0.136 (radiative and non-
radiative decay rates: 8.380 x 10’and 6.145 x 10® s°"),
respectively. These findings indicate that after TPE, the
materials mainly passed through the radiative pathway
when the QY increased and lifetime decreased. The
enhanced two-photon properties of the amino-N-GQDs
could be attributed to the dots’ strong quantum confine-
ment, strong electron-donating effect, highly symmetric
band gap, and large m-conjugated systems, which could
improve the efficiency of intramolecular charge transfer.”
Furthermore, the amino-N-GQDs exhibited two-photon

33 #m
394.24 nJ pixel™’
20 scans

66 um
394.24 nJ pixel™
20 scans

99 um
1760.00 nJ pixel~!
20 scans

99 um
1760.00 nJ pixel"
700 scans

stability, as revealed by the dots’ post-TPE TPL intensity,
resulting in decreased photobleaching (Figure 5F).

Deep and Noninvasive TPI

We successfully incorporated the amino-N-GQDs into PDT
and imaging processes to evaluate their therapeutic effects
and demonstrate their potential for use in PDT, which
involves the simultaneous elimination and tracking of target
bacteria. The amino-N-GQDs had higher relative and abso-
Iute PL QY values than did the N-GQDs and GQDs. As
illustrated in Figure 6A, a strong emission peak was observed
at 680 nm (TPE: 800 nm) in the PL spectrum of the amino-N-
GQDs. In addition, the photoexcited amino-N-GQDs were
stable light than the conventional

more against
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Figure 6 (A—C) TPI (gray level) at different depths ranging from 33 to 99 um for B. subtilis at a TPE power of 394.24 n| pixe|7| (20 scans). (D) Image acquired after an
additional 700 scans. TPAF images of the unlabeled bacteria at a depth of 99 um and TPE power of 1760.00 nJ pixel 'with (E) 20 scans (total effective exposure time, ~0.091
s) and (F) 700 scans (total effective exposure time, ~3.171 s). The excitation wavelength was 800 nm. One-photon imaging of (G) the amino-N-GQD-Abr,a-treated
bacteria and (H) the unlabeled bacteria following OPE at a fixed output power of 9 mW (Olympus, FV1000, HeNe-R 633 nm, Gas, 40% oil-immersion objective (NA: 1.3) at
the same depth). The ODggo0f B. subtilis was approximately 0.05, and the delivered dose of material-Abr,.a was 6 ug mL . The scale bar represents 100 um.
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Figure 7 TPl images (gray level) of (A and B) the amino-N-GQD-Abr,a-treated B. subtilis and (C-D) TPAF imaging results of the unlabeled cells at different depths ranging
from 110 to 130 um and TPE powers of 394.24 nJ pixel ' (scanning frequency, 20 scans; total effective exposure time, ~0.091 s) and 1760.00 n] pixel ' (scanning frequency,
700 scans; total effective exposure time, ~3.171 s). TPE wavelength: 800 nm. Delivered dose: OD¢0~0.05 of B. subtilis and 6 ug mL™ material-Abr,a. Scale bar: 100 nm.

photosensitizer (Supplementary Information, Figure S9),

which resulted in decreased photobleaching. We obtained
TPE images of deep tissues by using NIR laser excitation;
in this process, we capitalized on the maximum tissue trans-
mission engendered by the amino-N-GQDs as well as on the
negligible scattering, relatively low photobleaching, low
energy absorption, and optimal irradiation penetration
afforded by the NIR region. A 3D biological environment
was mimicked by embedding bacteria in a collagen matrix.
Figure 6 displays the TPI results obtained after the photo-
excitation of layers of GQD-Ab-treated bacteria with various
thicknesses (33, 66, and 99 pum). The TPL emitted by the
amino-N-GQD-Abr,sa-treated B. subtilis (Figure 6A—C) at a
TPE power of 394.24 nJ pixel ' (Ex: 800 nm), thickness of
99 um, and scanning frequency of 20 scans revealed bacterial
localization, which enhanced the specificity and selectivity of
the bound Abr,sa antibodies. We increased the scanning
frequency to 700 scans while maintaining the TPE power
to execute further photoexcitation for PDT (Figure 7D). We
observed that the TPL began to decrease after the additional
700 scans. This finding indicates a change in the bacterial cell

wall or oxidation and the ROS-induced deterioration of the
surrounding biological surface substrates. These changes
may have caused bacterial atrophy, distortion, and morpho-
logical damage, revealing that the amino-N-GQDs were
desorbed from the surface of the bacteria. Accordingly, the
amino-N-GQDs are promising as contrast probes for the
monitoring and localization of material-treated bacteria.
The amino-N-GQDs can provide information regarding the
post-laser-exposure status of bacteria. The lowest TPL inten-
sity was observed when the photoexcitation level was
increased. Moreover, in the nontreated bacteria (unlabeled
bacteria), two-photon autofluorescence (TPAF) was not
easily observed for the intrinsic fluorophores when the TPE
power was 1760.00 nJ pixel ' and scanning frequency was
20 scans. Similar results were obtained when the scanning
frequency was increased to 700 scans, signifying that the TPI
was not compromised (Figure 6E and F). However, we could
not observe a one-photon image of the amino-N-GQD-
Abmysa-treated B. subtilis exposed to a 633-nm laser at a
depth of 99 pum (Figure 6G) or an image of the unlabeled
bacteria under PDT at the same depth (Figure 6H). Compared
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with the OPE wavelength in the NIR region, the OPE wave-
length in the visible region exhibited less irradiation penetra-
tion and greater energy absorption, photobleaching, and
scattering. Therefore, we found it difficult to observe thick
tissues and biological specimens. Furthermore, we used TPL
and TPAF tissue phantoms to determine the feasibility of
conducting imaging processes at specific distances. Imaging
processes were feasible at the specified working distance of
the lens for both phantoms. TPL images of the material—
Abrysa-treated bacteria and TPAF images of the unlabeled
bacteria were captured as a function of depth under TPE (Ex:
800 nm). Specifically, the aforementioned images were cap-
tured at depths ranging from 110 to 130 um, with the depth
increasing at a rate of 20 um (Figure 7). TPI emissions were
not detected when the TPE power was 394.24 nJ pixel ' (20
scans) or 1760.00 nJ pixel ' (700 scans). Different optical
systems have different detection depths. However, the
images captured at depths of >100 um contained spherical
aberrations that severely degraded their quality. Such aberra-
tions were caused by a mismatch between the refractive
indices of the aqueous sample and immersion oil and were
influenced by the objective used, detection efficiency, and
maximal z depth of the adopted optical laser system. The
largest z depth observed in this study was approximately 105
pm. This could be attributed to the selected detection effi-
ciency and objective. We suggest that a z depth of 99 um can
provide the optimal resolution for examining amino-N-
GQDs, which can not only serve as two-photon contrast
probes in 3D observations but also eliminate target microbial
species.

Conclusions

This study investigated novel amino-N-GQDs that can not
only serve as a photosensitizer but also generate a con-
siderable quantity of ROS. Thus, amino-N-GQDs can be
used in alternative PDT approaches involving the elimina-
tion of microbes, thus limiting the need for antibiotic
treatments. The amino-functionalized N-GQDs generated
a higher quantity of ROS than did the amino-group-free
N-GQDs and amino-N-free GQDs.
amino-N-GQDs conjugated with highly specific antibodies

Specifically, the

exhibited high antimicrobial activity through a PDT
mechanism. The amino-N-GQDs exhibited intrinsic lumi-
nescence properties in the NIR region and high photo-
stability, and these properties render them a promising
contrast agent for tracking bacteria in 3D bioimaging.
Accordingly, amino-N-GQDs offer an alternative method
for the observation and easy elimination of malignant

microbes. Dual-modality treatment strategies involving
amino-N-GQDs could be applied clinically in the future.
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