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Graphene quantum dots (GQDs), fascinating semiconductors with stable photoluminescence (PL), have impor-
tant potential applications in the fields of biology, medicine, and new semiconductor devices. However, it is still
challenging to overcome the weak PL intensity. Here, we report a strategy for selective resonance enhancement of
GQD fluorescence using gold nanoparticles (AuNPs) as plasmas. Interestingly, the addition of low concentration
AuNP makes AuNP/GQDs exhibit significant fluorescence enhancement of 2.67 times in the visible range. The
addition of high concentration AuNP leads to the formation of an excitation peak at 421 nm and selectively
enhances certain radiation modes. We concluded that the main reason for the selective enhancement of PL in-
tensity in high concentration AuNP is the transfer of generous hot electrons at high energy states from AuNP to
GQD and relaxation to the ground state. The electron resonance of low concentration AuNP transfers to GQD
and relaxes to lower energy levels, exhibiting an overall enhancement of PL intensity. We apply it for detection of
the heavy metal ion Cr3�, and verify that it has a correlation coefficient of 97.36%. We believe AuNP/GQDs can
be considered excellent candidates for heavy metal detection and high fluorescence bio-imaging. © 2023 Chinese

Laser Press

https://doi.org/10.1364/PRJ.495683

1. INTRODUCTION

With the occurrence of heavy metals in blood, drinking water,
and growing environmental pollution, great attention has been
paid to heavy metal ion detection with high sensitivity and se-
lectivity [1]. Cr3� is considered harmful to humans due to its
strong oxidation properties and easy penetration of biological
membranes [2,3]. Electrochemical methods, atomic absorption
spectrometry, and coupled plasma mass spectrometry have been
developed [4–6] to measure the concentration of Cr3�.
Nevertheless, the use of bulky instruments is costly, inconven-
ient, and unfeasible for on-site measurement of pollutants.
Therefore, a simple, low cost, highly sensitive detection method
that can detect chromium concentration in drinking water and
the human body is highly desired.

As 0D material, graphene quantum dots (GQDs) have
aroused great interest in research and practical applications
due to their superior and exciting chemical, physical, mechani-
cal, and electronic properties [7]. They have open bandwidths
due to quantum confinement, excellent dispersibility, and
more abundant active sites [8–10]. GQDs have the excellent

performance required for biomedical applications such as bio-
compatibility, which gives them unique advantages in heavy
metal sensing. The enhanced photoluminescence (PL) emission
of GQDs can improve their performance in photoelectric de-
tectors and minimize the effect of different noises on the effi-
ciency of such devices, resulting in higher sensitivity [11,12].

The PL intensity of a fluorescent molecule can be strongly
enhanced when near a metal nanoparticle (NP) [13,14].
Localized surface plasmon (LSP) resonance enhanced PL has
gained considerable attention in numerous applications and re-
search areas, such as biology and medical science [15–18]. It is
necessary to understand the mechanism for such a good effect
if we intend to develop better materials to improve the en-
hancement. Usually, PL enhancement can be attributed to
two means: a localized enhanced electric field [19] and plasmon
resonance energy transfer [20]. A localized enhanced electric
field refers to the local electric field generated by photoexcited
plasmon crystals, and the PL emission of fluorescent molecules
increases under a strong local electric field [21,22]. Plasmon
resonance energy transfer is similar mechanism [23,24].
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The process can be described as follows: the plasmon crystals
absorb photons and excite plasmon resonance, and energy is
transferred to fluorescent molecules through intraband excita-
tions within the conduction band or through interband exci-
tations caused by transitions between other bands (for example,
D bands) and the conduction band. The donor transfers rich
hot carriers on the surface of the acceptor molecule through the
dipole–dipole coupling of non-radiation. However, the mecha-
nism of PL enhancement is too complex to distinguish which
mechanism plays a major role [25].

In our work, GQDs were attached to the surface of a gold
NP (AuNP) to enhance PL intensity selectively. To investigate
whether the localized enhanced electric field or plasmon
resonance energy transfer is the main mechanism of PL en-
hancement, we conducted a control experiment to isolate
the adiabatic electron transfer path and adjust the AuNP near
field strength. It proved that AuNP plays the role of a dipolar
antenna, mainly by collecting incoming photons from a range
much larger than GQDs’ and transferring hot electrons to the
electron transition path of electron–hole recombination in the
GQDs’ electronic structure. Density functional theory (DFT),
Raman spectrum, time-resolved PL (TRPL) decays, and the PL
spectrum proved that the reason for selective fluorescence en-
hancement or overall enhancement of graphene is that due to
the addition of different concentrations of AuNP, the electrons
directly relax from the high energy band to the ground state or a
lower energy level and then return to the ground state.

2. RESULTS AND DISCUSSION

AuNPs were prepared by a modified seed-mediated method.
To verify the crystal nature of the AuNP/GQDs, Figs. 1(a)
and 1(b) show the representative transmission electron micros-
copy (TEM) and high angle annular dark-field-scanning TEM
(HADDF-STEM) images of AuNP/GQDs. The diameter of
AuNP coated randomly with GQDs was 21.6� 2.4 nm
[Figs. 2(a)–2(c)]. The high resolution TEM (HRTEM) image
[Fig. 1(c)] clearly indicates that GQDs were attached on the
surface of AuNP. The marked distance of the straight fringes
in GQDs is around 0.21 nm, which corresponds to the (100)
plane of GQDs. The corresponding selected area electron dif-
fraction (SAED) pattern in Fig. 1(d) demonstrates the good
crystallinity of AuNP. The concentric rings can be assigned
to the (111), (200), (220), and (311) planes of Au.

X-ray photoelectron spectroscopy (XPS) confirmed the pres-
ence of electron donors and electron acceptors. Figure 3 shows
XPS spectra containing GQD and AuNP/GQDs in which
AuNP/GQDs = 400:4. Deconvolution of the C 1s spec-
trum [Fig. 3(a)] resulted in the observation of C═C, C═O,
and ─COOH bonds with binding energies of 284.6 eV,
286.7 eV, and 288.4 eV, respectively [26,27]. Deconvolution
of the O 1s spectrum [Fig. 3(b)] resulted in the observation of
C═O and C─O bonds with binding energies of 531.6 eV and
533.2 eV, respectively [26,27]. The ratio of the different
groups in GQDs and AuNP/GQDs is shown in Fig. 3(c). XPS
results indicate that a relative proportion of the electron donor
group (─OH) and electron acceptor carboxy ─COOH in
AuNP/GQDs has no significant changes relative to GQDs. In
addition, the peak in Fig. 3(d) is attributed to the 4f electron of

Au, which further indicates the existence of AuNPs. The
Raman spectrum [Fig. 3(e)] of AuNP/GQDs and GQDs
shows three prominent peaks at 1345 cm−1, 1585 cm−1, and
2685 cm−1, corresponding to the disordered sp3 hybrid defect
structure (D), ordered sp2 graphite carbon structure (G), and
second order of the D (2D) band [28], respectively. There is a
slight blueshift in the peak positions of AuNP/GQDs com-
pared to individual GQDs [29]. The blueshift is attributed to
the coupling between GQDs and AuNP plasmons [30]. A de-
creased intensity ratio (IG∕ID) for AuNP/GQDs (from 0.80 to
0.76) indicates that plasmon resonance can reduce the local
distortion of sp2-hybrid carbons [31], the charge transfer from
AuNP [32] to GQDs, and the enhanced electron–phonon cou-
pling [30,33]. The Fourier transform infrared (FTIR) spectra
shown in Fig. 3(f ) reveal that there is no noticeable change in
the surface GQDs and AuNP/GQDs, both of which possess
abundant hydrophilic groups such as COOH (1759 cm−1),
─C═O (1743 cm−1), and C─O (1258 cm−1) on their surfaces.
Moreover, stretching vibrations of C─N═(1427 cm−1) bonds
were observed, indicating the polyaromatic structures in GQDs
and AuNP/GQDs.

We systematically studied the spectral properties of the
materials. Figure 4(a) shows the ultraviolet-visible (UV-Vis) ab-
sorption spectra of AuNP/GQDs and GQDs. A typical absorp-
tion peak at 300 nm along with an extension that proceeds to
the visible region was observed, which was inferred to the π−π�

transition of C═C and n−π� transition of C═O in the nano-
carbon [34]. The broad absorption spectra indicate that the
GQDs have multiple electron transition paths instead of a
well-defined bandgap. The stronger absorption capacity dem-
onstrates that AuNP/GQDs have a stronger ability to trap
photons. The absorption peak at 527 nm is attributed to

Fig. 1. (a) Representative transmission electron microscopy (TEM)
and (b) high angle annular dark-field-scanning transmission electron
microscopy (HADDF-STEM) images of the AuNP/GQDs. (c) High
resolution transmission electron microscopy (HRTEM) image of the
AuNP/GQDs; the red circle inside is GQD, inset is a scaled up view
of GQD with high resolution, lattice spacing is 0.21 nm, and crystal
plane is (100). (d) Selected area electron diffraction (SAED) pattern of
AuNP/GQDs.
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the surface plasmon resonance absorption of AuNPs. Excitation
wavelength-dependent PL intensity experiments near the plas-
mon resonance peak of AuNP at 550 nm were performed to
explore the optical properties of as-synthesized GQDs and
AuNP/GQDs, as shown in Fig. 4(b). As the AuNP concentra-
tion increases, the excitation peak at 330 nm gradually moves to
368 nm [26,35]. The excitation peaks at 470 nm and 504 nm
regularly disappear, forming a new excitation peak at 421 nm
[Fig. 4(b)]. The PL spectra of GQDs, GQDs: AuNP = 400:1,
400:2, 400:3, and 400:4 excited by 300 nm, 325 nm, 368 nm,
and 421 nm, respectively, are shown in Figs. 4(c)–4(f ). Here
GQDs and AuNPs respectively act as acceptors and donors for
fluorescence resonance energy transfer. It is worth noting that
the PL line shape of GQDs exhibits asymmetric and multiple

PL peaks, which confirms the existence of numerous electron
transition pathways of GQDs [36]. High concentration AuNPs
lead to selective PL enhancement of graphene, a phenomenon
also observed in graphene oxide [37]. As shown in Fig. 4(c),
when the incident wavelength is 300 nm, the emission mode
at 412 nm is significantly enhanced, and excitation peaks
sprout at 436 nm. When the incident wavelength is 325 nm
[Fig. 4(d)], PL enhanced emission peaks appear at 394 nm,
412 nm, 457 nm, and 485 nm. When the incident wavelength
is 368 nm [Fig. 4(e)], PL enhancement peaks arise at 410 nm,
462 nm, and 493 nm. With the excitation wavelength increas-
ing to 421 nm, selective PL enhancement is no longer evident,
but an enhanced emission mode can still be found at 495 nm.
In most cases, the plasmon effect does not bring about a new

Fig. 3. (a) Binding energies correspond to the C 1s of GQDs and (b) O 1s of AuNP/GQDs. (c) Ratio of different groups in GQDs and AuNP/
GQDs. (d) 4f electron of Au. (e) Raman spectrum of AuNP/GQDs and GQDs. (f ) Fourier transform infrared (FTIR) spectra of AuNP/GQDs
and GQDs.

Fig. 2. (a) Representative transmission electron microscopy (TEM) and (b) high resolution transmission electron microscopy (HRTEM) images
in the red region of AuNPs. (c) Statistical diameter of AuNPs.
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emission mode but rather enhances the selectivity of the origi-
nal electron transition pathway of graphene. This enhancement
effect is attributed to optical selection of different emissive sites
on GQDs [38,39]. The optoelectronic properties of GQDs
were determined by the π states of the sp2 site. The π and
π� electronic levels of the sp2 clusters lie within the bandgap
of δ and δ� states of the sp3 matrix and are strongly localized
[40,41]. The PL emission in GQDs resulted from the geminate
recombination of localized electron–hole pairs in sp2 clusters,
which essentially behave as luminescence centers or chromo-
phores. It has been proved that the short wavelength region
is due to the electron–hole radiative recombination of intrinsic
states, and the long wavelength region is due to the defect state
emission from surface defects [26,38,42–46]. In a disordered
carbon system, the PL peak intensity is linearly related to
the sp2 fraction [47]. The selective enhancement of the short
wavelength region peak is attributed to the contribution of hot

electrons from plasmons to electronic transition paths inGQDs.
It is almost ineffective against emission from defect states.
However, a low concentration addition of AuNP can lead to
overall enhanced fluorescence, up to 2.67 times [Figs. 4(c)–4
(f )], without selectively enhancing specific fluorescence emis-
sion modes due to the uniform and stable surface state of
GQDs [26,48]. After the introduction of seldom AuNPs, fluo-
rescence emission modes of GQDs did not change, which is in
agreement with the first-principles calculation results that the
adsorption of Au and GQDs is much weaker than that of
Co, Ni, Pd, or Ti [49]. The electronic structure of GQDs would
not be strongly perturbed by seldom AuNP but was essentially
preserved in the weak binding physisorption regime.

TRPL measurements of AuNP/GQDs were performed to
clearly investigate the impact of AuNP inclusion on GQDs.
The corresponding normalized PL decay curves of GQDs and
AuNP/GQDs are provided in Fig. 5(a). Based on previous

Fig. 4. (a) Ultraviolet-visible (UV-Vis) absorption spectra. (b) Excitation wavelength-dependent photoluminescence spectra with monitoring
wavelength of 550 nm. Photoluminescence spectra of GQDs, GQDs:AuNP = 400:1, 400:2, 400:3, 400:4 excited by (c) 300 nm, (d) 325 nm,
(e) 368 nm, and (f ) 421 nm.
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studies, we fitted the decay curves by a multiexponential func-
tion with deconvolution of the instrument response function
(IRF):

I�t� �
X

Ai exp

�
−
t
τi

�
,

where I�t� is the normalized PL intensity at delay time t, Ai
(i � 1, 2) is the weight factor (normalized by 100%) and rep-
resents the population contribution of each component, and τi
(i � 1, 2) is the decay time constant. The fitting results are pre-
sented in Fig. 5(b). The average lifetime increased from 2.87 ns
to 3.76 ns with increasing concentration of AuNP. There is

Fig. 5. (a) Photoluminescence lifetime of GQDs, GQDs:AuNP = 400:1 and 400:3. (b) Extracted photoluminescence lifetime parameters of
GQDs and AuNP/GQDs.

Fig. 6. (a), (b) TEM images of AuNPs coated with silicon oxide. (c) Excitation wavelength-dependent photoluminescence spectra and (d) photo-
luminescence spectra of GQDs and AuNP/GQDs coated with silicon oxide of different thicknesses, with excitation wavelength of 325 nm.
Calculated electric field of (e) AuNP, (f ) AuNP@SiO2-10 nm, (g) AuNP@SiO2-16 nm, and (h) AuNP@SiO2-20 nm at electric dipole resonance
(325 nm). The excitation light is along the z axis and polarized along the y axis in the calculations.
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little effect on the shorter time constant (τ1) with the addition
of low concentration AuNP, while there is an evident increase
of τ1 by 20.16% with the addition of high concentration
AuNP. We attribute this result to increased intrinsic exciton
recombination [50]. The contribution of hot electrons to
the extrinsic electronic state can lead to an increase in the values
of PL intensity and shorter time constant (τ1). With the
addition of AuNP, generously implanted electrons fill higher
energy state of GQD and relax directly to the ground state,
leading to selective enhancement of the shorter wavelength.
When AuNP is added at a low concentration, there is sufficient
opportunity for electrons to relax to a lower energy level before
returning to the ground state, leading to overall enhanced
fluorescence.

When the metal NP is excited by light of a specific wave-
length, the conduction electrons of the metal will oscillate
collectively (i.e., plasma). The strong electromagnetic field
associated with LSP resonance can be confined to the deep sub-
wavelength space near the particle surface. Near-field enhance-
ment of an electromagnetic field and hot electron injection
are considered two potential reasons for PL enhancement.
The surface of SiO2 with a thickness of 10 nm has an electric
field similar to that of an AuNP [Figs. 6(e) and 6(f )]. The elec-
tric field strength weakens as the thickness of silica increases
[Figs. 6(f )–6(h)]. Silica can effectively isolate electron transfer
but has little influence on electric field distribution [51,52].
As shown in Figs. 6(a) and 6(b), to distinguish which mecha-
nism is responsible for the enhancement of PL silica layers
with different thicknesses were wrapped on the AuNP to isolate
a charge transfer path and adjust the near-field field strength.
Figures 6(c) and 6(d) show that AuNP@SiO2=GQDs de-
monstrate weaker PL emission, indicating that fluorescence
enhancement is no longer possible after the charge transfer
pathway is cut off. In our work, the PL enhancement of AuNP/
GQDs is mainly due to the hot electron transfer.

To further illustrate the specific electron transfer reaction
of AuNP, the band structure of the Au was calculated based
on DFT [53,54], as shown in Fig. 7(a). The projected den-
sity of states (PDOS) [Fig. 7(b)] of AuNP was obtained from
Fig. 7(a). There were two broad regions in PDOS, where a
valence band appeared below −1.6 eV and a conduction band
localized beyond 3 eV. The valence band is primarily composed
of 5d electrons and small contribution from 6s and 5p states.
In addition, the conduction band is mainly contributed by the
electrons of s-p states. The band diagram of the AuNP/GQDs
is schematically illustrated in Fig. 7(c). AuNP plays the role of
a dipolar antenna, collecting incoming photons from its sur-
roundings and concentrating the energy in the “hot spot.” The
work functions of pristine GQDs and AuNP are 4.5 eV and
5.2 eV, respectively [55,56]. The work functions of the highest
occupied states and lowest unoccupied states of the graphite
GQDs are estimated to be 6.14 eV and 2.7 eV, respectively
[57]. Plasmon excitation energy (about 2.1 eV for AuNP) is
above the Fermi level of GQDs, which enables the injection
of hot electrons [58]. We generalize the AuNP-enhanced PL
emission into three processes: (1) under visible light radiation,
the electrons of metal are excited and have an energy higher
than the Fermi level of GQDs [59]; (2) hot electrons from

AuNP are injected into the GQDs; (3) injected electrons in
graphene relax to the ground state and radiate photons, leading
to the enhanced fluorescence of AuNP/GQDs.

Pollution by heavy metal ions is a serious environmental
problem. Heavy metal ion toxicity has been reported to cause
many health issues to live beings and has motivated researchers
to develop various strategies for the detection and removal of
these heavy metal ions from aqueous systems to make water safe
for use. In our work, AuNP/GQDs can be applied as a fluo-
rescent probe for the assay of Cr3�. To investigate the speci-
ficity of AuNP/GQDs as a fluorescent sensing platform for
sensing Cr3�, eight common metal ions such as Pb2�, Cr3�,
Al3�, Ni2�, Co2�, Fe2�, Cu2�, and Zn2� were measured for
the fluorescence responses under the same experimental condi-
tions. As shown in Figs. 8(a) and 8(b), only Cr3� can obviously
quench the fluorescence of AuNP/GQDs, illustrating the high
specificity of AuNP/GQDs for the Cr3� sense. Figures 8(c) and
8(d) display the linear responses of the fluorescence intensity
with the concentration of Cr3� in the range of 1–400 μM
(1 M = 1 mol/L), showing a correlation coefficient of
97.36%, which proves that this sensor had some potential to
work reliably for the fluorescent probe. Actually, Cr3� was ad-
sorbed on the center of aromatic rings of GQDs, resulting in
the reduction of π-conjugated regions and PL quenching, i.
e., the strong adsorption with the charge transformation caused
the fluorescence quenching [60,61]. When the detection con-
centration of Cr3� was 50 ppb (parts per billion), the fluores-
cence intensity was reduced to 77.84%, much lower than
the standard of the United States Environmental Protection

Fig. 7. (a) Calculated electronic band structure and (b) projected
density of states (PDOS) of Au. (c) Band diagram of AuNP/GQDs.
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Agency (USEPA) for chromium in drinking water (100 ppb)
[62]. AuNP/GQDs can easily judge whether a human exceeds
the maximum allowable level of blood chromium content
(13.4 μM). When AuNP/GQDs were used to detect Cr3� con-
centration in human blood, there was a risk of Cr3� poisoning
when the fluorescence intensity was reduced to 56.06%.

3. EXPERIMENT

A. Reagents
Sodium hydroxide (98%) and L-ascorbic acid (AA, 99.99%)
were purchased from Macklin. Hexadecyltrimethylammonium
bromide (CTAB, 99.0%) and GQDs were purchased from
Aladdin. Tetraethyl orthosilicate (TEOS, 28.4%), chloroauric
acid (99.99%), sodium borohydride (96.0%), and hydrochloric
acid (36%−38%) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China).

B. Synthesis of AuNP/GQDs
AuNPs were prepared by a modified seed-mediated method.
Typically, 0.5 mL of HAuCl4 (5 mM) was added to 9.5 mL
of CTAB (0.1 M). The mixture was stirred, followed by the
quick addition of 0.6 mL of ice-cold NaBH4 (10 mM). This
seed solution was kept in an incubator chamber (30°C) for 2 h.
6 mL of the HAuCl4 (5 mM) solution was added to 30 mL
of CTAB (0.2 M). Then, 3.5 mL of AA (10 mM) and 1 mL
of NaOH (1 M) were added to the mixture. Subsequently,
0.05 mL of the seed solution was rapidly injected. The solution
was left at room temperature for 1 h to obtain Au nanospheres.
Then Au nanospheres were centrifuged at 10,000 r/min
for 15 min and dissolved in the same amount of water five
times. Last, 40 μL AuNP was added to 200 μL GQDs, stirred

for 12 h, and allowed to stand for more than 7 days to obtain
AuNP/GQDs.

C. Synthesis of AuNP@SiO2∕GQDs
To synthesize the AuNP@SiO2, 1 mL of CTAB, 20–50 μL
TEOS, and 30 μL of NaOH were added to 4 mL AuNP.
The solution was left at room temperature with mild stirring
for 12 h, then centrifuged at 8500 r/min for 5 min, and dis-
solved in the same amount of water five times. Last, 40 μL
AuNP@SiO2 was added into 200 μL GQDs, stirred for
12 h, and allowed to stand for more than 7 days to ob-
tain AuNP@SiO2=GQDs.

D. Fluorescence Assay of Cr3�

Specifically, 1 mL AuNP/GQDs solution was put into 8 mL of
ultrapure water, followed by adding different amounts of Cr3�.
1.25 μL of AuNP/GQDs was added to 5000 mL of heavy
metal ions solution (50 μM) for heavy metal testing. The PL
spectrum of Figs. 8(b) and 8(c) was measured 8 h after mixing.

E. Sample Characterization
TEM, HRTEM, and HADDF-STEM images and the SAED
pattern were obtained using an FEI Tecnai G2 F20 X-Twin
microscope operated at an accelerating voltage of 200 kV.
The UV-Vis absorption spectra were measured by a Thermo
Scientific Evolution 220 UV-Vis instrument, while the PL
spectra were measured by a Hitachi F-460, and PL decay curves
were assessed by an Edinburgh FLS1000 spectrophotometer
under an excitation wavelength of 365 nm. In addition, the
XPS spectra were measured using a Thermo Scientific K-
Alpha+. The SERS spectra were acquired with a 514 nm wave-
length laser source using a Horiba LabRAMHR Evolution. We
put the sample into the capillary tube, collected three ranges in

Fig. 8. (a) Fluorescence spectra of AuNP/GQDs for different heavy metal ions. (b) Different heavy metal ion detection effect statistics of AuNP/
GQDs at a concentration of 50 μM. (c) Fluorescence spectra for detection of different concentrations of chromium ions. (d) Correlation coefficient
of AuNP/GQDs and different concentrations of chromium ions; blue area corresponds to poison concentrations.
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different areas, and took the average. FTIR spectroscopy ab-
sorption spectra were measured by a Thermo Scientific
Evolution NICOLET iS50.

F. Computational Details
In this work, all DFT calculations were performed using gen-
eralized gradient approximation (GGA) and the Perdew–
Burke–Ernzerh (PBE) exchange-correlation function. The
employed periodic cell dimension was a � b � c � 4.17 Å.
The corresponding Brillouin zone sampling k-point set-mesh
parameters were 4 × 4 × 4.

4. CONCLUSION

In conclusion, the plasmon resonance caused by the AuNP as
an antenna can considerably boost light absorption larger than
GQDs and thus enhance the PL emission of GQDs. The con-
trol experiment of isolating the adiabatic electron transfer path
and adjusting the near-field strength proves that the energy
transfer caused by plasmon resonance in AuNP/GQDs is the
main reason for the PL enhancement of AuNP to GQDs.
Furthermore, we can selectively enhance the fluorescence of
GQDs by controlling the addition of AuNP. AuNP/GQDs
show great potential in the detection ofCr3�, with a correlation
coefficient of 97.36%. The concept in this work is an impor-
tant step forward in using plasmonic particles to selectively en-
hance the PL of GQDs and clarify the mechanism. We expect
that it would bring more possibilities to take advantage of plas-
monic resonance enhanced fluorescence for highly sensitive
probes.
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