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Fluorescence quenching is an interesting phenomenon that has been
widely utilized in developing fluorescence-based sensors. However,
most of the research focuses on the quencher and fluorophore in the
bonded states. The fluorescence quenching between two unbonded
nanostructures has been rarely studied. In this work, we observed and
studied the fluorescence-quenching phenomenon between the
unbonded gold nanoparticles (Au NPs) and graphene quantum dots
(GQDs) upon simple mixing. We observed that the fluorescence of
GQDs gradually decreased with the increase of Au NP concentration.
This fluorescence quenching between unbonded GQDs and Au NPs
obeys the nonlinear form of the Stern—Volmer model, which suggests
that the process contains both static and dynamic quenching.

Introduction

Metal nanoparticles (NPs), such as gold (Au) and silver (Ag) NPs,
are known to dramatically change the optical properties of nearby
fluorophores. This is due to the interaction between surface
plasmons of metal NPs and the photoluminescence (PL) of the
light-emitting fluorophores.”® When a fluorophore is situated
close to the metal NP surface, its fluorescence is quenched due to
energy transfer to the metal.”® In the past decades, the metal
induced PL quenching has been widely utilized for sensing
technologies,”™ and amplification of surface plasmons.'**

The metal NPs can quench fluorescence of fluorophores in
both bonded states and unbonded states as far as they get close
enough. The fluorescence quenching between quencher and
fluorophore in the bonded states has been well documented.
For example, the gold/silica (Au/SiO,) core-shell structures were
used to absorb cadmium selenide quantum dots (CdSe QDs) or
graphene quantum dots (GQDs) on the shell. PL of the
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fluorophores (i.e. CdSe QDs or GQDs) was quenched by the Au
NPs in 6 nm thick silica shell.>* Au NPs were found to quench
the fluorescence of lissamine molecules which were chemically
bonded to Au NPs surface at a constant 1 nm distance.*® Fluo-
rescence of QDs can also be quenched by a carbocyanine dye
(Cy5, an energy acceptor) that binds to the QDs through bio-
conjugation.”” In those studies, the distance between quencher
and fluorophore was precisely controlled through inorganic-
organic bonding materials.

However, fluorescence quenching can also happen between
un-bonded quenchers and fluorophores. For instance, when
CdSe QDs and Au nanorod were mixed together in aqueous
phase, Au nanorods significantly quenched the fluorescence of
CdSe QDs."® This fluorescence quenching between unbonded
quenchers and fluorophores is important as they represent
some conditions in bio-applications. Despite this importance,
there have been few studies for this phenomenon.

Graphene quantum dots (GQDs) are a new class of fluo-
rophores, which hold great promise for bio-analysis and bio-
imaging because of their chemical inertness, biocompatibility
and low toxicity."** Recently, when we mixed its solution with
Au NPs, we observed the fluorescence quenching of GQDs by Au
NPs up to 94.1%. The fluorescence of GQDs gradually decreased
with the increase of Au NP concentration. Through examining
the relation between the fluorescence quenching and concen-
tration of Au NPs, we realize that this phenomenon obeys the
nonlinear form of Stern-Volmer model, suggesting that the
process contains both static and dynamic quenching.'®
Through dynamic light scattering (DLS) and transmission
electron microscopy (TEM) analysis, we revealed that Au NPs
and GQDs were unbonded initially; upon mixing, part of the
GQDs absorbed onto Au NP surface and the rest GQDs
remained in water. The Au NPs can quench the fluorescence
from both GQDs attached on surface and nearby GQDs in water
solution; this may be used to explain the coexistence of static
and dynamic quenching. We believe our study about the fluo-
rescence quenching of Au NPs and GQDs in unbonded state will
help with biosensor design based on these nanostructures.
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Results and discussion
Synthesis of GQDs and Au NPs

GQDs were prepared from Vulcan XC-72 carbon black by
refluxing with concentrated nitric acid following a published
method.**** The GQDs gained are single layered with a diameter
about 15 nm.*” They contain plenty of carboxyl and hydroxyl
groups that provide excellent water solubility. The cyclic vol-
tammetry of the as-prepared GQDs showed no prominent
reduction peak (Fig. S11), indicating that the as-prepared GQDs
were free from any reducing agent and free of any residual
nitrate. We preserved the GQDs in water at a concentration of
0.1 mg GQD per mL H,O for later use. The Au NPs were
synthesized by the reduction of HAuCl, by NaBH, with presence
of tri-sodium citrate.”* The Au NPs were water-soluble due to the
surface capping of citrate ions. Au NPs were preserved in the
aqueous solution of 0.05 mg Au NP per mL H,O.

Fluorescence quenching of GQDs by Au NPs

Optical properties of the GQDs, Au NPs and mixtures were
investigated by fluorescence emission spectrum and UV-vis
absorption spectrum.

To study the fluorescence quenching effect of Au NPs, we
compared a group of aqueous mixtures, containing 1 mL of
GQDs and varied volumes of Au NPs (0, 0.2, 0.4, 0.6, 1, 2, 2.5, 3,
or 4 mL) to make a total volume of 5 mL. As listed in Table 1 in
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experimental part, the GQDs concentration is constantly 20 pg
mL ™" for all group I samples. The Au NPs concentrations are 0,
2, 4, 6, 10, 20, 25, 30, and 40 ug mL™", correspondingly. With
excitation energy at 294 nm, the emission spectrum of sample 1
(GQDs 20 ug mL ™', no Au NPs) was recorded and it presents the
peak emission intensity (I, = 266 a.u.) at 497 nm (Fig. 1A). Upon
the addition of more Au NPs, the intensity gradually drops. The
sample 9 (GQDs 20 ug mL™ ", Au NPs 40 ug mL ') only has a
peak emission intensity (I) of 20 a.u. at 497 nm. The sample 28
with only Au NPs (10 pg mL™") and without GQDs showed
negligible emission in detection range. We also conducted two
groups of fluorescence quench experiment with 10 pg mL ™' and
3 ug mL~ ' GQDs, same trends were observed (Fig. S27).

For fluorescence quenching process, both linear and
nonlinear forms of Stern-Volmer model were used:**®

I/l =1+ Kp[Q]
II =1+ (Kp + Ks)[Q] + KpKs[Q]®

I represents the peak fluorescence intensity, [Q] is quencher
concentration, K, is bimolecular quenching constant, and Kj is
the association constant for binding of the quencher to the
luminescent species. A linear dependence would suggest
dynamic quenching. In case of nonlinear behavior, both the
static and dynamic processes are taking place. In our experi-
ment, the Au NPs are quenchers; we plotted the peak

Table 1 The volumes of H,O, GQDs and Au NPs; and corresponding concentrations

Sample H,0 GQDs solution Au NPs solution GQD concentration Au NPs concentration
no. (mL) (mL) (mL) (g mL ™) (ng mL ™)
Group I 1 4 1 0 20 0
2 3.8 0.2 2
3 3.6 0.4 4
4 3.4 0.6 6
5 3 1 10
6 2 2 20
7 1.5 2.5 25
8 1 3 30
9 0 4 40
Group II 10 4.5 0.5 0 10 0
11 4.3 0.2 2
12 3.9 0.6 6
13 3.7 0.8 8
14 3.5 1 10
15 3 1.5 15
16 2.5 2 20
17 2 2.5 25
18 1.5 3 30
19 0.5 4 40
Group III 20 4.85 0.15 0 3 0
21 4.65 0.2 2
22 4.45 0.4 4
23 4.25 0.6 6
24 4.05 0.8 8
25 3.85 1 10
26 2.85 2 20
27 1.85 3 30
Group IV 28 4 0 1 0 10
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Fig.1 (A) Fluorescence spectra of group | mixtures with 20 ng mL~* GQDs and varied concentration of Au NPs; and fluorescence spectrum of 10
ng MLt Au NPs without GQDs shows a plot (bottom) with very low intensity; (B) the Stern—Volmer plots: lo// vs. Au NPs concentration, /o and /
are peak fluorescence intensities at 497 nm read from Fig. 1A and S2;t /g is the initial peak intensities of the GQDs without Au NPs.

fluorescence intensity (y/I) vs. Au NPs concentration for groups
I-I1I of samples with different GQDs concentrations (Fig. 1B).
All the three groups showed a nonlinear dependence between
Io/T and Au NPs concentration, so our quenching process
contains both the static and dynamic quenching. Up to 25 pg
mL ™" of Au NPs, the data points of three groups overlapped
nicely, indicating the quenching trend is similar regardless of
the GQDs concentrations. When Au NPs concentration goes
higher than 25 pg mL™ ", the 10 pg mL™ ' and 3 pg mL~' GQDs
groups start to deviate from the 20 pg mL~"' GQDs group. This
may be explained by the low fluorescence intensity with high Au
NPs concentration, which makes the fluorescence signal less
reliable.

UV-vis spectra and size analysis of Au NPs with GQDs

The 1 mL GQDs in water suspension shows a broad UV-vis
absorption below 600 nm, and the UV-vis absorption decreases
with lower GQDs concentrations (Fig. S3AT). Au nanostructures
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are known to have a characteristic absorption peak in range of
500-900 nm depending on the size and shape of the NPs. In
Fig. 24, the pure Au NPs have an absorption peak at 512 nm. As
GQDs were mixed with the Au NPs, the Au UV-vis absorption
peak red shifted to high wavelengths as 516 nm, 520 nm and
531 nm, respectively to the GQDs concentrations of 3, 10 and 20
pg mL~". The red shift of the Au NPs UV-vis absorption may be
due to the size increase, so we carried the DLS size measure-
ment. The number particle size distribution of the Au NPs
increased along with the GQDs concentration (Fig. 2B), the peak
size changed from 1.5 nm to 2.5, 3 and 10 nm accordingly. For
example, the sample with 20 ug mL ™" GQDs and 10 ug mL ™" Au
NPs showed a size range of 5.5 to 30 nm and a peak size at about
10 nm in DLS plot. A representative TEM image of the same
sample is shown in Fig. S4A,T only Au NPs were observed at this
magnification. A measurement of all Au NPs on the TEM image
indicated a size range of 4 to 32 nm, with a mean diameter of 10
nm, and a mode diameter of 8.6 nm (Fig. S4Bf). The UV-vis
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Fig. 2 (A) UV-vis absorption spectra and (B) DLS data, of mixtures with 10 ng mL™* Au NPs and varied concentrations of GQDs (20, 10, 3 and

0 ug mL™Y).
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spectrum, DLS measurement and TEM image agree with each
other, they all suggest a size increase of the Au NPs along with
the concentration increase of GQDs. In the fluorescence study,
we found that both static and kinetic quenchings exist in our
system, this means the Au NPs quench the GQDs in two possible
ways: (1) by forming a complex with the GQDs or (2) by
quenching at a distance without direct contact. So, we propose
that partial of the GQDs are attached on the Au NPs and partial
stay in water. The Au NPs are stabilized by citrate ions, and
GQDs are also negatively charged with carboxyl and hydroxyl
groups. As GQDs concentration increases, they replace more
and more citrate ions on Au NPs. Due to the bulky structure and
low charge; the GQDs are weaker surface stabilizer than the
citrate ions. Thus the original 1.5 nm Au NPs grow into larger
NPs with more GQDs. When we kept the GQDs concentration
constantly at 20 ug mL ™", and increased the Au NPs concen-
tration (6, 10 and 20 pg mL '), the Au absorption peak also red
shifted (Fig. S3B7). This is because at a higher concentration,
the Au NPs have more chance to aggregate with each other.

Conclusions

We studied the fluorescence quenching behavior of unbonded
Au NPs and GQDs in aqueous phase. Upon mixing, the fluo-
rescence of GQDs was gradually quenched with increasing Au
NP concentrations following the nonlinear form of Stern-
Volmer model, suggesting that the process contains both static
and dynamic quenching. The GQDs also caused aggregation of
Au NPs observed by UV-vis spectra; DLS size measurement and
TEM image. Our finding may help in developing biosensors
based on GQDs and Au NPs.

Experimental

Vulcan XC-72 carbon black was a product of Cabot Corporation.
Nitric acid (HNO;) was produced by Honeywell Chemicals.
Hydrogen tetrachloroaurate(m) (HAuCl,-3H,0), tri-sodium
citrate (NazCeH;0,) and sodium borohydride (NaBH,) were
purchased from Sigma-Aldrich. All chemicals were used as
received without further purification.

Fluorescence spectrometer (Perkin Elmer, LS-55), UV-vis
spectrometer (Shimadzu Scientific Instruments, UV-2450),
dynamic light scattering (DLS) (Malvern Instruments, Zetasizer
Nano ZS), transmission electron microscopy (TEM, FEI G2
spirit, 120 kV, America).

Preparation of the graphene quantum dots (GQDs)

GQDs were prepared from Vulcan XC-72 carbon black (Cabot
Corporation) by refluxing with 6 M nitric acid.?*** Specifically,
0.2 g dried XC-72 carbon black was put into 50 mL 6 mol L™"
(~25%) HNOj; (boiling point: 100 °C) followed by refluxing in an
oil bath maintained at 130 °C for 24 hours. After cooling to
room temperature, the suspension was centrifuged (2770 g) for
10 min to obtain a supernatant and sediment. The supernatant
was heated in an oil bath maintained at 200 °C to evaporate the
water and nitric acid. And the GQDs were obtained as a reddish-
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brown solid. The GQDs were further filtered through a centrif-
ugal filter device (3 kDa MWCO, Millipore). The fraction of
GQDs smaller than 3 kDa was preserved in water solution that
was dried and redispersed to form a water solution of 0.1 mg
GQD per mL.

Cyclic voltammetry of the graphene quantum dots (GQDs)

The cyclic voltammetry of GQDs was measured in 0.1 M phos-
phate buffer with pH 5. Briefly, 10 pL of GQDs (0.25 mg mL ™)
was drop-casted on a pre-cleaned glassy carbon electrode and
dried in air at 37 °C. Nafion was drop-casted on the GQD
modified electrode to prevent the leakage of GQDs. The cyclic
voltammetry was recorded from —0.8 to 0 V using a standard
three-electrode setup with saturated calomel electrode as
reference and platinum wire as counter electrode with a CHI
660D electrochemical workstation (Chenhua Inc).

Preparation of gold nanoparticles (Au NPs)

Water-soluble Au NPs coated with citrate were synthesized
following a published method with modifications.**** In detail,
10 mM HAuCl,, 1% wt NajCitrate and 0.01 M NaBH, water
solutions were prepared in advance. 0.5 mL of 10 mM HAuCl,
and 0.15 mL of 1% wt NajCitrate water solutions were added
into 19.35 g H,O to yield a 20 mL solution of 0.25 mM HAuCl,
and 0.25 mM NajCitrate. 0.6 mL of 0.01 M NaBH, solution was
added drop-by-drop into the 20 mL solution containing HAuCl,
and NajCitrate under constant magnetic stirring. The reaction
mixture quickly turned purple due to formation of Au NPs. The
reaction mixture was stirred at room temperature for another 30
min for decomposition of excess NaBH,. The Au NPs were
preserved and used in the synthesis solution without further
purification. The as prepared Au NPs solution has a concen-
tration of 0.05 mg Au NP per mL.

Mixing of the GQDs and Au NPs

As-prepared GQDs solution (0.1 mg GQD per mL aqueous
solution) was diluted with water and then mixed with Au NPs
solution (0.05 mg Au NP per mL aqueous solution) to yield
mixtures with varied concentrations of GQDs and Au NPs. The
amount of water, GQDs and Au NPs solutions for each sample
were listed in row 3-5 of Table 1. The calculated concentrations
of GQDs and Au NPs in the mixtures were listed in row 6 and 7.
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