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ABSTRACT: The fluorescence quenching property of graphene oxide (GO) has been newly demonstrated and applied for 
fluorescence imaging and biosensing. In this work, a new nanostructure was designed for effectively studying quenching ability of 
GO.  The key element in this design is the fabrication of a layer of rigid and thickness-adjustable silica spacer for manipulating the 
distance between the GO and fluorophores. First, a silica core modified with organic dye molecules was prepared, followed by the 
formation of a silica shell with a tunable thickness. Afterwards, the GO was wrapped around silica nanoparticles based on the 
electrostatic interaction between negatively charged GO and positively charged silica. The quenching efficiency of GO to different 
dye molecules was studied at various spacer thicknesses and varying concentrations of GO. Fluorescence lifetime of fluorophores 
was measured to determine the quenching mechanism. We found that the quenching efficiency of GO was still around 30 % when 
the distance between dyes and GO was increased to more than 30 nm, which indicated the long-distance quenching ability of GO and 
confirmed previous theoretical calculation. The quenching mechanisms were proposed schematically based on our experimental 
results. We expected that the proposed nanostructure could act as a feasible model for studying GO quenching property and shed light 
on designing GO-based fluorescence sensing systems. 

INTRODUCTION  

Graphene, a novel two-dimensional carbon nanomaterial, 
has attracted tremendous research interests due to its excellent 
optical, electrical, thermal, and surface area properties.1-3 Using 
the modified Hummer’s method, graphene oxide (GO) can be 
easily produced and scaled up.4 GO possesses unique optical 
properties compared to pristine graphene due to the destruction 
of its sp2 carbon structure. Band-zero graphene generates 
adjustable band-gaps in GO, making them suitable for 
fluorescence imaging and construction of optical devices.5-7 
Moreover, oxygen-containing groups, such as carboxyl and 
hydroxyl groups, provide GO with high aqueous solubility and 
active sites for further modification.8 In addition to its well-
studied optical property and applications, GO has been recently 
discovered to be an excellent quencher for fluorophores and 
quantum dots,9-14 which has been used for the fabrication of 
fluorescence biosensors.15-17 For instance, through π-π stacking, 
a fluorophore-modified single-stranded DNA (ssDNA) can be 
adsorbed onto the surface of GO, leading to fluorescence 
quenching. When ssDNA forms a double-stranded DNA 
(dsDNA) or well-folded structures, the distance between the 
fluorophore and the GO surface would be increased to restore 

the fluorophore’s emission.18-19 This strategy has been used for 
sensitive detection of nucleic acids, proteins, small molecules, 
and metal ions.20-25 These pioneer works have clearly 
demonstrated the quenching capacity of GO to fluorophores.  

The distance between GO and fluorophores is critical in the 
design of GO’ quenching based sensors. Theoretically, the 
energy transfer rate from a fluorophore to GO is inversely 
related to the distance between a donor and an acceptor. 
Theoretical calculation suggests that GO would quench 
fluorescence at the range of 30 nm.26 In contrast to the 
traditional fluorescence resonance energy transfer (FRET) 
process with d-6 dependency,27 the quenching ability of GOs 
should be stronger than a traditional quencher. However, an 
experimental understanding of the GO quenching ability 
remains elusive due to the ineffective platforms used during the 
investigation. Recently, Huang et al.28 and Piao et al.29 
investigated the quenching ability of GO to fluorophores, FAM 
and Cy3.5. In these works, DNA strands were used as a spacer 
to separate the fluorophores and GO with variations in the 
length of DNA strands and the formation of dsDNA strands. 
The Fröster distance (d0), which was defined as the distance of 
50 % of quenching, was found as 7.5 ± 0.6 nm in Huang’s 
work.28 Piao et al. reported the quenching efficiency of GO 
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increased after 13 DNA bases. The difference among the 
reported works may imply a folded structure of dsDNAs. Due 
to the flexibility of DNA strands, even in a dsDNA form, they 
may tilt at an angle relative to the GO surface. Thus, the 
distance calculation by counting DNA bases and assuming 
DNA strands were perpendicular to the surface of GOs could be 
inaccurate. To overcome the limitation of a DNA spacer, a more 
rigid spacer is needed for more precise investigations of the 
quenching ability of GOs to fluorophores.  

Herein, we proposed a rigid spacer made of silica layer to 
fabricate a GO-fluorophore nanostructure. The nanostructure 
can manipulate an accurate distance between the GO and a 
fluorophore for a systematic investigation of the quenching 
ability of GO. The rationale of choosing silica is based on its 
inert and rigid network structure generated from the hydrolysis 
and condensation of tetraethylorthosilicate (TEOS). The 
previous work has demonstrated that a rigid material was a 
reliable spacer for separating fluorophores and gold 
nanomaterials in the investigation of metal-enhanced 
fluorescence.30-35 In this work the quenching ability of GOs to 
fluorophores could be delicately measured by coating different 
thicknesses of silica spacers on the fluorophores. We expected 
that the proposed nanostructure would be a feasible model for 
studying GO quenching property and their applications. 

EXPERIMENTAL SECTION  

Materials and Instruments. Single layer graphene oxide 
(GO) was purchased from Cheap Tubes Inc., VT. 
Tris(bipyridine)ruthenium(II) chloride (Rubpy), 1-hexanol 
(99+ %), tetraethylorthosilicate (TEOS, 98%), and 3-ami-
nopropyltriethoxysilane (APTES, 95%) were purchased from 
Sigma-Aldrich. Ammonium hydroxide (28.0% − 30.0%), 
cyclo-hexane (HPLC grade), and ethanol were obtained from 
Fisher Scientific Co. Carboxytetramethylrhodamine-
succinimidyl ester (TAMRA-SE) was purchased from 
Molecular Probes. Deionized (DI) water (Millipore Milli-Q 
grade) with resistivity of 18.2 MΩ•cm was used in all 
experiments. 

A Hitachi SU8010 field emission scanning electron 
microscope (SEM) was used for imaging the composite of silica 
nanoparticles and graphene oxide. A Hitachi 7500 transmission 
electron microscope (TEM) was used to take the images and 
measure the diameters of silica nanoparticles. UV-vis 
absorption spectra were recorded with a Lambda 1050 
UV/VIS/NIR spectrometer. A Jobin Yvon Horiba Fluorolog 
spectrofluorometer was employed for fluorescence intensity 
and lifetime measurements. Zeta potential was detected using a 
Zetasizer (Marlwen, model of Nano-ZS). An Eppendorf 5810 R 
centrifuge was used to centrifuge silica nanoparticles after 
washing. 

Synthesis of SiNPs@TAMRA. First, silica nanoparticles 
(SiNPs) were synthesized using the reverse microemulsion 
method.30 Briefly, 7.5 mL of cycle-hexane, 1.6 mL of 1-
hexanol, 1.8 mL of triton X-100, and 0.48 mL of H2O were 
mixed with vigorous stirring. After stirring for 15 min, 100 µL 
of NH4OH was added followed by the addition of 400 µL of 
TEOS to initiate the formation of silica nanoparticles. After 30 

min of stirring, 80 µL of APTES was added to co-polymerize 
with the TEOS for forming amino groups on the surface of 
SiNPs. The reaction could be carried out overnight and 
followed up with ethanol and water wash. Finally, the formed 
SiNPs with amino groups were dispersed in 20.0 mL water with 
concentration of 4.0 mg/mL. For conjugating TAMRA onto the 
surface of SiNPs, 20.0 mL of 4.0 mg/mL SiNPs was mixed with 
0.5 mL of TAMRA-SE and allowed to conjugate overnight. The 
SiNPs@TAMRA was then washed with water three times to 
obtain a 4.0 mg/mL SiNPs@TAMRA aqueous solution.  

Formation of SiNPs@TAMRA@Si-NH2. To coat a layer 
of silica on the surface of SiNPs@TAMRA with varying 
thicknesses, the modified Stӧber method was used.31 Briefly, 
10.0 mL of EtOH, 0.2 mL of 4.0 mg/mL SiNPs@TAMRA 
prepared in the previous step, 1.8 mL of water, 0.50 mL of 
NH4OH, and different amounts of TEOS, ranging from 0.31.0, 
2.0,4.0, and 10.0 µL, were stirred together for 2 hours. Then 
0.15,0.50, 1.00, 2.00, and 7.50 µL of APTES was added into the 
mixture to form amino groups on the surface of silica shell.  
After 0.5 hour of stirring, EtOH and water were used to wash 
the SiNPs@TAMRA@Si-NH2 via centrifugation.  

Formation of SiNPs@Rubpy@Si-NH2. First, the SiNP 
cores were synthesized using the reverse microemulsion 
method as described in the previous section. Then, a silica 
coating process coupled with doping Rubpy was carried out by 
the modified Stӧber method. Briefly, 10.0 mL of EtOH, 2.0 mL 
of 4.0 mg/mL SiNPs prepared in the previous step, 0.50 mL of 
NH4OH, 1.0 mL of 0.1 M Rupby solution and 20 µL of TEOS 
were mixed to start doping of Rubpy into the silica shell. 
Furthermore, to adjust the distance between the Rubpy and GO, 
different thicknesses of silica shell were generated by altering 
the amount of TEOS and APTES using the similar Stӧber 
method.  

Fluorescence Quenching Measurement. The experiment 
was carried out using a Jobin Yvon Horiba Fluorolog 
spectrofluorometer. Briefly, 100 µL of SiNPs@TAMRA@Si-
NH2 or SiNPs@Rubpy@Si-NH2 (equi 0.1 nM TAMRA or 0.1 
nM Rubpy) solution was placed in a quartz cuvette for the 
fluorescence measurement. For the TAMRA measurements, the 
excitation wavelength was set at 540 nm, and the fluorescence 
spectrum was recorded from 560 nm to 650 nm. For the Rubpy 
measurements, the excitation wavelength was set at 460 nm, 
and the fluorescence spectrum was recorded from 560 nm to 
750 nm. The slits for excitation and emission were set at 5 nm. 
After recording of the original fluorescence spectrum of 

nanoparticles, 1 µL of 5 mg/mL GO was added into the solution 
and mixed using a pipette. The fluorescence spectrum was 
measured 2 min later to investigate the quenching effect.  

Fluorescence Lifetime Measurement. A 100 µL aliquot of 
SiNPs@TAMRA@Si-NH2 (equi 0.1 nM TAMRA) solution 
was loaded into a quartz cuvette for lifetime measurement. The 
fluorescence lifetime was collected using a Jobin Yvon Horiba 
Fluorolog spectrofluorometer equipped with a LED laser. The 
LED laser light source at 494 nm was used for the excitation. A 
Ludox SM-30 colloidal silica was used as the reference to 
measure the lifetime. The emission data was collected at 575 
nm with an 8-nm slit. Datastation software was used to collect 
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the data and then analyzed by Decay Analysis System from 
Horiba Scientific.  

RESULTS AND DISCUSSION 

Design of the Nanostructure Model for Studying 
Fluorescence Quenching Ability of GOs.  To investigate the 
fluorescence quenching ability of GOs, a nanostructure model 
with a rigid and thickness adjustable spacer is needed.  To 
achieve this goal, we designed a four-layer core-shell 
nanostructure with a silica shell as a spacer between GOs and 
fluorophores. The nanostructure can provide accurate distance 
that would bypass the effect of inaccurate distance calculation 
with the DNA strand spacer.28, 29 Our design was shown in 
Scheme 1. First, a silica nanoparticle was prepared as a core 
platform for dye molecules.  Silica was chosen because its inert 
feature that would not affect fluorophore properties. To adhere 
dye molecules onto the silica core, amino groups were formed 
on the silica core surface during the synthesis of silica 
nanoparticles (Scheme 1 A). Thus, a fluorophore, TAMRA-SE, 
could be conjugated onto the SiNPs through the interaction of 
amino groups with succinimidyl ester group on TAMRA-SE 
(Scheme 1 B). At this moment, the dye molecule platform was 
well prepared for fluorescence quenching studying. To build an 
effective nanostructure model, the fabrication of a rigid and 
thickness adjustable spacer is a critical step.  A silica shell was 
selected for this function. The silica shell is rigid, stable, and 
inert based on our previous studies on fabrication of silica-based 
nanostructures.31, 36 The Stӧber method was used for forming a 
layer of silica on the structure. In this coating process, APTES 
was added for co-polymerization with TEOS to form amino 
groups on the surface of the final nanoparticles 
(SiNPs@TAMRA@Si-NH2). The amino groups provided the 
positive charges for later adhering of GOs. The thickness (d) of 
the silica shell could be manipulated by using different amount 
of TEOS and APTES (Scheme 1 C). Afterwards, the thickness 
can be accurately measured on the SEM/TEM images of the 
resultant nanostructure. Finally, negatively charged GOs were 
adhered to the surface of SiNPs@TAMRA@Si-NH2 through 
electrostatic interaction (Scheme 1 D). The designed 
nanostructure could be a model for studying fluorescence 
quenching ability of GOs.    

 

Scheme 1. Schematic diagram of synthesis of a 
nanostructure model (SiNPs@TAMRA@Si-NH2) for 
studying fluorescence quenching ability of GO. (A). Amino-
modified silica nanoparticle; (B). The nanoparticle was 
conjugated with TAMRA through succinimidyl ester. (C). A 
rigid silica shell with different thickness was formed to 
separate the fluorophore and GO. (D). GO wrapped the silica 
nanocomposite tightly by the strong electrostatic interaction 
between the second layer of amino-silica and GO. 

Characterization of the Nanostructure Model. The 
synthesis of silica core and doping dye molecules into the 
nanostructure (Scheme 1A-C) was performed successfully 
based on our previous experiments.30-31 The most challenging 
step in our design is the wrapping of GO onto the silica-dye 
core-shell structure (Scheme 1D). The morphology and 
flexibility of GO are two important factors to determine whether 
or not the GO could be wrapped onto the nanoparticle as 
designed. Thus, we first characterized the shape and size of the 
GO using a scanning electron microscope (SEM). The 5 mg/mL 
GO solution was prepared for SEM imaging by dispersion of 
solid GO to water with 2 hours of ultrasonication.  The SEM 
(Figure 1 A) and STEM (Figure 1B) images showed that the 
GO sheet size is in a micrometer range. The wrinkles of GO 
could be observed clearly from the SEM image, indicating its 
flexibility. This flexibility along with the large size provide GO 
with good feasibility of wrapping the silica nanoparticles 
through electrostatic interaction as designed in Scheme 1D. 
Afterwards, we have qualitatively characterized the GO using 
UV-vis absorption spectrometry.  As shown in Figure 1C, the 
strong absorption peak at ca. 230 nm was due to the π-plasmon 
of the sp2 carbon structure, and the shoulder around 300 nm was 
ascribed to the n to π* transitions. The UV-vis spectrometry 
results confirmed the presence of GO. 

 

Figure 1. SEM (A), STEM (B) images and absorption 
spectra (C) of GOs. (D) SEM image of SiNPs@TAMRA 
with GOs. Inset is a TEM image of SiNPs@TAMRA with 
GOs, the bar is 200 nm. The white arrows indicate the 
wrinkle of GO wrapped on the surface of nanoparticles. 

We then tested the wrapping ability of GO onto the silica-
dye core-shell nanoparticles. Due to the electrostatic interaction 
between the positively charged SiNPs and the negatively 
charged GO, the GO should be wrapped onto the surface of 
SiNPs@TAMRA when they were mixed together. Prior to 
wrapping, the surface charge of the nanostructure (Scheme 1 C) 
and the GO were confirmed by measuring their Zeta-potential. 
After the wrapping, the wrapping effect were characterized 
using TEM and SEM images as shown in Figure 1D. The 
wrinkles on the edges of SiNPs@TAMRA (white arrow) 
clearly indicated a total coverage of the GO onto the 
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SiNPs@TAMRA. The distance between TAMRA and GO was 
estimated at 0 nm because the TAMRA was covalently 
conjugated onto the surface of SiNPs and the GO was 
compactly wrapped on the surface of SiNPs. These results 
demonstrated the success of fabrication of the designed 
nanostructure.  

Fluorescence Quenching of GO on the 
SiNPs@TAMRA@Si-NH2 Nanostructure. Fluorescence 
quenching is a newly discovered property of GO. A 
fundamental understanding of this quenching ability to 
various fluorophores is needed. Thus, we initially 
investigated the quenching ability of GO to a common dye 
molecule, TAMRA, using our designed nanostructure 
(Scheme 1). Several important factors, including 
fluorophore lifetime, GO concentration and spacer distance, 
were investigated in detail.  

The fluorescence quenching ability of GOs was initially 
tested using the designed nanostructure. Both UV-vis 
absorption spectrometry and fluorescence emission 
spectrometry were employed for this test. First, the UV-vis 
absorption of SiNPs@TAMRA was measured. As shown in 
Figure 2A curve a, the UV-vis spectrum showed the 
absorption peak of TAMRA. After wrapping the NPs with 
GO, the absorbance increased (Figure 2 A curve b) due to 
the contribution of GO.  In a parallel experiment, their 
fluorescence emission was measured as shown in Figure 2B. 
The SiNP@TAMRA showed a fluorescence emission peak 
at 575 nm (Figure 2B curve a). After GO wrapping (Figure 
2B curve b), the fluorescence intensity of TAMRA was 
quenched by ~ 93.4 % based on the comparison of curve a 
and b in Figure 2B. The result clearly demonstrated the 
quenching ability of GO to fluorophores.  

 In order to investigate the mechanism of the 
fluorescence quenching property of GO, the lifetime of 
SiNPs@TAMRA before and after GO wrapping was 
measured. As shown in Figure 2C, curve a is a reference of 
Ludox SM-30 colloidal silica for the lifetime measurement. 
Before GO wrapping, the lifetime of SiNPs@TAMRA was 
2.12 ± 0.02 ns (Figure 2C, curve b). After the GO wrapping, 
the fluorescence lifetime of SiNPs@TAMRA decreased to 
0.20 ± 0.02 ns (Figure 2D). The quenching efficiency was 
found to be 90.6% calculated from the lifetime change as 
below: 

                            𝑄𝑄 = 1 − 𝜏𝜏/𝜏𝜏0                   (1)                                                                                          

where τ0 and τ are the lifetime of SiNPs@TAMRA without 
and with GO wrapping, respectively. The quenching efficiency 
is comparable with the value calculated using the fluorescence 
intensity change. Based on the fluorescence quenching theory, 
the close value of quenching efficiency calculated from the total 
fluorescence intensity and lifetime measurement indicates that 
the main quenching mechanism is dynamic quenching. 
Meanwhile, the similar pattern of their absorption spectra 
supported this fluorescence quenching mechanism of the GO to 
fluorophores.  

 

Figure 2. UV-vis absorption (A) and fluorescence emission (B) 
spectra of SiNPs@TAMRA without (a) and with (b) GOs. λex = 
540 nm. (C) Lifetime measurement. Curve a is the reference of 
Ludox SM-30 colloidal silica. b. SiNPs@TAMRA before GO 
wrapping. c. SiNPs@TAMRA after GO wrapping. A 492 nm 
LED laser was used in the lifetime measurement.  

The concentration of GO will play an important role in the 
quenching efficiency. In order to find the maximum quenching 
efficiency of GO to SiNPs@TAMRA, we measured 
fluorescence intensities of SiNPs@TAMRA with different 
concentration of GOs at a constant concentration of 
SiNPs@TAMRA. As shown in Figure 3A, the fluorescence 
emission intensity of SiNPs@TAMRA decreased significantly 
with the increase of GO concentration from 1.0 to 10.0 µg/mL. 
Based on emission peak value at 575 nm in Figure 3A, the 
fluorescence quenching efficiencies were calculated and plotted 
vs the GO concentration (Figure 3 B). Figure 3B clearly showed 
that the quenching efficiency reached a plateau when 10 µg/mL 
of GO was used. The quenching constant was calculated as 
1.431 as shown in inset of Figure 3B. Further increasing the 
concentration of GO, the fluorescence quenching efficiency 
remained constant. In the following experiments, to exclude the 
GO concentration influence, an excess amount of 50 µg/mL GO 
was used. 

 

Figure 3. Fluorescence quenching of SiNPs@TAMRA with 
different concentration of GOs. (A) Fluorescence spectra of 
SiNPs@TAMRA with different concentrations of GO. From 
top to bottom: 0, 1.0, 2.0, 3.0, 4.0, 5.0, 7.5, 10.0 and 20.0 
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µg/mL of GOs. (B) Quenching efficiency of GOs to 
SiNPs@TAMRA with varying concentration of GOs.  λex = 
540 nm; λem = 575 nm. 

In FRET theory, the distance between the quencher and 
the fluorophore is a determining factor for the quenching 
effect. Therefore, the distance between TAMRA and GO 
was adjusted by manipulating silica shell thickness. The 
thickness was determined by the amount of TEOS and 
APTES used in the synthetic process using the Stӧber 
method. As shown in Figure 4, a few different thicknesses 
of silica shell were obtained. The exact distance between 
TAMRA and GO was measured by measuring both radius of 
SiNPs@TAMRA (Figure 4A) and SiNPs@TAMRA@Si-
NH2 (Figure 4 B-F), then the radius of SiNPs@TAMRA was 
subtracted from the SiNPs@TAMRA@Si-NH2. Form 
Figure 4B to 4F, with the increase in the amount of TEOS, 
the spacer thickness was obtained as 0.3, 1.2, 6.5, 14.7, and 
34.5 nm. The thickness of the silica spacer had a linear 
relationship with the amount of TEOS added into the 
reaction (Figure 4G). Meanwhile, the amino group on the 
surface of the silica nanoparticles provided the positive 
charge for later attachment of GOs.  

Figure 4. TEM images of SiNPs@TAMRA@Si-NH2 with 
different thicknesses of silica spacer. A. Silica core. B to F: 
the thicknesses of the spacer were 0.3, 1.2, 6.5, 14.7, and 
34.5 nm. (G) The relationship between the amount of TEOS 
and the thickness of the silica spacer. Y is the thickness of 
the spacer, X is the amount of TEOS added into the reaction 
with the unit of mg. 

The fluorescence quenching efficiency was then studied 
using the obtained nanostructure with varying length of the 
spacers. A solution of 50 µg/mL GO was introduced to the 
same concentration of SiNPs@TAMRA@Si-NH2 
nanostructure solution and their fluorescence emission 
spectra (Figure 5A) were measured. The results clearly 
demonstrated that the fluorescence intensity of TAMRA was 
quenched at different extent. Thickness of the silica shell 
appeared to be inversely correlated with the quenching effect 
(Figure 5 A curve a to f). The quenching efficiency was then 
calculated based on the data in Figure 5 A, and the results 
were shown in Figure 5B. Interestingly, when the distance 
between TAMRA and GO was larger than 30 nm, the 
quenching efficiency of GO was still around 30 %, which 
indicated the long-distance quenching ability of GO. 
Theoretically, in contrast to the traditional FRET process 
with d-6 dependency,27 the energy transfer rate from a 
fluorophore to GO should follow d-4 dependency, which 
implied that GO would quench fluorescence in the range of 
30 nm.26 Our results confirmed the theory by showing 
stronger quenching ability of GOs than a traditional 
fluorescence quencher. 

According to theoretical calculations, the quenching 
efficiency (Q) of GO with respect to distance is:  

         𝑄𝑄 = 1/[1 + ( 𝑑𝑑
𝑑𝑑0

)4]                                         （2）  

where d is the distance between graphene and fluorophore, and 
d0 is the variable characteristic distance. d0 is found to be 
slightly different in various systems, ranging from ~ 5 to 8 
nm.28, 37 By measuring the quenching efficiency of our 
TAMRA-GO system, GO quenched ~ 50% of TAMRA 
fluorescence when the thickness of the silica spacer was ~ 6.54 
nm (Figure 5B), which indicates that d0 is 6.54 nm in the 
TAMRA-GO system. The quenching efficiency calculated 
from the steady-state fluorescence reflected total quenching, 
including both static and dynamic components.  

 

Figure 5. (A) Fluorescence spectra of SiNPs@TAMRA@Si-
NH2 with GO. The distances between TAMRA and GO were 0, 
0.3, 1.2, 6.5, 14.7, 34.5 nm (curve a to f). Curve g was 
SiNPs@TAMRA without addition of GO. (B) Quenching 
efficiency of the doped TAMRA as a function of the spacer 
length. The quenching efficiency was calculated based on 
average fluorescence lifetime (squares) and from steady-state 
fluorescence intensity (circles). The concentration of 
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nanoparticles was equal ca 0.1 nM of TAMRA. λex = 540 nm; 
λem = 575 nm. 

We then measured the lifetime of TAMRA when GO was 
present to quench the fluorescence. The quenching efficiency 
was calculated by 𝑄𝑄 = 1 − 𝜏𝜏/𝜏𝜏0 , where τ0 is the lifetime of 
TAMRA in the absence of GO, and τ is the lifetime of TAMRA 
in the presence of GO. As shown in Figure 5B, the quenching 
efficiency calculated from lifetime was plotted against the 
thickness of silica shell. As expected, the quenching efficiency 
was decreased with the increase of the thickness of silica shell. 
The two methods showed a similar quenching efficiency, 
indicating that the main quenching mechanism was dynamic 
quenching.  

Fluorescence Quenching of GO to 
SiNPs@Rubpy@Si-NH2. In order to understand whether or 
not GO is a universal fluorophore quencher, we tested an 
additional dye molecule, Tris(bipyridine)ruthenium(II) 
chloride (Rubpy), which is another commonly used 
fluorescent dye molecule with an emission of 600 nm. 
Instead of the covalent conjugation between amino groups 
on silica nanoparticles and TAMRA, the Rubpy was doped 
into a thin layer of silica shell (SiNPs@Rubpy). Then, 
another layer of pure silica shell spacer was coated on the 
surface of Rubpy-doped silica nanoparticles and followed 
with the modification of amino groups (SiNPs@Rubpy@Si-
NH2). The distance between Rubpy and GO was calculated 
by subtracting the radius of SiNPs@Rubpy from the radius 
of SiNPs@Rubpy@Si-NH2. The distances of 2.4, 3.0, 3.7, 
4.8, 7.8, 10.1 and 15.6 nm were obtained (Figure 6). 

We first investigated the quenching efficiency of GOs to 
SiNPs@Rubpy with different concentrations of GOs (Figure 7). 
As the concentration of GO increased, the fluorescence 
intensity of Rubpy at 600 nm decreased and quenching 
efficiency reached a pleatou when the concentration of GO was 
50 µg/mL. Therefore, we chose 50 µg/mL of GO for the 
following quenching efficiency investigation. The quenching 
constant was calculated as 0.1332 as shown in inset of Figure 
7B.  As shown in Figure 8A, by increasing the distance between 
Rubpy and GO, the fluorescence intensity of Rubpy recovered 
from the quenching state. The quenching efficiency calculated 
from the steady-state fluorescence intensity was plotted against 
the distance (Figure 8B). The characteristic distance was 
evaluated to be around 5.0 nm, which was smaller than that of 
the TAMRA when the quenching efficiency was 50 %. The 
lifetime of Rubpy was dramatically decreased when it was 
doped into the thin layer of silica shell, which was out of the 
detection limit of our instrument. Therefore, the dynamic 
quenching mode was not investigated. Overall, GO can also 
quench the fluorescence of Rubpy with a distance-dependent 
manner in a long range.  

Figure 6. TEM images of SiNPs (A), SiNPs@Rubpy (B), 
and SiNPs@Rubpy@Si-NH2 with different spacer 
thicknesses of 2.4, 3.0, 3.7, 4.8, 7.8, 10.1, and 15.6 nm (C to 
I). 

Figure 7. Fluorescence quenching of SiNPs@Rubpy with 
different concentrations of GOs. (A) Fluorescence spectra of 
SiNPs@ RuBpy with different concentrations of GOs. From top 
to bottom: 0, 10, 20, 30, 40 and 50 µg/mL. (B) Quenching 
efficiency GOs to SiNPs@ RuBpy with different 
concentrations.  λex = 460 nm; λem = 600 nm. 

Figure 8. (A) Fluorescence spectra of SiNPs@Rubpy (a) 
and SiNPs@Rubpy@Si-NH2 with 50 µg/mL GO.  The 
distances between Rubpy and GO were separated by 2.4, 3.0, 
3.7, 4.8, 7.8, 10.1, and 15.6 nm silica spacer (curve b to h). 
(B) Quenching efficiency of the doped Rubpy as a function 
of the distance. The concentrations of nanoparticles were 
equal ca 0.1 nM of Rubpy. λex = 460 nm; λem = 600 nm. 
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Mechanisms for Fluorescence Quenching of GOs. As 
shown in Figure 5B and Figure 8B, the GOs have different 
quenching behaviors for the two different dyes. Based on these 
results, we proposed quenching mechanism as shown in 
Scheme 2. The organic fluorophore TAMRA was mainly 
quenched by Förster resonance energy transfer (FRET), which 
has been illustrated in a number of publications.28-29, 38 
Therefore, the TAMRA-GO system showed a typical FRET-
based distance-dependent quenching curve (Figure 5B). In 
contrast, Rubpy is an organometallic dye, which emits long-
lifetime (~ 600 nm) phosphorescence through the excited triplet 
state.39 However, the energy level of the excited triplet state of 
Rubpy (-3.934 eV)40 was closely followed by the potential of 
GO conduction band (-4.70 eV)41. Therefore, the quenching 
process by GO was a preferred pathway instead of the 
phosphorescence emission. In the Rubpy quenching process by 
GOs, two different energy transfer mechanisms may be 
involved, including the direct exchange of electrons (Dexter 
transfer) and the coupling of transition dipoles (Förster 
transfer). The exchange of electrons (Dexter transfer) could 
only be efficient in a very short donor-acceptor distance with an 
interpenetration of their orbitals.42 In our model, the Rubpy was 
fixed in the silica shell, which restricted the molecular diffusion 
and collision with GOs. Therefore, in the system of Rubpy and 
GO, Dexter transfer might be the main mechanism only when 
the distance was very short, demonstrating a sharp decrease of 
quenching efficiency with the distance increase (Figure 8B). 
When the distance increased again, the main mechanism of 
quenching became the Förster transfer, which could be efficient 
even larger than 10 nm in the case of GO as the acceptor.   

Scheme 2. Proposal to the different quenching behavior of GO 
to TAMRA and Rubpy. The TAMRA was quenched through 
the Förster transfer from the excited singlet state. In contrast, 
Rubpy was quenched through both Förster transfer and Dexter 
transfer from the excited triplet state.  

CONCLUSIONS 

In conclusion, we have demonstrated the quenching ability 
of GOs to two different fluorophores including TAMRA and 
Rubpy. The distance between the fluorophore and GOs was 
adjusted by a layer of rigid silica spacer, which is more 
consistent and accurate in thickness than the soft DNA strands. 
The quenching efficiency of GO to these two fluorophores 
followed a distance-dependent manner with characteristic 
distance of 6.54 and 5.0 nm, respectively. By comparing the 
steady-state total quenching efficiency and dynamic quenching 
efficiency of GO to TAMRA, we found that the main quenching 
mechanism was dynamic quenching - energy transfer. 
Moreover, the quenching range of GO to these fluorophores 

was much greater than the traditional FRET distance (10 nm). 
By exploring the long-range quenching properties of GOs to 
fluorophores, the applications of GO could be expanded to a 
broader range.   
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