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Abstract Graphene and graphene derivatives, including graph-
ene oxide (GO) and reduced GO (rGO), have attracted remark-
able attention in different fields due to their unique electronic,
thermal, and mechanical properties, whereas the fluorescence
property is rarely been studied. This paper reports on metal-
enhanced fluorescence Au@SiO2 composite nanoparticles
adsorbed graphene oxide nanosheets, where the silica-shell is
used to control the distance between gold-core and fluorophore
GO, and a positively charged polyelectrolyte poly(allylamine
hydrochloride) (PAH) is used to adsorb the negatively charged
silica-shell and GO by layer-by-layer assembly (LbL) approach.
The silica-shell around the 80 nm gold-core can be well-
controlled by ending the reaction at different times. Various
analytical techniques were applied to characterize the mor-
phology and optical characters of the as-prepared particles. A
more than three-fold increase of the fluorescence intensity of
GO was obtained.
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Introduction

Fluorescent carbon-based nanomaterals, such as nanotubes,
fullerenes, and some nanoparticles, may be a more suitable
alternative for in vivo biolabeling, bioimaging, and disease
detection because of their superiority in chemical inertness,
biocompatibility and low toxicity [1, 2]. During the recent
several years, the discovery and extensive applications of
graphene and graphene derivatives [3, 4], including graphene

oxide (GO) and reduced GO (rGO), have attracted prodigious
attention in different fields due to their unique electronic,
thermal, and mechanical properties [5, 6]. Particularly, GO
has received great interest because of its unique properties
such as good dispersity in water and a substantial bandgap
distinct from graphene and rGO [7]. Besides, as a low-cost
precursor for bulk production of graphene [8], the retained
two-dimensional structure and chemical functionality make
GO attractive as nanocomposites applying in drug delivery,
cell imaging, chemo/biosensing, biomediccal applications,
and fluorescence quenching [9–13].

However, the fluorescent intensity of GO is relatively low
in most reports [14, 15], but metal (such as gold or silver) has
an enhanced effect on the fluorophore, as known as metal-
enhanced fluorescence (MEF). It has been well established
that the interactions between fluorophores and metal
nanoparticles result in an increased photostability, fluores-
cence enhancement, and a decreased lifetime due to the in-
creased rates of system radioactive decay [16, 17]. The fluo-
rescence enhancement noted in these studies can stem from a
mechanism of surface plasmon resonance [18, 19]. The spon-
taneous emission of light by molecules and atoms at nano-
structured metallic surfaces is remarkably modified due to a
complex interplay of enhancing and quenching physicochem-
ical processes. On one hand, fluorescence enhancement can be
promoted by surface plasmons excited in metal and by a
modified density of photon states in a nanostructured surface;
on the other hand, quenching processes include chemical
bonding and non-radiative energy transfer from the lumines-
cent species to the metal [20]. Excellent overlap of the GO
absorption/emission spectrum with the scattering spectrum of
the gold surface is required for effective surface plasmon
resonance, while GO shows a broad absorption and emission
spectrum, which provides a good overlap with the gold scat-
tering spectrum. Importantly, the degree of metal-fluorophore
interactions strongly depends on the distance between the
fluorophore and the metal surface. There are various methods
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established to control this distance. Here we chose a simply
controllable silica shell around the gold core to achieve this
goal with several advantages: firstly, silica shell protects the
gold core from ions present in biological media; secondly,
silica layer offers the chemical inertness and the versatility
need for the conjugation of biomolecules or fluorophores;
thirdly, silica layer allows the distance dependent MEF phe-
nomenon. In addition, since the silica-shell and GO are both
negatively charged on their surface, a positively charged poly-
electrolyte PAH, poly(allylamine hydrochloride), is used to
attach Au@SiO2 nanoparticles to GO by layer-by-layer (LbL)
electrostatic assembly technology.

Herein, our concentric multilayer architecture features a
gold core and a silica spacer shell around with a controlled
and uniform thickness to prevent fluorescence quenching of
GO by the metal at very close range. As represented in Fig. 1,
the preparation of the composite nanostructures was under-
taken in three steps: first, deposit a controllable silica layer
onto theAu colloids to obtain Au@SiO2 core-shell nanoparticles
with different shell thicknesses; second, modify the silica surface
with positively charged PAH; third, hybrid assembly between
positively charged Au@SiO2 nanoparticles and negatively
charged GO by electrostatic interaction.

Experiments

Synthesize GO Nanosheets

The light-brown homogeneous GO nanosheets were easily syn-
thesized from graphite power by a modified Hummers method
[21, 22]. Briefly, put 1 g graphite powder into 40 mL concen-
trated H2SO4, then 5 g KMnO4 was added gradually under
stirring while keeping the temperature below 20 °C by

continuous cooling. Successively, the mixture was stirred at
35 °C for 4.5 h in water bath and diluted with 100 mL deioned
water, then stirred for 2 h. Afterward, 7 mL 30 % H2O2 was
added to remove residual KMnO4, meanwhile the color of the
mixture turned into bright yellow. The solution was filtered and
washed with 100 mL deioned water to remove th acid and the
obtained filter cake was left overnight. Then disperse the filter
cake in 100mL deioned water and ultrasound oscillating for 1 h.
The suspension was centrifuged at 1,000 rpm for 5 min to
remove all visible particles (3 times). The sediment was
discarded and the resulting supernatant containing light-brown
GO was collected. Finally, the product was further purified by
dialysis for a week to remove the remaining metal species. By
sonicating dispersion under ambient conditions for 20 min, the
homogeneous aqueous solution of GO was obtained, stable for
several months.

Synthesize Au@SiO2 Nanoparticles

The gold colloids with a diameter of 80 nm were purchased
from BBInternational Company in UK to obtain uniform
composite nanoparticles with well distribution. To deposit a
silica shell on the gold core, we used a modified version of the
well known Stöber’s method. Normally, 4 mL gold colloids
were dispersed in 20 mL isopropanol with 0.5 mL ammonia,
then 1 mL tetraethyl orthosilicate (TEOS) solution (10 mM in
isopropanol) was added to this solution to obtain a silica shell,
where the different shell thickness was controlled by reaction
time. At the beginning, 1 mL solution was taken out to be
measured UV–vis spectra every 5 min Then the solution was
centrifuged to get rid of extra TEOS to avoid further growth of
silica shell and it was saved in the deioned water. After 1 h
reaction, 1 mL solution was taken out to be treated the same
way every 10 min; after 2 h the interval was 20 min, and after

Fig. 1 Schematic representation
of the preparation of Au@SiO2

attached composite GO
nanosheets
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3 h the interval was 30 min until 5 h, the end of the reaction.
All the glass apparatus were immersed in aqua regia solution
for 24 h before used.

Combine Au@SiO2 Nanoparticles with GO Nanosheets

After centrifuging and washing with isopropanol, redisperse
the Au@SiO2 nanoparticles in 20 mL isopropanol, then add
0.5 mL PAH (1 %) to function the surface of positive charge.
At last, the surface-modified particles were dispersed in GO
solution at the volume ratio of 2:1 (3 mL Au@SiO2

nanoparticles and 1.5 mL GO aqueous solution) and stirred
at room temperature overnight. Then GO nanosheets were
attached to the surface of the functionalized silica shells
through electrostatic interaction, resulting in the targeted
GO-attached Au@SiO2 composite particles.

Results and Discussions

The integrative GO nanosheets with an average thickness of
about 1 nm indicate a fully exfoliated GO single layer [23].
The oxygen-containing groups such as carboxyl, epoxide and
hydroxyl groups linked GO nanosheets were characterized by
UV–vis absorption spectra (the black line in Fig. 2). The GO
displayed optical properties typical of chemically prepared
GO, with two characteristic absorption peaks at 230 nm and
300 nm originating from π–π* transition of the C=C band
and n–π* transition of the C=O band, respectively [14, 15,
24–26]. Despite a wide 2D size distribution of the GO from
nanometers to micrometers, the GO dispersion in water
showed good homogeneity and stability, as evidenced from
the high negative Zeta potentials (−50.28 mV to −52.36 mV)
[25]. A linear relationship between the absorption intensity
and the concentration of GO in a wide range was verified. The

GO gave fluorescence emission with a maximum at 506 nm
upon excitation at 365 nm (the red line in Fig. 2), which was
presumably assigned to the radiative recombination of elec-
tron–hole pairs localized within small sp2 carbon domains
embedded in the sp3 matrix [26]. The homogeneously broad-
ened fluorescence spectra of GO may reflect effects from
various sizes of luminescent domains, and their multiple radi-
ative recombination as well [27]. The general features of the
fluorescence emission/excitation spectra of GO are distinct
from those of luminescent carbon nanomaterials such as
graphene quantum dots, carbon nanoparticles and single-
walled carbon nanotubes (SWNTs) [28, 29]. The most likely
luminescent species are emissive surface defects, as proposed
tentatively by Sun et al. [30]. Negligible difference in spectral
characteristics of the GO samples collected by different-speed
centrifugation indicated a facile production of GO. The mor-
phology of GO was examined with high-resolution transmis-
sion electron microscope (HR-TEM), which shows that the
GO sheet was about 1×1 μm in size with occasional folds,
crinkle s and rolled edges (Fig. 2 insert).

Figure 3 shows the UV–vis absorption shift trend spectra of
citrate-protected gold colloids and of Au@SiO2 particles with
different silica shell thickness depending on the different reac-
tion time from 5 min to 5 h. Initially, as the shell thickness
increased, there is an increase in the intensity of the plasmon
absorption band, as well as a red shift in the position of the
absorption peak. Surface plasmon absorption bands were ob-
served to red-shift from 553 nm (T=0 min) to 580 nm
(T=45 min) when a silica shell (~20 nm) was deposited. This
is due to the increase in the local refractive index around the
particles. However, when the silica shell is larger, scattering
becomes significant, giving rise to a strong increase in the
absorbance at shorter wavelengths. This effect results a blue
shift of the surface plasmon band and a weakening in the
apparent intensity. After a stable fluctuation of peaks at 578
to 580 nm, as the shell thicknesses surpass 80 nm (T=120min),

Fig. 2 The characteristics of the GO nanosheets: typical absorption
spectra (black line), fluorescence emission spectra (red line), and the
inserted TEM photograph (the scale bar is 100 nm)

Fig. 3 UV–Vis absorption spectra of 80 nm gold particles (black line)
and gold-silica core-shell nanoparticles with various shell thicknesses.
The reaction time (T) is from 5 min to 5 h
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the scattering almost completely masks the surface plasmon
band, the band blue-shifted back. Eventually, the final solution
is very turbid and slightly pink in appearance with the silica
thickness even reaches hundreds of nanometers (T=300 min).
As we know, the surface plasmon absorption band in the visible
area is very sensitive both to particle size and shape and to the
properties of the surrounding medium [31], and its variation
with various parameters has been extensively studied. In par-
ticular, the effect of silica shells with various thicknesses, and in
various solvents, has been predicted by Mie theory which can
verify the experimental data in this work.

Figure 4(a) indicates the citrate-protected gold nanoparticles
have an average size of 80 nm. Uniform silica spacer shells
were grown onto the gold nanoparticles as certified in
Fig. 4(b–d) where typical Au@SiO2 nanoparticles were
presented. The thickness of the spacer shell was adjusted

by the reaction time after TEOS was added in order to
optimize the fluorescence enhancement. The thickness of
the silica layers were 20±2 nm (T=45min, Fig. 4b), 80±3 nm
(T=120 min, Fig. 4c) and 120±5 nm (T=300 min, Fig. 4d),
respectively. The nanoparticles with smooth surface and
uniform silica shell thickness were also had a ordered array
though there were occasional core-free silica spheres.

By measuring Zeta potential, the surface Au@SiO2

nanoparticleswasnegatively charged (Zetapotential=−20.1mV)
at pH 7.8 because of the silane group on the silica shell. The
surface of the PAH modified silica-coated gold nanoparticles
was positively charged (Zeta potential=10.3 mV) at pH 7.8,
which was because the alkylamines exist predominantly as
positively charged R-NH3

+ groups. Since the electrostatic inter-
action acts as the driving force for the assembly of GO onto
amino modified nanoparticles, the targeted enhancemental lumi-
nescent Au@SiO2 composite nanoparticles attached GO
nanosheets with the negatively charged surface (Zeta
potential=−18.6 mV) at pH 7.8 was successfully prepared. This
charge was originated from the ionization of the carboxylic acid

Fig. 4 a SEM photographs of Au
colloids. b–d TEM images of
Au@SiO2 core-shell
nanoparticles, where the silica
shell thickness is 20, 80 and
120 nm, respectively

Fig. 5 Fluorescence emission intensity of GO nanosheets in water and in
Au@SiO2 nanoparticles with the silica-shell thickness of 20 nm and
80 nm, respectively (all volume ratio was 2:1)

Fig. 6 Compare photos of GO in water (a and c) and GO attached with
Au@SiO2-20 (b and d) under nature light and (a and b) excited by
365 nm of ultravoilet light (c and d)
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and hydroxy groups that were located on the surface of GO [32].
It can be deduced that GO were well-separated from each other
on the silica surface, and the attachment was sufficiently strong
that the GO remained attached to the silica shell when the
nanoparticles were centrifuged out of the solution and redispersed.

Figure 5 shows the fluorescence emission intensity of GO
in water and attached by Au@SiO2 nanoparticles with differ-
ent silica-shell thickness. Since Au@SiO2-20 and Au@SiO2-
80 don’t have fluorescent property, the fluorescence emission
intensity of the three spectra all comes from the fluorescence
of GO nanosheets. For the shell thickness of 20 nm
(Au@SiO2-20 for short), the fluorescence emission intensity
of GO has a dramatically increase for more than three-folds,
owing to the metal-enhancement. While for shell thickness of
80 nm (Au@SiO2-80 for short), the fluorescence emission
intensity of GO drops dramatically, because the silica-shell
is too thick to make the gold-core affect fluorescent GO. Thus,
in this work, 20 nm spacer thickness is an effective distance
for metal-enhancement fluorescence. Though the intrinsic
mechanism of GO luminescence is not yet fully understood,
the metal-enhancement fluorescence was confirmed to be still
applied when GO were used as fluorophores. Although many
papers reported nanoballs by etching the metal-core as a
comparison, we think them not scientific accurate when the
nanoparticles were diluted by adding etchant and be washed
away by incomplete centrifugation and redispersion. There-
fore, we simply compared the fluorescent intensity of the
composited nanoparticles attached GO nanosheets with GO
diluted in the water with the same volume ratio.

We can see the MEF effect from Fig. 6 directly. When
excited by 365 nm of ultravoilet light, from the upper parts of
the two vials which are farther away from the excited light
source, the GO nanosheets attached with Au@SiO2-20
(Fig. 6d) were much brighter than GO diluted in the same
volume of deioned water (Fig. 6c), with a obvious blue-shift
from the light-brown colour of GO, which is accordance with
the fluoresent spectra in Fig. 5.

Conclusions

In conclusion, we have investigated MEF effect of Au@SiO2

nanoparticles attached GO nanosheets, where the silica-spacer
thickness is adjusted to optimize the metal-fluorophores dis-
tance and the fluorescence enhancement. A more than three-
fold increase of fluorescence intensity of GO was obtained.
Further experiment with other types of metal or alloy nano-
structures will allow clarifying the details of GO fluores-
cent property.
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