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Surface-enhanced Raman scattering (SERS) as an unequivocal surface-sensitive technique has been
considered one of the most powerful tools for identifying molecular species. However, the SERS active
substrates have mainly been confined to some research on noble metals such as Pd, Au, Ag and Cu. In
the present study, we describe the self-assembly of graphene quantum dots (GQDs) with MnsO,4, and
the use of the resulting nanocomposite in the signal enhancement of Raman spectroscopy for non-
noble metal SERS active substrates. GQDs can be used to enhance the Raman signal via an
electromagnetic mechanism, but their intrinsic fluorescence overlaps with the Raman signal. Previous
studies regarding tuning the energy level and energy gap to change the optical properties of GQDs
mainly focused on doping heteroatoms. Assembling MnzO,4 with GQDs in nanocomposites can change
the energy level of the material, and quench the fluorescence of the GQDs and adsorbed molecules to
improve the Raman signal and noise. The large enhancement factor of 2.06 x 10 compared to that of
graphene and graphene oxide, can be explained using a photon-induced charge transfer resonance
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Introduction

Raman spectroscopy is an important tool for molecular identifi-
cation; its characteristics are rapid, precise and robust. Because
the chemical structure often corresponds to the vibrational
information of the molecules, a molecular finger-print can be
identified by Raman spectroscopy.' Therefore, it is a very efficient
and non-destructive method for investigating art and monitoring
chemical reactions.>® However, it is limited by the small molec-
ular resonance cross-sections of most molecules that lead to
weak Raman signals.* The surface-enhanced Raman scattering
(SERS) technique can enhance the signal by adhering molecules
onto metal surfaces, nanostructures or other materials as
a substrate,” which can greatly enhance Raman signals relative to
normal Raman spectroscopy.® Developing substrates to enhance
Raman signals has been an important research focus during the
last few decades.” The SERS mechanism is comprised of both an
electromagnetic mechanism (EM) and a chemical mechanism
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discriminate cancer cells and normal cells.

(CM). The CM involves charge transfer between the molecule and
the substrate and possesses an enhancement factor (EF) of 10-
100. The EM mainly relies on the surface plasmon and possesses
an enhancement factor of 10*~107.° The high EF of SERS mainly
occurs with coinage metal substrates, such as Pd,* Au, Ag and
Cu,*® because the plasmon resonance frequencies of these
materials lie within the excitation wavelengths used in Raman
spectroscopy. However, these metal substrates often have unde-
sirable features such as high cost, poor stability’ and low
biocompatibility.™ It is therefore an important goal to identify
and characterize alternative SERS substrates that overcome these
drawbacks.">*®

Graphene-enhanced Raman scattering (GERS)" occurs solely
through chemical enhancement without an additional electro-
magnetic enhancement.” GERS provides a cleaner SERS base-
line (lower noise) through surface passivation that in turn
protects the detected molecule from photocarbonization and
photobleaching under the laser beam compared with noble
metal substrates. Therefore, the GERS-related enhancement is
greater than that offered by a bare noble-metal substrate.*
However, the EFs are relatively small. For a graphene substrate,
for example, only a 2- to 17-fold EF was observed." Graphene
substrates coated with noble-metal nanoislands (Ag and Au)
also provided only moderate Raman enhancement: 7.55 x 107

This journal is © The Royal Society of Chemistry 2017
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for GERS-Ag and 85 for GERS-Au.*® Various works have investi-
gated the relationship between the chemical structure of gra-
phene and the SERS performance using graphene oxide (GO),*
graphene-quantum dot (GQDs) assembled nanotubes' and
meshed graphene.'® These studies tell us that the edge effects of
graphene in the enhancement of the Raman signal may be an
important focus of GERS research.

GQDs possess unique optoelectronic properties that differ
from bulk graphene sheets as a result of quantum confinement*
and edge effects® that are present in graphene structures smaller
than 100 nm.”* Furthermore, theoretical calculations suggest that
GQDs have surface plasmon frequencies similar to those of metal
nanoparticles, in contrast to graphene sheets, which do not have
these frequencies.” In other words, GQDs can be applied to SERS
using an EM. However, GQDs that possess the properties that
give rise to quantum confinement effects are also prone to fluo-
rescence. For such systems, the excitation wavelength-dependent
fluorescence properties*® and upconversion® would significantly
disturb the Raman signal because the fluorescence signal would
cover the Raman peaks in Raman spectroscopy. Thus, reducing
the fluorescence background of the Raman spectrum can
improve the detection sensitivity and make the Raman peaks
more visible.”® By Lombardi's model,*® charge transfer is impor-
tant because SERS would not occur with surface plasmon reso-
nance without charge transfer, and it is therefore important to
investigate the effect of introducing charge transfer from a suit-
able additive to the GQDs.

Photo-induced charge transfer is charge transfer induced by
light. Because of the importance of this process in under-
standing the photophysics and photochemistry of excited states
in organic molecules, it is studied extensively in many scientific
fields. The product of charge transfer can be metastable because
of the fast delocalization of the charges produced on the donor
and acceptor (not limited to molecules).>” Based on the photo-
induced charge transfer mechanism, a series of chemical and
biological sensors,* photovoltaic devices,* photocatalysts,*
photodynamic and photothermal therapy nanomaterials,* and
Raman enhancement substrates have been developed.** Among
the SERS processes, photo-induced charge transfer is an
important mechanism that occurs between the molecule and
the substrate and can enhance the Raman signal. It is the key
factor in making GQDs an appropriate Raman substrate. Photo-
induced charge transfer applied for Raman enhancement
requires a charge transfer energy between dye molecules and
substrate that matches the incident light energy.** However, the
Fermi level (in a vacuum) of GQDs is about —4.2 eV to —4.4 eV,*
and the energy gap is approximately 0.4 eV.?* This also limits
application of GQDs to Raman technology. Methods for tuning
the energy level and gap have mainly focused on doping with
heteroatoms.**~® However, the effects are confined and cannot
satisfy the demand of charge transfer energy that matches the
incident light energy.

Self-assembly is an efficient strategy for making ensembles of
nanostructures. The design of components that organize them-
selves into desired patterns and functions is key to the successful
application and control of the self-assembly process.”” An
assembled nanoscale composite can possess structure-controlled
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optical and electronic properties, and the potential for morpho-
logical diversity extends the functions of the material in elec-
tronic, electrochemical, optical and sensing applications.***°
Reports of nanocomposites that use graphene as a building block
include materials self-assembled using DNA for self-healing,*'
using TiO, for photocatalysis,*” using transition-metal oxides for
electrochemical functionality,**** using noble metals as organic
catalysts,” and using ferrite nanoparticles for separation and
purification.*® To the best of our knowledge, graphene metal
oxide nanocomposites for use in SERS have not been reported.
Metal or metal oxide nanoparticles were deposited on the surface
of graphene, and a 3D net structure of a graphene nano-
composite was formed by self-assembly. In this case, the rela-
tionship between nano-particles and graphene is not clear.
Because graphene is a material with a 2D planar structure
(approximately micron scale), which is significantly larger than
the nanoparticles, GQDs are more readily observed with respect
to the nanoparticles. Transmission electron microscopy (TEM)
images illustrate that the nanoparticles are present on the gra-
phene surface,*>*¢ but it is not clear how the 3D network structure
is connected. Understanding how the 3D graphene networks are
connected is important so that new self-assembled graphene
materials may be designed in the future.

One potentially suitable additive for the purpose of facili-
tating charge transfer in a SERS system is Mn;0,, which has an
extensive oxide system with oxidation states ranging from +2 to
+4 valences. Mn;0, is widely used in electrodes for electrolytic
supercapacitors,” and the charge transfer process is correlated
with electrode materials that can be used in Raman spectros-
copy.** Mn;O, can exhibit absorption in the UV and visible
regions from 220-730 nm owing to the combination of 0>~ —
Mn ion charge transfer and the crystal field d — d transition,*
and as such, it has attracted the interest of researchers.**>*

Herein, we describe for the first time a one-pot synthesis of
a GQD-Mn;O, nanocomposite using multi-walled carbon
nanotubes (MWCNTs) as a starting material. MWCNTSs were cut
into pieces (GQDs) by KMnO,. Then, the GQDs were combined
with manganese ions to form the GQD-Mn;0, nanocomposite
through a process of 0D to 3D self-assembly. The purpose of
using Mn;0, was not only to connect the GQDs but also to
quench the fluorescence of the GQDs as Mn;0, can efficiently
suppress the Raman spectrum fluorescence back-ground. Using
Rhodamine B (RhB) as a Raman-active molecule, an EF as high
as 2.06 x 10" was obtained. Compared to the EFs of previously
reported GERS substrates and many semiconductor substrates,
this is an approximately 2 orders of magnitude improvement in
the performance of graphene SERS substrates. The prepared
GQD-Mn;0, nanocomposite possesses very good biocompati-
bility, which can be applied for SERS to discriminate cancer
cells and normal cells (HeLa, HepG-2 cell line and 7702 cell line)
for potential diagnostic applications.

Experimental

Chemicals and materials

MWCNTs (10-20 nm in diameter with lengths < 2 um) were
obtained from Shenzhen Nanotech Port Co., Ltd. (Shenzhen,

RSC Aadv., 2017, 7, 18658-18667 | 18659
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China). HPLC grade acetonitrile (J&K China). Tetrabuty-
lammonium perchlorate, KMnO,, H,SO,, NaOH and RhB were
of analytical grade and were used as received without further
purification. Water were prepared with deionized water (>18.2
MQ cm) from a Direct-Q system (Millipore U.S.A.).

Preparation of GQD-Mn;0, nanocomposites

The synthesis route for the GQD-Mn;0O, nanocomposite was
shown in Fig. 1A. MWCNTSs (50 mg) were suspended in 50 mL of
concentrated H,SO, with sonication for 12 h. KMnO, (500 mg)
was then added, and the mixture was stirred for 1 h at room
temperature. The mixture solution was then heated to 55 °C for
30 min, after which the temperature was increased to 65 °C for
1 h. Afterwards the temperature was increased to, and then
stabilized at, 70 °C for 1 h. It was subsequently allowed to cool to
room temperature, and poured onto 100 mL of ice and add 2 mL
of 30% H,0,. After centrifugation, the supernatant was adjusted
to a pH of 6-7 to induce precipitation, followed by centrifuga-
tion again, washing several times and drying.

Cell culture

The 7702, HepG-2 and HeLa cells (purchased from China Center
for Type Culture Collection) were grown in a humidified
atmosphere containing 5% CO, at 37 °C in RPMI 1640 medium
(Gibco Company, USA) supplemented with 10% fetal bovine
serum (CellMax, China), 100 mg mL ' streptomycin and 100
units per mL penicillin (Solarbio, China).

- Driven
Oxidative Cut

Self-assembly

Fig. 1

Metal(Mn?+)
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Characterization

UV-Vis spectra were recorded on a Cary 60 UV-Vis-NIR spectro-
photometer (Agilent, U.S.A.). Raman spectra were acquired on
a Renishaw 2000 model confocal microscopy Raman spec-
trometer (Renishaw, United Kingdom) with 514.5 nm wave-
length incident-laser light and a power of approximately 5 mW.
X-ray photoelectron spectroscopy (XPS) measurements were
performed using an ESCALAB-MKII spectrometer (VG Co.,
United Kingdom) with Al Ko X-ray radiation as the X-ray source
for excitation. The sample for XPS characterization was depos-
ited onto a Si wafer. X-ray diffraction (XRD) spectra were ob-
tained on a D8 Advance (Germany) using Cu Ko. (1.5406 A)
radiation.

Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) images were ob-
tained using a TECNAI G2 high-resolution transmission-electron
microscope (Holland) with an accelerating voltage of 200 kV. The
sample for TEM characterization was prepared by placing a drop
of prepared solution on a carbon-coated copper grid and drying
at room temperature. Scanning electronic microscopy (SEM)
images were obtained using a Quanta FEG 250. The sample was
dropped onto a Si wafer, allowed to evaporate and then
a conductive Au coating was applied.

The fluorescence experiment was carried out using a Perkin
Elmer (U.S.A.) LS-55 Molecular Spectroscopy system. FTIR
spectra were recorded using a Perkin Elmer (U.S.A.) Spectrum
Two™ IR spectrometer. Fluorescence lifetime data were ob-
tained using HORIBA JobinYvon FluoroLog-3 TCSPC (France).
Electrochemical data were recorded using a CHI660C worksta-
tion (Shanghai, China).

(A) The synthesis route for the GQD—-Mnz0O4 nanocomposite using MWCNTSs as the precursor of GQDs. (B) The formation mechanism for

the GQD-Mn3z04 nanocomposite. (C) TEM image of the GQD-Mnz04 nanocomposite. (D) HRTEM image of the GQD-Mnz0O,4 nanocomposite.
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Electrochemical properties were measured using cyclic vol-
tammetry with glassy carbon as the working electrode, platinum
wire as the counter electrode and a double junction saturated
calomel electrode as the reference electrode. The triple elec-
trode system was in dry, HPLC grade, argon-purged acetonitrile
and 0.1 m tetrabutylammonium per chlorate electrolyte solu-
tion. The sample was dropped onto the working electrode and
dried under vacuum at 60 °C for 1 h. The initial scan voltage was
1.8 V, high voltage was 1.8 V, low voltage was —2.0 V and the
scan rate was 0.05 V s~ '. The data were recorded on a CHI660C
workstation.

Results and discussion
Characterization of GQD-Mn;0, nanocomposite

We prepared the GQD-Mn;0, nanocomposite using a one-pot
synthesis approach. The synthesis process is shown in Fig. 1A.
MWCNTs were oxidatively cut by KMnO, in the presence of
H,S0, (ref. 23) into graphene nano-ribbons (GNRs).*> The GNRs
were then further oxidatively cut into GQDs by KMnO,.** At the
same time, the KMnO, was reduced to Mn?*". After the pH value
was adjusted to a neutral pH, the GQDs self-assembled with the
Mn>" through a GO metal ion-induced self-assembly process.*®

In strongly acidic conditions, manganese oxide will disso-
ciate into constituent ions, and these building blocks will be
dispersed into solution, allowing the nanocomposite to be
formed by a metal ion-driven self-assembly process with the
GQDs. The GQD-Mn;0, composite was treated with 3 M HCI to
destroy the Mn;0, and was characterized by TEM (Fig. S1%). The
results confirmed that the GQDs were one of the building blocks
of the nanocomposite. The TEM image also demonstrates that
the GQDs were well dispersed in the aqueous solution.

By measuring 158 particles, the diameter of the GQDs was
determined to be in the range of 2 to 12 nm (Fig. S27);
approximately 71% of the particles were 2-4 nm in diameter.
HRTEM (Fig. S31) showed that the lattice spacing values of the
GQDs were 0.21 nm and 0.24 nm, corresponding to the (100)
and (112) planes of graphite, respectively.**** To elucidate the
structure of the GQD-Mn;0, nanocomposite, TEM character-
ization was performed (Fig. 1C). As shown in the figure, the
GQD-Mn;0, nanocomposite possesses a porous structure. This
porous nature is reminiscent of those found in previously re-
ported self-assembled graphene-based materials. However, the
scale is different: instead of having pores on the micrometer
scale, as seen in other studies (GO-metal oxides composites),*®
the pores of the GQD-Mn;0, nanocomposite are on the sub-
micrometer scale (see SEM images in Fig. 2A). The SEM and
TEM images all show that the nanocomposite self-assembled
into a porous structure, with sub-200 nm pore sizes. This
indicates that changing the scale of the building blocks, such as
replacing graphene sheets with GQDs can result in significant
morphological changes and potentially tunable pore sizes.

The GQD-Mn;0, nanocomposite was also characterized
using HRTEM (Fig. 1D). Each distinct crystal lattice spacing was
corresponds to a particular compound and can therefore be
used to determine the chemical constituents of the nano-
composite. The crystal lattice spacing values of 0.21 nm and

This journal is © The Royal Society of Chemistry 2017
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0.24 nm belong to the GQDs, and the 0.25 nm and 0.28 nm
values belong to Mn;0,, corresponding to the (211) and (103)
plane of Mn;0,, respectively.>>*” After identifying the GQDs and
Mn;0,, it was determined that the GQD particles connect with
the Mn;O, particles. This result is supported by the lattice
fringes shown in Fig. 2B. The spacings of the lattice fringes in
adjacent particles are 0.21 nm, 0.24 nm and 0.25 nm, and
0.28 nm, which appear to be fused together corresponding to
the d-spacings of GQDs and Mn;0,, respectively. In addition,
the self-assembly seems to be randomly oriented. Therefore, in
our graphene-metal ion-driven assembly process, the function
of the metal oxide nanoparticles is to connect the graphene
particles to each other. According to previous research,’®*
GQDs are similar to GO with epoxy, hydroxyl, carbonyl and
carboxyl groups. These functional groups of GQDs attached to
the Mn ions, and in situ formation of Mn;0, then occurred, as is
described in Fig. 1B.

The X-ray diffraction (XRD) pattern (Fig. 2B) shows broad
peaks centered at approximately 29°, 32°, 36°, 38°, 44° and 59°,
which can be indexed to the (112), (103), (211), (004), (220) and
(224) planes, respectively.*® These data match the crystal lattice
spacing values of Mn;O, in the HRTEM image (Fig. 1C). All
these reflections were indexed to Mn;0O, (ICDD-JCPDS no. 24-
0734). The peaks (29° and 32°) of the nanocomposite were
located at the same positions as reported for Mn;0, (ref. 49) and
graphene-Mn;0, composites.*”*

We first identified the peaks of C 1s, O 1s and Mn 2p at 284,
528 and 645 eV, respectively, by X-ray photoelectron spectros-
copy (XPS) (Fig. 2C). The high-resolution XPS spectrum of C 1s
(Fig. 2D) was used for chemical state analysis, and the signal
was deconvoluted to peaks at 284.6 eV, 285.0 eV, 286.3 eV and
288.1 eV, which correspond to C-C/C=C bonds, C-O bonds,
C=0 bonds and O-C=0 bonds. The splitting between the peak
of Mn 2p;/, and the peak of Mn 2p,,, is approximately 11.7 eV
(Fig. 2E), which matches reports for Mn3;0,.*”%

When comparing the Fourier transform infrared (FTIR)
spectroscopy spectra (Fig. S4t) of the GQDs and the GQD-
Mn;0, nanocomposite, many of the same absorption bands
appear: the O-H stretching vibration at 3400 cm™, the C-H
stretching vibration at 2924 cm™ ", the C=0 stretching vibration
at 1626 cm ™', the C-H deformation vibration of CH and CH, at
1466 cm ™!, the C-H deformation vibration of CH; at 1386 cm ™"
and the C-O stretching vibration at 1105 cm '. However,
differences arise in peaks belonging to the octahedral vibration
of Mn;0, in the range of 400 cm ' to 700 cm™'. The FTIR
spectra agree with those obtained for Mn;O, in previous
studies.*®"** The Raman spectrum (Fig. S5f) of the GQDs
exhibited two peaks at 1363 cm ' and 1596 cm ', which are
characteristic peaks of graphene. The same two peaks were
observed for the GQD-Mn;0O, nanocomposite, and the sharp
peak seen only in the GQD-Mn;0, nanocomposite sample at
approximately 650 cm™ " corresponds to the Mn-O vibrations in
Mn;0, 556

UV-Vis analysis was performed on the GQDs and the GQD-
Mn;0, nanocomposite samples, and the results (Fig. S67)
support the conclusions of the FTIR analysis. The GQDs show
support the conclusions of the FTIR analysis. The GQDs show

RSC Adv., 2017, 7, 18658-18667 | 18661
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nanocomposite. (D) XPS of the C 1s. (E) XPS of the Mn 2p.

a peak at 320 nm, which is attributed to the ®# — w* absorp-
tion.*® Similar to reports by previous researchers,* the GQD-
Mn;0, composite, with compositions of MnO-Mn,0; (Mn**
and Mn**) and 2Mn-MnO, (Mn>*" and Mn*"), exhibits absorp-
tion features from 210 to 730 nm. The three charge transfer
transitions 0>~ — Mn*>" (210-250 nm), 0>~ — Mn*" (350-390
nm) and 0>~ — Mn*" (440-460 nm) can reasonably be attrib-
uted to the d-d crystal field transitions in octahedral Mn with
oxidation states ranging from +2 to +4 valance species. Thus, we
conclude that Mn>*, Mn** and Mn** composed the GQD-Mn;0,
nanocomposite. The intense and broad UV-Vis absorption of
the nanocomposite is the primary reason that it can quench the
fluorescence of the GQDs, as well as that of the dye molecules.
Because of the self-assembled nature of the GQDs and Mn;0,
species, charge transfer occurs between the GQDs and Mn;O,
nanoparticles.

GQD-Mn;0, nanocomposite for Raman enhancement

To explore the Raman enhancement effect, we measured the
Raman spectra of RhB on different substrates (glass, GQDs and
GQDs-Mn;0, nanocomposite). The substrate in aqueous solu-
tion was dropped onto a glass plate. RhB molecules were
adsorbed onto the nanocomposite or the GQD substrate simply
by depositing the target molecules on the glass film supported
samples. Fig. 3 shows the Raman spectra of RhB on the GQD-
Mn;0, nanocomposite substrate and those on the GQD and
glass substrates for comparison under the same experimental
conditions (see methods). Comparison of the three Raman
spectra indicates that the glass substrate and the GQD substrate
cannot quench fluorescence efficiently, resulting in poor optical

18662 | RSC Adv., 2017, 7, 18658-18667
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(A) SEM image of the GQD-Mnz0O,4 nanocomposite. (B) XRD pattern of the GQD-Mnz0,4 nanocomposite. (C) XPS of the GQD-Mnz0,4

contrast. The Raman signal on the glass substrate cannot be
observed because of the high fluorescence background.
However, on the GQD substrate, Raman peaks can be observed
superimposed on the fluorescence background. This indicates
SERS activity with the adsorption of RhB molecules on the
GQDs. Comparing the fluorescence background intensities of
the GQD substrate and the glass substrate, we calculate that the
GQDs suppress the fluorescence of RhB by a factor of 3.4
compared to the glass substrate alone. In other words, the
GQDs also exhibit Raman enhancement (GERS). A significant
degree of fluorescence quenching can be seen for RhB mole-
cules adsorbed onto the GQD-Mn;0, nanocomposite substrate;
the fluorescence intensity is lower than that on the GQDs and
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Fig. 3 The Raman signal of RhB (0.6 mM) was recorded on the GQD-
Mnz0O4 nanocomposite film, GQDs and glass.
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on glass. Specifically, the intensity of the background fluores-
cence baseline is decreased approximately 40 times compared
to the glass substrate, which improves the Raman/fluorescence
ratio and enhances the Raman signal.

Furthermore, even though the baseline is not subtracted
from the spectrum, the peaks are clearly visible in the original
data. The original spectrum exhibits two peaks at 348 cm ™" and
419 cm~". When carefully checking the original spectrum on
the GQD substrate, the two peaks at 351 cm™* and 421 cm™*
were determined to be too obscure to be discerned easily
because of masking by the fluorescence background. After
subtracting the baseline (Fig. S7 and S8%), it was found that the
vibrational frequencies of RhB on GQDs and on the GQD-
Mn;0, nanocomposite (Table S1,T columns 2 and 4, respec-
tively) were consistent with the SERS results reported previously
for graphene and' metal substrates® and from theoretical
calculations.®>®

For further investigation, solutions with different concen-
trations of RhB (concentrations ranging from 1 uM to 600 uM)
were dropped onto three different substrates (see Fig. 4A), and
the signals were found to improve with increasing concentra-
tion. It is interesting that the baseline becomes flatter as the
concentration increases. We chose the peaks centered at 419
cm ! as P1, 592 cm ' as P2, 763 cm ' as P3, 943 cm ™! as P4,
1190 cm™* as P5, 1361 cm ™' as P6 and 1566 cm ™' as P7. P1 is
assigned to xanthene ring deformation and N-H oscillation, P2
represents -NH wagging, P3 corresponds to C-H out of the
plane of the xanthene ring, P4 is xanthene ring and phenyl ring
stretching, P5 is assigned to C-H bending of the xanthene ring,

1300
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P6 is xanthene ring stretching, and P7 is phenyl ring stretching.
By fitting these peaks and by applying the Brunauer-Emmett-
Teller (BET) model** with concentration, this model indicates
that the molecules observed a model of multilayer adsorption.*”
It was also found that the relative intensity of some peaks would
change with the concentration, according to previous
research.®®* It can be concluded that the molecular orientation
of RhB on the GQD-Mn;0,4 nanocomposite would change with
the concentration of RhB (Fig. 4B). To compare the signal
enhancement in a more quantitative manner, we calculated the
EF for each case (Fig. S7 and S87). The largest EF value is 2.06 x
10* at 425 cm ™}, and the smallest EF value is 7.95 x 10% at 1649
ecm™ ', These EFs are among the highest reported for graphene
and other non-noble metal SERS substrates (Table S27).

Photon-induced charge transfer resonance on GQD-Mn;0,
Raman enhancement

In the GQD-Mn;0, nanocomposite, the function of Mn;0, is
not only to connect the GQDs but also to quench the fluores-
cence of the GQDs. In other words, the self-assembly of GQDs
and Mn;0,4 change both the morphology and the optical prop-
erties of the composite. The 3D fluorescence of GQDs is dis-
played in Fig. S91 (the Rayleigh scattering peak has been
deleted). The maximum excitation is 400 nm, and the emission
wavelength is 430 nm. The photoluminescence properties are
excitation-wavelength-dependent, as previously reported.® The
fluorescence emission spectra of the GQDs and GQD-Mn;0,
nanocomposite are displayed in Fig. S10.f The GQD-Mn;0,
nanocomposite quenched the fluorescence of RhB, and the
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Fig. 4

(A) Raman spectra of RhB (concentration from 1 pM to 600 uM) on the GQD-Mnz0O4 nanocomposite. (B) The intensity of each vibrational

mode and the fitting curve by the BET model for different RnB concentrations (the peak intensities of different concentrations and the fitting
curve). (C) The UV-Vis and fluorescence spectra of RhB (1 uM) and RhB (1 uM) + GQD-Mnz0O4 nanocomposite (0.1 mg mL™Y). (D) Cyclic vol-
tammetry diagram of GQD-Mnz0O4 nanocomposite. (E) Energy level diagram of the GQD-MnzO4—-RhB system.
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emission of RhB at 580 nm results from excitation at 514 nm in
aqueous solution (Fig. 4C). The UV-Vis absorption peaks of RhB
in aqueous solution are at 515 nm and 550 nm; with the addi-
tion of the nanocomposite (also in aqueous solution), the
absorption peaks are blue-shifted to 496 nm and 543 nm. This
serves as evidence for the formation of a dye-nanocomposite
hybrid with charge transfer occurring between the RhB and
the nanocomposite. Additionally, although the emission
intensity decreases, the fluorescence lifetime experiment (for
which the excitation wavelength is 460 nm) indicates that the
lifetime is decreased (1.37 ns to 1.33 ns) when fit by a single-
variable exponential decay function (Fig. S11 and S12+t). These
results suggest that the dye molecules can be thought of as
forming a charge transfer complex by interacting with the
nanocomposite. Because of the limitations of the experimental
conditions, further fluorescence analysis on a faster time scale
is needed to investigate the charge transfer process.

GQDs cannot quench the fluorescence of RhB Raman dye
when used as a SERS substrate. Moreover, the GQDs' own
fluorescence properties, including upconversion and down
conversion, decrease the signal-to-noise ratio of the Raman
spectrum. By self-assembling with Mn;0,, the distance between
the GQDs and Mn;0, is small; thus, charge transfer can occur,
the fluorescence of the GQDs is quenched, and the nano-
composite can quench the fluorescence of the Raman dye. The
lower number of peaks observed for the GQDs than for GQD-
Mn;0, can be attributed to the influence of the fluorescence
background on the Raman enhancement of the GQDs.

We propose that the Raman-enhancement mechanism of the
synthesized nanocomposite is an example of photon-induced
charge transfer resonance. As illustrated in Fig. 4E, the ener-
gies (vacuum level) of the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital (HOMO) of
RhB are —3.50 eV and —5.50 eV,” while the energies (vacuum
level) of the valence band (VB) and conduction band (CB) of the
GQD-Mn;0, nanocomposite are —5.91 eV edge and —4.39 eV,
respectively, as calculated using cyclic voltammetry measure-
ments (Fig. 4D). Compared with a previous study,” the VB and
CB of GQDs are —5.62 eV and —4.72 eV. By using the photon-
induced charge transfer resonance model.>*** The charge
transfers from the VB to the LUMO at 2.41 eV and from the
HOMO to the CB at 1.11 eV are allowed. Charge transfer at
2.4 eV corresponds to 514 nm; thus, the wavelength of the
incident laser was selected. The other charge transfer is at
1.1 eV, corresponding to 1127 nm, which is the same as the
wavelength of the surface plasmon resonance. With GQDs as
the substrate, charge transfer at 2.1 eV corresponds to 590 nm,
and the second is at 0.8 eV and corresponds to 1550 nm.
According to our knowledge, most Raman spectrometers do not
have 590 nm laser beams. Therefore, 514 nm is more conve-
nient than 590 nm.

The Raman enhancement consists of a number of different
effects: the molecular resonance (umo1) of RhB, the excitation
resonance (ue,) of the GQD-Mnz;0O, nanocomposite and the
photon-induced charge transfer resonance (ucr) from match-
ing the energy levels between the GQDs-Mn;O, nano-
composite and the RhB molecules. In the quantum
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mechanical model (calculations are given in the ESIT), via the
vibronic coupling, the ground state |I) with the conduction-
band edge |C) and molecular excited state |K) with the
valence-band edge |V) of the semiconductor would contribute
to the molecular polarizability tensor. When the energy of the
incident light equals the charge-transfer transition frequency
between the semiconductor valence-band edge and molecular
excitation state (w = wyk), the polarizability tensor a,, is
composed of A, B and C, where the A term, Ryx(w), represents
the plasmon resonance; the B-terms, Ricx(w) and Ricy(w),
represent the charge transfer transitions from the molecule to
the semiconductor; and the C-terms, Ryk(w) and Rygyc(w),
represent the charge transfer transitions from the semi-
conductor to the molecule.* In this condition (v = wyk), with
the incident laser wavelength at 514 nm, the main contribu-
tions to the Raman enhancement factors are from the A term
Ryk(w) and the C terms Ryx(w) and Rgyc(w). Therefore,
application of the photon-induced charge transfer resonance
model to the GQD-Mn;O, nanocomposite experimental
results indicates that large EFs could be expected. This is an
effective way to design SERS substrates with high enhance-
ment factors, tuning the energy level and energy gap to change
the optical properties through self-assembly.

SERS identification of human cancer cells

Biocompatibility is always a major problem with SERS
substrates. It limits the biological application because SERS
substrates must absorb to the cell surface to obtain a strong
signal.”> Therefore, MTT assays were carried out firstly to
evaluate the cytotoxicity of the GQD-Mn;O, nanocomposite to
living cells. As expected, the cells viabilities of 7702, HepG-2
and HeLa cell line were estimated to all be greater than 90%
upon addition of the GQD-Mn;0, nanocomposite over a wide
concentration range of 0-800 pg mL™ " (Fig. S13-S157). To
further assess the potential biomedical and diagnostic appli-
cations, the GQD-Mn;0, nanocomposite was investigated as
a SERS-active substrate for cancer cell identification. The
nanocomposite was dropped onto glass-bottomed micro-well
dishes, and the cells were then seeded into the dishes. As
shown in Fig. 5B-D, the 7702 cell line (normal liver cells),
HepG-2 cell line (liver cancer cells) and HeLa cell line (cervical
cancer cells) can grow on the substrate. Then, the Raman
spectra of the cells were acquired under excitation at 514 nm
(Fig. 5A). The Raman spectra showed that the Raman signal of
the cells on the glass was very weak, with only the peaks at 470
em™ " and 910 cm ™' being observed, and the signals cannot be
used to discriminate the 7702 cells with HeLa cells. Although
Raman signal of HepG-2 cells was at 470 cm™* and 2900 cm ™~ *
which were different from HeLa and 7702 cells, such signal
with only two peaks also cannot provide enough information
for discriminating these cells. However, under the SERS
conditions, the signals of the cells grown on the GQD-Mn;0,
nanocomposite were quantifiable compared with the signal on
the glass. The SERS peaks of the 7702 cell line were centered at
506 cm™ ', 587 cm™ Y, 929 cm ™Y, 1084 cm ™Y, 1394 cm Y, 1584
em ™', 2401 cm ™' and 3087 cm ™. The SERS peaks of the HeLa

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (A) Raman spectra of the HepG-2, Hela and 7702 cell line on
the GQD-Mnz0O4 nanocomposite and on the glass. (B) Image of 7702
cells grown on the GQD-Mnz0O4 nanocomposite. (C) Image of Hela
cells grown on the GQD-Mnz0O4 nanocomposite. (D) Image of HepG-
2 cells grown on the GQD-Mn3z0y,.

cell line were centered at 194 cm ™', 278 cm ™', 481 cm ™!

, 512
cmfl, 585 cmfl, 909 cmfl, 1347 cmfl, 1602 c¢cm™ ' and
2935 cm ™ '. The SERS peaks of the HepG-2 cells line were
similar to HeLa, and centered at 2401 cm ™' which was same as
7702 cell line. Obviously, the Raman peaks between the two
types of cells (cancer and normal) are very different. To
determine a relationship between cancer and the signal, the
Raman spectra of the cells were divided into two parts: the
protein and lipid bands and the DNA/RNA bands.” The DNA/
RNA bands are observed from 1200 ecm ' to 1700 cm "
(although the Raman shift of DNA/RNA was centered at 740
cm™ ', the Raman signal of the cells on the GQD-Mn;0, did
not display the peak at 740 cm™ "), and the protein/lipid bands
are observed from 2800 cm ™" to 3000 cm ™" and from 900 cm ™"
to 1200 cm ™~ '. Generally, the protein levels of tumorigenic cells
are higher than those of normal cells.” Therefore, the lipid/
protein-DNA/RNA ratio can be evaluated to identify the cancer
cells. The lipid/protein-DNA/RNA ratio of HeLa and HepG-2
cells is obviously higher than that of 7702 cells. Because the
cells were growing on the surface of the substrates, we believe
that this can be a useful tool to investigate the surface func-
tional groups of cells using Raman spectra. These groups
relate to the biochemical properties of cells and will help to
further medical research and drug discovery. As shown in
Fig. 5A, the SERS intensity at 585 cm ™" was very high in the
HelLa cells (the same as HepG-2 cells), and a new peak at 2935
cm~ ' was observed, indicating that the GQD-Mn;0, nano-
composite can be used as an active substrate for SERS iden-
tification of human cancer cells. Compared with other Raman
substrates, especially noble metal substrates, GQD-Mn;O,
nanocomposites present many more advantages, such as
a simple synthesis, a label-free analysis and excellent
biocompatibility. This is very important for biomedical
applications of SERS.

This journal is © The Royal Society of Chemistry 2017
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Conclusions

In summary, we have described a one-pot synthesis of a GQD-
Mn;O0, nanocomposite via self-assembly from MWCNT
precursors. The function of Mn;O, is not only to connect the
GQDs but also to quench the fluorescence of the GQDs while
maintaining Raman enhancement over the wide UV-Vis
absorption of Mn;0,. The self-assembly process between the
GQDs and Mn;0, particles changes the energy level and gap.
RhB, a Raman-active dye, was quenched efficiently on this
nanocomposite substrate, the fluorescence background of the
Raman signal was lower than that for the GQDs, and the Raman
peaks matched previous reports. The EFs were as high as 2.06 x
10*. The GQD-Mn;0, nanocomposite possesses good biocom-
patibility and can be used as an active substrate for SERS
identification of human cancer cells. Furthermore, the GQD-
Mn;0, nanocomposite improves the performance of graphene
for Raman applications and paves the way for a new range of
self-assembled nanocomposites, such as half-metallic graphene
nanoribbons assembled with semiconductors or magnetic
metal oxides with novel physical or chemical properties. We
anticipate that GQD-Mn3;0, nanocomposites might open up
new opportunities for the development of new bioanalytical and
biomedical applications in SERS.
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