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Graphene quantum dots (GQDs) with strong photoluminescence (PL) and chemical modification have
attracted tremendous interest for fundamental and applied research owing to their special low-cost
production and low toxicity. However, most of the research focused on the GQDs without much
targeted design, which limited their applications in specific bio-based fields. Inspired by this fascinating

R 4 315t Octoper 2017 conundrum, we demonstrate GQD-based bio-conjugation. Relying on sedimentation coefficient

eceive st October . . . . . . . .

Accepted 15th November 2017 differences for the density gradient ultracentrifuge (DGU) separation of conjugates with different
proteins, ultra-purified conjugates were obtained. We demonstrate the first targeted imaging in both

DOI: 10.1035/c7ral1363a cells and tissue models with single or multi color staining, which shows universality for different kinds of
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Fluorescent materials play an important role in investigating
biological issues as a “visible” marker."* In the evolution of
fluorescent materials, increasing efforts have been devoted to
the development of heavy-metal-free and low-toxicity photo-
luminescence (PL) nano-probes. Carbon dots (CDs: including
graphene quantum dot (GQDs),*” carbon nanodots (CNDs),***
polymer dots (PDs)*>™** and polymer carbon dots (PCDs)'*°),
one class of these nano-probes, have drawn much attention
during recent years.'”* GQDs possess high photo-stability,
tunable emission, chemical inertness, good biocompatibility,
low toxicity, photoelectric/optical properties®*~® and convenient
surface modification, and can be achieved by low-cost produc-
tion. Therefore, GQDs could find use in biomedical applica-
tions, such as bioimaging,**® drug delivery,>?® thermal
therapy,*** DNA cleavage,* sensors,* etc.

Bioimaging is an emerging research field aimed at using
sophisticated bioimaging probes to visualize specific molecular
pathways in vivo or in vitro.*>*® Currently, the majority of bio-
imaging probes utilized in clinical practice are small-molecule
compounds that tend to be unstable, toxic, nonspecific, and
rapidly cleared. GQDs have the potential to be remarkably
successful in the field of bioimaging due in part to their excel-
lent optical properties and extremely low cytotoxicity, but also
due to their suitable size and surface chemistry.*”*® The size of
GQDs is always ca. 3-10 nm and lots of oxygen or amino based
groups, which are beneficial for bio-labeling process (e.g.
endocytose), are found on the surface of GQDs.”* However,
there are few work focusing on the targeting imaging through
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the bio-conjugation of GQDs. It is very important to use the
targeting GQDs for specific imaging position, which can afford
efficient imaging speed, high signal-to-noise ratio (SNR) as well
as multi-colors issue imaging.****

Although there are kinds of bio-conjugation methods
developing with high reaction activity, all the reaction mixture
generally contains unbound fluorophores (small molecules or
nanomaterials), which cause the background problem in the
staining process.**™** Therefore, the efficient separation of flu-
orophore bioconjugates from unbound fluorophore is neces-
sary. The density gradient ultracentrifuge (DGU) is a reliable
and flexible approach to purify these kinds of conjugates. DGU
works by exploiting subtle differences in buoyant density. The
species of interest are loaded into an aqueous solution with
a known density gradient. Under the centripetal force of an
ultracentrifuge, the species sediment toward their respective
isopycnic points (i.e. the position where their density matches
that of the gradient).*® As a result, it is very important to purify
the GQDs bio-conjugation for further targeting staining.

Herein, graphene quantum dots with green PL emission and
carboxyl groups were used for the bio-conjugation with amino
groups of proteins, and the conjugates of streptavidin (SA)
@GQDs, anti-mouse@GQDs and Erbitux@GQDs were success-
fully prepared and purified by the density gradient ultracentri-
fuge (DGU) route. The conjugates between GQDs and different
proteins possess controllable targeting capacity to label the
specific position of biological systems. For example, the anti
mouse@GQDs/mouse anti-Her 2 was used to stain SKOV-3
(human ovarian carcinoma) cell; cluster of differentiation 31
(CD 31)@biotin and SA@GQDs were used to stain vessel; Erbi-
tux@GQDs were used to stain squamous cell carcinoma (SCC)
cell.

This journal is © The Royal Society of Chemistry 2017
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GQDs were prepared by previously reported “nano-cutting”
and solvothermal method from graphite powder and HNO;/
H,SO,, developed by Yang group,***® as shown in Scheme S1.1
The average diameter of the prepared GQDs was ca. 4.5 nm with
crystal lattice ca. 0.21 nm (Fig. 1a and S27). The MALDI-TOF MS
spectra of GQDs showed the molecular weights were mainly
between 1250-2750 with an regular interval (58 Da). It indicated
that the neighbouring GQDs differed by “C,0,H,” groups
(Fig. 1b), and the actual molecule weight will be larger than this
value because big GQDs are hard to be ionized. In the FTIR
analysis of GQDs, stretching vibrations of C-OH at 3430 cm ™ *,
and a vibrational absorption band of C=0 at 1635 cm ™" were
all observed (Fig. 1¢).>* In addition, surface groups were also
investigated by XPS analysis (Fig. S3f). The -OH was mainly
produced by the cutting position through epoxy, while the
-COOH and carbonyl was the stable oxidation state. The
carboxyl groups were further used for bio-conjugation. GQDs
possess optimal excitation and emission wavelengths at ca.
468 nm and 525 nm, respectively. We have tested the absolute
quantum yield of present GQDs, and the value is 4.7%. The PL
center of GQDs was in surface state which was induced by the
hybridization structure of edge groups and connected carbon
core, and the participant edge groups for green emission mainly
resulted from carboxyl and amide.*>*°

The specific binding used in this work was based on the bio-
conjugation, e.g., streptavidin (SA) and biotin.** First of all, the
covalent SA@GQDs and bovine serum albumin (BSA)@biotin
were prepared by standard 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) method and biotinylated
reagent, respectively (EDC was used to react with the
carboxyl groups on the surface of GQDs, forming an unstable
reactive O-acylisourea intermediate. Subsequently, N-hydroxy-
sulfosuccinimide (Sulfo-NHS) was added to convert it to a semi-
stable amine-reactive NHS-ester.*>** The amine groups of
proteins then covalently conjugated with the NHS-ester modi-
fied GQDs to produce protein@GQDs).** For purifying the
BSA@biotin, due to the biotinylated molecules are relatively
small, the centrifuge filter with molecule weight 30 kDa can be
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Fig. 1 The used GQDs for bio-conjugation. (a) TEM image of GQDs.
(b) MALDI-TOF MS spectrum of GQDs. (c) FT-IR spectrum of GQDs. (d)
The excitation and emission spectra of GQDs.

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

used to remove the un-conjugated biotin. For purifying the
SA@GQDs, the density gradient ultracentrifuge (DGU) was
applied to separate the SA@GQDs from the mixtures of free SA,
free GQDs. The used gradient sucrose was from 15 to 50% (5%
interval, the final column will be a homogeneous linear gradient
after tilting 20° for 45 minutes), then we tested the DGU column
after ultracentrifuge (Fig. 2a-c), and the desired SA@GQDs
conjugates were concentrated at the gradient positions of 20-
25% (Fig. 2b). On the top of the fluorescent column section,
there are free GQDs and SA; in the middle of the fluorescent
section, there should be the desired conjugates between single
SA and GQDs, or few SA and GQDs; at the bottom of the fluo-
rescent section, there are possible the multimer with several SA
and GQDs conjugates.

To achieve multiple targeting tissue staining with the bio-
conjugates, GQDs were further covalently bonded to another
two typical proteins (anti-mouse secondary antibodies and
Erbitux). Similar DGU purification was used to obtain the
selected conjugation with high purifications. For testing the
conjugation between GQDs and different proteins, the Bolt 4-
12% Bis-Tris gel electrophoresis was used to confirm the
conjugate formation of proteins and GQDs via fluorescence
imaging, since GQDs have strong fluorescence signals under
blue light illumination. As shown in Fig. 2d, SA@GQDs possess
three PL bands between 50 kDa and 70 kDa, resulting from the
dimer and trimer conjugates; anti-mouse@GQDs show the
molecule weight at 115-140 kDa; for Erbitux@GQDs, there is
a strong band at 150 kDa, and also two weak bands at larger
molecule section, which are due to the dimer and trimer
conjugations. Fortunately, the multimer of the protein, which is
also powerful for targeting conjugations, don't affect the
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Fig.2 (a) The sucrose DGU gradient used for purifying the conjugates.
(b) The deswed SA@GQDs positions in the DGU column. (c) PL image
of the DGU column after ultracentrifuge. (d) Bolt 4—12% Bis—Tris gel
electrophoresis analysis of SA@GQDs, anti-mouse@GQDs and Erbi-
tux@GQDs, respectively. The loading dye with confirmed molecule
weight was tested as references. (e) The cell viability of conjugate
Erbitux@GQDs (SCC cell).
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biological activity.>»** More importantly, the GQDs show very
cell toxicity which is ideal for in vivo staining.

To test the performance of the targeting system, first of all,
the targeting cell imaging was tested by SKOV-3 cell model. The
cultured SKOV-3 stained by anti-mouse@GQDs/mouse anti-Her
2 and 4',6-diamidino-2-phenylindole dihydrochloride (Dapi).*®
There are Her 2 proteins receptors located on the surface of
SKOV-3 cell membrane, which can be conjugated by mouse
anti-Her 2 followed by anti-mouse@GQDs. From bright field
image of Fig. 3a, the cells kept the normal morphology, and the
blue fluorescence (Dapi channel) can be seen in the nucleus
while the green fluorescence (GFP channel) was located on the
cell membrane of SKOV-3. The overlay images (Fig. 3a and S4+)
indicated perfect staining of the nucleus and Her 2 proteins
receptors of cell membrane, respectively. Furthermore, due to
the universality of the conjugation with bio-molecules, other
targeting staining could be achieved.

The targeting imaging provides the possibility to stain
different positions of the tissue or living body at the same time.
We tested the multi-color imaging by using the SKOV 3 tumor
tissue as a model case. The Dapi with blue emission was used
for staining the nucleus; the anti mouse@IR-680 and mouse
anti-Her 2 were used to stain the SKOV 3 cells of the tumor; the
anti CD31@biotin and SA@GQDs were used to stain the vessels
of the tumor. Fig. 3b shows the three color imaging of the SKOV
3 tumor. The blue nucleus was encircled by the red cell
membrane, and the green vessel can also be recognized
spreading the whole tumor slide.

The GQDs can also be used for monoclonal antibody
conjugation, which will be “one-step” binding to the cell or
organ efficiently.”” Erbitux was used as a proof-of-concept
model. Erbitux (cetuximab) is a recombinant, human/mouse
chimeric monoclonal antibody that binds specifically to the
extracellular domain of the EGFR. The Erbitux@GQDs conju-
gation possesses a molecule weight slightly more than 150 kDa,
and bright fluorescence (Fig. 2d). Fig. 4a shows the scheme of
biological fixation between the Erbitux@GQDs and EGFR of the
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Fig. 3 Targeting cell imaging and tissue staining of protein@GQDs. (a)
SKOV 3 cell imaging by mouse anti-Her 2 and anti-mouse@GQDs, and
the nucleus was stained by Dapi for location. (b) SKOV 3 tumor
imaging: the vessel staining by anti CD31@biotin and SA@GQDs; the
cell membrane was by mouse anti-Her 2 and anti-mouse@IR-680; the
nucleus was also stained by Dapi. For GFP channel of GQDs, due to the
low quantum yield, we have to tune the contrast/brightness to reach
the same quality compared with the Dapi and 680 (IR-680 dyes)
channels. The emission of Dapi also has some signal in GQDs channel,
and we have re-draw the data to get rid of the Dapi signal.
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Fig. 4 (a) SCC cell imaging by Erbitux@GQDs which is binding to the
EGFR receptor of SCC cell membrane. (b) The bright field, and PL
picture at different channels. After merging the PL picture of Dapi and
GFP channels, the successful staining of membrane and nucleus was
observed. The quantum yield of GQDs is much lower than Dapi, and
we have to tune the contrast/brightness to reach the same quality
between Dapi and GQDs. The emission of Dapi also has some signal in
GQDs channel, and we have re-draw the data to get rid of the Dapi
signal.

GFP channel

SCC cells. After suitable cultivating, the targeted imaging could
be observed on the membrane of the SCC cells (Fig. 4b and S57).
The bright field, Dapi staining of the nucleus and the merger
imaging indicated the perfect staining of the EGFR of the SCC
cells. The in vivo targeting imaging was also conducted on SCC
tumor model (Fig. S61), showing great tumor targeting capacity
also with the non-specific liver uptake. H&E staining study of
GQDs@conjugate was added in Fig. S7,T and it show very low in
vivo toxicity of the present conjugate.

Conclusions

In conclusion, high-performance GQDs based bio-conjugates
were developed. Relying on sedimentation coefficient differ-
ences for the density gradient ultracentrifuge (DGU) separation
of conjugate with different proteins, ultra-purified conjugates
were obtained. By using gel electrophoresis to quickly screen
conjugation efficiency, we demonstrate that DGU separated
conjugates display the highest selectivity out of any carbon
based imaging agent to date. At last, the targeting cell imaging
and tissue staining were achieved by the conjugates of
SA@GQDs, Erbitux@GQDs and anti mouse@GQDs with very
high efficiency, demonstrating the first histological imaging
with GQDs based conjugates. The present work endows the
fluorescent carbon based materials with promising targeting
property, which is of great significance to practical bio-based
applications.
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