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ABSTRACT: Fluorescent carbonaceous nanodots (CDs) have attracted much attention due to their unique properties.
However, their application in noninvasive imaging of diseased tissues was restricted by the short excitation/emission wavelengths
and the low diseased tissue accumulation efficiency. In this study, CDs were prepared from glucose and glutamic acid with a
particle size of 4 nm. Obvious emission could be observed at 600 to 700 nm when CDs were excited at around 500 nm. This
property enabled CDs with capacity for deep tissue imaging with low background adsorption. Angiopep-2, a ligand which could
target glioma cells, was anchored onto CDs after PEGylation. The product, An-PEG-CDs, could target C6 glioma cells with
higher intensity than PEGylated CDs (PEG-CDs), and endosomes were involved in the uptake process. In vivo, An-PEG-CDs
could accumulate in the glioma site at higher intensity, as the glioma/normal brain ratio for An-PEG-CDs was 1.73. The targeting
effect of An-PEG-CDs was further demonstrated by receptor staining, which showed An-PEG-CDs colocalized well with the
receptors expressed in glioma. In conclusion, An-PEG-CDs could be successfully used for noninvasive glioma imaging.

Bl INTRODUCTION CDs displayed strong emission intensity when changing the
excitation wavelength from blue or green to red or near-infrared
region, and few studies have reported noninvasive whole body
imaging of diseased tissue using these CDs. V213

Besides the property of CDs, the physical barrier of the
diseased tissue was another obstacle that restricted the
application in noninvasive imaging. Brain tumors are an
increasing threat for human beings. Gliomas account for 80%
of original brain tumors.'* Although surgery resection followed
by chemotherapy/radiotherapy is still the standard procedure
for glioma treatment, the survival time can only be expanded
from 8 months to 15 months."> The poor survival time could

Fluorescent carbonaceous nanodots (CDs) have gained
extensive attention due to not only their unique characteristics,
such as green synthetic route, optical stability, good
compatibility, and low toxicity, but also their great potential
for application in detection and catalysis.'~* To obtain CDs,
many methods have been developed, including thermal/
hydrothermal oxidation, electrochemical synthesis, and micro-
wave/ultrasonic synthesis.” Among which, one-step hydro-
thermal/thermal treatment methods have been widely used in
producing CDs from various raw biomaterials, such as silk,
juice, glucose, or other synthetic polymers.>~” However, most

of these CDs showed short excitation/emission wavelengths be ascribed to both infiltration growth of glioma cells, which
(lower than 500 nm for excitation wavelength and 600 nm for made it impossible to completely remove the glioma cells, and
emission wavelength), which restricted the application in the blood brain barrier (BBB), which further restricted the
bioimaging of diseases such as tumors, especially in the access of chemotherapeutics by glioma cells."® Therefore, exact
noninvasive whole body imaging, owing to the high background

adsorption.S_11 Thus, preparing CDs with long excitation/ Received: October 15, 2014
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Figure 1. Elucidation of preparation procedure.
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imaging of gliomas holds great perspective in helping surgeries
to completely remove glioma cells, which may further expand
the life span of glioma bearing patients. Presently, fluorescent
imaging-aided surgical resection of tumor has been applied in
the removal of peripheral tumors.'” However, due to poor BBB
penetration and glioma targeting capacity, most imaging probes
cannot be applied in glioma imaging.”” To conquer this barrier,
ligand modification was usually used because the ligands could
recognize specific receptors/carriers which are overexpressed
on BBB and/or glioma cells.'® Angiopep-2 is one such ligand
whose receptor is low density lipoprotein receptor-related
protein-1 (LRP1) that is overexpressed on both BBB and
glioma cells, meaning that angiopep-2 could be used as an ideal
ligand for glioma targeting.'®

In this study, the fluorescent probe, CDs, was prepared by
the simultaneous use of nontoxic glutamic acid and glucose
(Figure 1). The fluorescent property enabled CDs with capacity
for deep tissue imaging with low background adsorption.
Angiopep-2 was anchored onto CDs after PEGylation, and the
potential in glioma imaging was evaluated.

B RESULTS AND DISCUSSION

Synthesis and Characterization. The hydrated particle
size of CDs was 30.2 nm with a polydispersity index of 0.147,
while the zeta potential was —23.5 mV. According to
transmission electron microscopy (TEM) (Figure 2A and B),
the particles were well dispersed with size around 4 nm (Figure
2C), and then the CDs were characterized by Fourier transform
infrared spectroscopy (FTIR) (Figure 2D). The following
vibrations were observed: stretching vibrations of C—OH at
3430 cm™!, asymmetric stretching vibrations of C—-NH—C at
1107 cm™, stretching vibrations of C=C at 1621 and 1512
cm™’, stretching vibrations of —CH; and —CH, at 2900—2800
cm™, stretching vibrations of —C—O at 1326 cm™!, indicating
the structures of CDs mi%ht contain polycyclic aromatic and
aromatic CN groups.'>'”*® Surface states of the CDs were
further characterized by X-ray photoelectron spectroscopy
(XPS). The XPS spectrum showed three peaks at 288.7, 403.7,
and 535.0 eV (Figure 2E), contributed by C;, N}, and Oy,
respectively. The Cy, spectrum (Supporting Information Figure
S1A) showed four peaks at 287.7, 288.9, 290.1, and 291.3 eV,
which were attributed to C—C, C—N, C—0, and C=N/C=0,
respectively.”’ The N, spectrum (Supporting Information
Figure SIB) exhibited three peaks at 402.5, 403.7, and 404.9
eV, which were contributed by the C—N—C, N—C, and N-H
bands, respectively.”” The O, spectrum (Supporting Informa-
tion Figure SI1C) displayed two peaks at 534.7 and 535.8 eV,
which were attributed to C—OH/C—0—C and C=0 groups,
respectively.”® These results demonstrated that the surface of
CDs possessed plentiful oxygen and nitrogen functional groups,
which was consistent with previous studies and useful for
further modification.”*!
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Figure 2. (A) TEM image of CDs. (B) High resolution of TEM image
of CDs. (C) Particle size distribution of CDs. (D) FTIR spectrum of
CDs. (E) XPS spectrum of CDs. (F) Fluorescent spectrum of CDs.
The excitation wavelengths ranged from 340 to 560 nm with a step of
20 nm.

Interestingly, when we increased the excitation wavelength of
the CDs from 340 to 440 nm, both the emission wavelengths
and fluorescent intensity increased (Figure 2F), which was
significantly different from previously reported CDs.”** The
highest emission wavelength was 552 nm while the excitation
wavelength was 440 nm, which was longer than recently
reported CDs possessing highest excitation/emission wave-
length of 420 and 520 nm."* Additionally, further increasing the
excitation wavelength could also expand the emission wave-
length, displaying a broad excitation and emission range.
Although the intensity peak of emission decreased with
increasing excitation wavelengths from 440 to 560 nm, there
were apparently still emission peaks. The quantum yield of CDs
was 37.5%, which was higher than that of previously reported
CDs.”*® Addtionally, CDs possessed better optical stability
than traditional dyes.** The fluorescent property of the CDs
was useful for in vivo imaging because longer excitation/
emission wavelength could endow the CDs with the ability to
penetrate deeper into tissues.

After PEGylation (PEG-CDs) and angiopep-2 modification
(An-PEG-CDs), the hydrated particle sizes were changed to 35
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and 38 nm (Supporting Information Table S1). The elevation
in particle sizes was contributed by the surface modification.
However, the zeta potential was not considerably changed.
Compared with other carbon-based nanomaterials, such as
carbon nanotubes and graphenes, CDs were spherical, leaving
the modified PEG and ligands uniformly distributed on the
surface, which was useful for escaping the reticuloendothelial
system and being recognized by specific cells.*>>°

Stability and Safety. In order to be used in biosystems, the
serum stability and safety need to be addressed. First, serum
stability was performed with incubation with different
concentrations of serum for different periods of time (Figure
3). The serum stability significantly increased after PEGylation
compared to bare CDs, owing to the PEGylation that could
inhibit the adsorption of serum protein. An-PEG-CDs showed
similar stability compared with PEG-CDs, indicating that
angiopep-2 modification did not affect the serum stability.
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Figure 3. Serum stability of CDs, PEG-CDs, and An-PEG-CDs. (A)
Time-related stability of 100 ug/mL of CDs, PEG-CDs, and An-PEG-
CDs incubated with 10% FBS. (B) Time-related stability of 100 g/
mL of CDs, PEG-CDs, and An-PEG-CDs incubated with 50% FBS. *p
< 0.05 vs PEG-CDs and An-PEG-CDs. (C) Stability of 100 pg/mL of
CDs, PEG-CDs, and An-PEG-CDs incubated with different
concentrations of FBS for 12 h. *p < 0.0.
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The stability of CDs in PBS with different pH values was also
carried out, which showed the CDs were stable in 8 h
(Supporting Information Figure S2). However, further
extending the incubation time could lead to obvious
aggregation.

Second, hemocompatibility was carried out using fresh 2%

blood red cells (Figure 4). Although the hemolysis rate
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Figure 4. Hemocompatibility of CDs, PEG-CDs, and An-PEG-CDs.
Time-related hemolysis rates of S mg/mL of CDs, PEG-CDs, and An-
PEG-CDs. *p < 0.05 vs PEG-CDs and An-PEG-CDs. (B)
Concentration related hemolysis rates of different concentrations of
CDs, PEG-CDs, and An-PEG-CDs incubated with red blood cells for
8 h. *p < 0.05 vs PBS. (C) Image of red blood cells incubated with S
mg/mL of CDs, PEG-CDs, and An-PEG-CDs for 8 h.

increased over time, the rates of PEG-CDs and An-PEG-CDs
were significantly lower than that of CDs, indicating the
PEGylation could improve the compatibility. After 12 h
incubation, the hemolysis rates of PEG-CDs and An-PEG-
CDs were approximately 14%, which was almost the same
compared to PBS, suggesting that PEG-CDs and An-PEG-CDs
could not obviously induce hemolysis.

Finally, MTT assay was performed on both Cé6 glioma cells
and bEnd.3 cells (Figure S). The cell viabilities of both C6 cells
and bEnd.3 cells did not significantly decrease after 24 h
incubation with CDs, PEG-CDs, or An-PEG-CDs at concen-
trations lower than 1 mg/mL. Although at higher concen-
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Figure 5. MTT assay of different concentrations of CDs, PEG-CDs,
and An-PEG-CDs on C6 cells (A) and bEnd.3 cells (B).

trations, for example, S mg/mL, the cell proliferation could be
considerably inhibited, the concentrations were much higher
than those used for in vitro and in vivo imaging. Comparatively,
2.4 pg/cm’® of carbon nanotubes could significantly inhibit the
growth of cells,”” while 150 nM of CdTe dots could
significantly inhibit the cell growth.>® Thus, it could be
concluded that CDs, PEG-CDs, and An-PEG-CDs displayed
low cytotoxicity.

Cellular Response Assay. To determine their potentiality
in glioma imaging, in vitro cellular uptake was carried out. The
uptake of PEG-CDs by C6 glioma cells was concentration- and
time-dependent (Figure 6A,B), which was consistent with other
particles.””” Angiopep-2 modification could apparently increase
the cellular uptake, owing to the highly expressed LRP1 on C6
cells,*® which was the specific receptor of angiopep-2.
Normally, receptor-mediated cellular uptake of particles was
internalized through endosomes.®’ Thus, the endosomes
colocalization assay was performed. It showed relatively high
colocalization of An-PEG-CDs with endosomes after 1 h
incubation, while the colocalization was considerably decreased
after 4 h incubation and most of An-PEG-CDs were located in
cytoplasm rather than endosomes, suggesting that enhanced
cellular uptake of An-PEG-CDs was mediated by endosomes,
which was consistent with other ligand modified nano-
particles.’” These results demonstrated that An-PEG-CDs
could target to C6 glioma cells, indicating they might be used
for glioma imaging. Additionally, the internalization of both
unmodified and ligand modified nanoparticles involved endo-
somes, although they may be through different pathways.>>>*
For example, ligand modified nanoparticles were mainly
internalized through clathrin-mediated pathways while un-
modified nanoparticles might be through macropinocytosis.>”

In Vivo Imaging. After iv. injected into mice through tail
vein at a dose of 50 mg/kg, both PEG-CDs and An-PEG-CDs
could distribute into the brain site, while the intensity of mice
injected with An-PEG-CDs was much higher than that of PEG-
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Figure 6. C6 cellular response of PEG-CDs and An-PEG-CDs. (A)
different concentrations of PEG-CDs and An-PEG-CDs incubated
with C6 cells for 1 h. (B) 125 pug/mL of PEG-CDs and An-PEG-CDs
incubated with C6 cells for different period of time. (C) Colocalization
of particles with endosomes after C6 cells incubated with 125 pug/mL
of PEG-CDs and An-PEG-CDs for 1 or 4 h. Bar represents 10 um.
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CDs group (Supporting Information Figure S3), suggesting
that modification of angiopep-2 could improve the glioma
targeting effect of PEG-CDs, which was consistent with other
angiopep-2 modified nanoparticles."® The fluorescent inten-
sities in the brain site achieved their highest peaks at 30 min
after injection and then the intensities decreased gradually. At 2
h after injection, three-dimensional (3D) reconstruction was
performed (Figure 7A). The fluorescence of both groups was
focused on the glioma site, while the intensity of An-PEG-CDs
group was approximately 2-fold higher than that of PEG-CDs
group. Ex vivo imaging could more directly reflect the targeting
effect of An-PEG-CDs. The fluorescent intensity in the normal
brain (right part) was almost the same for both An-PEG-CDs
group and PEG-CDs group (Figure 7B,C). However, the
intensity in the glioma site of An-PEG-CDs group was much
higher than that of PEG-CDs groups, which was approximately
1.56-fold as the latter. To directly compare the glioma targeting
efficiency of PEG-CDs and An-PEG-CDs, the glioma/normal
brain ratio (G/N ratio) was calculated (Figure 7D). The G/N
ratio for PEG-CDs group is 1.12, indicating a slight glioma
targeting ability, which was mainly due to the EPR effect.*®
However, the ratio for the An-PEG-CDs group is as high as
1.73, suggesting obvious glioma targeting efliciency which
contributed to the angiopep-2 modification. Additionally, there
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Figure 7. In vivo and ex vivo imaging at 2 h after injection. (A) 3D reconstruction of in vivo imaging of PEG-CDs treated mice. (B) 3D
reconstruction of in vivo imaging of An-PEG-CDs treated mice. (C) Ex vivo imaging of glioma bearing brain. (D) Semiquantitative fluorescent
intensity of brain and glioma. *p < 0.05. (E) G/N ratio of PEG-CDs and An-PEG-CDs group.

was no obvious difference between PEG-CDs and An-PEG-
CDs in the distribution in normal tissues (Supporting
Information Figure S4), indicating that angiopep-2 modifica-
tion did not elevate the distribution of particles in normal
tissues.

To further evaluate the glioma distribution of PEG-CDs and
An-PEG-CDs, tissue slices were prepared and stained with anti-
LRP1 antibody (Figure 8). Glioma cells could be stained into

PEG-CDs-3 Merged

An-PEG-CDs-3

Merged

Figure 8. Distribution of PEG-CDs and An-PEG-CDs in brain slices.
LRP1 was stained by anti-LRP1 antibody. Bar represents 100 pm.

red by anti-LRP1 antibody. It showed that only a small amount
of PEG-CDs were distributed in LRP1 positive glioma cells. In
contrast, a much higher intensity of An-PEG-CDs could be
observed in glioma cells and they well colocalized with glioma
cells. Besides, the distribution of PEG-CDs and An-PEG-CDs
in slices of normal tissues showed no significant difference
(Supporting Information Figure S3), which was consistent with
ex vivo imaging results. In combination with in vitro and in vivo
experiments, the results strongly demonstrated that angiopep-2
modification could improve the glioma targeting efficiency of
PEG-CDs, making An-PEG-CDs an effective noninvasive
glioma imaging probe.

B CONCLUSION

In this study, a kind of CD was prepared with long excitation/
emission wavelength. After surface modification with PEG and
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angiopep-2, these CDs could be used for glioma imaging. In
vitro, the C6 cellular uptake of An-PEG-CDs was higher than
that of PEG-CDs, which was mediated by endosomes. In vivo,
An-PEG-CDs showed significantly higher glioma targeting
efficiency than PEG-CDs. The G/N ratio for An-PEG-CDs was
1.76, which was considerably higher than that of PEG-CDs.
Additionally, An-PEG-CDs displayed good serum stability,
hemocompatibility, and low cytotoxicity. These results
demonstrated that An-PEG-CDs were excellent probes for
glioma noninvasive imaging.

B MATERIALS AND METHODS

Materials. Glutamic acid and glucose were purchased from
Sinopharm Chemical Reagent (Shanghai, China). C6 cell line
was purchased from the Institute of Biochemistry and Cell
Biology, Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences (Shanghai, China). The bEnd.3 cell line
was purchased from American type culture collection (ATCC)
(VA, USA). Dulbecco’s Modified Eagle Medium (high glucose)
cell culture medium (DMEM) and FBS were purchased from
Life Technologies (NY, USA). Cell culturing dishes and plates
were purchased from Wuxi NEST Biotechnology Co. Ltd.
(Wuxi, China). N-(3-(Dimethylamino)propyl)-N’-ethylcarbo-
diimide hydrochloride (EDC), N-hydroxy-succinimide (NHS),
and coumarin-6 were purchased from Sigma (MO, USA).
DAPI was purchased from Beyotime (Haimen, China). Rabbit
anti-LRP1 antibody was purchased from Abcam (Hong Kong,
China). Alexafluor 594-conjugated donkey anti-rabbit antibody
was purchased from Jackson Immunoresearch Laboratories,
Inc. (PA, USA). LysoTracker red was purchased from Life
Technologies (NY, USA).

BALB/c nude mice (male, 4—5 weeks, 18—22 g) were
obtained from the Animal Research Center of Sichuan
University (Chengdu, China) and maintained under standard
housing conditions. All animal experiments were carried out in
accordance with protocols evaluated and approved by the ethics
committee of Sichuan University.

Synthesis and Characterization of An-PEG-CDs. A dry
flask (100 mL) was heated to 200 °C, and then 1 g of glutamic
acid was added. One minute later, 0.1 g of glucose was added
and the heater was removed. When the temperature of the flask
decreased to approximately S0 °C, S mL of deionized water was
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added to suspend the produced CDs. The particle size and
morphology were observed through transmission electron
microscope (H-600, Hitachi, Japan). The hydrated particle
size and zeta potential were determined by a zeta/particle sizer
(Malvern, NanoZS, Germany). Fluorescence spectrum was
evaluated using a RF-5301PC spectrofluorophotometer (Shi-
madzu, Japan). Fourier transform infrared (FTIR) spectra were
determined on a Bruker Vector22 spectrometer (Germany)
using spectroscopic grade KBr. X-ray photoelectron spectros-
copy (XPS) experiments were performed on an AXIS Ultra
DLD (Kratos UK) with Mg Ka radiation (hv =1486.6 V), with
a chamber pressure of 2.2 X 10~ Torr. The source power and
high voltage were set at 150 W and 15 kV, and pass energies of
40 eV for survey scans were used. The analysis spot size was
300 X 700 pm’. The data was analyzed by PHI-MATLAB
software with C,; = 284.6 eV as a benchmark for the binding
energy correction.

To prepare PEG-CDs and An-PEG-CDs, angiopep-2 first
reacted with MAL-PEG-COOH at pH 7.4 PBS for 12 h. Then,
the product, angiopep-2 conjugated PEG (An-PEG-COOH),
was harvested after dialysis (MW = 3400 D) and lyophilization.
Then, PEG-COOH and An-PEG-COOH were activated by
EDC/NHS for 0.5 h, followed by the addition of CDs. After 12
h incubation, the PEG-CDs and An-PEG-CDs could be
obtained after dialysis (MW = 10 000 D).

Serum Stability and Safety. The stability of CDs was
evaluated in PBS with different concentrations of FBS. CDs,
PEG-CDs, and An-PEG-CDs were suspended in 0%, 10%, or
50% FBS and incubated in a 37 °C incubator. The absorption
at 560 nm was determined by a microplate reader (Multiskan
MK3, Thermo, USA) at 0, 1, 2, 3, 4, 6, 8, 12, and 24 h.

To evaluate the hemocompatibility, whole blood was
collected from mice using heparin as anticoagulant. After
centrifugation at 1500 rpm for S min, the red blood cells were
resuspended in PBS at the final density of 2%. Different
concentrations of CDs, PEG-CDs, and An-PEG-CDs were
added into the cell suspension and incubated at 37 °C for
different periods of time. After incubation, cell suspension was
centrifuged at 1500 rpm for 5 min, and the adsorption of
supernatant at 560 nm was determined by a microplate reader
(Thermo Scientific Varioskan Flash, USA). 1% of Triton X-100
was used as positive control and PBS was used as negative
control.

The cytotoxicity of different formulations was evaluated by
MTT assay. C6 cells and bEnd.3 cells (2 X 10* cells/mL) were
seeded in 96-well plates. Twenty-four hours later, CDs, PEG-
CDs, and An-PEG-CDs were added into wells with serial
concentrations ranging from 5 mg/mL to 1 ug/mL. Twenty-
four hours later, 100 yL of MTT solution was added into each
well and incubated for 4 h. After replacing the medium with
DMSO, the 450 nm absorption was observed by a microplate
reader (Thermo Scientific Varioskan Flash, USA).

In Vitro Cellular Uptake and Subcellular Localization.
C6 cells were seeded in 6 cm glass-bottom dishes at a density of
1 X 10* cells/mL and incubated at 37 °C for 24 h.>”*® After 5
min incubation in PBS, the cells were treated with different
concentrations of PEG-CDs and An-PEG-CDs for different
times. After incubation, the cells were washed, fixed, and
stained with 0.5 ug/mL of DAPIL Images were captured with a
confocal microscope (LSM710, Carl Zeiss, Germany).

To determine the subcellular colocalization with endosomes,
C6 cells were seeded into dishes as described above and
incubated with 125 ug/mL of CD for 0.25 or 4 h. Thirty
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minutes before the incubation ended, Lysotracker Red (100
nmol/L) was added into the wells. After incubation, the cells
were washed, fixed, and stained with 0.5 pug/mL of DAPL
Images were captured with a confocal microscope (LSM710,
Carl Zeiss, Germany).

In Vivo and Ex Vivo Imaging and Slice Distribution.
The orthotopic C6 glioma bearing mice were established as
described previously.””*® Nude mice was anesthetized and
placed onto a stereotaxic apparatus. Five microliters of PBS
containing 5 X 10° C6 cells was slowly injected into the right
brain of mice (1.8 mm lateral to bregma). Twelve days later,
mice were i.v. administered 50 mg/kg of PEG-CDs or An-PEG-
CDs through the tail vein. Then the whole body fluorescent
distribution was observed through an in vivo imaging system
using excitation/emission wavelength of 500/600 nm (TVIS
Spectrum, Caliper, USA) S, 15, 30, 60, and 120 min after
injection, and a 3D fluorescent distribution in brain was
observed. Then, the mice were sacrificed, and their tissues were
subjected to ex vivo fluorescence imaging. After fixing with 4%
paraformaldehyde, organs were further dehydrated by 15%
sucrose followed with 30% sucrose. Consecutive frozen sections
of 10 pm thicknesses were prepared and then stained by 0.5
pug/mL DAPI for S min. For brain slices, LRP1 was stained with
rabbit anti-LRP1 antibody (1:200) followed with Alexafluor
594 conjugated donkey anti-rabbit antibody according to
previous established procedure.’ The distribution of fluo-
rescence was observed by a confocal microscope (LSM710,
Carl Zeiss, Germany).

Statistical Analysis. Statistical differences were evaluated
with Student’s ¢ test. p-Values less than 0.05 were considered to
be statistically significant.

B ASSOCIATED CONTENT

© Supporting Information

Particle size and zeta potential of PEG-CDs and An-PEG-CDs;
XPS spectrum; Stability of CDs in PBS with different pH; In
vivo and ex vivo imaging; Distribution of PEG-CDs and An-
PEG-CDs in normal tissue slices. This material is available free
of charge via the Internet at http://pubs.acs.org.
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