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biocompatibility and ease of clearance 
than typical semiconductor quantum 
dots (semi-QDs) with necessary surface 
coating.[5–7] In addition, protein-sized 
GQDs (dozens of kDa) are more suitable 
for biological targeting and molecular 
imaging compared with other quasi-
spherical carbon dots (CDs) (hundreds 
of kDa).[5,6] Moreover, pure GQDs always 
show low cytotoxicity and excellent long-
term biosafety in vivo.[8–12] Recently, GQDs 
have been successfully explored for in vivo 
biomedical application potentials, such 
as magnetic resonance imaging (MRI),[13] 
distinctive therapeutic platform,[10,11,14–16] 
and some preliminary fluorescence 
imaging.[12,17–19] From both fundamental 
and applied perspectives, the highly photo-
stable and bright fluorescence (FL) is one 
of the most appealing characteristics of 
GQDs.[5] However, for current fluorescent 
GQDs, in vivo targeting and multimodal 

molecular bioimaging are still challenged, and critical fluores-
cent applications are inaccessible.

Several major hindrances are believed to restrain the broad 
in vivo bioimaging applications of GQDs significantly. First, the 
pure GQDs typically exhibit short blood-circulation half-lives 
and insufficient tumor accumulation,[20] which predominantly 

While photoluminescent graphene quantum dots (GQDs) have long been 
considered very suitable for bioimaging owing to their protein-like size, 
superhigh photostability and in vivo long-term biosafety, their unique and 
crucial bioimaging applications in vivo remain unreachable. Herein, planted 
GQDs are presented as an excellent tool for in vivo fluorescent, sustainable 
and multimodality tumor bioimaging in various scenarios. The GQDs are 
in situ planted in the poly(ethylene glycol) (PEG) layer of PEGylated nano-
particles via a bottom-up molecular approach to obtain the NPs-GQDs-PEG 
nanocomposite. The planted GQDs show more than four times prolonged 
blood circulation and 7–8 times increased tumor accumulation than typical 
GQDs in vivo. After accessible specificity modification, the multifunctional 
NPs-GQDs-PEG provides targeted, multimodal molecular imaging for various 
tumor models in vitro or in vivo. Moreover, the highly photostable GQDs 
enable long-term, real-time visualization of the local pharmacokinetics of NPs 
in vivo. Planting GQDs in PEGylated nanomedicine offers a new strategy for 
broad in vivo biomedical applications of GQDs.

ReseaRch aRticle
 

1. Introduction

Graphene quantum dots (GQDs) are an emerging class of 
photoluminescent carbon nanomaterials with a sub-10  nm 
characteristic size and superhighly photostable and bright 
fluorescent properties.[1–4] GQDs show much better intrinsic 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.202210809.
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affect the effectiveness of GQDs in vivo.[21] Second, the regular 
surface engineering for GQDs, such as stealthy-to-sticky tran-
sition and targeting functionalization with binding ligands, 
would affect the photophysical properties or even significantly 
quench the photoluminescence.[5,6,22] Third, the restrictions 
of post-synthetic engineering would further hamper GQDs 
from composite with other nanomedicine to achieve multi-
modal molecular imaging, which is especially needed in pre-
cision diagnostics.[23,24] These limitations highlight the need 
to develop new strategies to formulate, compound, and func-
tionalize GQDs to achieve exclusive bioimaging applications in 
vivo.

Among various approaches to increase blood circulation 
and tumor accumulation, surface poly(ethylene glycol) (PEG) 
grafting is one of the most typical and efficient strategies for 
nanoparticles (NPs),[25] which could dramatically decrease the 
undesirable clearance of NPs by the immune system.[26,27] 
Additionally, therapeutic macromolecules or proteins can gen-
erally penetrate the moderately dense PEG layer and load in 
voids.[28] Herein, we show the strategy for in situ plant GQDs 
in typical PEGylated NPs to form the multifunctional, targeted 
nanoprobe (NPC-GQDs-PEG) and then efficiently applied for 
in vivo bioimaging. The small molecule pyrene (C16H10), a gra-
phene lattice primitive cell, largely penetrated the PEG layer 
and gradually assembled and grew up in the PEG voids. The 
planted GQDs naturally inherit the advantages of PEGylation 
from NPs and show four times increase in blood-circulation 
half-lives and seven-eight times enhancement of tumor accu-
mulation compared with typical GQDs. Owing to target func-
tionalizing the PEG layer easily, the planted GQDs could spe-
cifically label diverse targets (cell surface receptors, cytoskeleton 
components) in various carcinoma cell lines (breast, liver, and 
pancreatic) after additional grafting. With the versatility of NPs 
core, NPC-GQDs-PEG could achieve multimodality MRI and 
photoacoustic imaging (PAI) simultaneously and fluorescence 
imaging-guided tumor surgery. Furthermore, we explored 
the long-term, real-time monitoring of GQDs-planted NPs in 
vivo and achieved the visualization of local pharmacokinetics 
(absorption, distribution, metabolism, and excretion) of NPs 
in the tumor microenvironment and organs for several days. 
Planting GQDs in PEGylated NPs makes in vivo bioimaging 
of GQDs more feasible and provides a new strategy for in vivo 
applications of GQDs.

2. Results

2.1. Synthesis and Characterization of NPC-GQDs-PEG 
Nanocomposite

Graphene quantum dots (GQDs)  were  in situ planted into 
PEGylated nanoparticles to form NPC-GQDs-PEG from gra-
phene-cell molecules pyrene (Figure 1a). First, the magneto-
conjugated polypyrrole polymer (Fe3O4@PPy) nanoparticle core 
(NPC)  was  synthesized following an in  situ oxidation polym-
erization method.[29,30] The NPC is about 40–45 nm in diameter 
with a polymer shell of about 2–3  nm (Figure  1b and Figure 
S2b, Supporting Information). Next, a long chain (10  KDa) 
amine–PEG reacted with the carboxyl groups of the polymer 

layer to form PEG grafting layer. Then the 1,3,6-trinitropyrene 
molecule, a derivative of pyrene (C16H10), was added, penetrated 
PEG layer voids and in situ formed GQDs under a hydro-
thermal condensation reaction[31,32] in the mixture of ammonia 
and hydrazine hydrate solutions (Figure  1a). After multiple 
rounds of washing, more than 90% of NPs-GQDs-PEG with 
high purity can be obtained, which was stable in aqueous col-
loids for at least three weeks at RT.

The pure GQDs synthesized with the same method have a 
crystalline structure with a lateral size of 3–4 nm (Figure S2a, 
Supporting Information) and thickness of 1.2 ± 0.48  nm cor-
responding to an average of four layers atom (Figure  1c). The 
obtained NPC-GQDs-PEG nanocomposite has a uniform mor-
phology and diameter of about 50 nm from the scanning elec-
tron microscopy (SEM) image (Figure S3, Supporting Informa-
tion). The high-resolution transmission electron microscopy 
(HRTEM) image depicts the three layers of core-shell struc-
ture with crystalline Fe3O4 inner core, amorphous polymer 
shell, and outermost single-crystalline GQDs (Figure  1d and 
Figure S2c–f, Supporting Information). The GQDs layer is 
about 5–10 nm and consists of 1–3 single-crystalline structure 
GQDs with a spacing of 0.21  nm matching that of graphene 
(100) planes. From the Raman spectroscopy (Figure  1e), the 
intensity ratio of the ordered G band (1590 cm−1) to the disor-
dered D band (1365 cm−1) is about 1.08, indicating the existence 
of the benzene ring conjugate structure of NPC-GQDs-PEG. 
The X-ray powder diffraction (XRD) patterns (Figure  1f) of 
NPC-GQDs-PEG retain the typical reflection peak of crystalline 
Fe3O4 cores, the broadened peak (2θ = 20–25°) of polymer PPy 
and reflect π stacking with a peak near 2θ  = 25–27° which is 
close to that of pure graphite (3.34 Å). The survey X-ray pho-
toemission spectroscopy (XPS) and the respective high-resolu-
tion spectrums (Figure 1g and Figure S4, Supporting Informa-
tion) not only reveal the presence of expected FeO (532.6 eV), 
CC (284.5  eV), CN (285.8  eV), CO (286.9  eV), and OH 
(531.6 eV) but also show the presence of NH2 (399.9 eV), indi-
cating the GQDs in NPs are functionalized by NH2 which has 
been approved to locate at the edge sites of GQDs.[31,33]

The planted GQDs from NPC-GQDs-PEG inherit the 
bright fluorescence performance of pure GQDs (Figure S5, 
Supporting Information) and show excitation wavelength-
dependent emission with a peak at around 560 nm under the 
excitation of 490 nm (Figure 1h). We further compared the pho-
tostability of NPC-GQDs-PEG with that of three green-emit-
ting fluorophores FITC, Alexa Fluor 488 (AF488) and EGFP 
under the same conditions with continuous arc-lamp illumi-
nation (10 W cm−2). The time for photobleaching from an ini-
tial emission rate of 1000 photons per molecule down to 500 
(t1/2), calculated following the typical method,[34,35] is 135, 160, 
and 225 s for FITC, AF488, and EGFP individually (Figure 1i). 
However, the NPC-GQDs-PEG exhibits superior photostability 
and still retains over 90% of the initial performance even after 
1500 s illumination (Figure  1i). Additionally, the NPC-GQDs-
PEG nanocomposite inherits the excellent near-infrared (NIR) 
absorbance properties (800–1100  nm) and outstanding super-
paramagnetic properties of nanoparticle core (Figure S6a,b, 
Supporting Information), which are suitable for magnetic 
resonance imaging (MRI) and photoacoustic imaging (PAI) as 
shown in Figure S6c,d, Supporting Information. During PEG 
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grafting and GQDs planting, the zeta potential changed from 
−45  mV of NPC to −29  mV of NPC-PEG (Figure S7a, Sup-
porting Information) and finally increased to −19 mV of NPC-
GQDs-PEG and −10 m of NPC-GQDs-PEG/2-DG. Additionally, 
the hydrodynamic sizes increased from about 64 nm of NPC to 
85 nm of NPC-PEG and finally raised to about 95 nm of NPC-
GQDs-PEG and 105  nm of NPC-GQDs-PEG/2-DG (Figure  1j 
and Figure S7b, Supporting Information). Interestingly, the 
planted GQDs can gradually release from the PEG nest, and 
only about 35% remain 7 days after shaking in PBS buffer 
(Figure S8, Supporting Information). Planting GQDs in the 
PEGylated NPs dramatically changed the short-term (at least 
3–4 days) existence form of GQDs in solution.

2.2. NPC-GQDs-PEG Undergo Slower Blood Clearance and 
Higher Tumor Accumulation

We first evaluated the intrinsic cytotoxicity of NPC-GQDs-
PEG on MCF-7 human breast cancer cells and L929 murine 

fibroblast cells using a Cell Counting Kit-8 (CCK- 8) assay 
(Figure S9, Supporting Information). No significant cytotox-
icity was observed up to 72 h, even with high concentrations 
of 150 µg mL−1, while exhibiting a slight effect even at 300 µg 
mL−1. We then measured the blood clearance of intravenously 
injected NPC-GQDs-PEG/2-DG and two surfaces functional-
ized GQDs (GQDs-OH and GQDs-NH2). The BALB/c mice 
bearing MCF-7 tumors in three groups (n  = 4)  were  intrave-
nously injected with NPC-GQDs-PEG (20  mg kg−1) and pure 
GQDs (5  mg kg−1), respectively, for the pharmacokinetics 
examinations. The NPC-GQDs-PEG shows a much slower dis-
tribution and later clearance than pure GQDs (Figure 2a–c). 
Specifically, the distribution half-life time(tα,1/2) of two kinds 
of GQDs is about 0.4  h, while about 1.46  h for NPC-GQDs-
PEG and the elimination half-life time (tβ,1/2) is about 4 h for 
GQDs while about 17  h (17.20 ± 5.16  h) for NPC-GQDs-PEG. 
Furthermore, the area under the concentration–time (AUC) 
curve is about 170–180 ID% h g−1 for GQDs (Figure 2d), while 
the AUC of NPC-GQDs-PEG surpasses 430 ID% h g−1 36  h 
after injection (AUC0–36h). The planted GQDs from PEGylated 

Adv. Mater. 2023, 2210809

Figure 1. Preparation and characterization of NPC-GQDs-PEG nanoparticles. a) Schematic process of in situ planting GQDs into PEGylated NPs. 
b) Representative TEM image of nanoparticle core (NPC). c) Representative AFM image of pure GQDs (insets: height profile along the white line). 
d) Representative HRTEM image of NPC-GQDs-PEG nanoparticle, the red lines mark single GQDs. e) Raman spectrum of NPC-GQDs-PEG. f) XRD 
pattern of NPC-GQDs-PEG (insets: pure GQDs). g) Survey XPS spectrum of NPC-GQDs-PEG. h) PL spectra of NPC-GQDs-PEG excited at different 
wavelengths. i) Arc-lamp photobleaching curves for green-emitting NPC-GQDs-PEG, EGFP, Alex Fluor 488 (AF488), and FITC dyes under continuous 
arc-lamp illumination (10 W cm−2), as plotted as intensity versus normalized total exposure time with an initial emission rate of 1000 photons s−1 per 
molecule. j) Hydrodynamic diameters of nanoparticles of different processes.
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NPs are more persistent in blood circulation than GQDs alone 
in vivo.

It is widely documented that more extended blood cir-
culation could provide more chances for NPs to reach the 
tumor through the enhanced permeability and retention 
(EPR) effect.[36] The concentration profiles of NPC-GQDs-
PEG/2-DG and GQDs in tumor times  were  further investi-
gated (Figure  2e–g). The area-under-the-curve of the tumor 
(AUCtumor) is 877.7 ID% h g−1 for NPC-GQDs-PEG while the 
AUCtumor is just 118.6 and 115.9 ID% h g−1 for GQDs (OH) and 

GQDs (NH2) respectively. Following the previously reported 
method,[20,37] we further calculated the tumor delivery effi-
ciency of NPs (Figure S10, Supporting Information, Equations 
(1-1) and (1-2) , Supporting Information). The tumor delivery 
efficiency of NPC-GQDs-PEG is 3.12%, about 7.5 times larger 
than pure GQDs (0.42% for GQDs-OH, 0.41% for GQDs-NH2)  
in the xenograft breast cancer model. Further quantitative  
biodistribution analysis of GQDs in major organs shows the 
NPC-GQDs-PEG tends to gradually enrich in the liver and 
spleen partly due to the long blood-circulation half-lives, while 

Adv. Mater. 2023, 2210809

Figure 2. In vivo blood clearance and biodistribution of NPC-GQDs-PEG. a–c) Blood clearance kinetics in terms of percent injected dose (ID%) per 
gram blood for pure GQDs (a,b) or NPC-GQDs-PEG/2-DG (c) in mice after tail-vein injection. d) Quantitative area under the pharmacokinetics curve 
at three time points after i.v. injection. e–g) Biodistribution profiles of GQDs (e,f) and NPC-GQDs-PEG (g) in xenograft MCF-7 tumors, as plotted as 
injected dose (ID%) per gram tumor versus time after i.v. injection. The AUCtumor is the area under the curve. h) Quantitative biodistribution analysis 
of the probes in organs at different time points. Data are mean ± s.d. of biological replicates (n = 4 mice per group).
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the pure GQDs are rapidly excreted through the urinary owing 
to the ultrasmall size.[38]

2.3. In Vitro and In Vivo Targeted, Multimodal Molecular 
Imaging

We further explored the potential of NPC-GQDs-PEG for spe-
cifically and effectively labeling molecular targets at a subcel-
lular level. The termini of the outermost PEG can be easily 
conjugated with small molecules, peptides, and proteins using 
typical EDC/NHS chemistry (Figure 3a). The 2-Deoxyglucose 
(2-DG) molecules can significantly increase the NPs endocy-
tosis of some cancer cells due to increased glucose consump-
tion.[30,39] The NPC-GQDs-PEG/2-DG probes  were  largely 
uptake by MCF-7 breast cancer cells after 4 h of incubation 
(Figure  3b). We then attempted the detection of Glypican-3 
(GPC-3), a cancer marker overexpressed on the surface of 
some hepatocellular carcinoma (HCC) cells,[40] with NPC-
GQDs-PEG conjugated to GPC-3-binding peptide GP2633. The 
NPC-GQDs-peptide successfully labeled GPC-3 on the surface 
of human HepG2 liver cancer cells (Figure  3b). Similarly, the 
NPC-GQDs-PEG conjugated to RGD peptide, targeting specifi-
cally to plectin-1 cell membrane marker,[41] can also efficiently 
bind to the surface of plectin 1-positive and human PANC-1 

pancreatic cancer cells (Figure 3b). We then attempted to stain 
F-actin inside the human SK-BR-3 breast cancer cells using 
NPC-GQDs-PEG conjugated with phalloidin, which is a highly 
selective bicyclic peptide used for staining actin filaments. The 
cytoskeleton F-actin in SK-BR-3 cells  was  clearly labeled with 
NPC-GQDs- phalloidin (Figure 3c). These results indicate that 
the NPC-GQDs-PEG-based probes can specifically label dif-
ferent types of targets (cell surface cytoskeleton) with varying 
types of cancer cells (Figure  3b and Figure S11, Supporting 
Information).

For most surgical treatments of cancer, imaging methods 
such as magnetic resonance imaging (MRI) and photoacoustic 
imaging (PAI) can provide accurate diagnosis information, and 
fluorescence molecular imaging (FMI) can define the margins 
between lesions and normal tissue intraoperatively.[41,42] And 
the targeted, multifunctional probes are the keys to achieving 
these. The NPC-GQDs-PEG/2-DG probes  were  intravenously 
injected into the BALB/c mice bearing MCF-7 tumors. The 
MRI signals indicate the dynamic biodistribution of NPC-
GQDs-PEG in the whole body and the tumor’s precise location 
(Figure  3d and Figure S12, Supporting Information). The PA 
imaging (Figure  3e and Figure S13, Supporting Information) 
signals reflect the massive accumulation and wide distribu-
tion of probes in the whole tumor 24  h post-injection, while 
very weak signals in the surrounding tissues. Many intratumor 
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Figure 3. In vitro and in vivo targeted tumor imaging based on NPC-GQDs-PEG. a) Schematic of targeting functionalization for NPC-GQDs-PEG based 
on different needs. Targeted molecules, peptides, or antibodies can be conjugated in the outer PEG layer. b) Targeting surface or intracellular cancer 
markers with functionalized NPC-GQDs-PEG: NPC-GQDs-PEG/2-DG for MCF-7 cells, NPC-GQDs-PEG/peptide for HepG2 cells, NPC-GQDs-PEG/RGD 
for PANC-1 cells. The cytoskeleton was stained with Rhodamine B (red)-phalloidin, and the nucleus (blue) was counterstained with 4′, 6-diamidino-
2-phenylindole (DAPI). Scale bar: 50 µm. c) Targeting cytoskeleton in SK-BR-3 cells with NPC-GQDs-phalloidin (green). Scale bar: 50 µm. d) Representa-
tive T2-MR images of MCF-7-tumor-bearing mice at different times post i.v. Injection, including supine section and cross-section visions. e) 3D and 2D 
PA images of the tumor before and 24 h after i.v. Injection. The bright area is the tumor blood vessels which are rich in hemoglobin. The green signals 
correspond to the distribution of NPC-GQDs-2-DG. f) Fluorescence-imaging-guided intraoperative detection and removal of the microtumor foci from 
mice bearing MCF-7 tumors. The resected foci tissue section was stained with hematoxylin and eosin stains (H&E), and the green fluorescent signal 
is from the GQDs. The boundary between the tumor and the normal tissue is marked with a red dashed line. g) Survival curves of mice after different 
kinds of treatment: no treatment (control), normal surgery (N-surgery), and fluorescence-imaging-guided surgery (FMI-surgery). n = 6 mice per group.
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details and surrounding information are clear at the optimal 
metabolic point of 24 h post-injection from both MRI and PAI. 
Based on this comprehensive diagnosis information, FMI-
guided surgery  was  conducted 24  h post-injection of probes. 
The typical surgical resection  was  performed by two experi-
enced surgeons to completely remove the tumor tissues at their 
best using white-light imaging (Figure S14, Supporting Infor-
mation). However, a small residual focus (<0.3 mm) was easily 
visualized from the resection bed by detecting the fluorescent 
signal of probes (Figure S15, Supporting Information and 
Figure  3f upper). We removed the small focus overlying sur-
rounding probe-negative tissue for further histological anal-
ysis. Analysis of the hematoxylin and eosin (H&E)-stained tis-
sues confirm that the regions showing fluorescence contained 
residual tumors left behind after excision, whereas probe-nega-
tive regions contained normal tissue (Figure 3f bottom). Thus, 
the NPC-GQDs-PEG/2-DG probe can accurately define the 
margins of tumors and detect residual microtumors. Further-
more, the survival rates of mice (n  = 6 in each group) in the 
FMI-guided group (FMI-surgery) are significantly higher than 
the normal surgery (N-surgery) and control groups (Figure 3g). 
Therefore, the FMI guidance of GQDs can tremendously 
improve the effectiveness of surgery.

2.4. In Vivo Long-Term, Real-Time Visualization  
of Local Pharmacokinetics of NPs

We further explored the real-time and long-term tracking of 
GQDs-loaded NPs in the tumor microenvironment, which 
is believed to be vital for evaluating nanomedicines’ effi-
cacy,[42,43] based on the excellent photostability of GQDs. 
The local pharmacokinetics of systemically administrated 
NPs were monitored by fibered confocal fluorescence micros-
copy with dual-band laser excitation (480 and 660  nm) in 
Balb/c mice bearing xenograft MCF-7 tumors (Figure 4a and 
Figure S16, Supporting Information). During tumor imaging, 
one optical fiber was applied to the tumor surface under the 
epidermis (S-probe). Then, another optical fiber (D-probe) 
further penetrated the deep tumor tissue (Figure 4a). We first 
assessed the in vivo photostability of NPC-GQDs-PEG/2-DG 
in tumor tissues under continuously illuminating for 10 min 
(3–5 mW power) with NPC-AF488-PEG/2-DG as control and 
Evans blue (EB) as a vascular contrast agent. The fluorescence 
signal of GQDs remained stable under continuous 10 min 
of illumination with no apparent decay, but only about 20% 
remained for AF488 after 10 min of illumination (Figure 4b,c, 
Figures S17–S19, Supporting Information). The signal of the 
EB  was  also greatly attenuated, but the attenuation ampli-
tude  was  different owing to the different circulation speeds 
of the blood.

Time-lapse, sustainable imaging with 10  min continuous 
illumination for each time point  was  then performed on the 
superficial and deep tissues of the tumor in the following three 
days after intravenous injection of NPC-GQDs-PEG/2-DG 
(25  mg kg−1). EB injected several hours in advance could not 
only stain the blood vessels but also penetrate deep tissues. The 
strong GQDs signals can be found in the vasculature of superfi-
cial tissue two hours post-injection, while very weak signals can 

be found in the deep tissue. From 2 to 24 h post-injection, NPs 
gradually exuded from vessels and enriched into surrounding 
tissues on the surface, with more NPs gradually penetrating 
the deep tissue simultaneously (Figure  4d and Videos S1–S4, 
Supporting Information). With the further extension of time, 
NPs were gradually metabolized from the tumor, but the fluo-
rescence signal of NPs in deep tissue decreased more slowly, 
which is mainly due to the incompleteness of vasculature and 
higher tissue pressure. The quantitative fluorescence calcula-
tion further confirms these results (Figure  4e) and exhibits 
that NPs “leave” the tumor tissue more slowly than “enter” the 
tumor, especially for the deep tumor tissue. Additionally, real-
time and long-term tracking of GQDs-embedded NPs in vivo 
can be expanded to other organs. A minor surgical opening 
(3–4  mm wide)  was  made in the belly to enable the fiber to 
probe organs in the abdominal cavity (Figure  4a). After intra-
venous injection, NPC-GQDs-PEG/2-DG gradually accumu-
lated in the liver and spleen (Figure 4f, Figure S20) and reached 
the maximum at 24 and 48  h for live and spleen, respectively 
(Figure  4g). And the NPs  were  then gradually clear from the 
liver and spleen with fluorescent signals obviously decreasing. 
Interestingly, the signals of GQDs in the kidney had not disap-
peared with the almost complete clearance of NPC-GQDs-PEG 
from the blood 48 and 72 h post-injection (Figure 4f,g). These 
residual GQDs signals may come from the gradual release of 
GQDs from NPC-GQDs-PEG over time in vivo. Therefore, the 
planted GQDs can enable long-term, real-time tracking of the 
dynamics of systemically administered NPs in tumor microen-
vironments and major organs.

3. Discussion

The scheme of in situ planting GQDs from pyrene molecules 
in the outer PEG grafting layer of nanoparticles provides a 
new strategy for in vivo bioimaging applications of GQDs. 
This approach allows GQDs to inherit the rational design and 
physicochemical properties of PEGylated nanomedicine, which 
will significantly prolong circulation in the blood and enhance 
tumor accumulation of GQDs and provide a general, acces-
sible targeting modification platform without damaging the 
unique structure for GQDs. Additionally, the multi-function-
ality of nanomedicine makes it possible for multimodal mole-
cular imaging, which complements the intrinsic limitations of 
GQDs-based fluorescence imaging alone. These provide condi-
tions for the extensive and in-depth applications of GQDs in 
vivo. Furthermore, owing to the superhigh photostability and 
bright-fluorescence property, the planted GQDs provide a sus-
tainable bioimaging method that can long-term, real-time track 
and visualize the whole pharmacokinetic process of PEGylated 
NPs in local tissues of tumors and organs. Interestingly, the 
planted GQDs can also be gradually released from PEGylated 
NPs and should be cleared from the body, maintaining the 
excellent long-term biosafety of GQDs.

Reading and understanding many life phenomena and live 
activities often require sustainable bioimaging with a high spa-
tiotemporal resolution to study the long-term, fast dynamics 
of fine subcellular activities on a time scale from minutes to 
days.[35,44] The typical time-lapse (temporal down-sampling) 
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bioimaging may miss transient but important signals. There-
fore, superhighly photostable fluorescent GQDs planted in 
nanomedicine have great potential to alleviate these undesir-
able situations in broad applications, such as embryo develop-
ment,[45] stem cell differentiation trajectories,[46] and imaging-
based spatiotemporal single-cell omics.[47] Of course, the cur-
rent GQDs-planted nanoparticles also have many limitations: 
one is the limited penetration depth of green fluorescent 
GQDs, and the other is that the core NPs are not biodegrad-
able in a short time in vivo. However, these can be improved 
through the optimal choice of core nanomedicine and regula-
tion of near-infrared GQDs in the future. Therefore, such a 

strategy of promoting strengths and avoiding the weakness of 
GQDs will broaden the in vivo bioimaging horizons of GQDs.

4. Experimental Section
Planting GQDs in PEGylated NPs: 1  g pyrene  was  added to 80  mL 

HNO3 under refluxing and stirring for 12 h to obtain trinitropyrene and 
then diluted with deionized water filtered through a 0.22 µm microporous 
membrane to remove the acid. Meanwhile, 2  mL NPC-PEG solution 
(1 mg mL−1) was dispersed in 30 mL ammonia (0.4 m)/hydrazine hydrate 
(1.5 m) mixed solvent. The above 1,3,6-trinitropyrene (0.25 g) was  then 
added into 30  mL prepared NPC-PEG (50  µg mL−1) ammonia 

Adv. Mater. 2023, 2210809

Figure 4. Real-time and long-term monitoring of the NPC-GQDs-PEG in local tissues. a) Schematic illustration of the fibered confocal fluorescence 
microscopy (FCFM) imaging for tumors and major organs in the abdominal cavity. For imaging tumors, the optical fiber probes were inserted into the 
superficial (S-probe) and deep tissue (D-probe), respectively. The D-fiber penetrated the abdominal cavity for major organs through a pre-operated 
small incision in the belly. b) Photostability comparison between NPC-GQDs-PEG/2-DG (green) and NPC-AF488-2-DG (green) in MCF-7 tumor in vivo. 
Evans blue (red) was used as the vascular contrast agent. The tumor tissues were continuously illuminated for 10 min with a dual-band laser (488 and 
660 nm) with 3–5 mW power. The scale bar is 50 µm. c) Quantification of the fluorescence intensity of Evans blue (EB), AF488, and GQDs in tumor 
under 10 min continuous illumination. d) In vivo monitoring of probes’ accumulation, diffusion, and biodistribution in tumor tissues using FCFM. 
Green: NPC-GQDs-PEG/2-DG, red: EB. e) Quantification of the fluorescence intensity of NPC-GQDs-2-DG in superficial and deep tumor tissue at dif-
ferent time points (n = 4). f) In vivo monitoring the biodistribution and metabolism of probes in live and kidney using FCFM. g) Quantification of the 
fluorescence intensity of NPC-GQDs-PEG/2-DG in living, spleen, and kidney at different time points (n = 4).
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(0.4  m)/hydrazine hydrate (1.5  m) solution. After further sonicated for 
30  min, the suspension  was  transferred to a poly(tetrafluoroethylene) 
(Teflon)-lined autoclave (40  mL) and heated at 100 °C for 5 h. The 
resulting product  was  collected with the help of a magnet and 
purified with repeated centrifugation (20  000g for 30  min) five times. 
Finally, the purified NPC-GQDs-PEG  were  dried at 80 °C for further 
characterization and property measurement. The pure GQDs-NH2 and 
GQDs-OH were synthesized following the above procedure except using 
different reaction mediums: 0.2 m NaOH solution for GQDs-OH while 
0.4 m ammonia and 1.5 m hydrazine hydrate for GQDs-NH2.

Animals: All in vivo experiments  were  approved by the Animal Care 
and Use Committee (IACUC) of the Chinese Academy of Medical 
Sciences Tumor Hospital (#NCC2019A010). Strict adherence to animal 
care and use protocols was ensured throughout the study. BABL/c nude 
mice (about five weeks old)  were  purchased from Beijing Vital River 
Laboratory Animal Technology Co., China. Mice  were  implanted with 
MCF-7 cells (2 × 106, 0.2 mL in H-DMEM culture medium without FBS) 
subcutaneously near the right side of the axillary. The mice  were  used 
when their tumor volumes approached about 60–80 mm3.

Statistical Analysis: The data are presented as means ± standard 
deviation, as noted in each case. The number of samples, n, are 
provided. A two-way analysis of variance (ANOVA)  was  used.  
p < 0.05 was considered to indicate a statistically significant difference.  
p < 0.05, p  < 0.01, and p  < 0.001 are marked with single, double, and 
triple asterisks, respectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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