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Abstract

One of the main clinical treatments for advanced nasopharyngeal carcinoma is che-

motherapy, but systemic administration can cause serious adverse reactions. New

type of nanomaterial which can actively targeting, imaging, and treating nasopharyn-

geal carcinoma at the same time to enhance the effect of chemotherapy, meanwhile

monitoring the intracellular drug release process at the level of single cancer cell was

urgently needed. GE11, an EGFR antagonist peptide, was used to target nasopharyn-

geal carcinoma which has positive expression of EGFR on its nucleus. GE11-modified

graphene quantum dots (GQDs@GE11) were used as drug carriers for clinical chemo-

therapeutics cisplatin (CDDP) and doxorubicin (DOX). The emission spectrum of

GQDs (460 nm) and the excitation spectrum of DOX (470 nm) have a good overlap,

thus the transfer and release process of DOX can be sensitively detected by the fluo-

rescence resonance energy transfer (FRET). CDDP was used to enhance the chemo-

therapy effect of nanoprobe, and the loading amount of DOX and CDDP on

GQDs@GE11 nanoprobe were up to 67 and 50 mg/g, respectively. In vivo experi-

ments have confirmed that GQDs@GE11/CDDP/DOX nanoprobe can be enriched to

tumor site through specific targeting effect, and significantly inhibit tumor cell prolif-

eration. This new type of targeted therapy fluorescent probe provides new ideas for

the study of drug release process and the treatment of nasopharyngeal carcinoma.

Chaosheng Yu and Zhen Long contributed equally to this work.

Received: 14 July 2021 Revised: 3 November 2021 Accepted: 3 November 2021

DOI: 10.1002/btm2.10270

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2021 The Authors. Bioengineering & Translational Medicine published by Wiley Periodicals LLC on behalf of American Institute of Chemical Engineers.

Bioeng Transl Med. 2022;7:e10270. wileyonlinelibrary.com/journal/btm2 1 of 14

https://doi.org/10.1002/btm2.10270

https://orcid.org/0000-0001-6687-2387
mailto:wenzhong60@163.com
mailto:enthsx@163.com
mailto:abeautymoon2017@outlook.com
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/btm2
https://doi.org/10.1002/btm2.10270


K E YWORD S

drug delivery, fluorescence resonance energy transfer, graphene quantum dots, nasopharyngeal
cancer, tumor targeting

1 | INTRODUCTION

Nasopharyngeal carcinoma is a common malignant tumor of the head

and neck,1–3 it has a deep focus and the clinical manifestations of

nasopharyngeal carcinoma are not obvious. Therefore, once diag-

nosed, nasopharyngeal carcinoma usually reaches an intermediate or

advanced stage. High-intensity radiotherapy and chemotherapy can

effectively control and kill tumor cells,2,4 but due to lack of selectivity,

normal tissues are also severely damaged, leading to many complica-

tions, which greatly affect the treatment effect and plan.5,6 Therefore,

there is an urgent need to develop a new treatment method with min-

imal side effects at low doses and the best antitumor effect for the

treatment of nasopharyngeal carcinoma.7

Drug delivery platforms based on nano-drugs have been widely

studied and applied in the treatment of nasopharyngeal carci-

noma.1,8,9 Among inorganic nanocarriers, graphene derivatives such as

graphene oxide (GO) and graphene quantum dots (GQDs) are less

toxic compared with other inorganic nanomaterials containing heavy

metal ions,10 and have been used for tumor therapy research for many

years.11,12 The high drug loading capacity, excellent physiological sta-

bility and biocompatibility, strong photoluminescence, and ease of use

of GQDs have also been proven, which makes them a promising

nanocarrier for the delivery of anticancer drugs.13–16 The importance

of targeting delivery has been emphasized due to the systemic toxicity

caused by nonspecific administration. Specific targeting to cancer tis-

sues or cancer cells can significantly reduce the side effects of chemo-

therapy drugs.17 Nasopharyngeal carcinoma has positive expression

of EGFR on the tumor cells nucleus.18 GE11, an EGFR antagonist pep-

tide, is a potential targeted modification peptide for nasopharyngeal

carcinoma.19

Fluorescence resonance energy transfer (FRET) is an interesting

technique which can transmit photo-excitation energy from a donor

fluorophore to an acceptor fluorophore.20 FRET-based fluorescence

quenching and reproduction can be used for biological detection or

monitoring of some dynamic processes, such as the delivery process

of drugs.21 In recent years, people have studied the potential applica-

tions of GQDs in bioimaging and drug delivery.21–23 GQDs have been

applied in biosensing owing to its incredible fluorescence characteris-

tics (such as high brightness, long fluorescence lifetime, and photo-

stability).20 It can be excited by a short-wavelength, like ultra-violent,

and the emission wavelength is 460 nm, which is very close to the

excitation wavelength of doxorubicin (DOX, 450 nm), thus making it

possible to construct fluorescent probes based on FRET.

At the same time, DOX is also one of the most famous anticancer

drugs in clinical practice. GQDs were also reported to have a high

drug loading rate for DOX.17,18 However, single-drug loading plat-

forms usually require large doses of drugs to achieve the desired

therapeutic effect, and excessive drugs can also cause systemic side

effects. Therefore, the development of intelligent therapeutic nan-

oplatform with multiple synergistic antitumor drugs will be of great

significance.24,25 Cisplatin (CDDP) is a cell cycle nonspecific drug and

has therapeutic effects on many tumors, including nasopharyngeal

carcinoma.26 Nanoplatform combine DOX and CDDP will have

enhanced therapeutic effects and low side effects at the same time.

Here, we proposed a noncytotoxic, targeted, GQD-based

nanoprobe with dual functions of drug delivery and cell imaging.

GQDs were modified with the targeting polypeptide GE11 to target

EGFR which highly expressed on the nucleus of nasopharyngeal car-

cinoma.17,27–29 GQDs nanoprobe had good biocompatibility and

high drug loading capacity that would be a potential drug carrier for

cancer treatment. DOX and CDDP, the two most widely used che-

motherapeutics in clinical practice,30,31 were loaded in the

GQDs@GE11 nanoprobe to construct the anticancer nanoprobe

GQDs@GE11/DOX/CDDP. Due to the inherent fluorescence imag-

ing capabilities of GQDs and DOX, we also built a FRET system

based on GQDs and DOX to study the cellular delivery and release

of drugs. The co-delivery system showed excellent DOX and CDDP

delivery capabilities to CNE-2 cells and tumors, and its combined

antitumor effect was much better than using only DOX or CDDP

treatment, indicating that it had potential applications in nasopha-

ryngeal carcinoma therapy and visualization of intracellular drug

uptake behavior (Scheme 1).

2 | EXPERIMENTAL SECTION

2.1 | Materials

All chemical reagents were purchased and used without further

purification. Graphite powder, sulfuric acid, nitric acid, hydrogen

peroxide, and sodium nitrate were purchased from Sinopharm

Group Chemical Reagent Co., Ltd. (Guangzhou, China) Cisplatin

and doxorubicin were purchased from Aladdin (Shanghai, China).

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride

(EDC) and N-hydroxysuccinimide (NHS) were bought from Macklin

Biochemical Technology Co., Ltd (Shanghai, China). RPMI 1640

medium, fetal bovine serum, trypsin, penicillin–streptomycin, and

phosphate-buffered saline were obtained from Gibco (California,

USA). Cell counting kit-8 (CCK-8) was purchased from Beyotime

Biotechnology (Shanghai, China). Annexin VPE apoptosis kit was

bought from Becton, Dickinson, and Company (State of New Jer-

sey, USA). GE11 peptide was synthesized by Sangon Biotech Co.,

Ltd (Shanghai, China). CNE-2 (Nasopharyngeal carcinoma cell line)

was supplied from Southern Medical University in Guangzhou.
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2.2 | Synthesis of GO

GO was synthesized through modified Hummer's method.32

The graphite powder was pre-oxidated by the following process:

4.0 g of graphite powder was dissolved in 15 ml of H2SO4 solution

containing 5.0 g K2S2O8 and 5.0 g P2O5 under 80�C. Then the

dark mixture was separated and cooled overnight at room temper-

ature. Finally, ultrapure water was used to diluted the mixture

until neutral. As for the oxidization process, pre-oxidized graphite

was dissolved in 90 ml of cold H2SO4 solution containing 2.0 g of

NaNO3. Subsequently, 12.0 g of KMnO4 was slowly added to the

mixture and the reaction was stirred at 40�C for 8 h. After that,

200 ml of deionized water was added to the above solution and

heated up to 90�C for 15 min. The oxidization process was

stopped by adding a large amount of deionized water and 30% H2

O2 solution. The final product GO was obtained by filtering and

then washed with dilute HCl solution and deionized water for

three times.

2.3 | Synthesis of GQDs

GQDs was obtained by ultrasonic peeling.33 GO was dispersed in N,

N-dimethylformamide (DMF) at a concentration of 20 mg/ml, then

the mixture was sonicated for 30 min (120 W, 100 kHz). After that,

the mixed solution was transferred to a 40 ml autoclave lined with

Teflon and heated at 200�C for 4 h. Then the container was cooled to

25�C with water and the black precipitate was collected, washed with

water, and resuspended in PBS for later use.

2.4 | Synthesis of GQDs@GE11

The coupling of GQDs and GE11 was achieved by amide reaction.

Specifically, 24 mg of EDC and 24 mg of NHS were added to 3 ml of

GQDs solution (1 mg/ml) and stirred for 4 h. Then, 10 mg of GE11

was added dropwise to the above solution and reacted at room tem-

perature overnight. Finally, the mixture was dialyzed against deionized

water (MWCO = 500 Da) for 72 h to remove impurities to obtain

GQDs@GE11 solution.

2.5 | Loading of CDDP and DOX on GQDs@GE11

For the preparation of DOX and CDDP co-loaded complexes, DOX

was firstly added to GQDs solution, and then CDDP was mixed. In

short, 5 mg of DOX�HCl and 10 mg of GQDs@GE11 were dissolved

in distilled water, and then 5 μl of triethylamine solution was added to

the mixture and the reaction was stirred for 2 h to neutralize

hydrochloric acid. Finally, 2 ml of cisplatin (2 mg/ml, DMSO) solution

was added to the mixed system, and the reaction was stirred over-

night. After that, the solution was dialyzed and lyophilized to obtain

the GQDs@GE11/CDDP/DOX complex. The loads of DOX and

CDDP in the GQDs@GE11/CDDP/DOX complex were determined

by ultraviolet–visible spectrophotometry and high-performance liquid

chromatography, respectively.

2.6 | Characterization of nanoprobe

The shape, size, and morphology of the synthesized nanoprobe were

studied with transmission electron microscopy (JEOL TEM-1210,

USA) at 120 kV and Zetasizer Nano ZS (Malvern, UK) apparatus. Fou-

rier transform infrared spectrum of all samples were collected in a

PerkinElmer Spectrum 100 FT-IR spectrometer (PerkinElmer Inc.,

USA) under the transmittance mode with KBr plates. Excitation and

emission spectra of samples were recorded using a FLS920P Edin-

burgh Analytical Instrument. Confocal optical micrographs were ana-

lyzed by performing confocal laser scanning microscope (CLSM, Leica

SP8, Nikon, Japan).

SCHEME 1 Transport DOX and CDDP to cell
by the GQD@GE11/DOX/CDDP complex for
tumor therapy
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2.7 | In vitro drug release

The GQDs/DOX/CDDP dispersion was placed in a dialysis bag

(MWCO = 1 kDa), then immersed in a release container containing

PBS (0.1 M, pH 5.5) and stirred at 37�C in the dark. Two milliliter of

sustained release buffer was collected from each container at differ-

ent time intervals and replaced with 2 ml of fresh PBS. In order to

measure the amount of drug released in each time interval, the col-

lected samples were analyzed by high-performance liquid chromatog-

raphy and UV–vis spectroscopy.

2.8 | Cytotoxicity of GQDs@GE11

The cytotoxicity of GQDs and GQDs@GE11 was measured on CNE-2

cells using the CCK-8 assay. Briefly, the CNE-2 cells were seeded in

96-well plates with cell density of 5 � 103 cells per well and cultured

for 12 h. The cells were then incubated with fresh cell medium con-

taining GQDs or GQDs@GE11 with concentrations ranging from 0 to

100 μg/ml and incubated for 24 h. After treatment, cells were washed

with PBS and added with fresh cell medium containing 10% CCK-8 to

all wells. Finally, the absorbance at 450 nm was tested by a microplate

reader (Thermo Scientific, USA). CNE-2 cells incubated with RPMI

1640 medium were used as control groups.

2.9 | GE11 targeting ability assay

Cellular uptake of GQDs@GE11/DOX/CDDP complex with and

without GE11 functionalization was analyzed to confirm the

targeting ability of GE11. In detail, CNE-2 cells were seeded in

24-well plate with a density of 5 � 104 cells/well and incubated in a

37�C humidified incubator (5% CO2) for 12 h. Then, GQDs or

GQDs@GE11 complex (GQD:50 μg/ml) was added to treat the cells

and incubated for different time. After each interval (0.5, 2, 4, and

8 h), cells in each group were washed by PBS, trypsinized, cen-

trifuged, and resuspended in 200 μl PBS in an Eppendorf tube.

Finally, samples were measured using flow cytometry and the

corresponding fluorescence intensity was quantified by Flow Jo

7.6.1 software.

2.10 | In vitro cellular fluorescence imaging

The cellular uptake of GQDs@GE11/DOX/CDDP by CNE-2 cells was

quantified using CLSM measurements. In detail, CNE-2 cells were

seeded in 2 cm confocal microscopy dish at a density of 2 � 105 cells

per well and incubated for 12 h. Then, cells were treated with

GQDs@GE11/DOX/CDDP (50 μg/ml) and incubated for different

time. After each interval (0.5, 4, and 8 h), the cells were washed with

PBS. Finally, the cells were detected at various time points with the

same optical conditions using confocal microscopy for the following

channels: GQDs channel (Ex: 405 nm; Em: 475–505 nm), DOX

channel (Ex: 485 nm; Em: 585–615 nm), DOX FRET channel (Ex:

405 nm; Em: 585–615 nm).

2.11 | In vitro cell proliferation inhibition

In order to measure the effect of co-administration of GQDs@GE11/

DOX/CDDP on CNE-2 cell survival rate, CCK-8 assay was performed.

Briefly, CNE-2 cells were planted into 96-well plate at a density of

1 � 104 cell per well. After overnight, the cells were exposed to

GQDs@GE11/DOX/CDDP with drug concentrations for 24 h. Then,

100 μl of CCK-8 solution (10%) was added to each well and incubated

at 37�C in 5% CO2 atmosphere for 1 h. Next, absorbance of each

sample was measured at 450 nm using a microplate reader.

2.12 | Apoptosis assay

CNE-2 cells were plated in 24-well plate with a density of 5 � 104

cells per well and incubated for 24 h. Subsequently, the cells were

treated with different formulations with a CDDP concentration of

16 μg/ml. Cells without any treatment were used as control. Then, all

cells were collected and resuspended in 500 μl PBS. After that, all cells

were stained with PI and Annexin V-fluorescein isothiocyanate V

(FITC) containing binding buffer for 15 min, and finally detected by

flow cytometry (Becton Dickinson, San Jose, California, USA).

2.13 | Tumor inhibition assay

Twenty female Balb/C nude mice (6 weeks old, 18 g body weight) were

purchased from Southern Medical University. All animal experimental pro-

tocols have been approved by the Animal Protection and Use Committee

of Southern Medical University. A mouse nasopharyngeal carcinoma

tumor model was established by subcutaneous injection of CNE-2 cells

(0.1 ml, 1.5 � 106 cells). When the tumor grew up to about 100 mm3,

tumor-bearing mice were randomly divided into five treatment groups:

PBS control, GQDs@GE11/DOX, GQDs@GE11/CDDP, GQDs/DOX/

CDDP, and GQDs@GE11/DOX/CDDP (DOX: 2 mg/kg, CDDP: 2 mg/kg).

Each experimental group included three mice and injected via tail vein

every 2 days. The tumor volume was tested with an electronic caliper

and calculated as: 1/2 � shortest diameter2 � longest diameter. At the

same time, the weight of the mice was recorded. After seven treatments,

the tumors were collected and weighed.

2.14 | Histologic and immunohistochemical
analysis

The mice of all groups were killed after the treatment. The tumors

were removed, fixed in 4% paraformaldehyde for 24 h, embedded in

paraffin, and cryosectioned into 4 μm slices. Then, the sections were

stained with hematoxylin and eosin (H&E). For immunohistochemical

4 of 14 YU ET AL.



analysis, the level of tumor apoptosis was evaluated by the terminal

deoxynucleotidyl transferase deoxyuridine triphosphate nick end

labeling (TUNEL) assay. In addition, the expression of Ki67 in tumor

sections was also detected.

2.15 | In vivo fluorescence imaging

In order to explore GQDs@GE11/DOX/CDDP in vivo fluorescence

imaging and tumor enrichment. The 100 μl GQDs@GE11/DOX/CDDP

(DOX:2 mg/kg) was intravenously injected, and the fluorescence images

of the mice were recorded at 0.5, 1, 3, 5, and 8 h intervals using the

in vivo FX Pro device (Brooker, USA). After 8 h, the mice were

sacrificed and the fluorescence images of the main organs (heart, liver,

spleen, lung, and kidney) and tumor tissue were captured. Take GQDs/

DOX/CDDP complex without GE11 targeting peptide as control.

2.16 | Biocompatibility evaluation

2.16.1 | In vitro hemolysis assay

The hemolysis rate was measured according to the previously

reported method. In short, 2 ml of GQDs@GE11solution (0.01, 0.1,

and 0.2 mg/ml) was added to 0.2 ml of 16% red blood cell (RBC) sus-

pension and incubated for different time. After that, the hemolysis

rate at different time points was tested at 540 nm by a microplate

reader. The distilled water and PBS were used as positive control

group and negative control group, respectively. Hemolysis ratio was

calculated according to the following formula:

hemolysis %ð Þ¼ M0�M2ð Þ= M1�M2ð Þ�100

where M0 is the absorbance of the test sample, M1 is the absorbance of

the negative control, and M2 is the absorbance of the positive control.

2.16.2 | Morphology of RBCs

Fresh whole blood was centrifuged at 1000�g for 5 min to obtain

RBC. The RBC was incubated with GQDs@GE11 solutions of differ-

ent concentrations for 10 min, washed with PBS, and then fixed with

4% paraformaldehyde for more than 1 h. The fixed RBC was depos-

ited on a glass slide, dehydrated with 70%, 85%, 95%, and 100% (v/v)

ethanol for 10 min, and then dried in air. The dried RBC was coated

with gold and observed with a scanning electron microscope (LEO

1530 VP, Philips, Amsterdam, the Netherlands).

2.16.3 | Histological analysis

After the mice were euthanized, the heart, liver, spleen, lung, kidney,

and other major organs were taken and immersed in tissue fixative.

The sections were stained with H&E and imaged with fluorescence

microscope.

2.16.4 | Blood chemistry assay

After 14 days treatment, the mouse blood was collected, centrifuged

at 3000 rpm for 5 min, and the serum in the supernatant was col-

lected. Then detect activated partial thromboplastin time (APTT) and

prothrombin time (PT).

2.17 | Statistical analysis

All data were represented as mean ± SD and each experiment was

performed in triplicate for three separate experiments. Data were ana-

lyzed using one-way analysis of variance (ANOVA) followed by

Tukey's post hoc test or unpaired t-test in Graphpad Prism Version

7 software. The statistical significance was *p < 0.05, **p < 0.01, and

***p < 0.001.

3 | RESULTS AND DISCUSSION

3.1 | Synthesis and characterization of nanoprobes

The nanoprobes preparation was shown in Figure 1a. GO nanosheets

were firstly obtained by the modified Hummers method from natural

graphite powder. Then the GQDs were obtained and modified to obtain

the GQDs@GE11/DOX/CDDP nanoprobe. GO had absorption peaks at

3407 and 1730 cm�1, and the absorption peak at 1628 cm�1 belonged

to the bending vibration absorption peak of C OH bond34 (Figure 1b).

Figure 1c showed the FTIR spectra of nanoprobes. Due to the C OH

stretching vibration of the -COOH group, the infrared spectrum of GQDs

had a peak at 1418 cm�1. Other peaks are observed at 1618 cm�1 due

to the stretching vibration of the C=C bond. A value of 1130 cm�1 was

the hydroxyl stretching vibration peak of GE11, and 1676 cm�1 was the

characteristic band of C=O in the amide bond, which further proved the

successful coupling of the peptide GE11 and GQDs.

The average particle size of GQDs and GQDs@GE11 detected by

dynamic light scattering (DLS) was 11.73 ± 3.24 nm (PDI = 0.17) and

14.23 ± 3.89 nm (PDI = 0.16), respectively (Figure 1d). Both GQDs

and GQDs@GE11 had negative zeta potential, for GQDs was

�42.67 mV, while GQDs@GE11 was 26.17 mV. Transmission elec-

tron microscope (TEM) images of GQDs and GQDs@GE11 all showed

a regular spherical shape and the diameters of GQDs and

GQDs@GE11 were 2.86 ± 0.44 and 6.5 ± 1.5 nm, respectively.

(Figure 1e, f). The increased diameter of GQDs@GE11 nanoprobe

was owing to the modification of EGFR-targeted peptide GE11.

The fluorescence properties of GQDs were evaluated by studying

their photoluminescence (PL) behavior under different excitation

wavelengths. The results showed that GQDs exhibit excitation-

dependent emission. When the excitation wavelength was increased
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from 300 nm to 600 nm, the PL intensity decreased significantly

(Figure 1g). The strongest PL appeared at excitation wavelength of

350 nm centered at emission wavelength of 462 nm. As shown in

Figure 1g (inset), the yellow GQDs aqueous solution emitted a strong

blue PL under ultraviolet light. These results confirmed the application

prospects of GQDs as cell imaging agents.

To further explore the energy resonance transfer system, a spe-

cific concentration of GQDs@GE11 (1 mg/ml) was hatched with DOX

at a series of increasing molar ratios. When DOX was loaded onto the

GQD surface through pi-pi superposition interaction, the fluorescence

signal of GQDs was quenched due to the energy transfer from GQDs

to DOX.35–37 It was observed that the fluorescence signal of GQDs

decreased successively, and the fluorescence signal of DOX continued

to increase, indicating that the amount of DOX molecules adsorbed

on the GQDs surface was increasing (Figure 1h). In contrast, the DOX

emission peak at 580 nm was observed due to the FRET effect.

3.2 | Drug release from GQDs@GE11

Due to the layered structure of GQDs, hydrophobic drugs DOX and

CDDP could be encapsulated in their layers, resulting in high loading

amount of DOX and CDDP as high as 67 and 50 mg/g, respectively.

The GQDs has pH-sensitive drug release property,38 after being

immersed in PBS buffer (pH = 5.5) at 37 �C, DOX and CDDP encap-

sulated in GQDs@GE11 represented similar release profiles

(Figure 1i). The release rates of DOX and CDDP after 6 h were

34.5% and 25.7%, respectively. Drug release rate gradually

decreased and reached plateau after 24 h. The final drug release

rates of DOX and CDDP were 54.8% and 57.7%, respectively. The

DOX and CDDP encapsulated in GQDs@GE11 immersed in PBS

(pH = 7.4) showed a significant lower release rate compared with

acidic environment. Only 24.57% of CDDP and 20.56% DOX were

released after 72 h. This indicates that the GQDs nanoprobes have

F IGURE 1 Characterizations of
GQDs@GE11. (a) Schematic
diagram of GQDs@GE11. (b) FTIR
spectra of GO. (c) FTIR spectra of
GQDs@GE11, GQDs and GE11.
(d) Size distribution of GQDs and
GQDs@GE11. (e) TEM image
of GQDs. (f) TEM image of
GQDs@GE11. (g) PL spectra of

GQDs solutions under different
excitation wavelengths. Inset:
Aqueous dispersion photograph of
GQDs under visible light (left) and
UV at 365 nm (right). (h) PL spectra
of GQDs@GE11/DOX/CDDP with
increasing molar ratio of DOX
(from 0 to 4). (i) Cumulative DOX
and CDDP release (%) from
GQDs@GE11/DOX/CDDP in PBS
buffer (pH = 5.5 and pH = 7.4)
values at different time intervals
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pH-sensitive drug release property, which is consistent with previ-

ous reports.38

3.3 | GE11 targeting ability assay

Efficient uptake by in vivo cells was the key to achieve the biological

performance of material design.39 The synthetic 12-amino acid pep-

tide GE11 (amino acid sequence: Y-H-W-Y-G-Y-T-P-Q-N-V-I) has

been proved to be an effective EGFR targeting peptide in vitro and

in vivo40; therefore, it is one of the best choices for EGFR-targeted

diagnosis and drug delivery system design.41 In order to verify the

targeting effect of GE11 on CNE-2 cells, cellular uptake of GQDs

and GQDs@GE11 were also compared by flow cytometry, and

results are shown in Figure 2a. As expected, GQDs with GE11 func-

tion had the strongest fluorescence intensity at each time point,

indicating that GQDs@GE11 absorbed by CNE-2 cells increased sig-

nificantly, which may be owing to the targeting effect of GE11 at

EGFR receptor on CNE-2 cells. This advantage of specific targeting

at tumor cells may reduce the systemic toxicity of systemic adminis-

tration.42

3.4 | Intracellular imaging and drug release
monitoring

Single fluorescence imaging method usually cannot visualize the

release process of the drug on the nanocarrier. In this research, FRET

imaging was used to visualize the GQDs@GE11/DOX/CDDP

nanoprobe uptake in CNE-2 cells and DOX release process. The emis-

sion spectrum of GQDs (460 nm) and the excitation spectrum of DOX

(470 nm) have a good overlap, thus the transfer and release process

of DOX can be sensitively detected by FRET signal.

As shown in Figure 2b, after incubating with GQDs@GE11/DOX/

CDDP nanoprobe for 0.5 h, red fluorescent signal (DOX FRET chan-

nel) was showed at the border area of CNE-2 cells, indicating that the

nanocarriers began to enter CNE-2 cells. At this initial stage, the fluo-

rescence of GQDs was basically in the “OFF” state (GQDs channel),

while DOX was “ON”, indicating that DOX molecules were mainly

accumulated on the surface of GQDs. After 4 h of incubation, the blue

fluorescence (GQDs channel) in the cytoplasm of cells in the “ON”
state was significantly increased due to the DOX molecules falling off

the carrier. After 8 h incubation, strong red fluorescence could be

noticed in the cell (DOX 485 ex channel), while the FRET signal (DOX

F IGURE 2 (a) Flow cytometry analysis of fluorescence peak in CNE-2 cells incubated with GQDs or GQDs@GE11 for different time.
(b) Fluorescence image of CNE-2 cells treaded with GQDs@GE11/DOX/CDDP at 0.5, 4, and 8 h. GQDs channel (Ex: 405 nm; Em: 475–505 nm),
DOX channel (Ex: 485 nm; Em: 585–615 nm), DOX FRET channel (Ex: 405 nm; Em: 585–615 nm)
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FRET channel) was reduced, indicating that most DOX molecules

were released from the carrier and accumulate in the nucleus. The

results showed that the nanoprobe could sensitively detect the intra-

cellular drug release process at the level of a single cancer cell, which

may be an effective tool to detect the drug control release process.

3.5 | Cytotoxicity of GQDs@GE11

Low cytotoxicity is the basic requirement for nanoprobe's in vivo

application. Here, we conducted an in vitro cytotoxicity assay by co-

culture CNE-2 cells with different concentration (0, 10, 20, 50, and

100 μg/ml) of GQD and GQD@GE11 nanoprobes, and the cell viabil-

ity was tested by CCK-8 assay. As shown in Figure 3a, the cell viability

of all groups exceeded 90%, indicating that the GQD and GQD@GE11

nanoprobes at all concentrations almost shown no toxicity to CNE-2

cells. These results showed that GQDs and GQDs@GE11 nanoprobes

had good cell compatibility.

3.6 | Inhibition of cell proliferation

The CCK-8 method further confirmed the feasibility of GQD@GE11/

DOX/CDDP to inhibit the proliferation of CNE-2 cells in vitro. After

24 h co-cultured with CNE-2 cells, the in vitro cytotoxicity of

GQDs@GE11/DOX, GQDs@GE11/CDDP, and GQDs@GE11/DOX/

CDDP nanoprobes was determined. Almost all experimental groups

had inhibitory effects on CNE-2 cells, and the inhibitory effect was

concentration-dependent (Figure 3b). In addition, the cytotoxicity of

GQDs@GE11/DOX/CDDP nanoprobe was significantly higher than

that of GQDs@GE11/DOX and GQDs@GE11/CDDP nanoprobes,

which could be explained by the effect of combination therapy over

single drug therapy.

As previous studies reported, the antitumor effects of DOX and

CDDP both depend on their ability to interact with DNA.43 DOX, as

an anthracycline topoisomerase II inhibitor, could partially hinder the

effective repair of DNA damaged by alkylating agents, and had been

observed to increase the efficacy of CDDP on many tumor cells

lines, proving that the drug combination has better the tumor sup-

pressor effect. For patients with advanced nasopharyngeal cancer,

the enhanced chemotherapy effect is of great significance for killing

cancer cells and increasing the survival rate of patients. The in vitro

inhibitory effect on CNE-2 cells proved that the GQDs@GE11/

CDDP nanoprobe would help the treatment of nasopharyngeal

carcinoma.

3.7 | In vitro apoptosis assessments

Apoptosis was also conducted to evaluate the killing effect of

GQDs@GE11/DOX/CDDP nanoprobe on CNE-2 cells.

The CNE-2 cells after treatment with different nanoprobes were

stained with Annexin V-PE and 7-ADD. The apoptotic cell population

after nanoprobes treatment was quantitatively analyzed with flow

cytometry. As shown in Figure 3c, cells treated with blank

GQDs@GE11 nanoprobe showed negligible apoptosis, indicating that

F IGURE 3 (a) In vitro cytotoxicity of GQDs or GQDs@GE11 with different concentrations on CNE-2 cells over an evaluation period of 24 h.
(b) Cell viability of CNE-2 cells pretreated by GQDs@GE11/DOX, GQDs@GE11/DOX and GQDs@GE11/DOX /CDDP with different
concentrations. (c) Apoptosis analysis by flow cytometry after CNE-2 cells incubated with various formulations using Annexin-V PE and 7-ADD
dual-staining method
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the nanoprobe as drug carrier did not induce apoptosis in CNE-2 cells.

Both DOX and CDDP could significantly induce CNE-2 cells apopto-

sis. The cells processed with GQDs@GE11/DOX, GQDs@GE11/

CDDP, and GQDs@GE11/DOX/CDDP nanoprobes showed the

33.21%, 44.3%, and 61.4% of apoptosis, respectively. Compared with

GQDs@GE11/DOX nanoprobe and GQDs@GE11/CDDP nanoprobe,

the apoptosis rate of CNE-2 cell treatment with GQDs@GE11/DOX/

CDDP nanoprobe was significantly higher, indicating the synergistic

treatment strategy could induce tumor cell apoptosis well, which was

consist with the in vitro cell proliferate inhibition assay.

F IGURE 4 (a) Representative image
of CNE-2 tumors at the 14th day.
(b) In vivo tumor growth curves of
CNE-2 tumor-bearing mice treated with
different formulations. (c) The tumor
weights excised from different groups
after 14 days treatment. (d) Body weight
changes of mice treated with different
formulations during the treatment.
(e) Immunohistochemical analyses of
H&E, TUNEL, CD31, and Ki67 for CNE-2
tumor tissues after the last treatment
with different formulations in vivo
(200�). (f ) Quantitative analysis of Ki67
immunohistochemical positive area.
(g) Quantitative analysis of TUNEL in
tumor sites. (1, PBS; 2, GQDs@GE11/
DOX; 3, GQDs@GE11/CDDP;
4, GQDs@/DOX/CDDP;
5, GQDs@GE11/DOX/CDDP). One-way
ANOVA and Tukey post hoc analysis.
*p < 0.05; **p < 0.01; and ***p < 0.001
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3.8 | In vivo antitumor efficacy of GQDs@GE11/
CDDP/DOX nanoprobe

Encouraged by the enhanced CNE-2 cells killing effect of

GQDs@GE11/CDDP/DOX nanoprobe in vitro, the nanoprobe has

high potential to treat nasopharyngeal carcinoma. Thus, we assessed

the antitumor effect in the transplanted tumor mouse model. PBS

treated was selected as the control group for better comparison.

As shown in Figure 4b, the tumor growth in the control group

could not be blocked, and the volumes of tumors increased rapidly to

an average volume of about 1000 mm3 within 14 days. Other four

groups treated with GQDs@GE11/DOX, GQDs@GE11/CDDP,

GQDs/CDDP/DOX, and GQDs@GE11/CDDP/DOX nanoprobes all

showed effective tumor suppression effects. It is worth noting that

the antitumor effect of GQDs@GE11/CDDP/DOX nanoprobe was

superior to that of GQDs@GE11/DOX, GQDs@GE11/CDDP, and

GQDs/CDDP/DOX nanoprobes, and tumor volume was only

144 mm3. This may be due to the fact that targeting polypeptide

GE11 modified synergistic combination of nanolevel drugs enhanced

drug accumulation and retention at the tumor site.

The tumor image and tumor weight data after 14 days are shown

in Figure 4a and c. Tumor weight treated by GQDs@GE11/CDDP/

DOX nanoprobes was almost 10 times lighter than control groups and

nearly four times lighter than untargeted GQDs/CDDP/DOX

nanoprobes. These results further indicated that DOX and CDDP have

effective antitumor effects on CNE-2 tumors in vivo, and the co-drug

targeting delivery system of GQDs@GE11/CDDP/DOX showed much

better tumor suppressor effect among them. During the in vivo

F IGURE 5 (a) In vivo fluorescence imaging of tumor-bearing nude mice after intravenous injection of GQDs@GE11/DOX/CDDP and GQDs/
DOX/CDDP complexes at different times. (b) GQDs@GE11/DOX/CDDP and GQDs/DOX/CDDP treatments for 8 h of main organ fluorescence
image. (c) Quantitative analysis of fluorescence intensity of main organs and tumor. One-way ANOVA and Tukey post hoc analysis. *p < 0.05;
**p < 0.01; and ***p < 0.001
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experiment, the changes in the weight of the mice were recorded and

considered to be a key factor for reflecting the safety and side effects

of the single formula used. As shown in Figure 4d, the body weight of

mice in each group increased, which means GQDs@GE11/CDDP/DOX

nanoprobe was safe for mice in the process of tumor treatment in vivo.

3.9 | Histologic and immunohistochemical analysis

Through the histopathological analysis of H&E-stained CNE-2 tumor

sections, the antitumor efficacy of co-delivery GQDs@GE11/CDDP/

DOX nanoprobe was further evaluated. As shown in Figure 4e, the

results highly support the tumor suppression data. The tumor cells

treated with PBS have a complete structure and more chromatin, indi-

cating that the tumor grows rapidly. However, the other groups

treated with DOX and CDDP showed reduced tumor cells and

enlarged intracellular spaces to varying degrees, suggesting that these

groups showed effective treatment responses to tumors. It was par-

ticularly noteworthy that GQDs@GE11/CDDP/DOX treated tumor

cells with the widest intracellular space and the least number of tumor

cells, indicating that GQDs@GE11/CDDP/DOX nanoprobe had the

best therapeutic effect.

TUNEL immunofluorescent staining examination was further con-

ducted to evaluate the cell apoptosis effects of different treatments

(Figure 4e) and quantitative analysis is shown in Figure 4g. Similarly,

GQDs@GE11/CDDP/DOX induced the highest proportion of

apoptosis-positive tumor cells, confirming its strongest antitumor

effect in vivo. The antitumor efficacy of each group was detected by

the expression of Ki67 (Figure 4f). Compared with other treatment

groups, the GQDs@GE11/CDDP/DOX nanoprobe was the most

F IGURE 6 (a) Histologic assessments
of major organs in mice (�200) treated
with different formulations. (b) After
14 days of treatment, the serum
biochemical results of mice. (1, PBS;
2, GQDs@GE11/DOX; 3, GQDs@GE11/
CDDP; 4, GQDs@/DOX/CDDP;
5, GQDs@GE11/DOX/CDDP)
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effective in reducing tumor cell proliferation, resulting in the lowest

Ki67 expression in CNE-2 cells. Taken together, the GQDs@GE11/

CDDP/DOX nanoprobe has the best antitumor effect in vivo.

3.10 | In vivo fluorescent imaging

To further evaluate the optical imaging and tumor enrichment of

GQDs in mice, GQDs@GE11/DOX/CDDP and GQDs/DOX/CDDP

were injected into Balb/c nude mice through the tail vein. Figure 5a

showed the time-dependent optical image in mice after injection of

the material (GQDs is 10 mg/kg dose). After intravenous injection of

GQDs@GE11/DOX/CDDP for 1 h, obvious fluorescence signal was

seen in the tumor, but negligible fluorescent signal was seen in the

tumor after GQDs/DOX/CDDP treatment. The fluorescence intensity

of tumor tissue collected after GQDs@GE11/DOX/CDDP treatment

was significantly stronger than that of GQDs/DOX/CDDP treatment

(Figure 5b), further confirming the high targeting efficiency of

GQDs@GE11/DOX/CDDP.

3.11 | Biocompatibility evaluation

Biocompatibility was a necessary condition for the safe application of

materials in nanomedicine. Therefore, we studied the in vivo toxicity

of different treatment groups to the main organs and blood of mice.

H&E images of the main organs of the mice after 14 days of different

treatments are shown in Figure 6a. There was no obvious damage to

the tissue morphology and structure of the organs in each treatment

group. Blood chemistry indexes of each group were also detected.

Compared with the PBS control group, the blood parameters of the

mice in the treatment group did not change significantly (Figure 6b, c).

To sum up, GQDs@GE11 nanoprobe is safety and necessity for the

treatment of nasopharyngeal carcinoma.

3.12 | Hemolysis assay in vitro

The interaction between cells and materials first occurs on the cell

membrane,44 thus affecting its structure and function in many ways.

Hemolysis refers to the release of hemoglobin from RBCs, indicating that

the integrity of the RBC membrane is disturbed. Therefore, it reflects the

interaction of biological materials with RBC membranes. Figure 7a

showed the percentage of hemolysis of RBC exposed to different con-

centrations of GQDs@GE11 and different incubation times. The

GQDs@GE11 had no significant hemolysis at the highest 0.2 mg/ml, indi-

cating that the RBC membrane had no detectable interference.

3.13 | Morphology of RBCs

In humans, mature RBCs are elastic biconcave disks, lacking a nucleus

and most organelles; they are very sensitive to membrane active

substances. In this study, the aggregation and morphological changes

of RBC by GQDs@GE11 was used to examine by scanning electron

microscopy (SEM) (Figure 7b). Compared with the PBS group,

GQDs@GE11 did not cause RBC aggregation or morphological

changes at concentrations of 0.01 and 0.1 mg/ml. But in the presence

of 0.2 mg/ml GQDs@GE11, RBCs were aggregate though shape does

not change. It proved that GQDs@GE11 had good blood compatibility

within a specific concentration range.

4 | CONCLUSION

In summary, we designed an innovative combination therapy platform

based on GQDs, which has the functions of drug delivery and in vivo

imaging. By monitoring the changes in the fluorescence spectrum

signals of tumor cells, the cellular uptake of nanoprobes and the

release of intracellular drug molecules were successfully monitored. In

addition, by combining with the targeting polypeptide GE11,

F IGURE 7 (a) Effect of GQDs@GE11with different
concentrations on the hemolysis. (b) Effect of GQDs@GE11 with
different concentrations on the aggregation and morphology of RBCs
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GQDs@GE11/DOX/CDDP was enriched at the tumor site, enhancing

the therapeutic effect of the drug. GQDs@GE11 showed good cell

compatibility within the concentration range studied. The present study

faces some limitations that future experiments should consider. For

example, this research only studied the targeted endocytosis of

nanoprobes to CNE-2 cells and their distribution in major organs, how-

ever, distribution of nanoprobes in other organs and the mechanism of

entering the body have not been studied. These need to be further

studied in subsequent research to improve the clinical translation pros-

pects of nanoprobes. To sum up, nanoprobes based on GQDs have

drug molecular tracking functions and are expected to become a plat-

form for precise diagnosis and treatment of targeted cancer.
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