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In this study, micelles were designed to deliver an antitumor agent and a fluorescent marker to a tumor site.
The micelles simultaneously encapsulated epirubicin (EPI) and polyethylene glycol (PEG)-modified graphene
quantum dots (GQDs-PEG), and employed a PEG-polylactic acid block copolymer amphiphilic block polymer
as a nanocarrier. Fourier transform infrared spectroscopy and X-ray photoelectron spectroscopy were used
to characterize the functional groups in the synthesized GQDs-PEG. A Malvern particle size meter and trans-
mission electron microscopy were used to show that the particle size of the GQDs-PEG is approximately
2-9 nm, and that of the bifunctional EPI-loaded micelles (EPI-FIDCR) is 19.59+1.21 nm, with zeta potential at
-22.87+0.85 mV. The EE% and DL% for EPI in EPI-FIDCR are 74.02+0.55 % and 3.78+0.28 %, respectively.
The IC,, values of EPI-FIDCR and EPI solution (EPI-Free) for tumor cells were 7.03 ug/mL and 5.54 ug/mL,
showing that EPI-FIDCR still maintained strong cytotoxicity. Fluorescence micrographs of HelLa cells incubated
with GQDs-PEG and EPI-FIDCR for 6 h, respectively, show that only EPI-FIDCR could enter the cells. In vitro
cellular uptake assays and an inhibition study indicated that EPI-FIDCR could deliver both EPI and GQDs-PEG
into tumor cells, while maintaining an inhibitory effect similar to that of unencapsulated EPI. A pharmacokinetic
study showed that EPI-FIDCR could persist in the circulation for a significant period of time. The AUC_, calcu-
lated for the EPI-FIDCR formulation was 159.5-fold compared with that of EPI-Free, based on its improved
stability and prolonged blood circulation time. The EPI-FIDCR enables both fluorescence imaging and controlled

drug-release, exhibits prolonged systematic circulation time and has potential for the treatment of cancer.

1. Introduction

One of the main obstacles in cancer chemotherapy is the biodis-
tribution of the chemotherapeutic compound, which can lead to
severe off-target side-effects and toxicity (Gibson et al. 2018;
Wilson et al. 2017; Zhao et al. 2017; Zhang et al. 2014). Chemo-
therapy is an important method in treating cancer (Khvorova and
Watts 2017). Epirubicin (EPI) is an anthracycline antibiotic and
antitumor epimer of doxorubicin that has been used to treat a wide
range of cancers, such as breast, lung, ovarian, gastric and bladder
cancers (Abnous et al. 2017; Chen et al. 2017; Yang et al. 2015).
However, EPI has substantial lethal effects on healthy cells and
tissues, leading to myelosuppression, cardiotoxicity and allergic
reactions. In addition to these factors, the dose-dependent effects
of drug accumulation is a major issue which limits the clinical
application of such drugs (Mahmood et al. 2018; Chida et al. 2018).
In the past decade, polymer micelles developed from amphiphilic
block copolymers have been favored as drug delivery systems
(Zhang et al. 2015; Xin et al. 2016; Zhou et al. 2019). Micelles
have two extinguished advantages, compared to other drug
delivery strategies. Firstly, micelles come with relatively small
hydrodynamic size less than 50 nm, which is better for high drug
accumulation at the target site. In addition to enhanced permea-
bility and retention (EPR) effect, micelles are also characterized
by their simple drug formulation and feasible manufacturing
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(Lu et al. 2018). Polymer micelles are also ideal delivery systems
for poorly soluble drugs and are widely used for many applications
such as drug release, diagnostic preparations, and gene carriers
(Pei et al. 2017; Kang et al. 2014; Zheng et al. 2014; Hpone Myint
et al. 2016).

Graphene quantum dots (GQDs) are a new type of material that
has been developed from graphene. The most obvious difference
between GQDs and graphene is that the energy level band gap of
GQDs is approximately 7 eV, compared with the energy band gap
of graphene which is zero. This difference means that GQDs have
a stronger edge effect and a smaller size effect, and their fluores-
cence quantum Yyield is significantly higher than that of graphene
(Narasimhan et al. 2017). GQDs are approximately 10 nm in size,
and not only retain the properties of graphene, that is, a large nt
bond, but also contain many characteristic light energy clusters
that are introduced during synthesis, such as hydroxyl, carboxyl,
and amino clusters (Bradley et al. 2017). Because of the toxicity
of semiconductor quantum dots, their application in biological
imaging is limited. In contrast, GQDs have good biocompatibility
and stability, low cytotoxicity, and photobleaching resistance, and
so they can replace semiconductor quantum dots in bioimaging
applications (Schroneder et al. 2016; Li et al. 2018; Li et al. 2016).
Appropriate surface modification of graphite-dilute quantum dots
can effectively improve their luminescence properties such as
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quantum yield and maintain the original properties of GQDs. The
surface modification of GQDs can be performed through surface
functionalization and surface doping (Chhabra et al. 2018; Pan et
al. 2019). In the current paper, the carboxyl group on the surface of
GQDs is reacted with the hydroxyl group of polyethylene glycol
(PEG) to form a long-circulating material.

Although there is a substantial amount of prior research concerning
long-circulation modified micelles for cancer treatment (Ouahab
et al. 2014; Ma et al. 2018; Salzano et al. 2014; Li et al. 2016),
few studies have combined micelles with fluorescent GQDs. Here,
an amphiphilic block polymer based on a PEG-polylactic acid
block copolymer (mPEG-PDLLA) was used as a nanocarrier, and
it was loaded with EPI and PEG-modified GQDs simultaneously
(Ouahab et al. 2014). We investigated the in vitro drug release of
EPI-loaded micelles under different pH conditions, and performed
a pharmacokinetic study of this bifunctional EPI-loaded micelles
(EPI-FIDCR). The purpose of the current study was to reduce the
toxicity of anticancer drugs and achieve fluorescence imaging in
living organisms.

2. Investigations, results and discussion

2.1. Characterization of GQDs, GQDs-PEG and
mPEG-PDLLA

As shown in Fig. 1, the GQDs demonstrate obvious absorption
peaks at 3444 c¢cm’'(-OH) and 1079 cm! (stretching vibration of
C-O in carboxyl groups), indicating the presence of carboxyl
groups on the surface of the synthesized GQDs. The absorption
peak at 2938 cm! corresponds to the stretching vibration of C-H,
that at 1634 cm™ corresponds to the stretching vibration of C=C,
and that at 1731 cm™', 1401 cm™ and 1216 cm™', corresponds to the
stretching vibration of (C=0), (C-O) and (C-O-C), respectively.
The introduction of oxygen-containing functional groups improves
the aqueous properties of GQDs (Ahmed et al. 2018).
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Fig. 1:  FT-IR spectra of GQDs (a) and GQDs-PEG (b).
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Fig. 2: Energy dispersive X-Ray spectroscopy of GQDs (a) and GQDs-PEG (b); Cls
of GQDs (c) and GQDs-PEG (d)
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Comparing the infrared spectra of GQDs and GQDs-PEG, it can be
seen that the C-H characteristic absorption peaks of GQDs-PEG at
2920 cm and 2872 cm! are important features of GQDs following
mPEG bonding, and the peak intensity of the O-H characteristic
absorption peak in GQDs-PEGs is reduced. The decrease in the
intensity of the absorption peak and the peak intensity of the C=0
bond at 1710 cm™ are markedly weakened, and this indicates that
mPEG bonds to the GQDs through dehydration synthesis.

(a) (b)

Fig. 3: TEM image of GQDs (a) and GQDs-PEG (b).

The composition of GQDs and GQDs-PEG was analyzed through
XPS. Figure 2 (a) and (b) show full-scan XPS spectra of GQDs and
GQDs-PEG, clearly showing the Ols signal and the Cls signal at
530 eV and 284 eV in a Cls high resolution XPS map of GQDs
and GQDs-PEG. It can be seen from Figure 2 (c) and (d) that the
GQDs have three distinct peaks at 284.7 eV, 286.2 eV, and 288.9
eV. The GQDs-PEG have three distinct peaks at 284.7 eV, 285.6 eV,
and 288.8 eV, which correspond to C=C, C-OH/C-O-C and -COOH.
The features of GQDs and GQDs-PEG are summarized in Fig. 3.
During morphological characterization, spherical-shaped particles
were observed. The GQDs and GQDs-PEG displayed a well-dis-
persed spherical morphology with a relatively uniform size. The TEM
images showed that the GQDs were homogeneous and spherical in
shape, with a size distribution range between 2—-6 nm and a mean
statistical diameter of 3.75 nm. The GQDs-PEG were homogeneous
and spherical in shape, with a size distribution range between 2-9 nm
and a mean statistical diameter of 4.81 nm. The increase in particle
size could be explained by the materials intended to increase circu-
lation time that surrounded the GQDs, which led to their larger size.
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Fig. 4: Fluorescence spectra of GQDs (a) and GQDs-PEG (b) at different excitation
wavelengths in the 300-400 nm range.

Figure 4 (a) and (b) show the fluorescence spectra of the GQDs
and GQDs-PEG, respectively. The fluorescence images of the
GQDs and GQDs-PEG under a 365 nm UV lamp show the samples
as blue in color. The behavior of the GQDs at an excitation wave-
length of 300400 nm shows no dependence on the excitation
wave length; that is, the emission wavelength does not change
with a change in the excitation wavelength. The test found that
the optimal excitation wavelength is 379 nm and the maximum
emission wavelength is 435 nm. As can be seen from Fig. 4 (b),
the GQDs-PEG have an optimum excitation wavelength of 338 nm
and a maximum emission wavelength of 441 nm. Compared with
the emission spectrum of the GQDs, the emission spectrum of
the GQDs-PEG shows different degrees of red shift (that is, the
direction of the wavelength shift), which indicates the growth of
its grains.
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2.2. Characterization of the EPI-FIDCR

The shape of the EPI-FIDCR were assessed through TEM, as
presented in Fig. 5. The TEM images showed that the EPI-FIDCR
were homogeneous and spherical in shape. The size and zeta
potential for EPI-FIDCR were 19.59+1.21 nm and -22.87+0.85
mV, respectively. The EE% and DL% for EPI in EPI-FIDCR were
74.02+0.55 % and 3.78+0.28 %, respectively.

Fig. 5: Transmission electron micrographs (TEM) of EPI-FIDCR.

The AFM 3D image and topography image in Fig. 6 (a) and (b)
indicate that the EPI-FIDCR particles are a spherical shape,
which is consistent with the TEM results. As shown in Fig.
6 (c), the average height of the EPI-FIDCR is 22 nm, which is
very close to the diameter observed using TEM and the zeta
sizer. Therefore, we concluded that the EPI-FIDCR particles
are monodisperse nanospheres with a size of approximately
20 nm.

(a) (b)
o - .

Fig. 6: AFM images of EPI-FIDCR. (a) AFM 3D image; (b) AFM topography im-
age; (c) height profile along the line in (b).

The stability of micelles could be fundamentally improved by
enhancing intra-micellar interactions, which are always reflected
by the decreased CMC.13 As shown in Fig. 7, the CMC value of
the EPI-FIDCR was determined as 3.8 mg/L (logC = -2.42) indi-
cating that they display good stability upon strong dilution in blood
circulation (Gaucher et al. 2010).
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Fig. 7.  CMC measurement of EPI-FIDCR.

2.3. Invitro drug release assays

The cumulative release of EPI from EPI-FIDCR and EPI-Free in
different dissolution media over time is shown in Fig. 8 (a). The
EPI-FIDCR showed a sustained release of EPI which is related to
the pH value. During preparation, EPI hydrochloride was changed to
its base form, and as a result, the encapsulation efficiency increased
because of the increased hydrophobicity of the EPI. Therefore, the
acid sensitivity of EPI-FIDCR in their release behavior comes from
the addition of NH,-H,O during the preparation process. With a
decrease in pH value, the EPI release cumulative rate of EPI-FIDCR
increased significantly. Under physiological pH (pH = 7.4), the free
EPI was completely released by 12 h, and the cumulative release of
EPI from EPI-FIDCR at 48 h was only 52.65 %. When the pH value
changed to 6.5 and 5.0, which refer to a simulated tumor microenvi-
ronment or lysosome (Vaupel et al. 1989), the cumulative release of
EPI of EPI-FIDCR increased to 64.81 % and 80.52 %, respectively.
Furthermore, the f2 values for the formulations were calculated
using the mean values of the cumulative release of EPI at every time
point (Zhang et al. 2016). Values for f2 (50-100) indicates the equiv-
alence between the two tested dissolution curves. The EPI-FIDCR
had similar release profiles at pH 6.5 and 5.0 (Fig. 8 (b)), which
indicates that the EPI-FIDCR was able to release incorporated EPI
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Fig. 8: (a) In vitro release curve of EPI-Free and EPI-FIDCR (n = 3); (b) {2 values
for each comparison in PBS.
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in tumor site environment and be disintegrated in the lysosome and
released into the cell to exert the anti-tumor effect.

2.4. Cell viability studies

Cytotoxicity of the PEG-PDLLA, the GQDs-PEG nanoparticles,
EPI-Free and the EPI-FIDCR in HeLa cells were investigated
using an MTT assay (Table 1). The results showed that the
PEG-PDLLA and GQDs-PEG nanoparticles exhibited no effect
on cell viability, indicating their non-toxicity. Both EPI-Free and
EPI-FIDCR showed almost the same toxicity to HeLa cells at 24 h,
which was accordant to their IC, in HeLa cells. The unaffected
cell cytotoxicity of EPI in EPI-FIDCR and EPI-Free indicated that
the preparation process of EPI-FIDCR did not impair the killing
ability of EPI, which guarantee to play an anti-tumor effect in vivo.

Table 1: The IC,, values of different preparations after 24 h incubation
(n=5)

Preparation IC,, (ng/mL)
PEG -PDLLA —
GQDs-PEG —
EPI-Free 5.54+0.06
EPI-FIDCR micelles 7.03+0.03

—: not available

2.5. Invitro cellular uptake assays

The uptake of EPI-Free and EPI-FIDCR in HeLa cells was assessed
by EPI-Free and EPI-FIDCR treatment for 2 h and 6 h, respec-
tively, with the concentration of EPI at 10 ug/mL. As shown in Fig.
9, the EPI-Free only emitted red fluorescence after 6 h incubation
with HeLa cells. The EPI-FIDCR can emit both red (EPI) and blue
(GQDs-PEG) fluorescence in HeLa cells. As the incubation time
increased, the fluorescence intensity of the EPI and GQDs-PEG
in the EPI-FIDCR was significantly enhanced, indicating that the
EPI in the EPI-FIDCR and GQDs-PEG can undergo cell uptake,
thereby treating and labeling tumor cells.

EPI-FIDCR  EPI-FIDCR EPI-FIDCR

EPI-Free

Fig. 9: Fluorescence micrographs of HeLa cells incubated with EPI-FIDCR and
EPI-Free (From the left are EPI (red light), GQDs-PEG (blue light), DiO
(cell membrane) and merge images (bar = 50 pm).

The red fluorescence intensity of the EPI-FIDCR and EPI-Free
after incubation for 6 h in HeLa cells were almost the same, indi-
cating that the micelle preparation procedure did not impair the
EPI uptake in tumor cells.
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2.6. Pharmacokinetic study of EPI-FIDCR

To fully describe the pharmacokinetics of the micelles, the in
vivo blood clearance of the formulated micelles and EPI-Free
was monitored and analyzed. The blood concentration-time
curves after intravenous administration of the EPI-FIDCR or
EPI-Free in rats are shown in Fig. 10. PKslover software was
used for various compartmental analyses of all curves, and
the relevant pharmacokinetic parameters, including the C_,
AUC, , MRT ,V, and CL were determined using the corre-
sponding compartmental analysis and are listed in Table 2. The
EPI-loaded micelles exhibited a significantly prolonged blood
drug concentration. The AUC | calculated for the EPI-FIDCR
formulation was 159.5-fold that of the free EPI. Furthermore, the
EPI-FIDCR showed substantially slowed blood clearance within

15.0

12.5 # EPI-FIDCR
©® EPI-Free

10.01

7.51

Concentration of EPI in blood (mg/L)

T (h)

Fig. 10: Plasma concentration-time curve of EPI in EPI-FIDCR and EPI-Free after i.v.
injection at 10 mg/kg (n=6).

Table 2: Pharmacokinetic parameters of EPI-FIDCR and EPI-Free
after i.v. injection in rats (n=6)

Preparations Conse AUC, , MRT,_, vz CL
(mg/L) (mg/L+h) (h) L) (L/h)
EPI-FIDCR 13.3+1.1 101.4+142  17.8+2.6 1.3+0.28 0.79+0.19
EPI-Free 1.2+0.2 0.6+0.1 423.5+38.3 830+96 1.9+0.4

the initial 12 h after intravenous administration, while the plasma
clearance of the free EPI was 2.4 times that of the EPI-FIDCR.
The physical properties of the EPI-FIDCR may contribute to this
enhancement in their duration of circulation. PEG-modification
of EPI-loaded micelles was found to be useful in shielding the
nanoparticles from the RES because of steric repulsion (Gravel
et al. 2013). PEG can form a hydrated outer shell, which can
shield the nanoparticles from being recognized and eliminated
by the RES. The effects of PEG result in an extended drug half-
life and improved tissue distribution (Zhao et al. 2016). Although
the obtained results might result from other more complicated
mechanisms, the pharmacokinetic results showed that the
EPI-FIDCR formulation had longer blood circulation compared
with EPI-Free.

The current study reports the preparation and properties of
EPI-FIDCR, which enable both fluorescence imaging and
controlled drug-release, which is of great significance for the
early diagnosis and visualization of a tumor. The EPI-FIDCR
demonstrates a relatively uniform size and an acid-sensitive
drug release behavior, maintaining a similar level of toxicity
in HeLa cells with EPI-Free. The EPI-FIDCR not only demon-
strates dramatically longer blood circulation than EPI-Free,
but can also label tumor cells. The current study demonstrates
promising multifunctional EPI-Free micelles for anti-tumor
treatment.

Pharmazie 74 (2019)



ORIGINAL ARTICLES

3. Experimental

3.1. Materials

GQDs were purchased from Nanjing Xianfeng Nano Material Technology Co., Ltd
(Jiangsu, China). Dichloro sulfoxide was purchased from China Pharmaceutical
Group Chemical Reagent Co., Ltd (Shanghai, China). mPEG,, was purchased
from Advanced Polymer Materials Inc (Canada, USA). EPI hydrochloride (>99 %)
was purchased from Zhejiang Haizheng Pharmaceutical Co., Ltd (Zhejiang, China).
An EPI standard reference (>99.9 %) was provided by Famasia Puqiang Co., Ltd
(Shanghai, China). PEG,-PDLLA was purchased from Xian Ruixi Biological
Technology Co., Ltd (Shangxi, China). Pyrene was purchased from Sigma-Aldrich
(Sigma-Aldrich, MO, USA). Dialysis bags (MW cutoff: 3500 Da) were purchased
from Shanghai Yuanye Biological Technology Co., Ltd (Shangxi, China). High-pres-
sure liquid chromatography (HPLC)-purity grade methanol was purchased from
Sigma-Aldrich Co. (St Louis, MO, USA). Daunorubicin hydrochloride (>99 %)
was purchased from Famasia Pugiang Co., Ltd (Shanghai, China). DiO (DiOC (3),
3,3’-Dioctadecyloxacarbocyanine perchlorate) was from Beyotime Biotechnology
Co., Ltd (Shanghai, China). Distilled water was produced using a Milli-Q purification
system (EMD Millipore, Billerica, MA, USA). All other chemicals were of analytical
grade and were used as received.

3.2. Animals

Sprague-Dawley rats (female and male, 200+20 g) were provided by Hunan SJA
Laboratory Animals (Hunan, China). All animal handling protocols were approved by
the Institutional Animal Care and Use Committee of Jiangxi University of Traditional
Chinese Medicine (Nanchang, China).

3.3. Cells

HeLa cell line was obtained from Beijing Dingguo Changsheng Biotechnology (Beijing,
China). These cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Life Technologies, Carlsbad, CA, USA) containing 10 % fetal bovine serum (Hyclone,
Logan, UT, USA) and 1 % penicillin and streptomycin solution (Hyclone, Logan, UT,
USA). Cells were cultivated under a humidified atmosphere at 37 °C and 5 % CO,.

3.4. Synthesis and characterization of GQDs-PEG

GQDs (30 mg) were dissolved in 20 mL of dichloro sulfoxide and 0.5 mL of N,
N-dimethylformamide (DMF) in a 50 mL eggplant-shaped flask and the reaction was
stirred in an oil bath at 70 °C for 24 h. After the reaction was completed, the remaining
SOCI, was removed, and a small amount of solvent was left to be drained using an
oil pump. Subsequently, 0.12 g of mPEG,, and 20 mL of DMF were added, and the
reaction was stirred for 2 d in an oil bath under nitrogen atmosphere. Finally, a 3500
Da dialysis bag was used to remove impurities, and the dialyzed solution was freeze-
dried to obtain the GQDs-PEG in the form of a black powder.

Fourier transform infrared (FT-IR) spectra were obtained using a two FT-IR spec-
trometer (PerkinElmer, Waltham, MA, USA) with a resolution of 1 cm™ in the range
of 500-4000 cm™'. Energy dispersive X-Ray spectroscopy was performed using a D8
ADVANCE (Bruker, Berlin, Germany) with an Al Ko X-ray source. A morphological
examination of the GQDs and GQDs-PEG was performed using a JEM-1200 trans-
mission electron microscope (TEM, JEOL, Tokyo, Japan) with an accelerating voltage
of 200 kV. The GQDs and GQDs-PEG aqueous solutions were carefully dropped
on a 200 mesh carbon film coated copper grid and dried at ambient temperature for
TEM characterization. The size of the GQDs and GQDs-PEG was measured through
dynamic light scattering, using a Zeta Sizer N (Malvern Instruments, Malvern, UK) at
25°C. The fluorescence spectra of the GQDs and GQDs-PEG were measured using an
F-4500 fluorescence spectrophotometer (Hitachi, Tokyo, Japan).

3.5. Preparation and characterization of EPI-FIDCR

EPI hydrochloride (2 mg) was dissolved in 6 mL of acetonitrile, and 10 puL of triethyl-
amine was added. The mixture was stirred for 10 min, and then 40 mg of PEG-PDLLA
and 2 mg of GQDs-PEG were added to dissolve for 30 min with stirring, to form
polymer micelles. The complexes were spin-evaporated in a water bath at 50 °C for 1
h to remove the organic solvent, and 2 mL of 0.9 % sodium chloride was added. The
complexes were allowed to hydrate at 25 °C for 10 min, and then the suspension was
filtered through a 0.22 um organic filter to obtain EPI-FIDCR.

Encapsulation efficiency (EE%) and drug loading (DL%) were determined using an
ultrafiltration technique to separate the non-encapsulated drug from the micelles. For
this, a 500 pL EPI-FIDCR micelle dispersion was placed in an ultrafiltration tube
(Nanosep MF; Pall Corporation, NY, USA), which was fitted with a filter membrane
(MW cutoff: 10 kDa). The free drug in the underlying solution was collected through
centrifugation at 3,340xg for 20 min (3—-18 K high-speed refrigerated centrifuge;
Sigma-Aldrich, Darmstadt, Germany), and the drug content in the ultrafiltrate (c, )
was determined through high performance liquid chromatography (HPLC) using a
Welch Ultimate XB-C (250 x 4.6 mm, 5 pm; Yuexu Technology Co., Ltd, Shanghai,
China) at 254 nm. The mobile phase was composed of 0.3% potassium dihydrogen
phosphate—acetonitrile (3:7, v:v), and the flow rate was 1.0 mL/min. The column
temperature was maintained at 25°C, and the injection volume was 10 pL. Then, 0.2 pLL
of the EPI-FIDCR micelle dispersion was diluted in 1.0 mL of methanol to determine
the total drug concentration (c_ ) through HPLC, and M means the total mass of

total ‘micelles

drug-loaded micelles. The EE% and DL% were calculated using Eqgs. (1) and (2):

EES=(C,y,-C.)/C, X100, M

DL%=(C,,,-C, JM,,,.. x100 ©2)

total micelles

Pharmazie 74 (2019)

A morphological examination of the EPI-FIDCR was performed using a JEM-1200
EX electron microscope (JEOL, Tokyo, Japan) with an accelerating voltage of 200 kV.
The EPI-FIDCR suspension was carefully dropped on a 200 mesh carbon film coated
copper grid and dried at ambient temperature for TEM characterization. Atomic force
microscopy (AFM) images were acquired using a Bruker Dimension Icon AFM in
the tapping mode.

A fluorescent probe technique was employed to determine the critical micelle concen-
tration (CMC) of the EPI-FIDCR using pyrene as a fluorescent probe (Hou et al.
2011). Briefly, 1 mL of 6 x 10°° M pyrene solution in acetone was added to a series
of 10 mL volumetric flasks and the acetone was subsequently evaporated using a
nitrogen gas flow. The EPI-FIDCR solution was added to these volumetric flasks at
different conjugate concentrations varying from 0.1 to 200 pg/mL. The combined
solution of conjugate and pyrene was sonicated for 30 min, and then incubated at
65 °C for 1 h. After equilibration overnight at room temperature in the dark, the
different samples were measured using a RF-5301 PC fluorescence spectrophotom-
eter (Shimadzu, Japan). The intensity ratio L, /I... was plotted against the logarithm
of conjugate concentration. The CMC value of the EPI-FIDCR was calculated from
the intersection of the low concentration tangent and the high concentration tangent
(Wang et al. 2014).

3.6. In vitro drug release study

The drug release profiles of the EPI-FIDCR and EPI solution (EPI-Free) were investi-
gated using the dialysis method in PBS at pH 7.4, 6.5 or 5.5. In brief, the preparations
(EPI concentration: 1 mg/mL) were dispersed in 5 mL of PBS and then were sealed in
a dialysis bag (MW cutoff: 3500 Da). Subsequently, the dialysis bag was immersed in
200 mL of PBS at 37 °C with continuous shaking. At specific time intervals, 1 mL of
the solution outside the dialysis bag was removed and replaced with the same volume of
fresh PBS. All the samples were analyzed for the concentration of EPI by using HPLC
as mentioned before (n=3). The value of f2 was obtained by a mathematical comparison
and calculated according to the method previously reported (Koester et al. 2004).

3.7. Invitro analysis of cytotoxicity

The cytotoxicity of PEG-PDLLA, GQDs-PEG, EPI-Free and EPI-FIDCR against
HeLa cells was assessed using the thiazolyl blue tetrazolium bromide (MTT) method.
HeLa cells were seeded in 96-well plates at a density of 5 x 10* cells per well and incu-
bated for 24 h. Then the culture medium was removed and fresh medium containing
PEG-PDLLA, GQDs-PEG, EPI-Free or EPI-FIDCR at different concentration was
added to each well. After 24 h of incubation, 10 pL of MTT solution (5 mg/mL)
was added and further incubated for 4 h. Afterwards, the medium was discarded and
150 pL of dimethyl sulfoxide was added to dissolve the formazan precipitate, and
the optical density of the solution was measured at 490 nm using a SpectraMax® M3
microplate reader (Molecular Devices, USA).

3.8. Invitro cellular uptake studies

The cellular uptake of EPI-Free and EPI-FIDCR was determined using a positive fluo-
rescence microscope. HeLa cells were grown overnight at a density of 1 x 10° cells per
well in 24-well plates. Subsequently, the cells were exposed to EPI-FIDCR for 2 h,
4 h and 6 h, and EPI-Free was incubated with the cells for 6 h. After the incubation, the
cells were washed and fixed using 4 % paraformaldehyde (v/v) at room temperature
for 15 min, followed by DiO staining for cell membrane for 10 min. Finally, the cells
were washed three times, sealed onto a glass slide, and observed under Olympus IX81
inverted microscope. All measurements were performed in triplicate.

3.9. Pharmacokinetics of EPI-FIDCR

Six male rats and six female rats were divided into two groups, EPI-FIDCR and
EPI-Free (administration dose: 10 mg/kg). Each group included three males and three
females. The blood samples were collected from the rat retroocular venous plexus
at 0.017 h, 0.083 h, 0.25 h, 0.75 h, 1 h, 4 h, 6 h, 8 h, 12 h, 24 h and 48 h. The
plasma was isolated from the blood samples through centrifugation at 2,780 x g for
10 min in heparinized centrifuge tubes, and the supernatant was removed and stored at
-80 °C before test.

Before test, 50 uL (1 pg/mL) internal standard (IS) working solution of daunoru-
bicin hydrochloride in methanol was added to the 100 uL sample, followed by
adding 650 pL methanol to precipitate the protein. The mixture was centrifuged at
8,350 g (HC-3018R High Speed Refrigerated Centrifuge; Anhui USTC Zonkia
Scientific Instruments Co., Ltd, Anhui, China) for 10 min. The obtained supernatant
was subjected to HPLC/mass spectrometry analysis for the detection of EPI by an
LCMS-8040 Liquid Chromatograph triple quadrupole mass spectrometer equipped
with an electronic spray ion source in the positive mode (Shimadzu Corporation,
Kyoto, Japan).

The chromatographic separation was determined on a C,; Welch Ultimate column
(50 x 2.1 mm, 1.8 um). Gradient elution was used using solvent A (1% formic acid
in water) and solvent B (acetonitrile) at 25 °C. The gradient program used was
as follows: initial phase from O minute to 1.8 minute, a linear change from A-B
(95:5, viv) to A-B (40:60, v:v); from 1.8 min to 2.6 min, a linear change from A-B
(40:60, v:v) to A-B (5:95, v:v); from 2.6 min to 2.8 min, a linear change to A-B
(5:95, viv); from 2.8 min to 4.0 min, linear change to A-B (95:5, v:v); from 4.0 min to
6.0 min, linear change to A-B (95:5, v:v).

The mass spectrometer was operated in multiple reaction monitoring mode. The
MRM transitions of EPI and IS were m/z 544 — 130.1 and m/z 528.2 — 321.1,
respectively. The ionization source conditions included a capillary voltage of 4 kV, a
cone voltage of 50 V, and a desolvation temperature of 350 °C. Nitrogen was used as
collision gas at a pressure of 50 psi.
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The peak concentration (C_ ), the in-vivo residence time (MRT, ), the area under
the plasma concentration-time curve from time zero to time t (AUC,_ ), and clearance
from the bloodstream (CL) and the apparent distribution volume (V,) were obtained
by using PKsolver.

3.10. Statistical analysis

Statistical analysis was performed using a one-way analysis of variance with SPSS
software. P < 0.05 was considered significant.
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