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Abstract: Carbon dots (CDs) are one of the most highlighted carbon-based materials for
biological applications, such as optical imaging nanoprobes, which are used for labeling cells
in cancer treatment mainly due to their biocompatibility and unique optical properties. In this
study, gadolinium (Gd)-complex-containing CDs were obtained through a one-step microwave
method to develop multimodal nanoprobes integrating the advantages of optical and magnetic
imaging. The obtained Gd-CDs exhibited highly fluorescent properties with excellent water
solubility and biological compatibility. Natural apoferritin (AFn) nanocages, an excellent drug
delivery carrier, are hollow in structure, with their pH-dependent, unfolding—refolding process
at pH 2.0 and 7.4. The chemotherapeutic drug doxorubicin (DOX) can be highly effective
and encapsulated into AFn cavity. A widely used tumor-targeting molecule, folic acid (FA),
functionalized the surface of AFn to obtain an active tumor targeting effect on MCF-7 cells
and malignant tumors in mice models. In this study, an AFn nanocarrier encapsulating high
concentration of DOX labeled with magnetic and fluorescent Gd-CDs probe was developed.
Gd-CDs exhibited a unique green photoluminescence and almost no toxicity compared with free
GdCl,. Furthermore, Gd-doped CDs significantly increased the circulation time and decreased
the toxicity of Gd** in in vitro and in vivo magnetic resonance imaging, which demonstrated that
the AFn nanocages labeled with Gd-CD compounds could serve as an excellent T contrast agent
for magnetic resonance imaging. The self-assembling multifunctional Gd-CDs/AFn (DOX)/FA
nanoparticles have a great potential for cancer theranostic applications.

Keywords: Gd-CDs, fluorescence, magnetic, apoferritin nanocages, imaging

Introduction

Fluorescent nanoparticles including quantum dots (QDs) and organic dyes have been
widely used for labeling cells and in imaging due to their outstanding photolumines-
cence (PL) properties."? However, traditional QDs contain heavy metal elements;
the cytotoxicity of the heavy metal ions in biological system and the potential envi-
ronmental harmfulness limit further applications of QDs in theranostics.>* Conven-
tional organic dyes have larger toxicity and poor water solubility and photostability.
Compared to organic dyes, carbon dots (CDs) are superior due to their low cytotoxicity,
excellent aqueous solubility, good biocompatibility, broader PL profiles, and high
photostability. CDs have attracted tremendous attention in diverse research fields
and have been synthesized and used in biochemical applications.’ CDs were used as a
new type of carbon nanomaterial because of their size being <10 nm.%” This together
with the easy functionalization makes CDs optimal materials to fabricate bimodal
imaging nanoprobes.
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Luminescent CDs were discovered through purifica-
tion of crude carbon nanotubes in 2004.* Subsequently,
scientists began investigations on the preparation of CDs
via various methods, such as arc discharge, laser ablation,
electrochemical oxidation, combustion, thermal decom-
position or oxidation, and microwave-assisted pyrolysis.’
Among the abovementioned approaches, microwave-assisted
pyrolysis has been regarded as an economical and green
method, which makes it useful for preparation of simulta-
neous, homogeneous, and uniform-sized CDs through fast
heating. A one-step microwave-assisted polyol method
was developed by Gong et al to prepare green-luminescent
CDs, which could be efficiently taken up by the C6 cells.!*!!
In this study, gadolinium (Gd)-doped green-luminescent
CDs were prepared as a novel bimodal nanoprobe by a one-
step microwave-assisted method within few minutes. The
obtained Gd-CDs could maintain long-lasting brightness
and be easily functionalized with amino groups. As already
known, Gd compounds, such as Gd(III)-diethylenetriami
nepentaacetic acid ([Gd-DTPA]?), were used as clinical
T -shortening agents owing to the advantages of magnetic
resonance imaging (MRI) contrast agents.'>!* Moreover, the
potential of as-prepared Gd-CDs as a bimodal (MRI/optical)
imaging nanoprobe was explored by examining their distinc-
tive PL and magnetic properties.

Caged protein nanoparticles possess many desirable
features for drug delivery, such as ideal sizes for endocytosis,
nontoxic biodegradability, and the ability to functionalize at
three distinct interfaces (external, internal, and inter-subunit)
using the tools of protein engineering.!'* Ferritin is a major
iron storage protein in humans and most living organisms.
The ferritin nanocage is composed of 24 subunits, which
self-assemble to form a cage-like nanostructure. Apoferritin
(AFn) was obtained from ferritin by removing iron ions from
its internal core. When expressed artificially in iron-free
conditions, the yielded AFn is hollow, comprising a cavity
that can be loaded with different species.' The characteristics
such as good biocompatibility, non-immunogenicity, and
unique nanostructure were the important reasons for choos-
ing ferritin nanocage as a drug carrier. It has been observed
that in strong acidic environments (pH 2.0), the ferritin cage
disassembles into discrete subunits, while at pH 7.4 these
subunits once again self-assemble through non-covalent
interactions and restore the cage-like structure.'® This unique
pH-responsive architecture has rendered it especially conve-
nient to build multifunctional hybrid ferritins by conjugating
different small molecules onto the subunits. Ji et al used AFn
as a carrier to encapsulate three platinum anticancer drugs,

cisplatin, carboplatin, and oxaliplatin, into its cavity.'” Doxo-
rubicin (DOX) is a kind of widely used antitumor antibiotic
that could inhibit the synthesis of RNA and DNA in tumor
cells.'® By increasing the pH of the solution, the AFn structure
could be reassembled and DOX molecules could be encap-
sulated into the cavity. This feature allows the application
of AFn as a drug nanocarrier with specific low pH-initiated
release.” It is obvious that AFn (DOX) nanoparticles for
tumor-specific drug delivery have an advantage over active
pharmaceutical ingredients in tumor inhibition and in vivo
toxicity.? In this study, AFn (DOX) nanoparticles were
labeled with fluorescent and magnetic Gd-CDs for bimodal
(MRI/optical) imaging. The surface of Gd-CDs was made to
connect to AFn nanocages through amidation process. Their
combination efficiently decreased the toxicity of Gd-CDs and
increased the solubility of Gd-CDs in aqueous solution. Folic
acid (FA) was connected to the surface of AFn, which aimed
at targeting tumors. AFn nanocarrier specifically delivered a
high concentration of DOX to tumor cells and significantly
inhibited tumor growth with a single-dose treatment; mean-
while, it also showed excellent biocompatibility and safety
profiles in murine cancer models. The specific synthetic
route of Gd-CDs/AFn (DOX)/FA is shown in Figure 1.
AFn-enabled, pH-triggered content release in combination
with magnetic CDs provided the required properties and
behavior of fluorescence and magnetism. As shown in this
study, DOX can be effectively encapsulated into the AFn
cavity and transported via FA to the site of action. The pre-
pared Gd-CDs acted as a fluorescent probe for labeling AFn
(DOX) nanoparticles, which have potential future applica-
tions in microscopy or whole-body small animal imaging.
Moreover, the application of Gd-CDs/AFn (DOX)/FA in
magnetic resonance (MR) contrast agent for in vivo MRI
also was assessed in this study.

Materials and methods

Materials

DOX (purity >98%) was obtained from Beijing Yi-He
Biotech Co., Ltd., Beijing, People’s Republic of China.
GdCI, (purity >99.9, wt.%) was purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, People’s Republic
of China). Ferritin from equine spleen, FA, citric acid,
polyethylenimine (PEI; molecular weight=2,500), diethylene
glycol, ethylenediamine, formamide, N-hydroxysuccinimide
(NHS), N-(3-dimethylaminopropyl-N’-ethylcarbodiimide)
hydrochloride (EDC-HCI), and dimethyl sulfoxide were
obtained from Sigma-Aldrich Co. (St Louis, MO, USA).
3-(4,5-Dimethylthiazolyl-2)-2,5-diphenyltetrazolium
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Figure | lllustration of Gd-CDs/AFn (DOX)/FA nanocomposite preparation.

Abbreviations: AFn, apoferritin; CDs, carbon dots; DEG, diethylene glycol; DOX, doxorubicin; EDC, N-(3-dimethylaminopropyl-N’-ethylcarbodiimide); FA, folic acid; Gd,

gadolinium; NHS, N-hydroxysuccinimide; PEI, polyethylenimine.

bromide (MTT), Dulbecco’s Modified Eagle’s Medium
cell culture medium, penicillin, streptomycin, fetal
bovine serum, and heparin sodium were purchased from
Thermo Fisher Scientific (Waltham, MA, USA). Other
reagents were acquired from China National Medicines
Corporation Ltd. The dialysis bags (molecular weight
cutoff [MWCO] =10,000) were obtained from Spectrum
Laboratories, Inc. Ultrapure water was used throughout the
experiments.

Preparation of luminescent Gd-CDs

Gd-CDs were synthesized by a one-step microwave-assisted
pyrolysis method.?' Briefly, citric acid (1 g) and PEI
(molecular weight =2,500, 0.25 g) were dissolved in 10 mL
glycerin; subsequently, 0.2 g GACI, was added to the above-
mentioned solution. The mixture was sonicated to form a
homogeneous solution, then placed in a domestic microwave,
and heated for 5 minutes at 750 W power. In the reaction
process, citric acid was carbonized into CDs, and the surface
of CDs was modified with PEIL Furthermore, Gd** was doped
into CDs. After the mixed solution naturally cooled down to
room temperature, the resultant solution turned dark brown-
ish, indicating the formation of Gd-CDs. A yellow color pure
solution of Gd-CDs was achieved after the mixed solution
was purified by dialyzing against ultrapure water by using

dialysis membranes with MWCO =1,000. The collected
Gd-CD solutions were dried in vacuum for 24 hours.

Preparation of AFn

Using the dialysis method,”? AFn was obtained by removing
soluble iron from ferritin, according to the following steps:
horse spleen ferritin samples were diluted 1,000 times and
dialyzed in NaAc solution (0.1 M, pH 5.5) at low tempera-
ture. After concentrating to 300 UL, the ferritin sample was
dialyzed in NaAc solution for 2 hours (0.1 M, pH 5.5), and
20 uL mercaptoacetic acid (TGA) was added. Then, 10 puL
TGA was added and dialysis in NaAc solution was continued
(0.1 M, pH 5.5,250 mL) for 1 hour. Finally, preliminary AFn
sample was purified by dialyzing in NaAc solution (0.1 M, pH
5.5,250 mL) for 20 minutes after the replacement of dialysis
fluid. The sample was concentrated with an MWCO of 10,000
ultrafiltration. Then, AFn solution was collected and stored
at 4°C in the refrigerator. The obtained AFn sample was
characterized by transmission electron microscope (TEM).

Preparation of DOX-loaded AFn

The loading of DOX into the cavity of AFn was carried out
as per the following procedures.” Briefly, 0.5 mg/mL of AFn
was dissolved in 0.15 M NaCl. Then, DOX was added into the
solution at a final concentration of 1 mg/mL and gently stirred
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for 30 minutes at room temperature. The pH of the mixed
solution was adjusted to 2.0 using 0.1 M HCl and then the pH
value was maintained for ~15 minutes. Afterward, the pH was
slowly increased up to 7.4 using 0.1 M NaOH. The resulting
solution was stirred at 1,000 rpm under room temperature
for 2 hours. The excess DOX and the drug molecules outside
of the protein shell were removed by dialyzing the solution
against saline water (0.15 M NacCl, renewed three times) for
24 hours through dialysis bags of MWCO 10,000.

Attachment of Gd-CDs to AFn (DOX)

PEI-coated Gd-CDs were terminated with amine groups.
Covalent binding of AFn to the Gd-CDs was performed using
a modification of the standard EDC-NHS reaction. Briefly,
1 mg of AFn (DOX) was dissolved in 1 mL phosphate-buffered
saline (PBS), followed by the addition of 1 molar equivalent
of NHS and EDC for activation for 30 minutes. Following
the activation of carboxyl groups, 2 mg of Gd-CDs in PBS
(pH=7.4,2 mL) was added and the mixed solution was allowed
to react at room temperature for 3 hours. The resultant mixture
was purified through a dialysis membrane (MWCO =10,000)
against distilled water for 48 hours. The products were dis-
persed in PBS for further characterization and application.

Conjugation of FA to Gd-CDs/AFn
(DOX)

Activation of FA was carried out prior to attachment.
Attachment was carried out by adding 8 mL of Gd-CDs/
AFn (DOX) complex solution to 2 mL of activated FA. The
solution was subjected to purging under N, atmosphere for
4 hours under stirring conditions. Both inlet and outlet valves
were closed, and the reaction was allowed to take place for
24 hours. Finally, the solution was dialyzed by a membrane
(MWCO =10,000) to remove free FA.

Characterization

Fourier transform infrared (FTIR) spectra were obtained on
a Bruker Vector 22 spectrophotometer (Shimadzu Corp.,
Kyoto, Japan) in the range of 4,000—500 cm™ and recorded
on solid samples in a KBr matrix. Fluorescence spectra were
obtained on an RF-5301 spectrofluorometer (Shimadzu
Corp.) equipped with a 450 W Xenon lamp. Ultraviolet (UV)—
visible absorption spectra were measured using UV—visible
spectrometer (Lambda 35; PerkinElmer Inc., Waltham, MA,
USA). X-ray photoelectron spectroscopy (XPS) was obtained
on an axis ultra-spectrometer (Kratos, Manchester, UK) by
using mono-Al K a line (1,486.71 eV) radiation at a power
of 225 W. Dynamic light scattering (DLS; Zetasizer Nano
ZS-90; Malvern Instruments, Malvern, UK) and TEM (Tecnai

G2 20; FEI Hillsboro, OR, USA) were used for character-
izing particle size, zeta potential, and morphology of Gd-CDs
and Gd-CDs/AFn (DOX)/FA, respectively. The in vitro and
in vivo T -weighted MR images were conducted on a 3 T
clinical MRI scanner (Siemens, Munich, Germany).

Determination of entrapment efficiency
After encapsulation, 5 mL of AFn (DOX) complex was dia-
lyzed against nanopure water, and the concentration of unbound
DOX was measured by UV spectrophotometry. A curve as
plotted with the standard DOX concentration as X-axis and
UV absorption intensity with linear regression as the Y-axis.
The concentration of DOX was calculated by the DOX UV
absorption standard curve (linear line equation: y=3.7632x).

Encapsulation efficiency was calculated using the fol-
lowing equation:

Amount of DOX loaded in AFn
Initial amount of the DOX

EE (%) = x100 (1)

Drug release and kinetics of DOX

To assay the drug release profile under physiological condi-
tions, 2 mL of Gd-CDs/AFn (DOX)/FA solution was added
into two dialysis bags, respectively, of MWCO 8,000-10,000.
Then, the two dialysis bags were placed in 50 mL PBS solution
(pH 7.4) and 50 mL of acetic acid buffer (pH 5.5), respectively,
and heated at 37°C under mild intermittent stirring. Original
solution (0.2 mL) was collected at 0.5 hours, 1 hour, 2 hours,
4 hours, 8 hours, 12 hours, 36 hours, 48 hours, 60 hours, and
72 hours, while adding 0.2 mL PBS or acetic acid buffer into
the original solution. The concentration of DOX was calcu-
lated using a standard calibration curve method, with UV
absorption wavelength of 475 nm. The DOX accumulation
release was calculated at different time points.

Cell imaging

For fluorescence incubation imaging, MCF-7 cells were
harvested by detachment using trypsin solution and then
resuspended in fresh medium. The cells were plated in
35 mm glass-bottom plate containing the culture medium
and incubated for 12 hours, with each well containing 1 mL
of MCF-7 cells.** Then, different concentrations of 2 mL
sample solutions were added into the plate. After incuba-
tion for a certain time, the cells were washed several times
with PBS solution to remove residual particles. Finally,
the colocalization of Gd-CDs, Gd-CDs/AFn (DOX), and
Gd-CDs/AFn (DOX)/FA with cellular structures was imaged
using confocal laser scanning microscopy with excitation
and emission filters of preconfigured settings.
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In vitro cytotoxicity and inhibition assay
The cytotoxicity effects of Gd-CDs and Gd-CDs/AFn com-
plex and inhibition of free DOX, Gd-CDs/AFn (DOX), and
Gd-CDs/AFn (DOX)/FA compositions toward MCF-7 cells
were evaluated by a standard MTT assay. MCF-7 cells were
added to 96-well culture plate. The concentration of inhibition
was set at 0.5 ug/mL, 1.25 ug/mL, 2.5 pg/mL, 5 ug/mL, and
10 pg/mL, and the concentrations of Gd-CDs were 6 pg/mL,
12 ug/mL, 25 pg/mL, 50 pg/mL, 100 ug/mL, and 200 pg/mL.
The cell viabilities were equal to the average of the absor-
bance obtained after the experimental group was divided by
the blank control group, then by the mean of the absorbance
value of the control group, and finally by 100%.

In vivo antitumor effect

Until the tumor volume reached 60—100 mm?, the healthy
mice with similar tumor volume and weight were randomly
assigned to one of the following five treatment groups
(n=5 for per group): physiological saline group, free DOX,
Gd-CDs/AFn, Gd-CDs/AFn (DOX), and Gd-CDs/AFn
(DOX)/FA. In this experiment, DOX concentration was
converted into the clinical dosage. Five groups of mice were
administered via tail vein injection (once every 2 days, a
total of seven times of administration), and all drugs were
diluted with PBS and injected in a single dose. Body weight
of all mice in the five groups was recorded every other day.?
Simultaneously, the sarcoma of tumor-bearing mice, both
long diameter (@) and short diameter (b), was measured
using a digital Vernier caliper, according to the formula
of tumor volume V=1/2xaxb?, and the tumor volume was
recorded for each measurement. After 14 days of treatment,
tumor-bearing mice were killed; the heart, liver, spleen, lung,
kidney, and tumor tissues were taken out, put into 10% for-
malin solution, and paraffin embedded for hematoxylin and
eosin staining. Morphological changes were observed and
recorded using Leica TCS-SP5 confocal microscope with
the supplied software (Leica 5 Confocal Software Version
2.0; Leica Microsystems, Wetzlar, Germany). All animal-
handling procedures were performed according to a protocol
approved by the Henan Province Laboratory Animals Center.
All animal experiments were approved by the Experimental
Animal Ethical Committee of Zhengzhou University.

Pharmacokinetic study

Gd-CDs/AFn (DOX)/FA (DOX dose: 5 mg/kg) or free
DOX was intravenously injected into tumor-free healthy
C57 mice (n=6 for each group). Then, 0.5 mL blood was
collected from the eyes at set time points, ie, 0.083 hours,
0.25 hours, 0.5 hours, 1 hour, 2 hours, 3 hours, 4 hours,

6 hours, 8 hours, 12 hours, and 24 hours. The obtained
upper plasma samples were placed in 1 mL centrifuge tubes
after the blood was separated, and then acetonitrile (1 mL)
was added to the abovementioned tubes and centrifuged
after mixing by vortex. The supernatant was collected and
dried by airflow (40°C), followed by addition of ethanol
(0.1 mL) to dissolve DOX, and DOX in the blood samples
was detected by high-performance liquid chromatography
under the optimum conditions. The pharmacokinetic param-
eters were calculated using Kinetica 4.4.1 program (Thermo
Fisher Scientific).

In vitro/vivo MRI

Gd-CDs/AFn (DOX)/FA of different solutions at 0.1 mg/mL,
0.2 mg/mL, 0.4 mg/mL, 0.6 mg/mL, and 0.8 mg/mL were
dispersed in double-distilled water. Then, the relaxivity
of Gd-CDs/AFn (DOX)/FA was obtained on a 3 T MRI
instrument. For in vivo MRI, the tumor-bearing mice were
intravenously injected with 0.2 mL of Gd-CDs/AFn (DOX)/
FA (Gd dose: 1 mM/kg). Saline group was used as control.?
After injection at different time points, MRI was conducted
on a3 T clinical MRI scanner.

Results and discussion
Synthesis and characterization of
Gd-CDs

Citric acid is an important organic acid, which possesses
good water solubility and is commonly used as a carbon
source to synthesize CDs. It was previously reported that
bare carbon QDs have faint luminescence and poor water
solubility, while modified CDs show strong fluorescence
properties and good biocompatibility. PEI with rich amino
groups on the surface was used as a modified group. As a
result, luminescent CDs were formed with the color of the
CDs solution changing from colorless clarification to yellow
brown after micro-assisted heating. In the meantime, Gd ion
participated in the formation of CDs, and thus luminescent
and magnetic Gd-CDs were achieved. The size and morphol-
ogy of Gd-CDs were observed by microwave-assisted polyol
method using high-resolution TEM (HRTEM). It can be
seen from the HRTEM image that synthetic Gd-CDs were
individually dispersed, as shown in the inset of Figure 2A,
showing typical quasi-spherical nanodots with average
diameters of ~5 nm. The polydispersity index of Gd-CDs
was 0.201. Particle size distribution map (Figure 2B) shows
that the aqueous dispersion of Gd-CDs had a narrow size
distribution with diameters of ~5 nm, which is consistent
with the abovementioned HRTEM image.
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Figure 2 The shape and size of Gd-CDs.

Size (nm)

Notes: (A) TEM image of Gd-CDs. The scale bar is 20 nm. (B) Size distribution by the number of Gd-CDs.
Abbreviations: Gd-CDs, gadolinium-carbon dots; TEM, transmission electron microscope.

The chemical composition of Gd-CDs was additionally
investigated by XPS. As shown in Figure 3A, the survey
scan spectrum of as-prepared Gd-CDs exhibited the typical
binding energies at the characteristic peaks of Cls, Ols,
N1s, and Gd 3d, which confirmed the presence of carbon,
oxygen, Gd, and nitrogen in the Gd-CDs. The characteristic
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Figure 3 XPS spectrum of Gd-CDs.

peaks corresponding to Cls (285.837 eV; Figure 3B) and
N1s (401.98 eV; Figure 3C) were observed in the XPS survey
spectrum. Meanwhile, the peaks for Gd 3d5/2 and Gd 3d3/2
were found at 1,187.425 eV and 1,220.105 eV (Figure 3D),
respectively. Therefore, those peaks of standard Gd,O, were
reported at 1,188 eV and 1,220 e¢V.?” Such a subtle shift of the
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Notes: (A) XPS survey spectrum; (B) XPS Cls spectrum; (C) XPS N1s spectrum; (D) XPS Gd 3d spectrum of Gd-CDs.
Abbreviations: Gd-CDs, gadolinium-carbon dots; XPS, X-ray photoelectron spectroscopy.
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binding energy is probably due to the different coordination
environments. The changes in the channel of Gd validated
the involvement of Gd ion into the CDs.

Optical properties of Gd-CDs

The as-prepared Gd-CDs under UV irradiation exhibited dis-
tinct blue luminescence and excellent aqueous dispersibility,
which indicated that the CDs have good optical properties.
The UV-visible absorption measurement showed a charac-
teristic absorption peak at 360 nm, which was attributed to
the n—mt* transition of the C—N band and the m—m* transition
of the conjugated C=C band. Furthermore, the emission
wavelengths of Gd-CDs PL spectra display a progressive
increase with increasing excitation wavelengths from
300 nm to 400 nm (Figure 4A). With the continued increase
in the excitation wavelengths from 430 nm to 510 nm, there
appeared a relative steady variation of emission peaks, and
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the maximum emission peak at 485 nm was derived from
the excitation wavelengths of 430 nm (Figure 4B). Gd-CDs
showed a clear green fluorescence emission and unique
fluorescence properties of CDs. Luminescence stability
test showed that Gd-CDs were better than the QDs after
placing under the light-source continuous irradiation for a
period of time.

Significantly, the obtained Gd-CDs exhibited clear
upconversion luminescence (UCL) properties, as shown in
Figure 4C. When they were excited with long-wavelength
light (from 760 nm to 860 nm), the PL spectra showed a
fixed emission peak at 475 nm that hardly shifted even when
the excitation wavelength varied, a finding that was differ-
ent from earlier reports. This phenomenon was attributed
to absorbing two or more photons.?® Currently, there are
two popular mechanisms accounting for the UCL of CDs,
that is, the multiphoton active process and anti-Stokes PL.
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Figure 4 Fluorescence emission spectra of Gd-CDs with excitation wavelengths (A) from 300 nm to 400 nm; (B) from 430 nm to 510 nm; (C) from 760 nm to 860 nm;

(D) PL spectra of Gd-CDs at different pH values.

Notes: (A) Inset shows the color of Gd-CDs solution under sunlight and UV excitation light (365 nm). (B) Inset shows the color of Gd-CDs solution under sunlight and
visible excitation light (450 nm). (D) Inset: PL intensity as a function of pH PL spectra for Gd-CDs at 360 nm excitation for different pH values (the inset shows a good

linearity in the pH range of 2.0-12.0).
Abbreviations: Gd-CDs, gadolinium-carbon dots; PL, photoluminescence.
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As the energy difference between the excitation and the
UCL emission varies, the multiphoton active process seems
more applicable for accounting for the UCL of Gd-CDs.
These results indicate that CDs are expected to open new
opportunities for cell and tissue imaging with two-photon
luminescence microscopy. To further optimize the perfor-
mance of Gd-CDs, we also examined the effect of pH on
the fluorescence intensity of Gd-CDs. When the pH value
was increased (Figure 4D), the Gd-CDs exhibited gradually
strong PL emission. However, the luminescence intensity
of Gd-CDs reached the strongest fluorescence emission at
pH 4.0. Thus, the optimal pH 4.0 may be useful for labeling
tumor cells in a slightly acidic environment.

Characterization of Gd-CDs/AFn
(DOX)/FA

AFn was derived from horse spleen ferritin after removing
its internal soluble iron core. The inside diameter of the

obtained AFn was ~8 nm and the average outer diameter
was 12 nm. The combination of AFn-loaded DOX with
Gd-CDs was achieved via amide bond formation. The sur-
face of Gd-CDs was modified with amino groups, which
was confirmed by FTIR and zeta potential detection. The
zeta potential of Gd-CDs was 9.05 mV (Figure 5A); the UV
wavelength scanning results of Gd-CDs and Gd-CDs/AFn
are shown in Figure 5B. A strong absorption peak at 355 nm
from UV—visible absorption spectrum was observed, which
was ascribed to the blue-shifted m—m* transition of the amino
groups on the surface of Gd-CDs. After the attachment of
Gd-CDs to the surface of AFn, UV—visible spectrum showed
two peaks at 355 nm and 268 nm, which was probably due
to the interactions between the functional groups of AFn and
the amino groups of the Gd-CDs, resulting in the blue shift
of AFn in the UV—visible region. Pure DOX had an obvious
peak at 480 nm in the UV absorption spectrum. Similarly,
DOX loaded with AFn showed two peaks at 280 nm and

A Parameters Mean (mV) Area (%) | St dev (mV)
Zeta potential (mV):  9.05 Peak 1:9.05 100 3.67
Zeta deviation (mV): 3.67 Peak 2:0.00 0.0 0.00
Conductivity (mS/cm): 0.0425 Peak 3:0.00 0.0 0.00
Result quality Good

Zeta potential distribution (mV)
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Figure 5 Characterization of Gd-CDs/AFn(DOX)/FA.

Wavenumber (cm-')

Notes: (A) Zeta potential values of Gd-CDs; (B) The Gd-CDs/AFn (DOX) complex UV-visible spectra of Gd-CDs and its complexes after surface modification: (a) Gd-CDs,
(b) Gd-CDs/AFn, (c) DOX-loaded Gd-CDs/AFn complex; (C) FTIR spectrum of (a) Gd-CDs, (b) AFn, (c) Gd-CDs/AFn.
Abbreviations: AFn, apoferritin; DOX, doxorubicin; FTIR, Fourier transform infrared; Gd-CDs, gadolinium-carbon dots; St dev, standard deviation; UV, ultraviolet.
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480 nm, which indicated that DOX was successfully encap-
sulated in the AFn.

The FTIR spectra of Gd-CDs (Figure 5C) revealed the
presence of multiple surface-passivated groups. Some of the
prominent bands were as follows: the band at 1,640 cm™!
brought about the stretching mode of -NH and another band
at 1,250 cm™" was assigned to the symmetric stretching mode
of —CN. The abovementioned bands confirmed the presence
of numerous amino groups at the surface of CDs. The FTIR
spectra of AFn showed three characteristic peaks located in
hydroxyl at 3,400 cm™'; carbonyl at 1,712 cm™'; and amino
at 1,650 cm1,% which were the skeleton characteristic peaks
of AFn nanocages. After attaching Gd-CDs, some prominent
bands confirming the interaction between Gd-CDs and AFn
were as follows: the infrared bands of Gd-CDs/AFn com-
plex appeared as amino bond (I) at 1,660 cm™ and amino
bond (II) at 1,590 cm™',** which were due to an aromatic

>

30

N
o

Intensity (%)

10

I}

10,000

Figure 6 The size, zeta potential, and TEM images of nanoparticles.

Total counts

C=0 stretching vibration peaks, shear vibration amide N-H
bend, and an anhydride C=0 stretch between the amino
acids and amino group at the surface of Gd-CDs. The bands
at 1,380 cm™ (-NH) came from bending vibration peak of
amino acids.?'?? All the abovementioned peaks confirmed
that Gd-CDs were successfully attached to the surface of
AFn through the amidation process.

We found that Gd-CDs/AFn (DOX)/FA tend to form
monodisperse aggregates in the size range of 100-200 nm
as confirmed by DLS and TEM. The size and zeta potential
distribution of Gd-CDs/AFn (DOX)/FA are shown in
Figure 6. The average particle size of Gd-CDs/AFn (DOX)/
FA was 11243.5 nm (Figure 6A), and the average potential
was —23.742.1 mV (Figure 6B). The morphology of Gd-CDs/
AFn (DOX)/FA was characterized by TEM. It was observed
that Gd-CDs/AFn (DOX)/FA have a ball-like structure
(Figure 6C) and the size was ~100 nm, and AFn nanocage

Zeta potential distribution

500,000 R IR I BRI,
400,000
300,000

200,000t = - - - e T

100,000

Notes: (A) and (B) DLS analysis results of Gd-CDs/AFn (DOX)/FA. (C) and (D) TEM image of Gd-CDs/AFn (DOX)/FA.
Abbreviations: AFn, apoferritin; DLS, dynamic light scattering; DOX, doxorubicin; FA, folic acid; Gd-CDs, gadolinium-carbon dots; TEM, transmission electron

microscope.
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was covered with a large number of black carbon QDs. TEM
images (Figure 6D) indicated that the nanoparticles have a
uniform size and a ball-like structure, which confirmed that
Gd-CDs/AFn (DOX)/FA have good water solubility and can
be stably dispersed in water, cell culture fluid, and in vivo.

In vitro MRI

The nanocomposites can act as a T, contrast agent for
MRI owing to the presence of Gd** inside of Gd-CDs/AFn
(DOX)/FA. Gd has been widely used as a T, contrast agent
in MRI.**** T -weighted MR images of Gd-CDs/AFn (DOX)/
FA solutions acquired on a 3 T MR scanner revealed the
concentration-dependent whitening effect. It can be easily
seen from Figure 7A that the brightness became more
prominent upon increasing the concentration of Gd-CDs/AFn
(DOX)/FA. As plotted in Figure 7B, both R and R, values
of Gd-CDs/AFn (DOX)/FA were enhanced linearly with the
equivalently increased Gd concentration. Accordingly, the
R, and R, relaxation rates of Gd-CDs/AFn (DOX)/FA were
calculated tobe 11.429 mL mg~' s7'and 15.328 mL mg~'s™!,
respectively. Moreover, the R,/R, ratio of 1.35 further
suggested that Gd-CDs/AFn (DOX)/FA is an effective T,
contrast agent.

Drug release kinetics
The Gd-CDs/AFn (DOX)/FA compound showed an ideal
drug release profile at physiological as well as slightly acidic

0 0.1 0.2 0.4
Gd-CDs/AFn (DOX)/FA (mg/mL)

0.6 0.8

R,=15.238 mL mg™' S

R,=11.429 mL mg™' S8~

00 02 04 06 08
Concentration of
Gd-CDs/AFn (DOX)/FA (mg/mL)

Figure 7 Magnetic properties of Gd-CDs/AFn (DOX)/FA.

Notes: (A) T -weighted MR images of Gd-CDs/AFn (DOX)/FA solutions at different
concentrations; (B) linear relationship R of Gd-CDs/AFn (DOX)/FA solutions at
different concentrations.

Abbreviations: AFn, apoferritin; DOX, doxorubicin; FA, folic acid; Gd-CDs,
gadolinium-carbon dots; MR, magnetic resonance; R, relaxation rate.

pH conditions and was found to follow first-order release
kinetics based on the statistical calculations. The drug release
curves of Gd-CDs/AFn (DOX)/FA in PBS (pH =7.4) and
acetate buffer (pH =5.0) are shown in Figure 8 A. The results
showed that the drug release of DOX was more favorable
under the condition of pH 5.0. At ~72 hours, the cumula-
tive release rate was 79.2%. However, there was a slower
release under the condition of pH 7.4; the final cumulative
release rate was only 18.1% at 72 hours, which indicated
that DOX release from Gd-CDs/AFn (DOX)/FA has high
pH sensitivity. The results were considered to be consistent
with another use of hydrazone bond to construct pH-sensitive
drug delivery system.? DOX almost cannot be released from
AFn nanocages in normal tissues due to the pH 7.4 of bodily
fluid environment. As for partial acid environment of the
tumor tissue, a large number of DOX molecules were slowly
released from AFn nanocages after Gd-CDs/AFn (DOX)/FA
worked on the tumor position, which greatly improved the
treatment efficiency of DOX.

Cell cytotoxicity

The cytotoxicity study of Gd-CDs and Gd-CDs/AFn on
MCEF-7 cells is shown in Figure 8B. The concentration of
Gd-CDs was within the range of 6-200 pg/mL. The cyto-
toxicity testing revealed that the survival rate of MCF-7
cells was still >85%. In the following experiment, the
concentration of Gd-CDs was generally <10 pg/mL, and
the survival rate of MCF-7 cells was ~95%. Thus, Gd-CDs
had no effect on the growth of MCF-7 cells, and there was
no obvious cytotoxicity. The obtained Gd-CDs not only
increased the quantum yield but also greatly decreased the
toxicity of Gd** in vivo under the protection of carbon layer
structure. After Gd-CDs attached to AFn, there appeared a
slight increase in biocompatibility compared with Gd-CDs
alone, which showed that blank carrier of Gd-CDs/AFn was
highly biocompatible.

Cellular uptake

To investigate the ability of FA targeting MCF-7 cells after
modification of nanoparticles with FA, MCF-7 cells were
incubated with Gd-CDs, Gd-CDs/AFn (DOX), and Gd-CDs/
AFn (DOX)/FA for 1 hour, 2 hours, or 4 hours in cell cul-
ture medium. Figure 9 shows the results of confocal images
acquired on isolated MCF-7 cells. There was no significant
difference among all time points of the Gd-CDs group,
suggesting that Gd-CDs alone could not enter into cancer
cells at the set time points because of positive charge on the
surface of CDs, but they just gathered on the cell surface.
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Figure 8 The drug release curves and cytotoxicity study.

Notes: (A) In vitro cumulative release of Gd-CDs/AFn (DOX)/FA results with respect to time. Data are presented as mean =* standard deviation (n=3). (B) Effects of
Gd-CDs and Gd-CDs/AFn with varied concentrations on the viability of MCF-7 cells.
Abbreviations: AFn, apoferritin; DOX, doxorubicin; FA, folic acid; Gd-CDs, gadolinium-carbon dots.

Green fluorescence was detected in cells treated with both ~ dependence on the uptake of nanoparticles. As for Gd-CDs/
Gd-CDs/AFn (DOX) and Gd-CDs/AFn (DOX)/FA, which  AFn (DOX), the nucleus appeared not to be affected by the
showed that both Gd-CDs/AFn (DOX) and Gd-CDs/AFn  drugat 1 hour, while only a minimal amount of drug could be
(DOX)/FA can enter into MCF-7 cells through the cell  detected inside the nucleus at 2 hours. In contrast, Gd-CDs/
membrane. However, MCF-7 cells have a significant time  AFn (DOX)/FA could efficiently deliver a detectable amount

1 hour 2 hours 4 hours

A...
B..
C.-

Figure 9 Doxorubicin release inside the nuclear compartment of MCF-7 cells.

Notes: Confocal microscopy images of MCF-7 cells incubated with | UM of (A) Gd-CDs, (B) Gd-CDs/AFn (DOX), and (C), Gd-CDs/AFn (DOX)/FA for | hour, 2 hours,
or 4 hours at 37°C. Magnification: 200x.

Abbreviations: AFn, apoferritin; DOX, doxorubicin; FA, folic acid; Gd-CDs, gadolinium-carbon dots.
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of drug into the nucleus quickly at 2 hours, and more green
fluorescence signal of Gd-CDs could be observed at 4 hours
with the extension of the incubation time. The results indi-
cated that Gd-CDs/AFn (DOX)/FA could effectively promote
cellular uptake, and this distinction in uptake was probably
due to the presence of FA.

Inhibition efficiency on MCF-7 cells

MCEF-7 cells were treated with Gd-CDs/AFn (DOX)/FA,
and their viability was evaluated in the presence of 20 UL
MTT. The kind of inhibitor and its working concentration
have been selected to obtain the maximal percentage of mul-
tidrug resistance inhibition without affecting cell viability.
The results are shown in Figure 10, which indicated that
the proliferation and inhibition properties of Gd-CDs/AFn
(DOX), Gd-CDs/AFn (DOX)/FA, and free DOX were
evident on MCF-7 cells. Both the preparation groups and
the bare DOX groups exhibited inhibition of proliferation
of MCF-7 cells, and the inhibition rate was significantly
dependent on the dose of DOX and cultivation time. After
cultivation for 24 hours, when the concentration of DOX was
10 pug/mL, the inhibition rate of Gd-CDs/AFn (DOX)/FA on
MCEF-7 cells was higher than that of free DOX and Gd-CDs/
AFn (DOX). But when the incubation time was 48 hours or
72 hours, the inhibition rate of both Gd-CDs/AFn (DOX)/FA

24 hours

100

Inhibition (%)

Concentration (ug/mL)

and Gd-CDs/AFn (DOX) on MCF-7 cells was higher than
that of free DOX. Gd-CDs/AFn (DOX)/FA could deliver
more DOX into MCF-7 cells with the help of tumor targeting,
which indicated that Gd-CDs/AFn (DOX)/FA can enhance
the inhibition of MCF-7 cell proliferation.

In vivo cancer therapy

The relative tumor volume change curves of tumor-bearing
mice in each group during 14 days of treatment are shown
in Figure 11A. The groups of Gd-CDs/AFn (DOX) and
Gd-CDs/AFn (DOX)/FA could gradually inhibit tumor from
growing compared with the same dose of clinically approved
DOX, especially in the group of FA-mediated targeting.
It could be seen that the inhibition ability of Gd-CDs/AFn
(DOX)/FA on tumor was obviously better than that of free
DOX (P<0.05), which showed that the nano-drug delivery
system can make more drugs to reach the tumor site, through
the active targeting of FA, resulting in a better antitumor
effect. In contrast, the physiological saline and Gd-CDs/
AFn groups have nearly no inhibition on tumor growth.
Their average tumor volume rapidly reached 10.2£1.2 mm?
at 14 days after tumor implantation. As already known, the
increase in drug toxicity in vivo usually leads to the loss of
body weight, and hence the weight of mice in each group was
examined. During the process of treatment with the drug for
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100

Inhibition (%)

. 2.
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Figure 10 Inhibition efficiency of DOX, Gd-CDs/AFn (DOX), and Gd-CDs/AFn (DOX)/FA on MCF-7 cells.

Notes: Data are presented as mean * standard deviation (n=3). *P<<0.05; **P<0.01.

Abbreviations: AFn, apoferritin; DOX, doxorubicin; FA, folic acid; Gd-CDs, gadolinium-carbon dots.
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Figure |1 In vivo treatments.

Notes: (A) Tumor growth of mice in different treatment groups within 14 days (V,, initial tumor volume, P<<0.05). (B) Changes in body weight of mice in different groups
during treatment. (C) H&E-stained tumor tissues harvested from the mice with different treatments. (a) Control, (b) Gd-CDs/AFn, (c) DOX, (d) Gd-CDs/AFn (DOX), and
(e) Gd-CDs/AFn (DOX)/FA. Magnification: 200x. Data are presented as mean = standard deviation (n=6).

Abbreviations: AFn, apoferritin; DOX, doxorubicin; FA, folic acid; Gd-CDs, gadolinium-carbon dots; H&E, hematoxylin and eosin.

14 days, the weight of all mice was measured and recorded,
and then the variations in weight during the treatment process
were plotted as a curve, as shown in Figure 11B. The results
showed that the weight of mice was not affected by the five
treatment groups, which also indicated that almost no toxicity
was observed in all the treatment groups.

To further study the toxicity of the nanocomposites on
the important organs of tumor-bearing mice, the organs
of mice in each group were examined using hematoxylin-
and-eosin-stained pathological sections. The cell structure
of each tissue was observed under the optical microscope,
and the results are shown in Figure 11C. It can be observed
that the drug-delivered groups exhibited varying degrees

of damage on the tumor tissue and cells compared with the
saline group. Different degrees of reduction and apoptosis
of tumor cells were observed by microscope, especially in
the FA-targeted therapy group. However, the group of no FA
targeting was less damage than the group with FA targeted
therapy. These results further validated the enhancement
of therapeutic effect in the Gd-CDs/AFn (DOX)/FA group
through FA, which accorded with the results and its effect
on tumor volume and weight.

Pharmacokinetics
To investigate the pharmacokinetics of various drug com-
plexes, blood samples of C57 mice after injection of the
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25 Table | Pharmacokinetic parameters of DOX after intravenous
2 —-DOX - Gd-CDs/AFn (DOX)/FA | administration of DOX and Gd-CDs/AFn (DOX)/FA in
- mice (n=5)
?Em 15 Parameters  Unit DOX  Gd-CDs/AFn
=10 (DOX)/FA
(&) T hours 0.26 0.49
St Tong hours 133 379
0 " L . ) AUC (ug/mL)-hours 21.40 5891
5 015 20 25 30 aumc (ug/mL)-hours? 3261 3339
Time (hours) K,, hours" 0.59 0.50
Figure 12 The results of drug—time curve. K, hours™ 1.6l 0.50
Note: Mean concentration of DOX in plasma after intravenous administration of KIo hours™! 097 0.38
DOX and Gd-CDs/AFn (DOX)/FA. h
Abbreviations: AFn, apoferritin; DOX, doxorubicin; FA, folic acid; Gd-CDs, MRT ours .52 532
gadolinium-carbon dots. CL (mg/kg)/(ug/mL)-hours 0.23 0.08
Vss (mg/kg)/(ug/mL) 0.48 0.52
Note: T . is the distribution half-life; T .. is the elimination half-life; Vss is the

Gd-CDs/AFn (DOX)/FA or free DOX at different time
points were assessed by high-performance liquid chroma-
tography. The pharmacokinetic parameters were calculated
by the two-compartment model. There were significant
differences in the pharmacokinetics of the drug in vivo.
As shown in the drug—time curve (Figure 12), the decrease
in free DOX concentration was faster than that achieved
with administration of Gd-CDs/AFn (DOX)/FA. The area
under the curve (AUC) of the Gd-CDs/AFn (DOX)/FA
(58.91 [ug/mL]-hours) was about two times higher than that
of free DOX (21.40 [iug/mL]-hours). The results showed that
Gd-CDs/AFn (DOX)/FA greatly increased the bioavailabil-
ity of DOX in vivo. The elimination rates of free DOX and
Gd-CDs/AFn (DOX)/FA were 0.23 (mg/kg)/(Lg/mL)-hours
and 0.08 (mg/kg)/(Lug/mL)-hours, respectively (Table 1),
which showed Gd-CDs/AFn (DOX)/FA had a significant
release effect. The mean residence time of the Gd-CDs/AFn
(DOX)/FA (5.32 hours) was two times longer than that of
free DOX (1.52 hours), indicating that Gd-CDs/AFn (DOX)/
FA greatly prolonged the half-life and blood circulation time
of DOX in vivo.

In vivo MRI

To investigate the feasibility of nanocomposites as a T,
contrast agent for MRI, S180 tumor-bearing mice were
examined at 1 hour, 3 hours, and 6 hours after injection
of Gd-CDs/AFn (DOX)/FA (Figure 13A). Saline group
was used as a control. It was observed that the subcutane-
ous tumor appeared hyper-intense at 1 hour post injection.
Subsequently, an obvious whitening effect on the tumor
was observed in T -weighted MR images for 3 hours. After
injection of Gd-CDs/AFn (DOX)/FA for 6 hours, the signal
intensities of tumor were reduced remarkably. In other
words, after injecting with Gd-CDs/AFn (DOX)/FA for

1o 1B
apparent volume of the plasma compartment; and K, K, and K, are the apparent

first order rate constant from the central division, the first order transfer rate
constant from the central chamber to the outer chamber, and the first order transfer
rate constant from the outer chamber to the central chamber, respectively.
Abbreviations: AFn, apoferritin; AUC, area under the curve; AUMC, area under
the first moment curve; DOX, doxorubicin; FA, folic acid; Gd-CDs, gadolinium-
carbon dots; MRT, mean residence time.

1 hour, 3 hours, and 6 hours, the MRI signal of the tumor
increased by 32.5%13.2%, 71.6%+4.5%, and 15.3%%3.6%
compared with the control group, respectively (Figure 13B).
Consequently, these results suggested that the Gd-CDs/
AFn (DOX)/FA can act as a suitable negative (T,) contrast
agent in MRI applications.

Conclusion

Luminescent Gd-CDs were prepared as a probe for label-
ing AFn (DOX) nanoparticles with excellent fluorescence
properties. Cell toxicity test results showed that Gd-CDs can
be used as fluorescent probes with good biocompatibility
and lower toxicity to biological cells and tissues. Besides,
Gd ion (Gd**)-doped CDs extend the potential application
of Gd-CDs in MRI. AFn nanocages have the advantage of
carrying high doses of DOX for tumor-specific targeting
and killing tumor cells, with FA acting as a targeting ligand.
Tumor inhibition experiments showed that Gd-CDs/AFn
(DOX)/FA complex has a higher inhibition rate on cancer
cells than that of free DOX and was found to be less toxic
to normal cells due to FA-mediated targeting. Relative high
loading capacity and good water solubility make AFn a prom-
ising carrier for anticancer drugs. In vitro and in vivo studies
showed that the Gd-CDs/AFn (DOX)/FA has advantages
such as excellent fluorescence, obvious magnetic property,
good biocompatibility, and tumor targeting ability, which
indicated the great potential of Gd-CDs/AFn (DOX)/FA for
cancer theranostic applications.

submit your manuscript

4436

Dove

International Journal of Nanomedicine 2016:1 |


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Construction of magnetic and fluorescent Gd-CDs/AFn (DOX)/FA complex

A

Control

3 hours 6 hours

Average MRI signal
intensity of tumor (%)

Control

Figure 13 In vivo MRI and the signal intensity.
Notes: (A) In vivo T -weighted MRI; (B) the relative signal intensity in tumor after the administration of Gd-CDs/AFn (DOX)/FA nanoparticles. Data are presented as
mean * standard deviation (n=3).
Abbreviations: AFn, apoferritin; DOX, doxorubicin; FA, folic acid; Gd-CDs, gadolinium-carbon dots; MRI, magnetic resonance imaging.
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