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Abstract: In recent years, there has been increasing interest in developing a multifunctional
nanoscale platform for cancer monitoring and chemotherapy. However, there is still a big chal-
lenge for current clinic contrast agents to improve their poor tumor selectivity and response.
Herein, we report a new kind of Gd complex and folate-coated redox-sensitive lipid-polymer
hybrid nanoparticle (Gd-FLPNP) for tumor-targeted magnetic resonance imaging and therapy.
Gd-FLPNPs can simultaneously accomplish diagnostic imaging, and specific targeting and
controlled release of doxorubicin (DOX). They exhibit good monodispersity, excellent
size stability, and a well-defined core-shell structure. Paramagnetic nanoparticles based on
gadolinium-diethylenetriaminepentaacetic acid-bis-cetylamine have paramagnetic proper-
ties with an approximately two-fold enhancement in the longitudinal relaxivity compared to
clinical used Magnevist. For targeted and reduction-sensitive drug delivery, Gd-FLPNPs
released DOX faster and enhanced cell uptake in vitro, and exhibited better antitumor effect
both in vitro and in vivo.
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Introduction

Magnetic resonance imaging (MRI) has long been a powerful tool for efficient
diagnosis and therapeutic monitoring of cancers. Paramagnetic gadolinium ions
(Gd*) with seven unpaired electrons can efficiently alter the relaxation time of the
surrounding water protons.'> As the major category of MRI contrast agents (CAs)
approved for clinical applications, Gd-based complexes such as gadodiamide, gado-
pentetate dimeglumine, gadoteridol, and gadoterate meglumine are widely used in
clinics. In recent years, impressive progress has also been made in the new form and
multifunction CA, including micelles,** macromolecules,’ supramolecular aggregates,®
and liposomes,” which have demonstrated good performance in enhancing the MR
contrast of early stage tumor. However, there is still a big challenge for current clinic
CAs to improve their poor tumor selectivity and response.

Chemotherapy as the most effective treatment modality for cancer is still used as
the frontline approach in clinics. One major hindrance in chemotherapy is the systemic
distribution of anticancer drugs and concomitant serious side effects.®’ As a solution to
this problem, many different effective response drug delivery systems were designed
to reduce severe side effects and improve the anticancer effect of anticancer drugs,'*!!
such as redox-sensitive drug delivery platforms.!>!> Redox-sensitive nanocarriers
can achieve an annihilating effect and low toxicity on account of the sudden intracellular
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burst of encapsulated drugs caused by the cleavage of dis-
ulfide bonds in the redox environment of cancer cells.!*"!8
Our earlier studies have demonstrated the advantages of the
amphiphilic reduction-sensitive polymer of monomethoxy-
poly-(ethylene glycol)-S-S-hexadecyl (mPEG-S-S-C,) for
the effective intracellular delivery of anticancer drugs.'*"

To further improve the therapeutic efficiency and reduce
side effects, a better strategy was to develop molecular-
targeted nanoparticle (NP) therapeutic carriers. Folate recep-
tor (FR), an attractive overexpressed receptor by several
human tumors such as ovarian cancer, breast cancer, and
epidermoid carcinoma of the oral cavity?®2? presented an
effective means for selective delivery of therapeutics. Folate,
which can bind very firmly to FRs (K ~107'" M),* has been
proved to effectively improve the drug uptake efficiency.

Hence, we developed a kind of folate-targeted, Gd-coated,
and redox-sensitive NP that can achieve both imaging and
therapy with redox-sensitivity and active targeting ability.
Lipid-polymer hybrid nanoparticles (LPNPs), which com-
bine the biosafety of liposomes and versatility of polymeric
NPs into a single delivery system, were a good choice for
this multifunctional nanocarrier, which uses folate as the
targeted ligand and amphiphilic reduction-sensitive poly-
mer to achieve intracellular release, and then improve the
therapeutic effect. Compared to traditional nanoplatforms,
Gd-coated folate-targeted lipid-polymer hybrid nanopar-
ticles (Gd-FLPNPs) can simultaneously accomplish specific
targeting, controlled release of anticancer drugs, MRI, and
simultaneous therapy. The Gd-FLPNPs were composed of
a biodegradable hydrophobic poly(D,L-lactide-co-glycolide)
(PLGA) core and a paramagnetic liposome shell which was
based on gadolinium-diethylenetriaminepentaacetic acid-
bis-tetradecylamide (Gd-DTPA-BC,)), 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-carboxy (polyethylene
glycol) 2000-folate (DSPE-PEG, -folate), and mPEG-S-
S-C,,. The PLGA core was employed to load and release
hydrophobic drugs. The paramagnetic liposome shell offers
many advantages such as folate targeting provided by DSPE-
PEG,, -folate, redox-sensitivity provided by mPEG-S-S-C
and contrast-enhanced ability provided by Gd-DTPA-BC,_.
The structure of Gd-FLPNPs is shown in Figure 1.

Materials and methods

Materials

The synthesis of DTPA-BC , and Gd-DTPA-BC,, was
carried out by the method of Kimpe et al.** Gd-FLPNPs
were prepared using a previously reported single-step
assembly method.!* For comparison, non-targeted Gd-LPNPs

PLGA polymer core
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Gd-DTPA-BC,
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Figure | Schematic illustration of the formation of Gd-FLPNPs and cancer-targeted
intracellular drug delivery.

Notes: (A) The amphiphilic mPEG-S-S-C , contrast agent Gd-DTPA-BC
targeted ligand, and anticancer drug DOX were self-assembled into Gd-FLPNPs.
(B) Uptake of Gd-FLPNPs by cancer cells via the active targeting strategy and the
anticancer drug was rapidly released for cancer therapy upon the triggering of GSH
in cancer cells.

Abbreviations: Gd-FLPNPs, Gd-coated folate-targeted lipid-polymer hybrid
nanoparticles; DOX, doxorubicin; GSH, glutathione; mPEG-S-S-C, ,, monomethoxy-
poly-(ethylene  glycol)-S-S-hexadecyl; Gd-DTPA-BC,, gadolinium-diethylene-
triaminepentaacetic acid-bis-tetradecylamide; PLGA, poly(D,L-lactide-co-glycolide);
DSPE-PEG, -folate,  1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-carboxy
(polyethylene glycol) 2000-folate.

were also prepared using the same above-mentioned method.
DSPE-PEG,, and DSPE-PEG, -folate were purchased
from Shanghai Advanced Vehicle Technology Co, Ltd
(Shanghai, People’s Republic of China). mPEG,,-S-S-C
was synthesized using a method reported in our previous
studies.'* The consumables of cell culture in this work were
purchased from Beijing Dingguo Changsheng Biotechnology
Co, Ltd (Beijing, People’s Republic of China). PLGA
(75:25, molecular weight: 90,000-126,000) and lecithin
were purchased from Sigma-Aldrich (St Louis, MO, USA).
Diethylenetriaminepentaacetic acid (DTPA), N,N-dimethyl
formamide (DMF), DL-dithiothreitol (DTT), triethylamine
(TEA), and dimethylsulfoxide (DMSO) were all purchased
from Shanghai Chemical Co (Shanghai, People’s Republic
of China). All solvents used in this study were of high-
performance liquid chromatography grade.

Synthesis of ligands

In brief, DTPA (3.92 g, 10 mmol) was dissolved in acetic
anhydride (19 mL, 200 mmol) at 70°C for 10 hours under
argon atmosphere. The solvent was evaporated under reduced
pressure. The obtained crude product of DTPA dianhydride
was washed twice with acetic anhydride. Then, DTPA
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dianhydride (714 mg, 2 mmol) and cetylamine (968 mg,
4 mmol) were dissolved in anhydrous DMF for 12 hours.
After solvent evaporation under reduced pressure, the
obtained crude product was purified by preparative thin layer
chromatography on silica.

Synthesis of the Gd-DTPA-BC

complexes

Gd-DTPA-BC,, was synthesized by the general procedure
as follows: hydrated GdClI, salt (1.1 mmol) in H,O (1 mL)
was added to the ligand (Gd-DTPA-BC,,
in pyridine (30 mL), and the mixture was heated at 70°C

1 mmol) dissolved

for 3 hours. The solvents were evaporated under reduced
pressure and the crude product was then heated at reflux in
ethanol for 1 hour. After the mixture had cooled to room
temperature, the complex was filtered off and dried in vacuo.
The absence of free gadolinium was checked with xylenol
orange indicator.

Preparation of paramagnetic Gd-FLPNPs
Gd-FLPNPs were prepared using a previously reported
single-step assembly method. In brief, prior to the Gd-
FLPNPs preparation, doxorubicin hydrochlorate (DOX-HCI)
was stirred with twice the molar amount of TEA in DMF for
10 hours to obtain lipophilic doxorubicin (DOX). DOX
(5 mg) was dissolved in 10 mL of DMF. Then the polymer of
PLGA (40 mg) was added to the solution and stirred at room
temperature for 2 hours. DSPE-PEG,, -folate, mPEG-S-S-C ,
Gd-DTPA-BC,, and lipid lecithin (weight ratio 1/6/6/2, total
weight 30 mg) were dissolved in 30 mL of 4 wt % ethanol
aqueous solution at 65°C, and the DOX/PLGA solution
was added dropwise under gentle stirring. Then, the mixed
solution was vortexed vigorously for 3 minutes followed
by dialyzing against ultrapure water at 25°C for 48 hours.
Finally, the NPs were concentrated using an Amicon
Ultra-4 Centrifugal Filter (EMD Millipore, Billerica, MA,
USA; molecular weight cut-off [MWCO] =8,000). To
serve as a control, non-targeted paramagnetic Gd-LPNPs
and FLPNPs were also prepared by the above process,
and DSPE-PEG, -folate or Gd-DTPA-BC,, was replaced
by DSPE-PEG,,. Additionally, DOX-free Gd-FLPNPs or
DOX-free Gd-LPNPs were also prepared using the above
protocol but without DOX.

Physicochemical characterizations

of Gd-FLPNPs and Gd-LPNPs

The particle size and size distribution of the drug loaded NPs
were measured by dynamic light scattering (DLS, 90Plus,

Brookhaven Instruments Co, Holtsville, NY, USA). Trans-
mission electron microscopy (TEM, JEM-100CX; JEOL,
Tokyo, Japan) was used to observe the micelle morphology
at an operating voltage of 100 kV. Each result was an average
of triplicate measurements. X-ray photoelectron spectros-
copy spectra (XPS, Kratos XSAMS800 spectrometer; Kratos,
Manchester, UK) was employed to investigate the surface
chemistry of the NPs, using Mg Ko radiation (1,253.6 V)
as the exciting source operated at 11.5 kV and 17 mA.

Drug encapsulation efficiency (EE)

and responsive drug release

To evaluate the drug EE and loading efficiency (LE), a
predetermined aliquot of Gd-FLPNPs or Gd-LPNPs was
collected by freeze drying, and then the dry NPs were dis-
solved in DMSO. After that, the DOX concentration in
DMSO was measured by fluorescence measurement (excita-
tion at 485 nm) using a calibration curve constructed from
DOX solutions with different DOX concentrations. EE was
calculated as (actual amount of drug encapsulated in NPs)/
(initial amount of drug used in the fabrication of NPs) x100%.
LE (%) = (amount of drug in particles/amount of the feeding
material and drug) x100%.

Two milliliters (DOX, 1 mg/mL) of Gd-FLPNPs were
transferred to a dialysis tube (MWCO 8,000). Then, it was
immersed into a tube containing 10 mL of phosphate-buffered
saline (PBS; 10 mM, pH 7.4) with or without 10 mM DTT
in a shaker shaking at 120 rpm and 37°C. At designated time
intervals, 5 mL of the external buffer was replaced with the
corresponding fresh buffer solution. Then, DOX quantity
was determined by fluorescence measurement (excitation
at 485 nm) using a calibration curve constructed from DOX
solutions with different DOX concentrations. The error bars
were obtained from triplicate samples.

Cell culture

Cervical cancer cell (KB cell) was purchased from the China
Center for Type Culture Collection (Wuhan University)
and cultured in RPMI 1640 medium, folate-free RPMI
1640 medium, supplemented with 4x10= M L-glutamine,
10% fetal bovine serum (FBS), and 1% antibiotics at 37°C
in a humidified atmosphere containing 5% CO,.

Animals and tumor-bearing mice models

Female BALB/c nude mice were obtained from Beijing HFK
Bioscience Co Ltd (Beijing, People’s Republic of China)
with body weights of 18-20 g and housed under standard
pathogen-free conditions (60% relative humidity, 20°C
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room temperature) with a 12 hours light/12 hours dark cycle.
Animals were acclimated to this condition for 5 days prior to
treatment. These nude mice were subcutaneously inoculated
with KB cells (2x10° cells per mice) at backside to establish
the subcutaneous transplanted tumor model. Procedures
involving animals and their care were conducted in confor-
mity with EU Directive 2010/63/EU for animal experiments
and was approved by the Animal Welfare Committee of the
Animal Experiment Center of Wuhan University.

In vitro MRI property

Gd-FLPNPs, Gd-LPNPs, and Magnevist were diluted with
deionized water to obtain various concentrations of CA.
Two hundred microliters of different concentrations of
samples were added to a 96-well plate. The in vitro MRI
test was performed with a Siemens Prima 3.0T MRI scanner
(Siemens, Munich, Germany). T -weighted MR images of
Gd-FLPNPs, Gd-LPNPs, and a commercially available CA
(Magnevist) were obtained under the following experimental
conditions: recycle time 700 ms, echo delay time 12 ms. For
relaxivity-coefficient measurements, NP samples were pre-
pared with varying Gd** concentrations. The mean value of
aregion of interest was used to determine the relaxivity (r)).
r, which reflected the proton-relaxation-enhancement ability
of NPs in water was calculated as follows: r = (1/T, = 1/T d)/
[Gd], where 1/T, was the longitudinal relaxation rate con-
trast with the presence of a paramagnetic species, 1/T d
represented longitudinal relaxation rate contrast with the
absence of paramagnetic species, and [Gd] represented the
concentration of paramagnetic NPs (mM).

In vivo T -weighted MRI

To evaluate the enhancement of Gd-FLPNPs in MRI, C6
cells in the tumor-bearing mouse were scanned by a Siemens
Prima 3.0T MRI scanner. Before and after intravenous (iv)
injection of Gd-FLPNPs, the images including T -WI and
its pseudocolor images of the nude mouse were obtained.
During the whole scan process, the mouse was anesthetized
by isoflurane and maintained at normal temperature. The
T, -weighted image parameters were as follows: repetition
time 700 ms; echo time 12 ms; field of view 120x120 mm;
matrix size 400x400; slice thickness 2.0 mm; number of
acquisitions 14.

Evaluation of cellular uptake by flow
cytometry (FCM)

The cellular uptake of the DOX-loaded NPs was confirmed
by fluorescence microscopy (Epics XL). KB cells were
incubated in 6-well plates at a density of 4.0x10° cells/well

in 4 mL of folic acid deficient 1640 medium containing 10%
FBS, and then cultured with Gd-FLPNPs or Gd-LPNPs at
a final DOX concentration of 2 pug/mL. At predetermined
intervals, the cells were washed with PBS to remove the
free NPs that did not enter the cells prior to fluorescence
observation.

In vitro cellular uptake by confocal laser

scanning microscopy (CLSM)

CLSM (Nikon TE2000; Nikon Corporation, Tokyo, Japan)
was used to examine the intracellular distribution of
DOX. KB cells were seeded on slides at a density of 5.0x10*
cells/well in 1 mL of folic acid deficient 1640 medium
containing 10% FBS. The cells were then incubated with
Gd-FLPNPs or Gd-LPNPs at a final DOX concentration of
2 ug/mL. At predetermined intervals, the cells were washed
with PBS and fixed with 4% (w/v) paraformaldehyde aqueous
solution for 10 minutes. The slides were then stained with
Hoechst 33258 (5 mg/mL in PBS) at 37°C for 10 minutes.
The fixed cell monolayer was finally observed by CLSM.

Endocytosis inhibition

KB cells were seeded on slides on a 6-well plate at a density of
5.0x10* cells/well in 1 mL of folic acid deficient 1640 medium
containing 10% FBS. Then, the cells were cultured for 1 day
at37°Cin 5% CO, atmosphere. The cells were pretreated for
30 minutes with three different endocytosis inhibitors sepa-
rately at concentrations of 5 mM methyl-beta-cyclodextrin,
0.45 mM sucrose, or 5 mM cytochalasin D. Then, DOX-
loaded Gd-FLPNPs were added at a final DOX concentration
of 2 ug/mL, followed by incubation for 2 hours. The subse-
quent steps were similar to those described in the “In vivo
T,-weighted MRI” section. The group with test materials but
without inhibitor treatment was used as a control.

In vitro cytotoxicity assay

Cytotoxicity of Gd-FLPNPs or Gd-LPNPs was evaluated by
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide (MTT) assay. Briefly, KB cells were seeded on
a 96-well plate (Costar, Cambridge, MA, USA) at a den-
sity of 5.0x10° cells/well in 100 puL of folic acid deficient
1640 medium containing 10% FBS. The cells were cultured
for 24 hours at 37°C in 5% CO, atmosphere. Afterwards, the
nonloaded nanocarrier, DOX-free Gd-FLPNPs, DOX-free
Gd-LPNPs, DOX-loaded Gd-FLPNPs, DOX-loaded Gd-
LPNPs, and free DOX at various concentrations, were added
to each well. After incubation for 8 hours, the media were
replaced by fresh folic acid deficient 1640 medium. After
culture for 38 hours, MTT solution (5 mg/mL in PBS, 20 uL)
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was added to each well and incubated for 4 hours. The media
were removed and 150 uL of DMSO was added to each well
to dissolve the formazan blue crystal. The absorbance of the
solution was measured using a microplate reader at 570 nm.
Cell viability was calculated as a percentage of the control
(cells receiving no treatment).

Antitumor assessment and histological
analysis in vivo

The sizes of the tumor in the mice models were measured
every other day. When the tumor grew up to ~50 cm?,
20 mice were divided into four groups and intravenously
injected with PBS, free DOX, Gd-LPNPs, and Gd-FLPNPs.
Tumor volume was estimated by the following equation:
V = axb?/2, where a and b were the longest and shortest
diameters, respectively.

Results

Preparation of Gd-FLPNPs

The synthesis process of Gd-DTPA-BC,, and mPEG-S-S-C
are presented in Figures 2A and S1. The carboxyl groups of
DTPA were combined with the amino groups of cetylamine.
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Then, Gd** was incorporated into DTPA-BC, . The structures
of Gd-DTPA-BC,, and mPEG-S-S-C,, were identified by
'"H NMR spectra as shown in Figures 2B and S2, and by
infrared spectroscopy (Figure 2C). After that, Gd-FLPNPs
were prepared using a reported self-assembly method.?
Gd-FLPNPs were made up of two components (Figure 1):
a hydrophobic PLGA core, and a paramagnetic and redox-
sensitive liposome shell. The elements on the core-shell
Gd-FLPNPs surface were identified according to the specific
binding energy of Gd*! using XPS (Figure 3D and E), which
indicated the successful coating of Gd-DTPA-BC ; on the
NPs. As shown in Figure 3A, a clear core-shell structure is
visible from the TEM images. The images also show that
Gd-FLPNPs were dispersed individually with a well-defined
spherical shape and a smooth surface. The paramagnetic
lipid shell about 10-20 nm was fused onto the hydrophobic
PLGA core (Figure 3A). The merit of this structure is that
poorly soluble drugs can be encapsulated into the hydro-
phobic PLGA cavity with a high LE. At the same time, the
multifunctional liposome shell offers many advantages such
as folate targeting, redox-sensitivity, and contrast-enhanced
ability for diagnosis and therapy.
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Figure 2 (A) Synthesis of DTPA-BC , and Gd-DTPA-BC .. (B) 'H NMR spectra of DTPA-BC , polymer in CD,OD and CDCI, (ppm). (C) Infrared spectroscopy of

Gd-DTPA-BC , and DTPA-BC .

Abbreviations: DMP, N,N-dimethylformamide; Gd-DTPA-BClé, gadolinium-diethylenetriaminepentaacetic acid-bis-tetradecylamide; NMR, nuclear magnetic resonance.
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Figure 3 Characterizations of Gd-FLPNPs.
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Notes: (A) TEM image of Gd-FLPNPs. (B) TEM image of Gd-FLPNPs treated with DTT (10 mM) for 4 hours. (C) Size change of Gd-FLPNPs in response to 10 mM DTT in
PBS after 4 hours (0.0 M, pH =7.4) determined by DLS. (D) XPS spectra of the samples. (E) Gd* signal spectra of Gd-FLPNPs. (F) Redox-triggered release of DOX from

Gd-FLPNPs in PBS (0.01 M, pH 7.4) with or without 10 mM DTT.

Abbreviations: Gd-FLPNPs, Gd-coated folate-targeted lipid-polymer hybrid nanoparticles; DOX, doxorubicin; TEM, transmission electron microscopy; DTT, DL-
dithiothreitol; PBS, phosphate-buffered saline; DLS, dynamic light scattering; XPS, X-ray photoelectron spectroscopy.

Characterization of Gd-FLPNPs
The size and size distribution of Gd-FLPNPs were charac-
terized by DLS (Table 1; Figure 3C). The average size of
Gd-FLPNPs was about 120—130 nm, which is conducive to
satisfactory drug accumulation in the tumor site through the
enhanced permeability and retention (EPR) effect.?*?’ The
polydispersity of Gd-FLPNPs was 0.106, which indicated
a unimodal size distribution. In this study, DOX was suc-
cessfully loaded into Gd-FLPNPs with a satisfying loading
efficiency (LE) and encapsulation efficiency (EE); the LE
and EE of Gd-FLPNPs were about 5.4% and 76.3%, respec-
tively (Table 1).

As a redox-sensitive NP, Gd-FLPNPs exhibit a rapid
response to reducing environments (Figure 3B). The change

Table | Physicochemical characterization of Gd-FLPNPs and
Gd-LPNPs

Sample Particle PDI EE (%) LE (%)
size (nm)

Gd-FLPNPs 122.6£5.2 0.106 763 5.4

Gd-LPNPs 127.3+4.7 0.154 742 53

Note: Data represent mean * SD, n=3.

Abbreviations: Gd-FLPNPs, Gd-coated folate-targeted lipid-polymer hybrid
nanoparticles; Gd-LPNPs, Gd-coated lipid-polymer hybrid nanoparticles; SD, standard
deviation; PDI, polydispersity index; EE, encapsulation efficiency; LE, loading efficiency.

of size distribution of Gd-FLPNPs in response to 10 mM DTT
was monitored by TEM (Figure 3B) and DLS (Figure 3C).
Due to the cleavage of the disulfide linkage, the size of Gd-
FLPNPs significantly increased after 4-hour co-incubation
of DTT, indicating the falling off of the hydrophilic PEG
shell from the Gd-FLPNPs. Destabilization and aggrega-
tion of the hydrophobic inner core in the reducing environ-
ments are conducive to the release of drug and CAs in the
tumor tissue, and result in tumor-specific enhanced imaging
and therapy.

In vitro redox-sensitivity release

The in vitro redox-sensitive release behavior of Gd-FLPNPs
was further analyzed using a dialysis method. As shown
in Figure 3, the Gd-FLPNPs incubated with DTT showed
more efficient and fast release of DOX from Gd-FLPNPs
in the same period. In contrast, less DOX was released in
the absence of DTT. For Gd-FLPNPs, about 79.3% of the
payload was released over a period of 24 hours in the presence
of 10 mM DTT, while 63.4% of the payload was released in
the absence of DTT. This result may be related to the cleav-
age of the disulfide bond of mPEG-S-S-C, in the reducing
environment, which resulted in the dissociation of the NPs
structure. These results suggested that the Gd-FLPNPs could

submit your manuscript

6876

Dove

International Journal of Nanomedicine 2017:12


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

Dove

MRI-guided targeting delivery of doxorubicin

release loading responsively, and may be a potential intracel-
lular environment-sensitive drug delivery system.

Targeted cell uptake and profile
The targeted cellular uptake profiles of Gd-FLPNPs were
examined with folate overexpressing KB cells (human
oral epidermoid carcinoma cell line) using FCM. With the
absence of folate in the culture medium, the KB cells with
Gd-FLPNPs resulted in stronger DOX fluorescence than with
Gd-LPNPs, in both the cytoplasm and nuclei. The mean DOX
fluorescence value was 28.2 after 4 hours of incubation with
Gd-FLPNPs in a folate-free medium, while it was 19.6 after
incubation with non-targeted lipid-polymer hybrid nanopar-
ticles (Gd-LPNPs) (Figure 4). We also examined the effects
of the addition of folate into the medium. When folate-free
medium was replaced with folate-contained medium, there
was little difference in the cellular uptake of DOX between
Gd-FLPNPs and Gd-LPNPs. As a result of the competitive
binding to FRs, the folate in the culture medium prevented
Gd-FLPNPs from transporting into KB cells. The internaliza-
tion pathway of Gd-LPNPs was also evaluated using three
types of endocytosis inhibitors. As shown in Figure 4B, the
mean DOX fluorescence intensity decreased to 43% after
treatment with hypertonic sucrose, which indicated that the
pathway of Gd-FLPNPs into cells depended on clathrin-
mediated endocytosis.?®

Cellular uptakes of Gd-FLPNPs and Gd-LPNPs by KB
cells were further studied by CLSM. The results show that
Gd-FLPNPs produced stronger DOX fluorescence than
Gd-LPNPs after 4 hours of incubation (Figure 5). More-
over, when KB cells were incubated in the folate medium,
Gd-FLPNPs showed a similar extent of cellular uptake as
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Figure 4 Study of targeted cell uptake and internalization pathway by FCM.

Gd-LPNPs. This result suggested that the folate on the surface
of NPs facilitated the entry of Gd-FLPNPs into cells, which
is consistent with FCM results. These results fully proved
that Gd-FLPNPs were transported to cells through an FRs-
mediated endocytosis process.

To further study the targeting efficacy of Gd-FLPNPs, KB
cells were incubated with folate-targeted and non-targeted
paramagnetic NPs. Figure 6C shows the Gd concentration,
which was measured from the lysate of KB cells incubated
with Magnevist, non-targeted Gd-LPNPs, and folate-targeted
Gd-FLPNPs. Clearly, Gd** concentrations were higher after
incubation with both types of NPs than with Magnevist.
In addition, the uptake of Gd-FLPNPs (0.24 mg/L) was
much more efficient than Gd-LPNPs (0.15 mg/L) by KB cells
with an FRs-mediated endocytosis process. This means that
Gd-LPNPs could provide high delivery efficiency of CAs
and acquire higher contrast MRI.

In vitro MRI

Proton longitudinal relaxivity (r,), which is an important
parameter revealing the ability of a CA for MRI images, was
calculated from the change of water proton relaxation rate
1/T, (s™") per mM concentration. To obtain the T -weighted
MRI images and r, solutions containing different
concentrations of Gd-FLPNPs or Magnevist were placed
in a 96-well plate and tested by a Siemens Prima 3.0T MRI
scanner. T -weighted MRI images of the phantom are shown
in Figure 6A. The signal intensity of Gd-FLPNPs was clearly
better than that of Magnevist. After fitting, the r, of Gd-
FLPNPs was 8.02 mM™' s7! as shown in Figure 6B. In contrast,
the r, value of small molecule Magnevist was 4.61 mM™'s™".
The results indicate that Gd-FLPNPs hold better contrast
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Notes: (A) Quantitative flow cytometry analysis of the cellular DOX red fluorescence MFI values of KB cells incubated with Gd-FLPNPs for 10 hours; DOX dosage was
2 ug/mL. (B) Effect of endocytosis inhibitors on the uptake of Gd-FLPNPs in KB cells using flow cytometry analyses; DOX dosage was 2 pig/mL.

Abbreviations: FCM, flow cytometry; Gd-FLPNPs, Gd-coated folate-targeted lipid-polymer hybrid nanoparticles; DOX, doxorubicin; Gd-LPNPs, Gd-coated lipid-polymer
hybrid nanoparticles; MBCD, methyl-beta-cyclodextrin; MFIl, mean fluorescence intensity of cellular DOX red fluorescence.
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Figure 5 CLSM images of KB cells incubated with (A) Gd-FLPNPs, (B) Gd-LPNPs, and (C) Gd-FLPNPs pretreated with excess of folate acid for 4 hours.
Note: DOX: red fluorescence images; nuclei: blue fluorescence images; blue and red fluorescence: merged images (scale bar, 20 um).
Abbreviations: Gd-FLPNPs, Gd-coated folate-targeted lipid-polymer hybrid nanoparticles; DOX, doxorubicin; Gd-LPNPs, Gd-coated lipid-polymer hybrid nanoparticles;

CLSM, confocal laser scanning microscopy.

capability than Magnevist at the same concentration. As
reported previously, the proton relaxivity of lanthanide ions
in water could be influenced by a combination of factors,
that may be the reason of improvement of macromolecular
CAs.#3 It has been demonstrated that due to a prolongation
of the rotational correlation time (TR), relaxivity improves
with the incorporation of paramagnetic ions into a macro-
molecular structure.’'*?

In vivo MRI

To study the MRI contrast effect of Gd-FLPNPs,
T -weighted MR images were acquired using nude mice
bearing C6 tumor xenografts after injection of Gd-FLPNPs
at different time points. Compared with the image of
preinjection, an obvious enhanced effect was found in
T,-weighted MR image of the tumor as shown in Figure 6D.
Obvious T, hyperintense signals could be found after 1 hour
injection of Gd-FLPNPs, and the contrast enhancement in

T -weighted MR image reached a maximum 4 hours after
injection. Then, the signal intensity decreased gradually with
the time prolonging. Further quantitative analysis showed
that MR signals revealed T, signal intensity enhancement
by 36%, suggesting high tumor accumulation of the NPs
after systemic administration. Additionally, due to the EPR
effect of NPs, Gd-FLPNPs provided a long time window
to obtain high-quality MRI for guidance and to moni-
tor the effect of chemotherapy compared to commercial
CA (Magnevist).

Antitumor effects of Gd-FLPNPs in vitro

and in vivo

The antitumor effects of Gd-FLPNPs, Gd-LPNPs, and
free DOX against KB cells were evaluated by the MTT
assay. Before that, the KB cells were incubated with dif-
ferent concentrations of DOX-free Gd-FLPNPs, DOX-free
Gd-LPNPs, or Magnevist. The result proves that neither the
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Figure 6 The contrast effect of Gd-FLPNPs.

Notes: (A) Phantom MR images of Gd-FLPNPs in comparison to Magnevist showing T -weighted bright contrast. (B) Relaxivity plot for Gd-FLPNPs and Magnevist. (C) ICP-
AES measurements of cellular Gd concentration with 10 hours post-uptake of Gd-FLPNPs *#(P<<0.001). (D) In vivo MR images of human oral epidermoid carcinoma-bearing
mice pre- and post-intravenous injection of Gd-FLPNPs. The red circled area marks the tumor location.

Abbreviations: MR, magnetic resonance; Gd-FLPNPs, Gd-coated folate-targeted lipid-polymer hybrid nanoparticles; Gd-LPNPs, Gd-coated lipid-polymer hybrid
nanoparticles; ICP-AES, inductively coupled plasma atomic emission spectroscopy; DTPA, diethylenetriaminepentaacetic acid.

NPs nor Magnevist has a negligible effect on the survival
rate of KB cells at any concentration (Figure 7A). As shown
in Figure 7B, all DOX-loaded materials notably inhibited the
growth of KB cells. The inhibitory effects on the cell viability
were dose-dependent. The IC,  of Gd-FLPNPs, Gd-LPNPs,
and free DOX were about 0.98, 1.75, and 0.34 pug/mL, respec-
tively. Since small molecules can be more easily transported
into cells and nuclei by passive diffusion, free DOX was more
cytotoxic to KB cells than the NPs as shown in Figure 7B.
Predictably, at the same dose of DOX, the cytotoxicity of
Gd-FLPNPs was significantly higher than that of Gd-LPNPs,
which was consistent with the results observed by CLSM and
FCM. Moreover, with 2 mM folate in the medium, the cyto-
toxicity of Gd-FLPNPs was noticeably reduced and became
nearly equivalent to that of Gd-LPNPs. This fact indicated
that the cell uptake of Gd-FLPNPs was an FRs-mediated
endocytosis process.

The in vivo antitumor effect of Gd-FLPNPs was evalu-
ated using nude mice bearing KB tumor xenografts, and
the tumor volumes of the mice were monitored every other
day. In the test group, mice were caudal vein injected with

PBS solution of Gd-FLPNPs and Gd-LPNPs. As shown
in Figure 7C and D, the mice inoculated tumors with PBS
only grew rapidly. On day 14, the mean tumor volume was
about nine times as big as the initial volume. Free DOX
group showed antitumor effect to some extent against the
subcutaneous tumor in mice, especially in the early stage
of tumor, and then the tumor continued to increase in size.
In contrast, after treating with Gd-FLPNPs, tumor growth
was inhibited by 64%, while in the group of Gd-LPNPs it
was inhibited by 45%. Compared with the non-targeted
group, the folate active targeting ligand enables sufficient
accumulation of Gd-FLPNPs in tumor tissues, and then
showed significant antitumor effects. The above results
confirmed the potential folate-targeted antitumor effect of
Gd-FLPNPs.

The potential in vivo toxicity induced by different treat-
ments was evaluated by the body weight of animals after
treatment. There was no big difference in body weight loss
after treatments for up to 14 days in the test groups, demon-
strating that all treatments including iv injection of the agent
and drugs had good biocompatibility and biosafety.
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Figure 7 In vitro and in vivo cancer therapy in KB tumor-bearing mice.
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Notes: (A) Cell viability of KB cells incubated with non-DOX loaded Gd-FLPNPs for 48 hours by MTT assay. (B) Cytotoxicity of Gd-FLPNPs, Gd-LPNPs, Gd-FLPNPs
pretreated with excess of folate (0.2 mM free folate acid was added to the medium), and free DOX against KB cells after incubation for 8 hours (n=4). (C) Changes in the
relative tumor volume (n=4) after intravenous injection at days 0, 5, and 10 (DOX dosage: 6 mg/kg). *(P<<0.l) and **(P<0.01). (D) Relative tumor weight of the mice with the

various treatments.

Abbreviations: Gd-FLPNPs, Gd-coated folate-targeted lipid-polymer hybrid nanoparticles; DOX, doxorubicin; Gd-LPNPs, Gd-coated lipid-polymer hybrid nanoparticles;
MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide; PBS, phosphate-buffered saline.

Conclusion

In summary, we developed a multifunctional NP system
where the targeting ligand, CA, and anticancer drugs could
all be incorporated into one platform. We demonstrated
that Gd-FLPNPs have high monodispersity, excellent
size stability, and a well-defined core-shell structure.
In vitro release experiments showed that Gd-FLPNPs as a
reduction-sensitive drug deliver released DOX faster with
the presence of DTT than without it. In vitro and in vivo
MRI images showed that this type of NP had paramagnetic
properties with about two-fold enhancement in the longitu-
dinal relaxivity compared to the clinically used Magnevist.
That confirmed the potential of Gd-FLPNPs as an effective
T -WI MRI CA. Furthermore, FCM, confocal image, and
MTT assay revealed that Gd-FLPNPs further enhanced cell
uptake and produced higher cytotoxicity against KB cells

than non-targeted Gd-LPNPs, which can reduce side effects
of anticancer drugs at a desired location. In conclusion, the
multifunctional drug delivery system is a promising platform
for image-guided drug delivery systems.
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