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Abstract

The conventional chemotherapeutics could not be traced in vivo and provide timely feedback on
the clinical effectiveness of drugs.

Methods: In this study, a tumor-penetrating peptide RGERPPR (RGE) modified, Gd-DTPA
conjugated, and doxorubicin (DOX) loaded Fe;O.@SiO,@mSiO, nanoparticle drug delivery
system (Fe;0.@SiO,@mSiO,/DOX-(Gd-DTPA)-PEG-RGE NPs) was prepared for tumor
theranostics.

Results: The Fe;0.@SiO,@mSiO,/DOX-(Gd-DTPA)-PEG-RGE NPs showed a z-average
hydrodynamic diameter of about 90 nm, and a pH-sensitive DOX release profile. The 3 T MRI
results confirmed the relaxivity of the NPs (r; = 6.13 mM~'S™!, r, = 36.89 mM~'S™"). The in vitro
cellular uptake and cytotoxicity assays on U87MG cells confirmed that the conjugation of
RGERPPR played a significant role in increasing the cellular uptake and cytotoxicity of the NPs. The
near-infrared fluorescence in vivo imaging results showed that the NPs could be significantly
accumulated in the U87MG tumor tissue, which should result from the mediation of the
tumor-penetrating peptide RGERPPR. The MRI results showed that the NPs offered a T;-T, dual
mode contrast imaging effect which would lead to a more precise diagnosis. Compared with
unmodified NPs, the RGE-modified NPs showed significantly enhanced MR imaging signal in tumor
tissue and antitumor effect, which should also be attributed to the tumor penetrating ability of
RGERPPR peptide. Furthermore, the Hematoxylin and Eosin (H&E) staining and TUNEL assay
proved that the NPs produced obvious cell apoptosis in tumor tissue.

Conclusions: These results indicated that Fe;04@SiO,@mSiO./DOX-(Gd-DTPA)-PEG-RGE
NPs are an effective targeted delivery system for tumor theranostics, and should have a potential
value in the personalized treatment of tumor.

Key words: Theranostics, Tumor penetrating peptide, Ti-To dual mode MRI, pH-sensitive release,
Fe;04@5i0,@mSiO,/ DOX-(Gd-DTPA)-PEG-RGE NPs

Introduction

Cancer is one of the leading causes of death
worldwide and seriously threaten human health [1,

2]. Currently, chemotherapy is still one of the most
effective ways to treat cancer clinically [3]. However,
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the traditional chemotherapy is difficult to distinguish
between cancer cells and normal cells, causing serious
side effects to patients. Moreover, because of the
conventional chemotherapeutic drugs cannot be
traced in the body, their distribution in the tumor
tissue cannot be known in real time. Therefore, they
cannot provide timely feedback for the clinical
effectiveness of the drug. This is also the main reason
why personalized treatment of cancer cannot be
achieved. Many scientists believe that this is the major
problem in the current clinical chemotherapy of
tumor, which needs to be urgently addressed by an
effective technology.

Theranostics refer to the simultaneous
integration of diagnosis and therapy [4, 5]. A variety
of nanomedicine platforms are exploited for
theranostics, mainly including organic nanoparticles
(NPs) [6-9] and inorganic NPs [10-13]. Especially,
inorganic NPs have attracted much attention for their
easy preparation and modification in the past
decades. For example, mesoporous silica (mSiO,) NPs
[14], as one of the most representative inorganic
nanocarriers, have been explored for drug delivery,
molecular imaging, and synergistic cancer therapy, on
account of their large specific surface area, low
toxicity, easy functionalization, etc. Pan et al. reported
that a cell membrane penetrating peptide TAT
modified MSNs significantly enhanced the anticancer
activity of the loaded doxorubicin [15]. Li et al
developed monodisperse mesoporous manganese
silicate coated silica NPs (MMSSNs) as a highly
efficient Ti-weighted MRI contrast agent and drug
carrier for cancer diagnosis and chemotherapy [16].

Magnetic resonance imaging (MRI) is an
excellent clinical imaging technique for the
noninvasive detection of tumor. To improve the
imaging contrast between normal and diseased
tissues, contrast agents are employed to change
proton relaxation rates [17, 18]. Nowadays, the MRI
contrast agents are generally in the form of Ti-positive
and To-negative contrast agents. T: contrast agents,
such as gadolinium (Gd)-based chelates (e.g.,
Gd-DTPA) [19, 20], can facilitate the spin-lattice
relaxation of protons and provide a brighter MR
image. T> contrast agents, such as superparamagnetic
iron oxide (SPIO) NPs (e.g., Feridex) [21], can cause
protons in the vicinity to undergo spin-spin relaxation
and produce a darker MR image. However, such
single mode contrast agents still have disadvantages.
The Gd-based Ti-positive contrast agents have
suffered from their short body circulation time due to
their low molecular weights, making it hard to
acquire high-resolution images, which requires a long
scan time [22]. Besides, the clinical use of T> contrast
agents is quite limited due to their inherent darkening

contrast effect and magnetic susceptibility artifacts
[23]. Consequently, the T;-T> dual model contrast
agents are becoming attractive because this new type
of contrast agents can offer complementary diagnostic
information, effectively eliminate false errors, achieve
artifact-free imaging [24, 25], and lead to a more
precise diagnosis. For instance, Yang et al. prepared
T1-T2 dual model contrast agents (Fe3O.@SiOx(Gd-
DTPA)-RGD NPs) significantly improved the
diagnostic accuracy [26].

Tumor targeted drug delivery systems (TDDS),
especially ligand-modified active targeting delivery
systems, have received much attraction due to their
advantages of precise tumor targeting, enhanced
antitumor efficacy and reduced systemic side effects
[27]. Tumor targeting ligands, such as peptides,
antibodies and their fragments, play a key role in
tumor targeting. They can mediate tumor cellular
uptake of the nanoparticle delivery system by
interacting with receptors overexpressed in tumor
tissues [28]. Neuropilin-1 (NRP-1) is a receptor
overexpressed on both U87MG cells and tumor
vascular endothelium [29]. RGERPPR peptide, a
specific ligand of NPR-1, is a tumor-penetrating
peptide with the ability to penetrate tumor vessels
and tumor tissues [30-32]. Several reports have
proved that RGERPPR-modified drug delivery
system could penetrate into deep tumor tissue and
significantly enhance the antitumor effect of the
loaded drug [33, 34].

In this study, we prepared an RGERPPR (RGE)
modified, Gd-DTPA conjugated, and doxorubicin
(DOX) loaded Fe3;04@Si0.@mSiO; nanoparticle drug
delivery system (Fe;0,@S5i0.@mSiO,/DOX-(Gd-
DTPA)-PEG-RGE NPs) for tumor theranostics (Figure
1). This study was carried out to prove our hypothesis
that the prepared NPs were targeted to tumor tissue
by the EPR effect and RGE mediation, thereby
enhancing the Gd-DTPA/Fe3Os based Ti-T> dual
mode imaging response and the antitumor effect of
loaded DOX. We characterized the NPs by TEM, DLS,
FTIR, ICP-OES, XRD and MR imaging, and further
evaluated their function of tumor diagnosis and
treatment on U87MG cells in vitro and in vivo. Our
results showed that this NPs could be used as an
effective platform for tumor theranostics.

Materials and Methods
Materials

Igepal CO-520 (Polyoxyethylene (5) nonyl-
phenylether, branched), TEOS (Tetraethyl

orthosilicate), CTAC (Hexadecyltrimethylammonium
chloride), APTES ((3-aminopropyl)triethoxysilane),
DTPA (Diethylenetriaminepentaacetic acid), FeCls-
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6H>O, GdCl3 6H,O, NHS (N-hydroxysuccinimide)
and N,N'-dimethylaminopyridine were supplied
from Sigma-Aldrich, Inc. EDC (N-(3-dimethyla-
minopropyl)-N'-ethylcarbodiimide) was purchased
from EMD Chemicals Inc. (Darmstadt, Germany).
Thiolated RGERPPR (C-RGERPPR) was obtained
from Shanghai Top-peptide Co., Ltd.
Mal-PEG3400-COOH and mPEG5000-COOH were
purchased from Shanghai Yare Biotech, Inc. CCK-8
(Cell Counting Kit-8) was purchased from DOJINDO
Laboratories chemical technology (Shanghai) Co.,
LTD. DiO (3,3'-dioctadecyloxacarbocyanine, perch-
lorate) and DiR (1,1'-dioctadecyl-3,3,3',3'-tetramethyl
indotricarbocyanine lodide) were purchased from
Tianjin Biolite Biotech Co., LTD. Hoechst 33342 was
purchased from Beyotime Institute of Biotechnology.
All other chemicals and reagents were commercially
available and directly used.

U87MG cell line was obtained from Shanghai
Institute of Cell Biology. This cell was cultured in
Dulbecco’s Modified Eagle Medium (DMEM, Gibco
Co., USA) supplemented with 10% fetal bovine serum
(FBS, Gibco Co., USA) at 37 °C in a humidified
atmosphere of 5% CO2 and 95% air.

Balb/c nude mice were obtained from SLAC Ltd
(Shanghai, China) and kept under SPF conditions. All
experiments involving animals were performed in
accordance with the guidelines of the Institutional
Animal Care and Use Committee (IACUC) of East
China Normal University.

Synthesis of Fe;0,@Si0,@mSiO,./DOX-(Gd-
DTPA)-PEG-RGE

Synthesis of iron-oleate complex

The metal-oleate complex was prepared by
reacting metal chlorides with sodium oleate. In a
typical synthesis of iron-oleate complex [35], 10.8 g of
FeCl3 6H>O (40 mmol) and 36.5 g of sodium oleate
(120 mmol) was dissolved in a mixed solvent of 80 mL
ethanol, 60 mL distilled water and 140 mL hexane.
The resulting solution was heated to 70 °C and kept at
that temperature for 4 hours. When the reaction was
completed, the upper organic layer containing the
iron-oleate complex was washed three times with 30
mL distilled water in a separatory funnel. After that,
hexane was evaporated off to obtain the iron-oleate
complex in a waxy solid form.

Synthesis of iron oxide nanocrystals

The monodisperse iron oxide (magnetite)
nanocrystals with a particle size of 12 nm were
synthesized according to the following procedure
[35]. 36 g of the synthesized iron-oleate complex (40
mmol) and 5.7 g of oleic acid (20 mmol) were
dissolved in 200 g of 1-octadecene at room

temperature. The reaction mixture was heated to 320
°C with a constant heating rate of 3.3 °C/min, and
then kept at that temperature for 60 min. When the
reaction temperature reached 320 °C, a severe reaction
occurred and the initial transparent solution became
turbid and brownish black. The resulting solution
containing the nanocrystals was then cooled to room
temperature, and 500 mL of ethanol was added to the
solution to precipitate the nanocrystals, which were
then separated out by centrifugation.

Synthesis of Fe3O4@SiO2 NPs

The monodisperse Fe304@Si0; NPs was
prepared through a simplified method [36, 37]. The
present process featured a careful and precise control
of the injecting rate of silica source and other
parameters. 8 mL Igepal CO-520 (NP-5) was dispersed
in 170 mL cyclohexane in a 250 mL three-necked flask
and stirred for 30 min. Subsequently, 10 mL
monodisperse oleic acid capped Fes;Os-cyclohexane
solution (0.688 mg/mL) was injected into the
cyclohexane/NP-5 mixture. 1.3 mL Ammonia (30%)
was added dropwise, and the system was sealed and
stirred for 5 min. 1.5 mL TEOS was delivered into the
system at a precisely controlled rate of 1 mL/h by
using a Longer Pump (LSP02-1B). The mixture was
sealed and kept stirring for 96 hours at room
temperature before adding methanol to collect the
solid particles. The product was firstly precipitated
with excess hexane and collected by magnetic
separation. Then the particles were re-dispersed in
ethanol under ultrasonic treatment, precipitated with
excess hexane, and collected by magnetic separation.
The as-synthesized Fe;O,@SiO, particles were washed
three times to remove excess NP-5. The as-obtained
Fe304@5i0; could be well dispersed in deionized
water (20 mL).

Synthesis of Fe304@SiO,@mSiO;

For the synthesis of Fe304@5i0,@mSiO,, a
procedure from the literature was used with some
modification [15, 38]. 2g CTAC and 82 pL TEA
(triethanolamine) were dissolved in turn in 20 mL
Fe;04@SiO; solution at 95°C under intensive stirring.
After 1h, 1.5 mL of TEOS was added dropwise, and
the resulting mixture was stirred for another 1h. The
products were collected by centrifugation and washed
for several times with ethanol to remove the residual
reactants. Then, the collected products were extracted
for 3 h with a 1 wt% solution of NaCl in methanol at
room temperature. This procedure was repeated five
times to remove the template CTAC. After washing
twice with ethanol, the Fe;0,@Si0O,@mSiO, were
redispersed in 50 mL of ethanol.
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Figure 1. Schematics of the MR imaging of the Fe304@SiO2@mSiO2/DOX-(Gd-DTPA)-PEG-RGE NPs.

Synthesis of Fe3;04@SiO2@mSiO2-NH,

The surface of Fes0.@Si0,@mSiO, was
functionalized with amine groups by treating with
APTES [15]. 50 mg Fe304@5i0,@mSiO, were
dispersed in 50 mL of ethanol, and then the solution
was refluxed for 4 h, followed by the addition of 0.5
mL APTES. After centrifugation and washing with
water, amine-functionalized Fe;04@SiO,@mSiO; were
obtained and stored at 4 °C before use.

Synthesis of Fe3O4@SiO,@mSiO»-(Gd-DTPA)

The Fe;0,@5i0,@mSiO,-NH,  was  further
functionalized by treatment with DTPA (Figure S1)
[26]. 150 mg DTPA, 80 mg NHS and 130 mg EDC were
dispersed in 20 mL of anhy DMF. Then 20 mg
Fe;04@5i0,@mSiO,-NH, and 80 mg DMAP were
added and stirred for 12 h and washing with distilled
water several times. The prepared Fe;0.@SiOs
@mSiOr-(DTPA) were dispersed in 15 mL Tris-HCl
buffer solution (0.05 M, pH 7.4). Then, 160 mg
GdCl; 6H,0 were added, and the mixed solution was
stirred overnight. After washing with distilled water
several times, Fe304@SiO,@mSiO»-(Gd-DTPA) was
stored at 4 °C before use.

Synthesis of
FesO0:@SiO.@mSiO2-(Gd-DTPA)-PEG-RGE
RGERPPR-PEG-COOH was synthesized by
reaction thiolated RGERPPR with Mal-PEG3400-
COOH as described previously [34, 39]. The reaction
solution was purified by dialysis (M.W. CO 3.5K)
against distilled water, followed by lyophilization.

The structure was verified by 'H-NMR and FTIR
(Figure S2).

RGERPPR-PEG-COOH was covalently conjugat-
ed to amine-functionalized Fe;O4@SiO,@mSiO>-(Gd-
DTPA)-NH; through the -COOH group by using the
cross-linking reagents, EDC and NHS (Figure S1) [15].
2 mmol RGERPPR-PEG-COOH was dissolved in
phosphate buffered saline (PBS) solution (pH 7.4)
followed by the addition of 3 mmol EDC and 6 mmol
NHS. The mixture was then stirred at room
temperature for 60 min to activate the carboxylic
group. Then, 20 mL PBS solution of Fe;0s@
5i0,@mSiO,-(Gd-DTPA)-NH: (1 mg/mL) was added,
and the mixture was gently stirring at room
temperature for 24 h. After washing with distilled
water several times, Fe304@5i0,@mSiO,-(Gd-DTPA)-
PEG-RGE were stored at 4 °C before use.

Loading of DOX into
Fe:0.@SiO.@mSiO:-(Gd-DTPA)-PEG-RGE

Fe;0,@Si0,@mSiO,-(Gd-DTPA)-PEG-RGE (5
mg) were dispersed into 20 mL of DOX solution in
PBS (0.5 mg/mL) under stirring overnight in dark
conditions [14]. DOX-loaded NPs were centrifuged,
and the supernatant was collected for UV-vis
spectrophotometry (UV-1800, Shimadzu) at 480 nm to
determine the unloaded DOX. For in vitro and in vivo
applications, the Fe304s@5i0,@mSiO,/DOX-(Gd-
DTPA)-PEG-RGE were dispersed in 0.5 mL of
phosphate buffer solution (PBS, 10 mM, pH 7.4) and
filtered using a 0.22 pm cellulose acetate syringe filter
(Millex-GV, Millipore).
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Characterization of Fe;0,@SiO.@mSiO-/
DOX-(Gd-DTPA)-PEG-RGE NPs

The morphology of Fe;0s NPs, Fe;O4@SiO; NPs,
Fe304@SiOQ@Si02 NPS, and Fe304@SiO2@mSiOQ NPs
were observed wusing transmission electron
microscopy (TEM). The TEM study was carried out
using a JEM-2100 (Hitachi, Tokyo, Japan) electron
microscope operating at an accelerating voltage of 75
kV.

The particle sizes of NPs was determined by
dynamic  light scattering (DLS) wusing a
Mastersizer2000 (Malvern Instruments Inc, UK)
equipped with He-Ne laser (4 mW, 633 nm) light
source and 90° angle scattered-light collection
configuration.

The Z-potential analysis of the particles was
performed by DLS. The NPs were loaded into a
universal dip cell before recording. The experiment
was repeated in triplicate for each sample.

Fourier transform infrared spectrometer (FTIR)
spectra were collected using a Nicolet Nexus 670 FTIR
spectrometer. The samples were pelletized with KBr
before measurements.

The concentration of Fe and Gd element in the
particles was determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES, IRIS
Intrepid II XSP, Thermo Fisher Scientific, USA).

X-ray diffraction (XRD) spectra were collected
from 10° to 70° (28), with a step of 0.02° by using a Ni
filtered Cu Ko (A = 15418 A) radiation source
(D/Max-2550V, Rigaku Co.). The JCPDS PDF
database was utilized for phase identification.

The 'H-NMR spectra of Mal-PEG3400-COOH
and RGERPPR-PEG3400-COOH in deuterated
chloroform (CDCl;) were recorded with a Bruker
spectrometer at 400 MHz.

Relaxivity measurements

The longitudinal relaxation rates (r;)) and
transverse relaxation rates (r2)were measured to
evaluate the ability of contrast agents for MRI [40]. To
assess the relaxation characteristics of the
Fe304@510,@mSi0,/ DOX-(Gd-DTPA)-PEG-RGE NPs
as a T1-T> dual MR contrast agents, the T; relaxation
times and T> relaxation times of NPs at different Gd
concentrations were performed with a 3T MRI
(SIEMENS MAGNETOM Trio I-class, Germany). All
samples were diluted in normal saline (0.9% w/v
NaCl, pH 7.4). T1-weighted MR images were acquired
using a conventional spin-echo sequence under the
following parameters: TR = 500 ms, TE = 14 ms, a =
90°, slice thickness = 2 mm, and image matrix = 384 x
384. Tr-weighted MR images were obtained by using a
fast spin-echo sequence under the following
parameters: TR = 4000 ms, TE = 75 ms, a = 120°, slice

thickness = 2 mm, and image matrix = 384 x 384. The
specific relaxivity values of r1 and r> were calculated
from the slope of the linear curve of inverse relaxation
time (1/T1 and 1/T>) vs the Gd concentration (mM).

Release of DOX from NPs in vitro

The Fe30,@Si0,@mSiO,/ DOX-(Gd-DTPA)-PEG-
RGE NPs were suspended in fresh PBS (pH 7.4, pH
6.5 and pH 5.5) with a final concentration of 0.5
mg/mL and packed in 5 mL of centrifuge tube. Then
they were shaken horizontally at 120 min with an
incubator  shaker (HZ-8812S, Scientific and
Educational Equipment plant, China) at 37 °C. The
sample was withdrawn at predetermined time points
and centrifuged at 12,000 rpm for 10 min. Finally, the
drug concentration was determined by UV-vis
spectrophotometry (UV-1800, Shimadzu).

Cytotoxicity assays

The in vitro cytotoxicity of NPs was investigated
by the CCK-8 assay according to the published
protocols with modifications [41]. US7MG cells (3 x
10%) were seeded in 96-well plates and incubated for
24  h. Then  serial dilutions of DOX,
Fe;0,@5i0,@mSiO,/ DOX-(Gd-DTPA)-PEG NPs and
Fe30,@Si0,@mSiO,/ DOX-(Gd-DTPA)-PEG-RGE NPs
were added to the plate (100 pL/well). Following
incubation for up to 48 hours, the cells were treated
with 10 pL of CCK-8 solution and cultured for 4 h. The
absorbance was measured with a microplate reader
(SpectraMax M5, Molecular Devices, USA) at 450 nm.
The survival rate was calculated using the following
formula: viability rate (%) = (ODtest
ODB]ank)/(ODcontrol group ~ ODBlank) x 100%.

group

Tumor cellular uptake of NPs in vitro

Preparations of Fe3;O4@SiO,@mSiO,/DiO-(Gd-
DTPA)-PEG-RGE NPs

Fe;0,@5i0,@mSiO,/ DiO-(Gd-DTPA)-PEG-RGE
NPs were prepared as follows [42]. Briefly, DiO and
the NPs were suspended in the mixture of methylene
chloride and acetone (3:1, v/v), which was then
removed by rotary evaporation to obtain the
Fe;04@Si0,@mSi0,/ DiO-(Gd-DTPA)-PEG-RGE NPs.
Then the NPs were resuspended in water, and
performed with G50 gel chromatography to remove
free DiO with AKTA purifier (GE Healthcare).

DiR was loaded into the NPs using the same
protocol with DiO.

Cellular uptake

Cellular uptake study was performed with the
U87MG cell line. Cells were seeded in a glass-bottom
dish or 6-well plates at a density of 3 x 10* cells/mL
and cultured for 24 h. The cells were divided into 3
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groups: RGE-modified NPs group, NRP-1 inhibitor
plus RGE-modified NPs group, and unmodified NPs
group. For the NRP-1 inhibitor plus RGE-modified
NPs group, the cells were first cultured in the
presence of NRP-1 inhibitor EG00229 (R&D Systems)
at 100 pM. The three groups of cells were washed with
phosphate buffered saline (PBS) and incubated with
different concentrations of their corresponding NPs
for 2 h.

To observe the cellular uptake of NPs
qualitatively, the treated cells were washed three
times with cold PBS, fixed with 4 %
paraformaldehyde, stained with Hoechst33342 and
observed using a confocal laser scanning microscope
(CLSM, TCS SP5, Leica, Germany).

For quantitative analysis, the treated cells were
washed with cold PBS, trypsinized and harvested by
centrifugation at 1200 rpm for 5 min. The cells were
resuspended in 200 pL PBS and filtered through a 40
mm nylon mesh to remove cell aggregates. The cell
suspension was then analyzed by flow cytometry
(Guava easyCyte, USA).

Building of tumor animal model

Male nude mice (6 weeks) were inoculated
subcutaneously with U87MG cells (3 x 106 cells in 0.1
mL PBS). Tumor diameters were measured every two
days using a sliding caliper. The tumor volume (TV)
was calculated according to the formula TV = (L x
W2)/2, where L and W were the lengths of the major
and minor diameters, respectively.

Near infrared fluorescence in vivo imaging

The accumulation of Fe304@SiO,@mSiOr-(Gd-
DTPA)-PEG-RGE NPs in tumor tissue was evaluated
by near-infrared fluorescence in vivo imaging study.
The subcutaneous U87MG tumor-bearing mice (n = 3)
were iv. injected with 100 pL of FesO4@
Si0,@mSiO,/DiR-(Gd-DTPA)-PEG-RGE NPs via the
tail vein. At pre-injection and 2, 4, 8, 12, 24, 48 h
post-injection, the mice were anesthetized and the
fluorescent images were captured using an in vivo
imaging system (In-Vivo FX PRO, Bruker) equipped
with a DiR filter sets (excitation/emission, 730/790
nm). The tumor tissues were harvested and weighed
at the end of the experiment. Pharmacokinetic profile
of  Fe30,@5i0,@mSiO,/ DiR-(Gd-DTPA)-PEG-RGE
NPs in tumor-bearing nude mice was obtained based
on the semi-quantitative ROI analysis of the
fluorescent images.

T-T2 dual mode MR imaging in vivo

The U87MG tumor-bearing mice (n = 3) were
anesthetized by intraperitoneal injection of
pentobarbital sodium (50 pL, 2.5%, 50 mg/kg). MR
images were acquired on a 3T MRI (SIEMENS

MAGNETOM Trio I-class, Germany) scanner with an
animal coil. Fe;0,@Si0,@mSiO,/DOX-(Gd-DTPA)-
PEG-RGE NPs were injected at a dose of 0.07
mmol-Gd/kg body weight via the tail vein, and
Fe30,@Si0,@mSiO,/ DOX-(Gd-DTPA)-PEG NPs were
as the control with the same dose. Scans were
performed at different time points. Ti-weighted MR
images were acquired using a conventional spin-echo
sequence with the following parameters: TR = 400 ms,
TE =12 ms, a = 90°, slice thickness =1 mm, and image
matrix = 256 x 256. T>-weighted MR images were
obtained by using a fast spin-echo sequence under the
following parameters: TR = 3500 ms, TE = 71 ms, a =
120°, slice thickness = 1 mm, and image matrix = 256 x
256. The MRI T and T signal intensities (SI) within
the regions of interest (ROIs) were measured three
times before and after injection of the NPs. The
relative enhancement signal intensity (RESI) was
calculated according to the following formula: RESI
(%) = Slcontrast/ Slpre X 100%, in which, Slcontrast is the
signal intensity of tumor after the injection, and Slp. is
that before the injection.

Pharmacokinetic study

The pharmacokinetic behavior of
Fe30,@Si0,@mSiO,/ DiR-(Gd-DTPA)-PEG NPs and
Fe;0,@5i0,@mSiO,/ DiR-(Gd-DTPA)-PEG-RGE  NPs
were evaluated as follows. The male SD rats (6-8
weeks) was randomly divided into 2 groups (n = 3).
The two NPs (at the DiR dose of 100 pg) were i.v.
injected via tail vein. Blood (200 pL) were collected at
10 min, 30 min, 1h,2h,4 h,8 h, 12 h, 24 h and 48 h
post-injection, respectively. The NPs in blood samples
were quantified by measuring the concentration of
DiR  with a Hitachi F-4500 fluorescence
spectrophotometer (Ex/Em=748/780 nm).

Bio-distribution study

The U87MG tumor-bearing mice (n = 3) were i.v.
injected of Fe;04@S5i0,@mSiO,/DiR-(Gd-DTPA)-PEG
NPs and Fe;0,@5i0,@mSiO,/DiR-(Gd-DTPA)-PEG-
RGE NPs (at the DiR dose of 10 pg) via the tail vein.
At 8 h post-injection, the mice were sacrificed and
performed of heart perfusion. After that, the tumor
tissues and main organs (including heart, liver,
spleen, lung, and kidney) were collected. After tissue
homogenization with saline, the DiR in tissue samples
were quantified by a Hitachi F-4500 fluorescence
spectrophotometer with Ex/Em=748/780 nm at room
temperature.

The antitumor effect in vivo

The tumor-bearing mice were randomly divided
into four groups (n = 6): 1) saline; 2) DOX (5 mg/kg);
3) Fe;04@5i0,@mSiO,/ DOX-(Gd-DTPA)-PEG NPs (5
mg/kg of DOX);, 4) Fe;0:@5i0,@mSiO,/DOX-
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(Gd-DTPA)-PEG-RGE NPs (5 mg/kg of DOX). The
drug administration was started when the tumor
volume reached 100-120 mm? [43]. The four groups of
mice were administered intravenously via tail-vein
and the treatments were given only once. The body
weight and tumor volume of the mice were measured
every two days until the TV of the saline group
reached 3000 mm3, when all the mice were
terminated.

Histological verification

H&E staining

When the chemotherapy was ended, US7MG
tumor-bearing mice (n = 3) were sacrificed and the
histocompatibility was evaluated by Hematoxylin
and Eosin (H&E) staining [44]. Tumor tissues and
main organs were collected and immediately fixed
using 10% formalin solution and paraffin embedded
tissues. Routine paraffin sections and H&E staining
were performed according to standard clinical
pathology protocols.

TUNEL assay

Tissue apoptotic cells were detected with
TUNEL (TdT-mediated dUTP Nick-End Labeling)
using a commercial kit (No. 12156792910; Roche,
Switzerland) according to the manufacturer’s
protocol. TUNEL assay was performed for paraffin
sections fixed with 4% paraformaldehyde and
processed [45]. The sections were analyzed under a
fluorescent microscope (Olympus, IX71, Japan).

Tumor-penetrating ability of NPs

Immunofluorescence method was used to
investigate the tumor-penetrating ability of
Fe;0,@Si0,@mSiO,/ DiO-(Gd-DTPA)-PEG-RGE NPs.
The Fe304@Si0,@mSiO,/DiO-(Gd-DTPA)-PEG-RGE
NPs were i.v. injected to US87MG tumor-bearing mice
(n = 3). The mice were sacrificed 8 h post-injection,
and the tumor tissues and main organs (including
heart, liver, spleen, lung, and kidney) were collected,
fixed, dehydrated, and frozen in acetone/dry ice
mixture. The frozen samples were further cut to
sections (10 pm) with a cryostat (CM3050 S, Leica,
Germany). The sections were stained with rat
anti-mouse CD31 (1:10, R&D Systems), followed by
rhodamine labeled goat anti-rat IgG (1:100, Santa
Cruz) and Hochest33342, and then observed using a
confocal laser scanning microscope (CLSM, TCS SP5,
Leica, Germany).

Statistical analysis

Statistical differences were evaluated with
two-tailed student’s t-test for data with two groups
and one-way ANOVA for data with over three groups

(GraphPad Prism v7.00, GraphPad Software, San
Diego, CA, USA). The difference was considered to be
significant when P < 0.05 (*), P < 0.01 (**) and P < 0.001

(***) A
Results

Characterization of the NPs by TEM, DLS,
FTIR, ICP-OES and XRD

TEM and DLS

As depicted in the TEM images (Figure 2A,
Figure 2B, Figure 2C and Figure 2D), the FesO4 NPs,
Fe304@Si0; NPs, Fe;04@Si0,@Si0, NPs  and
Fe304@510,@mSiO; NPs all showed a high uniformity
particle size distribution. Their diameters are about 12
nm, 50 nm, 77 nm and 75 nm, respectively. The
thicknesses of SiO: shell and mSiO; shell are about 19
nm and 12.5 nm, respectively. Furthermore, their
particle size distributions examined by DLS are
shown in the insets. Their Z-mean diameters were
about 15 nm, 57 nm, 83 nm and 81 nm, and the PDIs
were 0.133, 0.194, 0.361 and 0.338, respectively. The
particle size of NPs observed by TEM was smaller
than that determined by DLS. We speculated that the
latter represents their hydrodynamic diameter,
whereas the former represents the collapsed diameter
after water evaporation. The result is consistent with
previous report [46]. The Z-potential of
Fe3O4@SiOQ@mSiOQ NPS, FE304@SiOQ@mSiOQ-NH2
NPs, Fe;04@Si0,@mSiO,-(Gd-DTPA)-PEG NPs and
Fe30,@Si0,@mSiO,-(Gd-DTPA)-PEG-RGE NPs were
about - 19.6 mV, + 261 mV, - 3.8 mV and + 11.7 mV,
respectively.

FTIR

As shown in the FTIR spectra presented in
Figure 2E, the absorption peak at 580 cm™ belongs to
the stretching vibration mode of Fe-O bonds in Fe3O..
After SiOs shell coating, the new band at 1090 cm-!
should be assigned to the asymmetric vibration
modes and the one at 463 cm? should be the
deformation vibration of the Si-O bond. Further, the
outer SiO, shell coating via CTAC produced new
peaks at 3000-2800 cm, which should be assigned to
the -CH» in CTAC. The new peaks are disappeared in
the FTIR spectra of Fe3;04@5i0,@mSiOs, suggesting
the complete removal of CTAC. That ensured the high
biocompatibility of the carriers and the loading of
anticancer ~ drugs. The  FTIR  spectra  of
Fe;04@Si0,@mSiO2-(Gd-DTPA) showed a
significantly weaken band of Si-O at 1090 cm, a new
absorption band at around 3430 cm? due to the
stretching vibration of the -OH (COOH), and a C=0
stretch band at around 1632 cm™.The FTIR spectra of
Fe30,@Si0,@mSiO,-(Gd-DTPA)-PEG-RGE ~ showed
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strong broad peaks at around 3400 cm, which is
consistent with a large amount of surface -OH
(COOH). The broad peaks at around 3415 cm! should
be attributed to the stretching and bending vibrations
of N-H. The reappearance of strong bands at around
3000-2800 cm? corresponding to the -CH» (PEG)
stretching vibrations. Moreover, the C=O stretch band
at around 1632 cm? and the C-N bands at around
1439-1292 cm are found in this FTIR spectrum. These
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absorption bands provide strong evidence that
Gd-DTPA and RGERPPR-PEG3400-COOH have been
successfully conjugated to Fe304@5i0,@mSiO» NPs.

The Gd content was about 0.93 mmol-Gd per
gram of Fe;0,@5i0,@mSiO,/ DOX-(Gd-DTPA)-PEG-
RGE NPs as determined by ICP-OES, and the Gd/Fe
molar ratio was about 1.52:1. The results suggested
the successful conjugated of Gd-DTPA.
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Figure 2. Characterization of the Fe304@SiO2@mSiO2/DOX-(Gd-DTPA)-PEG-RGE NPs. Typical TEM images of Fe3Os NPs (A), Fe30:@SiO2 NPs (B),
Fe304@SiO2@SiO2 NPs (C) and Fe3sO4@SiO2@mSiO2 NPs (D) and their size distribution (inset). (E) FTIR spectrum of Fe3Os NPs, Fe3O4@SiO2 NPs,
Fe;04@SiO2@SiO2 NPs, Fe3O4@SiO2@mSiO2 NPs, Fe304@SiO2@mSiO2-(Gd-DTPA) NPs and Fe3O4@SiO2@mSiO2-(Gd-DTPA)-PEG-RGE NPs. (F) X-ray
diffraction patterns of Fe3O4 NPs and Fe;O4@SiO2@mSiO2 NPs. The standard XRD pattern of Fe3O4 (JCPDS No. 19-0629) is shown by solid bars. (G) The stability

of Fe304@Si02@mSiO2/DOX-(Gd-DTPA)-PEG-RGE NPs in serum.

http://lwww.thno.org



Theranostics 2018, Vol. 8, Issue 1

100

In order to conjugate Gd-DTPA and
RGERPPR-PEG-COOH  to  the  surface  of
Fe;0,@Si0,@mSiO,-NH,; NPs, the amount of amine
moieties on the NP surface was determined using the
standard Fmoc quantification protocol [47]. The
density of the amine groups on the NPs was
determined to be about 7.2 x 104 mol/g. After the
Gd-DTPA conjugation, the amount of the remaining
amine groups on the Fe304@5i0,@mSiOx-(Gd-
DTPA)-NH, NPs was quantified to be 2.1 x 10+
mol/g, with about 29.1 mol% free amines available on
the surface of the NP for further conjugation
modification. The amount of the remaining amine
groups after RGERPPR-PEG-COOH conjugation was
measured to be 1.3 x 10> mol/ g (about 1.8 mol%). The
results indicated that most of the surface amine
groups on the Fe304@5i0,@mSiO,-NH> NPs had been
modified with Gd-DTPA and RGERPPR-PEG-COOH.

XRD

XRD was employed to confirm the crystal
structure of Fe304@5i0,@mSiO> NPs. The results are
given in Figure 2F. The XRD spectrum of FesO4 NPs
showed seven characteristic peaks at 18.75° (111),
30.50° (220), 35.84° (311), 43.46° (400), 53.90° (422),
57.38° (511) and 62.90° (440), which are in good
agreement with the standard XRD pattern of Fe3O,
(JCPDS No0.19-0629). After coating with SiO,@mSiO»,
the characteristic peaks of Fe3O; NPs can still be
observed, although the intensities were weakened.
This result illustrates that the coating of Si0,@mSiO»
did not change the crystal structure of Fe304 NPs. The
hump centered at 20 ~ 22° is a typical feature of
amorphous SiO», suggesting the successful coating of
Si0,@mSiOs.

Stability of Fe304@SiO,@mSiO2/DOX-(Gd-
DTPA)-PEG-RGE NPs

The stability of NPs in serum and normal saline
(NS) was assessed by the variation of DLS particle
size. The results showed that the NPs could maintain
their initial size (ca. 90 ~ 100 nm) in serum (Figure 2G)
and NS (Figure S5) over a week, indicating their good
stability.

Characterization of RGERPPR-PEG-COOH

The 'H-NMR spectra of RGERPPR-PEG-COOH
and Mal-PEG-COOH are shown in Figure S2A. The
TH-NMR spectra contain the solvent peak of CDCl; at
7.26 ppm, and the peak of repeating units of PEG at
3.7-3.8 ppm. The 'H-NMR spectrum of Mal-PEG-
COOH indicates the presence of the maleimide group
by its characteristic peak at 6.7 ppm, whereas that of
RGERPPR-PEG-COOH did not show. The results
indicated the successful reaction of the thiol group of
RGERPPR with the maleimide group.

In Figure S2B, the FTIR spectrum of
Mal-PEG-COQOH, a weak C=0O stretch band at 1658
cm? and an N-H stretch band at 3200-3600 cm are
found, which may be responsible for the amide
groups in Mal-PEG-COOH. By comparison, the
intensity of the two bands in the spectrum of
RGERPPR-PEG-COOH was remarkably enhanced
due to the increased number of amide groups form
the conjugated RGERPPR peptide. The results
indicated that the RGERPPR peptide had been
conjugated to Mal-PEG-COOH.

Relaxivity measurements

The Ti;- and T>-weighted MR images of
Fe30,@Si0,@mSiO,/ DOX-(Gd-DTPA)-PEG-RGE NPs
at 3 T MRI were shown in Figure 3. The results
showed that as the concentration of NPs increased,
Ti-weighted MR images become brighter, and
Tr-weighted MR images become darker. Meanwhile, 3
T MRI results confirmed that the ri relaxivity value of
Fe30,@Si0,@mSiO,/ DOX-(Gd-DTPA)-PEG-RGE NPs
(6.13 mM-151) was 1.5 times of that of Magnevist
(Gd-DTPA) (4.02 mM15-1) [44]. The r relaxivity value
of the NPs was determined to be 36.89 mM™S-1. The
results demonstrated an improved T:-T> dual mode
contrast effect of the NPs. The high r; relaxivity may
be attributed to the prolongation of the rotational
correlation time caused by the restricted local motion,
which is similar to the previous reports [48, 49].

DOX loading and pH-responsive release

The DOX molecules can be readily loaded into
the mesopore network in the outer silica shell of
Fe;0,@Si0,@mSiO,-(Gd-DTPA)-PEG-RGE  NPs on
account of the large surface area of the mesoporous
silica. The DOX loading capacity was determined to
be 272 wt%, almost similar with that of
Fe;0,@5i0,@mSiO,-(Gd-DTPA)-PEG NPs (27.8 wt%).
The pH-dependent kinetics of DOX release was
verified in pH 7.4, pH 6.5 and pH 5.5 PBS at 37 °C for
48 h (Figure S3). DOX release from the two types of
NPs was remarkably increased as the pH decreased.
At 48 h, the cumulative release rate of DOX from
Fe30,@Si0,@mSiO,/ DOX-(Gd-DTPA)-PEG-RGE NPs
reached 54.9% at pH 5.5, 36.7% at pH 6.5 and 14.7% at
pH 7.4, respectively. Moreover, DOX release from the
both types of NPs showed pH sensitivity. This
pH-responsive property may be attributed to the
protonation of silanol (-Si-OH) on mSiO; [50] and
amine (-NH>) in DOX at low pH [51]. Importantly, it
can effectively prevent the drug leakage during the
blood circulation but facilitate drug release in the mild
acidic tumor microenvironment, which would be of
significance in tumor treatment.
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Cytotoxicity assays

The cell viability of US7MG cells was evaluated
following incubation with DOX, Fe304@Si0,@mSiO,/
DOX-(Gd-DTPA)-PEG NPs, and Fe;0,@Si0,@mSiO,/
DOX-(Gd-DTPA)-PEG-RGE NPs as shown in Figure
S4A. The results showed that the cell viability of the
three formulations all gradually decreased as the drug
concentration increased. Moreover, the Fe;0,@Si0,@
mSiO,/DOX-(Gd-DTPA)-PEG-RGE NPs showed the
highest cytotoxicity compared with DOX and
Fe;0,@Si0,@mSiO,/ DOX-(Gd-DTPA)-PEG NPs,
suggesting the in vitro targeting ability of RGERPPR
peptide. Besides, the Fe304@S5i0,@mSiO,/DOX-(Gd-
DTPA)-PEG-RGE NPs entrapped in tumor cells can
release DOX, leading to much lowered cell viability,
which demonstrates the high effectiveness of the
targeted drug delivery. Figure S4B showed that the
two types of NPs without DOX loading were basically
non-toxic to cells, indicating that the cytotoxicity of
DOX-loaded NPs should be caused by the released
DOX.

Cellular uptake in vitro

The cellular uptake of NPs by U87MG cell line
was studied by using CLSM and flow cytometer. As
shown in Figure S6A and Figure S6B, the mean
fluorescent intensities of fluorescent cells in
Fe;0,@5i0,@mSiO,/ DiO-(Gd-DTPA)-PEG-RGE  NPs
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Figure 3. (A) Ti- and Tz-weighted MR images of Fe304@SiO2@mSiO2/DOX-
(Gd-DTPA)-PEG-RGE NPs. (B) T and T2 relaxivity coefficient of NPs characterized by

3T MRIL

and Fe;04@Si0,@mSiO,/DiO-(Gd-DTPA)-PEG NPs
were 70.57 and 27.89, and the percentages for them
were 98.91% and 53.57%, respectively. This result
indicated that the cellular uptake of the RGE-modified
NPs by U87MG cells was significantly increased
compared with that of unmodified NPs.

EG00229 is a small molecular inhibitor of NRP-1
[52, 53]. As shown in Figure S6C, the mean fluorescent
intensity of the EG00229 plus RGE-modified NPs
group of cells for Fe;0.@5i0,@mSiO,/DiO-(Gd-
DTPA)-PEG-RGE NPs was 41.73, and the percentage
was 69.21%. The EG00229 pre-treatment significantly
decreased the cellular uptake of RGE-modified NPs.
The above data suggested that the active recognition
and interaction of RGERPPR with NRP-1 should be
responsible for the increased the cellular uptake of
RGE-modified NPs.

Near infrared fluorescence in vivo imaging

The results of near infrared fluorescence in vivo
imaging (Figure 4) showed that there was
significantly more distribution of Fe;04@Si0,@mSiO»
/DiR-(Gd-DTPA)-PEG-RGE NPs than that of
Fe;04@Si0,@mSi0,/ DiR-(Gd-DTPA)-PEG  NPs  in
tumor tissue. The Fe304@S5i0,@mSiO,/DiR-(Gd-
DTPA)-PEG-RGE NPs began to accumulate in the
tumor tissue 2 h post-injection, reached the maximum
at 8 h post-injection, and then gradually decreased

and almost disappeared at 24 h. However, the

Fe304@Si0,@mSiO,/ DiR-(Gd-DTPA)-PEG ~ NPs

@ was almost invisible in the tumor tissue. The

T,-weighted
images

pharmacokinetic profile of DiR in the tumor
tissue was drawn based on the semi-quantitative
ROI analysis of the in vivo fluorescent signal per
gram of tumor tissue (Figure 4B). The area under
curve (AUCousn) of Fes04@Si0,@mSiO,/DiR-
(Gd-DTPA)-PEG-RGE NPs in tumor was
significantly increased compared with that of
Fe;0,@Si0,@mSiO,/DiR-(Gd-DTPA)-PEG  NPs.
This could be possibly attributed to the active
targeting effect of RGERPPR peptide. The near
infrared fluorescence imaging on U87MG
tumor-bearing mice is shown in Figure S7. The
results showed a similar result with that in small
tumors.

T:-T2 dual mode MR imaging in vivo

To explore the T:-T> dual mode diagnostic
application of Fe;0,@510,@mSiO,/DOX-(Gd-
DTPA)-PEG-RGE NPs, the MRI Tra animal
imaging was studied on U87MG tumor-bearing
mice. As shown in Figure 5, following i.v.
injection, the Fe;0.@5i0,@mSiO,/DOX-(Gd-
DTPA)-PEG NPs produced little contrast effect in
the tumor tissue. By comparison, after i.v.
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injection of Fe304@Si0,@mSiO,/DOX-(Gd-DTPA)-
PEG-RGE NPs, the Ti-weighted images of tumor
tissue became bright gradually, whereas the
Tr-weighted images became dark. Both Ti- and
Tr-weighted contrast effect reached the maximum at 8
h post-injection. Compared to the images of
pre-injection, the T1 MR signal ratio of the tumor was
increased to 168%, and the T> MR signal ratio was
decreased to 77.1% (Figure 5B and Figure 5C). These
results demonstrated that Fe;O0,@S5i0,@mSiO,/DOX-
(Gd-DTPA)-PEG-RGE NPs had high r and
relaxivities and exhibited both Ti-positive and
Tr-negative contrast enhancement on the MR images
of tumor simultaneously. The advantage of
RGE-modified NPs over unmodified NPs should be
attributed to the active targeting effect of
tumor-penetrating peptide RGERPPR. The in vitro
and in vivo MR results of Fe;04@SiO@
mSiO,/ DOX-(Gd-DTPA)-PEG-RGE NPs also together
demonstrated the advantages of Ti-T» dual mode
contrast agents over the single T (Gd-DTPA) and T
(Fe3Oy) contrast agents.

Pharmacokinetic study

The pharmacokinetic study of Fe;04@5i0,@
mSiO,/DiR-(Gd-DTPA)-PEG NPs and Fe;04@SiO@
mSiO,/DiR-(Gd-DTPA)-PEG-RGE NPs was
performed to study the systemic circulation time of
the NPs in SD rats. The pharmacokinetic curves were
shown in Figure 6A, and the pharmacokinetic
parameters were calculated and summarized in Table
1. The results showed that the elimination of
Fe;04@Si0,@mSi0,/ DiR-(Gd-DTPA)-PEG-RGE  NPs

from blood is significantly = slower than
Fe;0,@5i0,@mSiO,/ DiR-(Gd-DTPA)-PEG NPs. The
plasma  half-lives of Fes0s@5i0.@mSiO,/DiR-

(Gd-DTPA)-PEG NPs and Fe;0,@Si0,@mSiO,/DiR-
(Gd-DTPA)-PEG-RGE NPswere 7.39 hours and 10.69
hours, mean residence time (MRT) were 8.35 hours
and 11.62 hours, AUCy. were 17.40 and 33.43,
respectively. The RGE-modified NPs showed
significantly prolonged circulation time in blood
compared with the unmodified NPs. We speculated
that it could be attributed to the dynamic equilibrium
of the NPs between the blood and the tumor tissue,
since the RGE-modified NPs showed significantly
increased tumor accumulation and penetration by the
mediation of RGERPPR (Figure 6B, Figure 4 and
Figure 8).

Bio-distribution study

The tissue bio-distribution of NPs were
evaluated in U87MG tumor-bearing mice. As shown
in Figure 6B, compared with unmodified NPs, the
RGE-modified NPs showed significantly enhanced

accumulation in tumor tissue, which should also be
attributed to the tumor penetrating ability of
RGERPPR peptide. Both the Fe;0,@5i0.@mSiO,/
DiR-(Gd-DTPA)-PEG NPs and Fe;0,@Si0,@mSiO,/
DiR-(Gd-DTPA)-PEG-RGE NPs showed (Figure 6B)
almost no distribution in heart and lung, obvious
distribution in liver, and a little distribution in spleen
and kidney. The distribution in liver and spleen
should be caused by the macrophage phagocytosis of
NPs, which is a common feature of nano drug
delivery systems [54-57]. The distribution in kidney
should be attributed to the elimination of DiR in
kidney. The results are almost consistent with that of
the in vivo near infrared fluorescence imaging study
(Figure 4) and MR imaging study (Figure 5).

Table 1. Pharmacokinetic parameters of Fe304@SiO2@mSiOa/
DiR-(Gd-DTPA)-PEG NPs and Fe;O+@SiO2@mSiO2/DiR-(Gd-
DTPA)-PEG-RGE NPs.

Parameter Fe304@5i0,@mSiOy/DiR-(  Fe;0:@5i0:@mSiOy/DiR-~(

Gd-DTPA)-PEG NPs Gd-DTPA)-PEG-RGE NPs

ti/2 (h) 739249 10.69 £2.75
MRT (h) 835+1.18 11.62 +2.89
AUCo (pg/gh) 17.40+1.83 3343 +4.77
Data are represented with mean + SD (n = 3).
The antitumor effect in vivo
The in vivo antitumor efficacy of

Fe30,@Si0,@mSiO,/ DOX-(Gd-DTPA)-PEG-RGE NPs
was investigated on the U87MG tumor-bearing mice.
As shown in Figure 6C, Fe304@5i0,@mSiO,/
DOX-(Gd-DTPA)-PEG-RGE NPs significantly
inhibited the tumor growth, whereas DOX and
Fe;0,@Si0,@mSiO,/ DOX-(Gd-DTPA)-PEG NPs
showed much weaker tumor inhibition effect
(P<0.001). Such an enhanced tumor-inhibition effect
of Fe;04@Si0,@mSiO,/ DOX-(Gd-DTPA)-PEG-RGE
NPs could be explained by the increased
accumulation of the NPs within tumor due to the
mediation of RGERPPR peptide, and the pH sensitive
DOX release from the NPs in the mild acidic tumor
microenvironment. In addition, the mice in
Fe;0,@5i0,@mSiO,/ DOX-(Gd-DTPA)-PEG-RGE NPs
group showed the most increased mean body weight
during the experiment compared with other groups
(Figure 6D), which probably resulted from the good
physical condition of mice due to the tumor
suppression.

Histology verification

The antitumor effect of Fe;0,@5i0,@
mSiO,/DOX-(Gd-DTPA)-PEG-RGE NPs in vivo was
further evaluated by the H&E staining and TUNEL
assay.
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Figure 4. (A) In vivo fluorescent imaging of Fe304@SiO2@mSiO2/DiR-(Gd-DTPA)-PEG NPs and Fe3O4@SiO2@mSiO2/DiR-(Gd-DTPA)-PEG-RGE NPs on small
U87MG tumor-bearing mice (n = 3) following i.v. administration of NPs at different time points. Color bar on the right side indicates the signal intensity of the
fluorescence. (B) The pharmacokinetic profile of DiR in tumor tissue based on the semi-quantitative ROI analysis of in vivo fluorescent images.

H&E staining

The H&E staining assay was performed to
evaluate the antitumor effect of Fe;04@Si0@
mSiO,/ DOX-(Gd-DTPA)-PEG-RGE NPs by the slides
of tumor tissue and the histocompatibility by the
slides of main organs. The tumor tissue slides of the
Fe30,@Si0,@mSiO,/ DOX-(Gd-DTPA)-PEG-RGE NPs
group showed the strongest necrosis of tumor cells
compared with the other three groups (Figure 7, the
red arrow). In contrast, the main organs (including
heart, liver, spleen, lung, and kidney) of the
Fe30,@Si0,@mSiO,/ DOX-(Gd-DTPA)-PEG-RGE NPs
group showed almost no obvious pathological
abnormity compared with Saline group (Figure S8),
indicating a good histocompatibility of the NDPs.
Importantly, the NPs resulted in a decreased toxicity
to normal organs compared with DOX, which could
cause significant damage to liver, heart, kidney, and
spleen, as clearly demonstrated by the H&E staining

results (Figure S8). The above results of H&E staining
are also consistent with the in vivo antitumor results.

TUNEL assay

As shown in Figure 7, the tumor tissue slides of
the Fe;04@Si0,@mSiO,/DOX-(Gd-DTPA)-PEG-RGE
NPs group displayed much more TUNEL-positive
cells compared with the other three groups (Figure 7,
the red arrow). The results indicated that RGE
modification could significantly enhance the
antitumor effect of the DOX-loaded NPs, thereby
causing increased apoptosis of tumor cells. The
TUNEL assay results are basically consistent with the
above in vivo antitumor results (Figure 6).

Tumor-penetrating ability of
Fe;:04,@SiO@mSiO,/DiO-(Gd-DTPA)-PEG-R
GE NPs

The tumor-penetrating ability of Fe;O04@Si0,@
mSiO,/DiO-(Gd-DTPA)-PEG-RGE NPs in U87MG
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tumor-bearing mice was investigated by the
immunofluorescence analysis of frozen sections. The
immunofluorescence images (Figure 8) showed that
the iv. injected Fe;04@S5i0,@mSiO,/DiO-(Gd-
DTPA)-PEG NPs were thinly distributed in the tumor
tissue, whereas Fe;04@510,@mSiO,/ DiO-(Gd-
DTPA)-PEG-RGE NPs were located in the whole
tumor tissue (green fluorescence). The results
suggested that RGERPPR modification enabled NPs
to penetrate through tumor vessels and tumor stroma
and deep into the whole tumor tissue. The
Fe;0,@5i0,@mSiO,/ DiO-(Gd-DTPA)-PEG-RGE NPs
showed (Figure S9) similar bio-distribution in vivo
with Fe;04@5i0,@mSiO,/ DiR-(Gd-DTPA)-PEG-RGE
NPs showed (Figure 6B).
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Discussion

In this work, we prepared a tumor-penetrating
peptide RGE modified, Gd-DTPA conjugated, and
DOX-loaded Fe;0,@Si0,@mSiO, nanoparticle drug
delivery system (Fe304@S5i0.@mSiO,/DOX-(Gd-
DTPA)-PEG-RGE NPs) for tumor theranostics. The
NPs showed a pH-sensitive DOX release profile and a
T1-T2 dual mode contrast effect in vitro. The
modification of RGERPPE peptide significantly
increased the cellular uptake, cytotoxicity, tumor
accumulation, Ti-T» dual mode contrast imaging
effect at tumor tissue, tumor penetrating ability, and
the antitumor effect of the NPs.

8 hour 12 hour 24 hour

A& Fe,0,@Si0,@mSiO,/DOX-(Gd-DTPA)-PEG-RGE NPs

C 120 9
g
9
B 100
®©
c
= *
w
= Cord L
5 809
E
=
'_ ek
60 T T 1
0 8 16 24
Time (hour)

Figure 5. Ti-T2 dual mode MR imaging of U87MG tumor-bearing mice (n = 3) with Fe304@SiO2@mSiO2/DOX-(Gd-DTPA)-PEG-RGE NPs in vivo. (A)
Representative in vivo Ti- and Ta-weighted MR images of mice following i.v. administration of Fe3O4@SiO2@mSiO2/DOX-(Gd-DTPA)-PEG NPs and
Fe304@SiO2@mSiO2/DOX-(Gd-DTPA)-PEG-RGE NPs at different time points. (B, C) Quantitative analysis of Ti- and T2-weighted MR images tumor contrast
enhancement after i.v. injection of Fe304@SiO2@mSiO2/DOX-(Gd-DTPA)-PEG NPs and Fe304@SiO2@mSiO2/DOX-(Gd-DTPA)-PEG-RGE NPs. The average MR
relative T1 and T2 signal enhancements were measured for each tumor. The higher contrast of tumor positions by Fe304@SiO2@mSiO2/DOX-(Gd-DTPA)-PEG-RGE
NPs may result from the active targeting effect of tumor-penetrating peptide RGERPPR.
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Figure 6. The pharmacokinetic curves of the NPs on SD rats (A); The bio-distribution (B) and antitumor efficacy of the NPs on U87MG tumor-bearing mice. Tumor
growth curves (C), Body weight change (D). RGE-modified NPs showed significantly increased MRT, tumor distribution, and antitumor efficacy compared with

unmodified NPs.

The active tumor-targeted nano-drug delivery
system is generally comprised of the drug-loaded
carrier (such as liposomes, micelles, polymeric
nanoparticles, polymer-drug conjugates) and the
modified targeting molecules on the surface that can
actively recognize the specific receptor overexpressed
on tumor cells. Although the active targeting drug
delivery systems have been extensively studied, their
therapeutic effects have not been significantly
improved as expected compared with the unmodified
drug delivery systems. There may be many reasons
for this issue, but many researchers believed that the
heterogeneity of the EPR effect and the limitation of
the targeting molecules should be primarily
responsible for this. For one thing, the EPR effect is
heterogeneous, which depends on the tumor type, the
body condition of the patients, the site of the tumor,
etc. This would affect the tumor accumulation of
nano-drug delivery system, and ultimately the
treatment effect. For another, the active recognition of
tumor cells should have a prerequisite that the drug
delivery system enters the tumor tissue and
penetrates into the deep tumor tissue to be close to the

tumor cells. However, most of the targeting molecules
currently used in the active targeting drug delivery
system only bind to the receptors expressed on the
tumor cells, and the modification of the targeting
molecules does not help the nano-drug delivery
system enter and penetrate the tumor tissue.
Accordingly, tumor-penetrating peptides (TPPs)
should be the ideal targeting molecules for the
tumor-targeted drug delivery system. This is because
that the receptor of TPPs, NRP-1, is distributed both
on tumor cells and tumor blood vessels, and more
importantly that the TPPs can penetrate through the
tumor vessel wall and tumor stroma [30-32]. The
penetration through the tumor vessel wall can break
the limitation of the EPR effect, so that the nano-drug
delivery system can enter tumor tissue by virtue of
not only the EPR effect, but also the penetrating
ability of the TPPs. Besides, the penetration through
the tumor stroma can help the nano-drug delivery
system be transported to the entire tumor tissue.
These abilities of tumor-penetrating peptides have
been well demonstrated by the above results (Figure
S6, Figure 4 and Figure 8).
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Figure 7. The H&E staining and TUNEL slides of tumor tissues harvested from U87MG tumor-bearing mice (n = 3) after the treatment with Saline (control), DOX,
Fe3;04@SiO,@mSiO2/DOX-(Gd-DTPA)-PEG NPs, and Fe3;O4@SiO2@mSiO2/DOX-(Gd-DTPA)-PEG-RGE NPs (40x). The tumor tissue slides of the
Fe304@SiO2@mSiO2/DOX-(Gd-DTPA)-PEG-RGE NPs group showed a large amount of cell death (H&E staining) and significant apoptosis (TUNEL assay) compared
with the Saline group, DOX group, and Fe304@SiO2@mSiO2/DOX-(Gd-DTPA)-PEG NPs group (the red arrow).

The enough stability in vivo and timely drug
release in tumor tissue are both important for the
TDDS. Too stabilized TDDS often results in the
insufficient drug release at the tumor site, whereas
poorly stabilized TDDS may lead to the drug leakage
during the Dblood circulation, causing low
accumulation in tumor tissue and side effects to
normal tissues. Thus, it is highly desirable for the
TDDS to find a balance between the enough stability
in vivo and timely drug release in tumor tissue [58]. In
this study, the NPs we prepared showed sufficient
stability in serum (Figure 2G) and pH-sensitive drug
release (Figure S3), which are beneficial for long

circulation in blood and timely drug release in tumor
tissue or tumor cells. The pH-sensitive drug release of
DOX from the mSiO, NPs may be attributed to the
protonation of silanol (-Si-OH) on mSiO» [50] and
amine (-NH>) in DOX at low pH [51]. The protonation
of amine increases the water solubility of DOX.
Besides, the protonation makes both mSiO,and DOX
positively charged. The electrostatic repulsion
between them further increased the DOX release. By
contrast, in the physiological condition (pH = 7.4), the
uncharged DOX may easily be adsorbed by mSiO»
and cannot be adequately released.
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Figure 8. Representative immunofluorescence images of

U87MG

frozen

-“ |Enlarged

tumor -bearing mice (n = 3) following injection of

Fe304@SiO2@mSiO2/DiO-(Gd-DTPA)-PEG NPs (A) and Fe3O4@SiO2@mSiO2/DiO-(Gd-DTPA)-PEG-RGE NPs (B). Fe;04@SiO2@mSiO/DiO-(Gd-DTPA)-PEG
NPs were thinly distributed in the tumor tissue, whereas Fe304@SiO2@mSiO2/DiO-(Gd-DTPA)-PEG-RGE NPs penetrated through tumor vessels and tumor

stroma and deep into the whole tumor tissue.

In summary, we successfully developed
Fe;0,@5i0,@mSiO,/ DOX-(Gd-DTPA)-PEG-RGE NPs
for tumor theranostics. The NPs showed the
integrated function of Ti-T> dual mode MR imaging
effect, pH-sensitivity of DOX release and
tumor-penetrating ability. The RGERPPR peptide
modification played an important role in enhancing
the effect of tumor therapeutics and MR imaging. The
multifunctional NPs may be traced in vivo in real
time, and provide timely feedback on the clinical
effectiveness of the loaded drug. This study proved
that the NPs are an effective drug delivery system for
tumor theranostics, and should have a potential value
in the personalized treatment of tumor.
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