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Background: Magnetic resonance imaging (MRI) is widely used in modern clinical medicine
as a diagnostic tool, and provides noninvasive and three-dimensional visualization of biological
phenomena in living organisms with high spatial and temporal resolution. Therefore, considerable
attention has been paid to magnetic nanoparticles as MRI contrast agents with efficient targeting
ability and cellular internalization ability, which make it possible to offer higher contrast and
information-rich images for detection of disease.

Methods: LTVSPWY peptide-modified PEGylated chitosan (LTVSPWY-PEG-CS) was
synthesized by chemical reaction, and the chemical structure was confirmed by 'H-NMR.
LTVSPWY-PEG-CS-modified magnetic nanoparticles were prepared successfully using the
solvent diffusion method. Their particle size, size distribution, and zeta potential were measured
by dynamic light scattering and electrophoretic mobility, and their surface morphology was
investigated by transmission electron microscopy. To investigate their selective targeting ability,
the cellular uptake of the LTVSPWY-PEG-CS-modified magnetic nanoparticles was observed
in a cocultured system of SKOV-3 cells which overexpress HER2 and A549 cells which are
HER2-negative. The in vitro cytotoxicity of these nanoparticles in SKOV-3 and A549 cells
was measured using the MTT method. The SKOV-3-bearing nude mouse model was used to
investigate the tumor targeting ability of the magnetic nanoparticles in vivo.

Results: The average diameter and zeta potential of the LTVSPWY-PEG-CS-modified
magnetic nanoparticles was 267.3 + 23.4 nm and 30.5 = 7.0 mV, respectively, with a narrow
size distribution and spherical morphology. In vitro cytotoxicity tests demonstrated that these
magnetic nanoparticles were carriers suitable for use in cancer diagnostics with low toxicity.
With modification of the LTVSPWY homing peptide, magnetic nanoparticles could be selec-
tively taken up by SKOV-3 cells overexpressing HER2 when cocultured with HER2-negative
A549 cells. In vivo biodistribution results suggest that treatment with LTVSPWY-PEG-CS-
modified magnetic nanoparticles/DiR enabled tumors to be identified and diagnosed more
rapidly and efficiently in vivo.

Conclusion: LTVSPWY-PEG-CS-modified magnetic nanoparticles are a promising contrast
agent for early detection of tumors overexpressing HER2 and further diagnostic application.
Keywords: LTVSPWY peptide, HER2, poly(ethylene glycol), chitosan, magnetic nanoparticles,
tumor targeting

Introduction

During recent decades, use of magnetic nanoparticles in biomedical applications, such
as magnetic drug delivery, magnetic resonance imaging (MRI), and cell and tissue
targeting, has drawn considerable attention due to their unique magnetic properties
and relatively small size as biological entities.! The responsiveness of magnetic
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nanoparticles to external magnetic fields is fully exploited
when they are used as drug delivery systems, whereby che-
motherapeutic drugs can be delivered to specific locations
in the body with the aid of external magnetic fields, whilst
minimizing their side effects in healthy cells or tissues.>”

MRI is widely used in modern clinical medicine as
a diagnostic tool, and enables noninvasive and three-
dimensional visualization of biological phenomena in living
organisms with high spatial and temporal resolution.®’ As a
consequence, considerable attention has been paid to multi-
functional magnetic nanoparticles as potentially attractive
stimuli-responsive MRI contrast agents,®’ because their
magnetism can be modulated by their dispersion state.'
However, sometimes the contrast difference between the
biological tissues under investigation is trivial due to poor
cellular uptake and failure to provide a high contrast signal !
Therefore, a contrast agent with efficient targeting ability
and cellular internalization ability is needed to provide
higher contrast and information-rich images for disease
detection.

Solid lipid nanoparticles, developed in the early 1990s,
are composed of physiologically compatible lipid compo-
nents which decrease the risk of acute and chronic toxicity.
Compared with traditional drug carriers, solid lipid nano-
particles combine the advantages of polymeric nanoparticles
and emulsions for drug delivery, including having low
toxicity, good biocompatibility, and tumor targeting ability.!2
Prolonged presence of the contrast agent at the target site is
the primary requisite of any effective delivery system used
for tumor imaging and diagnosis. In this regard, the effects
of coating solid lipid nanoparticles with hydrophilic and flex-
ible macromolecules such as poly(ethylene glycol) (PEG) to
achieve a longer circulation time has been investigated. !> !°
Moreover, for enhancing solid lipid nanoparticles as an
imaging probe, it has been necessary to modify the surfaces
of solid lipid nanoparticles with a ligand to facilitate selec-
tive targeting of cancer cells more efficiently without loss
of affinity and specificity. Human epidermal growth factor
receptor 2 (HER2, also known as ErbB2, c-erbB2 or HER2/
neu), plays an essential role in proliferation and antiapoptosis
mechanisms in HER2-positive breast cancer.!®* LTVSPWY,
a homing peptide which was identified using a biopanning
procedure, has been reported to be able to deliver an antisense
oligonucleotide selectively to HER2-positive tumor cells by
conjugation with the oligonucleotide.'’

Herein, we report the use of a lipid-modified magnetic
nanoparticle as a model carrier to improve the sensitiv-
ity and selectivity of Fe,O,-based MRI contrast agents.

To achieve this, we synthesized LTVSPW Y-modified PEGy-
lated chitosan (LTVSPWY-PEG-CS), and then prepared
and characterized LTVSPWY-PEG-CS-modified magnetic
nanoparticles. Their average diameter, zeta potential, and
surface morphology were investigated in detail. The tumor
targeting ability of the modified magnetic nanoparticles
when used as an MRI contrast agent was studied in vitro in
a coculture system containing SKOV-3 cells which overex-
press the cell surface marker HER-2 and A549 cells which
are HER2-negative, and in vivo in an SKOV-3 tumor cell-
bearing nude mouse model.

Materials and methods

Chitosan with a molecular weight of 18.0 kDa was prepared
by enzymatic degradation of chitosan (95% deacetylate,
molecular weight 450 kDa) sourced from Yuhuan Marine
Biochemistry Co, Ltd, Zhejiang, China, as in our previous
work.!® N,N’-disuccinimidyl carbonate (DSC) was purchased
from Bio Basic Inc, Amherst NY. Di-tert-butyl dicarbonate
[(Boc),0], 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC), and monostearin were purchased from Shanghai
Medpep Co, Ltd, Shanghai, China. Oleic acid was pur-
chased from Shuanglin Co, Ltd, Hangzhou, China. Trypsin
and RPMI 1640 medium were purchased from Gibco BRL,
Gaithersburg, MD. Fetal bovine serum was obtained from
Hangzhou Sijiqing Biology Engineering Materials Co, Ltd,
Hangzhou, China. Iron IL, III oxide powder (Fe,0,, < 50 nm)
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were purchased from Sigma Chemical Co,
St Louis, MO. Rhodamine B isothiocyanate (RITC) was also
purchased from Sigma. Hoechst 33342 was obtained from
Acros Organics, Fair Lawn, NJ. PKH67 fluorescent cell
linker was sourced from Sigma. 1,1’-dioctadecyl-3,3,3’,3’-
tetramethyl indotricarbocyanine iodide (DiR) was purchased
from Invitrogen, Grand Island, NY. All other reagents were
analytical or chromatographic grade.

Synthesis of LTVSPWY-PEG-CS copolymers
Briefly, 10 mg of LTVSPWY peptide was dissolved in dry
dimethylformamide, and 3.1 pL (BOC),0 was added into
the solution. The reaction was carried out for 24 hours at
40°C to protect the amine group in the LTVSPWY peptide.
Next, 19.8 mg of EDC and 20.8 mg of NH,-PEG-NH, were
added, followed by stirring at 40°C for 24 hours. After that,
the reaction solution was reacted with N,N’-disuccinimidyl
carbonate (NH,-PEG-NH,:DSC 1:1, mol/mol) for 12 hours
at 40°C to obtain a succinimidyl t-Boc-LTVSPWY-PEG-
NH, solution.
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To obtain LTVSPWY-PEG-CS, chitosan was added into
the reaction solution (chitosan:succinimidyl t-Boc-RGD-
PEG-NH, 1:1, mol/mol) and the reaction was allowed to
continue at 40°C for 24 hours. To stop protection of the
LTVSPWY peptide by (BOC),0, 3 M HCI was added and
allowed to react for 2 hours. The pH of the reaction solu-
tion was then adjusted to 7.0 using 3 M NaOH. Finally, the
reaction solution was dialyzed using a dialysis membrane
(molecular weight cutoff 14 kDa; Spectrum Laboratories,
Laguna Hills, CA) against distilled water for 24 hours, fol-
lowed by lyophilization.

To obtain PEG-CS as a control, 200 mg of chitosan
were dissolved in 30 mL of distilled water. Then, 55 mg
of mPEG2000 with an aldehyde side group (PEG:chitosan
1:1, mol/mol) was added into the chitosan-SA solution. The
solution was stirred overnight at room temperature and then
dialyzed against distilled water using a dialysis membrane
(molecular weight cutoff 7 kDa, Spectrum Laboratories) for
24 hours. The final product was lyophilized.

Preparation of magnetic nanoparticles
Magnetic nanoparticles were prepared using the solvent
diffusion method. Briefly, 5 mg of Fe,O, were added into
47 mL of 0.1% Poloxamer 188 in deionized water solution
followed by sonication for 30 minutes using a probe sonicator
(600 W, Sonicator JY92-I1 DN, Zhejiang, China) to form a
dispersion of magnetic nanoparticles. To stabilize the nano-
particles, 1 mL of oleic acid in ethanol solution (5 mg/mL)
was added and sonicated for 5 minutes. Next, 35 mg of
monostearin was dissolved in 2 mL of dimethyl sulfoxide at
70°C and immediately injected into the aqueous dispersion of
magnetic nanoparticles in an ultrasound waterbath at 70°C.
The pre-emulsion was then cooled down to room temperature
until magnetic nanoparticles were obtained.

To modify the magnetic nanoparticles further, an aque-
ous solution of LTVSPWY-PEG-CS (100 pug/mL) was
added dropwise into the magnetic nanoparticle solution
obtained under sonication using an ultrasound waterbath for
5 minutes to form LTVSPWY-PEG-CS-modified magnetic
nanoparticles. As a control, PEG-CS or chitosan-modified
magnetic nanoparticles were prepared as described above.

Characteristics of magnetic nanoparticles
'H NMR analysis of LTVSPWY-modified

PEGylated chitosan

'"H NMR spectra were used to analyze the synthesized
LTVSPWY-PEG-CS. LTVSPWY, PEG2000, chitosan,
PEG-CS, and LTVSPWY-PEG-CS were dissolved in D,O,

and measured using an NMR spectrometer (AC-80, Bruker
Biospin, Germany).

Determination of particle size, zeta

potential, and TEM

The particle size and zeta potential of the magnetic
nanoparticles were measured by dynamic light scatter-
ing using a Zetasizer (3000HS, Malvern Instruments Ltd,
Worcestershire, UK). Morphological examination of the
magnetic nanoparticles was performed using transmission
electron microscopy (TEM, JEOL JEM-1230, Tokyo,
Japan). The samples were stained with 2% (w/v) phos-
photungstic acid and placed on copper grids with films
for viewing.

Cell culture

A SKOV-3 human ovarian carcinoma cell line and an A549
human lung carcinoma (alveolar type 2) cell line were
obtained from the Cell Resource Center of the China Science
Academy. The cells were cultured in RMPI 1640 medium
at 37°C with 5% CO, under fully humidified conditions. All
media were supplemented with 10% (v/v) fetal bovine serum,
penicillin 100 U/mL, and streptomycin 100 U/mL. The cells
were subcultured regularly using trypsin-ethylenediamine
tetra-acetic acid.

Cytotoxicity assay in vitro

A comparison of cytotoxicity was performed on the test cells
with in vitro proliferation using the MTT method." Briefly,
SKOV-3 and A549 cells were plated in 96-well plates at a
density of 1 x 10* cells/well in 200 uL of complete medium,
and incubated for 24 hours to allow the cells to attach. The
cells were then exposed to serial concentrations of magnetic
nanoparticles at 37°C for 48 hours. At the end of incubation,
20 pL of the MTT solution was added, with incubation at
37°C for another 4 hours, and the medium was then replaced
with 100 pL of dimethyl sulfoxide to dissolve the MTT
formazan crystals. The plates were shaken for 10 minutes
and absorbance was measured at 570 nm using a microplate
reader (BioRad, Model 680, Hercules, CA).

Competitive cellular uptake in vitro

Before incubation with the magnetic nanoparticles, the
A549 cells were stained using a PKH67 fluorescent cell
linker kit (Sigma), with the fluorescent cells becoming
incorporated into the cell membrane with no modification of
biological activity,® following the manufacturer’s protocol
with some modification. Briefly, the cells were resuspended
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in 200 uL diluent C, and then 200 uL of PHK67 dye (4 uM)
was added, followed by incubation for 10 minutes at room
temperature. To stop the staining reaction, 1 mL of serum
was added and incubated for 2 minutes, followed by cen-
trifugation at 400 x g for 10 minutes. The cell pellet was
washed twice more with 10 mL of complete medium to
ensure removal of unbound dye and resuspended to the
desired concentration.

The PKH67-labeled HER2-negative A549 cells were then
cocultured with the HER2-overexpressing SKOV-3 cells*' in
the same well of a 24-well plate and incubated for 24 hours
to allow attachment. The cells were then incubated with
RITC-labeled magnetic nanoparticles (2:1, mol/mol) in
growth medium for 12 hours. After washing the cells with
phosphate-buffered solution three times, cellular uptake was
observed using fluorescence microscopy (Olympus DP70,
Melville, NY).

Biodistribution of magnetic

nanoparticles in vivo
Far-red or near-infrared light (spectral range 650-900 nm)
provides a “clear” window for in vivo optical imaging
because it is separated from the major absorption peaks of
blood and water.? After optical calculations, we estimated
that use of near-infrared-emitting DiR would improve tumor
imaging sensitivity by at least ten-fold. DiR-loaded magnetic
nanoparticles were prepared as described earlier, with some
modifications. Briefly, a mixture of DiR and monostearin in
dimethyl sulfoxide was injected into the aqueous dispersion
of magnetic nanoparticles.

Tumor xenograft models were established by subcuta-
neous injection of approximately 5 x 10° SKOV-3 cells in

o
L

£ .8,
o “Cololo™
M (Boc),0 \(';
NH2-LTVSPWY—COH -0

G200
(0] o

100 uL of serum-free RMPI 1640 medium into the flank
of male BALB/C4+nu/F1 nude mice. The mice were then
subjected to imaging studies when their tumors had reached
an acceptable size. After tail vein injection of DiR-loaded
304’
stearin, chitosan, and DiR concentrations of 50, 50, 350, 50,

magnetic nanoparticles (with Fe oleic acid, mono-
and 200 pg/mL, respectively), the mice were anesthetized
and imaged at multiple time points (1, 3, 6, 12,24, 48, 72, and
96 hours) using Maestro in vivo imaging system (CRI Inc,
Woburn, MA). The tunable filter was automatically stepped
up in 10 nm increments from 580 nm to 700 nm while the
camera captured images at each wavelength with constant
exposure. Overall acquisition time was about 0.4 seconds. For
ex vivo imaging, the tissues were subjected to fluorescence
imaging using the Spectral system immediately after the
tumors and organs were harvested.

Statistical analysis

The data are expressed as the mean of three separate
experiments. The statistical significance of the differences
were determined using the Student’s #-test for each paired
experiment. A P value < 0.05 was considered to be signifi-
cant in all cases.

Results and discussion

Synthesis and characterization

of LTVSPWY-PEG-CS

As shown in Figure 1, t-Boc-LTVSPWY-PEG-NH, was pre-
pared by chemical reaction between the —COOH of LTVSPWY
(its amino terminus preprotected by (Boc),0) and the —NH,
of NH_-PEG-NH, in the presence of EDC. t-Boc-LTVSPWY-
PEG-CS was synthesized by conjugating the remaining amino

o (1) EDC

Il
NH-LTVSPWY-C-OH >
(2) NH,-PEG-NH,

o) o ©
I S ,rjl:}
o t-Boc-LTVSPWY~C—NH-PEG-F;I_I o o

I DSC
t-Boc-LTVSPWY -C— NH-PEG-NH, (Bsc) >
NH, NH, . o
N, LTVSPWY-C~NH-PEG-lI‘_l|)J\NH-CS
o)
(cs) I 3 M HCI
7 s t-Boc-LTVSPWY-C—NH-PEG-"I{I}\NH-CS ——>  (LTVSPWY-PEG-CS)

Figure | Synthetic scheme of LTVSPWY-PEG-CS.
Abbreviations: PEG, poly(ethylene glycol); CS, chitosan.
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groups of NH_-PEG-NH, and the primary amino groups of
chitosan in the presence of DSC, which has been recognized as
a versatile reagent for active synthesis of esters.? In addition,
PEG-CS was formed by reaction between the amino groups of
chitosan and the aldehyde group of PEG. The chemical struc-
ture of the LTVSPWY-PEG-CS obtained was confirmed by
"H NMR spectroscopy, and is shown in Figure 2. The peaks of
the methylene protons in the ethylene glycol units (CH,CH,0O)
were at 3.58 ppm, and the benzene protons in the tryptophan
and tyrosine units were at 8.32 ppm.

Characteristics of magnetic nanoparticles

As previous reported, oleic acid is used as a dispersant to
obtain a stable aqueous dispersion of Fe,O, nanoparticles.**
The oleicacid adsorbed onto the surface of Fe,O, nanoparticles

was then favored for the coating of solid lipid material
monostearin by the solvent diffusion method due to
the compatibility between oleic acid and monostearin.
Furthermore, LTVSPWY-PEG-CS-modified magnetic
nanoparticles were formed successfully by the charge
interaction between LTVSPWY-PEG-CS with its posi-
tive charge and the magnetic nanoparticles with their
negative charge. The average diameter and zeta poten-
tial of the magnetic nanoparticles are shown in Table 1.
Modification with LTVSPWY-PEG-CS, PEG-CS, or chi-
tosan increased the particles significantly. However, there
was no significant difference in particle size between the
three types of modified magnetic nanoparticles. With fur-
ther modification of LTVSPWY-PEG-CS, the zeta poten-
tial of the magnetic nanoparticles as well as the PEG-CS

A B
i [
GNH-=GH-C—N—CH-G—OH
o o o o
[ 1l M e
H,N=CH-C—N-CH-C—N—CH-C-NH—-GH-C-N! a, a. la
1] v 2 93 3
<|:H2 CHOH CH-CH, CIHZ a, \
‘_2. GHCH, CH  CH, QH HN as
™ a.
CH, R
(Peptide LTVSPWY)
a
J\ I
a1
a [ a,
ST } =T &
I
‘ ‘\ | |
” | | |
L 1l M RA
i g Nt ) \ U AU WAL VLW UL ViU
C D
b b
—~r—
N2H<{-OCH2CHQOi-CH2CH2NH2
n
(NH,-PEG-NH,)
\ / ‘ J | 1|
| "J...\ | 5| W—— ‘\L—‘J‘
S SRR AR —— T B AR e S A EEREEEESSE LS
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Figure 2 'H NMR spectra of LTVSPWY-PEG-CS (A), peptide LTVSPWY (B), CS (C) and NH,-PEG-NH, (D). The important peaks are pointed out.

Abbreviations: PEG, poly(ethylene glycol); CS, chitosan.
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Table | Size and zeta potential of magnetic nanoparticles

Sample Dn Pl Zeta potential
(nm) ) (mV)

Non-modified MNPs  [56.0£ 11.5 0.19+0.03 -104%3.5

LTVSPWY-PEG-CS 267.3+234 055+0.14 305+£7.0

modified MNPs

PEG-CS-modified 275.0+594 048+0.11 22.1+0.8

MNPs

CS-modified MNPs 2783+ 156  0.40£0.09 23.1£1.9

Note: Data represent the mean = standard deviation (n = 3).
Abbreviations: MNPs, magnetic nanoparticles; Pl, polydispersity index; dn, average
diameter of magnetic nanoparticles; PEG, poly(ethylene glycol); CS, chitosan.

and chitosan-modified nanoparticles was reversed in the
range of —10.4 = 3.7 mV to 30.5 + 7.0 mV. This charge
reversal indicates that the LTVSPWY-PEG-CS-modified
magnetic nanoparticles had been prepared successfully.
Figure 3 shows the size distribution and zeta potential of
the LTVSPWY-PEG-CS-modified magnetic nanoparticles
obtained by dynamic light scattering, suggesting that they
had a narrow size distribution.

TEM is a powerful tool for detecting particle size and
surface morphology in nanoparticles. The spherical morphol-
ogy of our magnetic nanoparticles was confirmed by TEM
(Figure 4). It was found that the particle size observed under
TEM was smaller than that obtained by dynamic light scat-
tering, which may be due to shrinkage of the inner core of
the magnetic nanoparticles during the drying process needed
when preparing samples for TEM.

In vitro cytotoxicity assay

The cytotoxic effects of the magnetic nanoparticles against
SKOV-3 and A549 cells was evaluated using the MTT
test. Variations in cell viability according to nanoparticle

concentration are shown in Figure 5. Regardless of the
increasing magnetic nanoparticle concentration, the viability
of SKOV-3 and A549 cells remained above 80%, indicating
that these nanoparticles would have low toxicity when used
as carriers for cancer diagnostics.

Competitive cellular uptake in vitro

Using a coculture system containing SKOV-3 and A549 cells,
the competitive cellular uptake of magnetic nanoparticles was
investigated to determine the targeting ability of LTVSP-
WY-PEG-CS-modified magnetic nanoparticles toward
SKOV-3 cells in vitro. The competitive cellular uptake was
observed by fluorescence microscopy after the cells were
incubated with LTVSPWY-PEG-CS-modified magnetic
nanoparticles, PEG-CS-modified magnetic nanoparticles,
or chitosan-modified magnetic nanoparticles for 12 hours.
Figure 6 shows the fluorescence images of the effects of
RITC-labeled magnetic nanoparticles in a cocultured system
containing SKOV-3 and A549 cells.

Figure 6A shows clearly that there was a significant
difference in uptake of LTVSPWY-PEG-CS-modified
magnetic nanoparticles between SKOV-3 and A549 cells
in the coculture system. Uptake of LTVSPWY-PEG-CS-
modified magnetic nanoparticles by SKOV-3 cells was more
efficient than by A549 cells, due to endocytosis mediated
by the LTVSPWY homing peptide. However, the PEG-CS-
modified magnetic nanoparticles showed similar uptake
between SKOV-3 and A549 cells (Figure 6B), as did the
chitosan-modified magnetic nanoparticles (Figure 6C). The
competitive cellular uptake data confirm strong and specific
binding of LTVSPWY-PEG-CS-modified magnetic nano-
particles with SKOV-3 cells, due to the abundant presence

A B 151
Size distribution by number
25+
1 > 10 -
__ 207 g
& il £
— 151 =
8 1 £
£ 10} %
=] 4
=z
51
0 T T T T T T T T T T T
10 100 1000 -200 -100 0O 100 200

Size (d'nm)

Zeta potential (mV)

Figure 3 Characteristics of magnetic nanoparticles. Size distribution (A) and zeta potential (B) of LTVSPWY-PEG-CS-modified magnetic nanoparticles obtained by dynamic

light scattering.
Abbreviations: PEG, poly(ethylene glycol); CS, chitosan.
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Figure 4 Transmission electron microscopic images of magnetic nanoparticles. (A) LTVSPWY-PEG-CS-modified magnetic nanoparticles, (B) PEG-CS-modified magnetic
nanoparticles, and (C) CS-modified magnetic nanoparticles.

Note: The bar is 50 nm.

Abbreviations: PEG, poly(ethylene glycol); CS, chitosan.

A B
9 Q
g g
> >
£ £
S e0f —&— CS modified MNPs S 60l —&— CS modified MNPs
© ©
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20 20 L
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Figure 5 Cytotoxicity of magnetic nanoparticles against A549 (A) and SKOV-3 (B) cells. The magnetic nanoparticles prepared consisted of 50 pig/mL Fe,O,, 50 pg/mL oleic
acid, 350 ug/mL monostearin, and 50 ug/mL chitosan.

Note: Data represent the mean = standard deviation (n = 3).

Abbreviations: PEG, poly(ethylene glycol); CS, chitosan.

Figure 6 Fluorescence images of competitive cellular uptake of RITC-labeled magnetic nanoparticles for 12 hours. A549 cells (HER2-negative, cytoplasmic membrane-labeled
with PKH67 fluorescent linker, green) cocultured with HER2-overexpressing SKOV-3 cells were incubated with RITC-labeled magnetic nanoparticles (red). (A) LTVSPWY-
PEG-CS-modified magnetic nanoparticles, (B) PEG-CS-modified magnetic nanoparticles, and (C) chitosan-modified magnetic nanoparticles.

Note: The cells were all stained with Hoechst 33342.

Abbreviations: RITC, rhodamine B isothiocyanate; PEG, poly(ethylene glycol); CS, chitosan.
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Figure 7 In vivo and ex vivo biodistribution of DiR-loaded magnetic nanoparticles after intravenous tail injection in tumor-bearing nude mice. The fluorescent images of in vivo
tumor-bearing nude mice (A-B) and ex vivo image of major organs (A’—C’) using DiR probes with three different magnetic nanoparticles, ie, (A and A’) LTVSPWY-PEG-CS-
modified magnetic nanoparticles, (B and B’) PEG-CS-modified magnetic nanoparticles, and (C and C’) chitosan-modified magnetic nanoparticles.

Notes: The images were spectrally resolved. The tumor area is emphasized by a red arrow.

Abbreviations: PEG, poly(ethylene glycol); CS, chitosan.

of HER-2, a cell surface marker that is highly expressed
by SKOV-3 cells.?! These results confirm that LTVSPW Y-
PEG-CS-modified magnetic nanoparticles retain the binding
activity and specificity of the LTVSPWY peptide, and may
be used as an active targeting carrier via LTVSPWY peptide
mediation.

Biodistribution of magnetic nanoparticles

in vivo

The in vivo behavior of the magnetic nanoparticles was then
assessed following tail vein injection in a nude mouse model
of a SKOV-3 xenograft in the left flank. The fluorescent
images obtained at 1, 6, 24, and 48 hours after injection of
DiR-loaded magnetic nanoparticles are shown in Figure 7.
The uptake and retention of magnetic nanoparticles took
place primarily in the liver, with little accumulation in
tumor tissue. The maximum fluorescence signal is achieved
at 48 hours after injection, and the tumor tissue is clearly
delineated. Similar to the results obtained for cell uptake
in vitro, more active accumulation of LTVSPWY-PEG-CS-
modified magnetic nanoparticles was observed in a short
time (one hour) within the area of the tumor (Figure 7A),
in comparison with the PEG-CS-modified and chitosan-
modified magnetic nanoparticles (Figure 7B and C). For
PEG-CS-modified magnetic nanoparticles, the circulation
time was increased, leading to slower accumulation of the
magnetic nanoparticles in the tumors compared with the
chitosan-modified magnetic nanoparticles.

Observation of the organs 96 hours after injection and
dissection of the animals confirmed similar accumulation of
LTVSPWY-PEG-CS-modified and PEG-CS-modified mag-
netic nanoparticles in the tumors. However, accumulation of
LTVSPWY-PEG-CS-modified magnetic nanoparticles in
the liver was reduced compared with that of the PEG-CS-
modified and chitosan-modified ones. The biodistribution
results obtained in this study indicate that modification by
PEG, which prevents protein binding, can prolong the blood
circulation time of the magnetic nanoparticles in vivo. More
importantly, active tumor targeting using a tumor-specific
ligand is much faster and more efficient than passive tar-
geting based on tumor permeation, uptake, and retention.?
Therefore, LTVSPW Y-PEG-CS-modified magnetic nanopar-
ticles can be delivered to tumors by both passive and active
targeting mechanisms under in vivo conditions.

Conclusion

In summary, LTVSPWY-PEG-CS-modified magnetic
nanoparticles were successfully prepared using the solvent
diffusion method. With modification by the LTVSPWY
homing peptide, these magnetic nanoparticles could be taken
up selectively by HER2-overexpressing SKOV-3 cells when
cocultured with HER2-negative A549 cells, and with low
toxicity. Treatment using LTVSPWY-PEG-CS-modified
DiR-loaded magnetic nanoparticles enabled the tumors to be
identified and diagnosed more rapidly and efficiently in vivo.
Peptide-based nanoprobes may open up new opportunities
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for the development of novel molecular imaging probes in

the early detection and diagnosis of cancer.
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