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mediated multifunctional iron
oxide-based MRI nanoprobes for dynamic
monitoring of pancreatic cancer†

Yu Luo,‡b Yuehua Li,‡c Jing Li,‡c Caixia Fu,d Xiangrong Yu*e and Li Wu*acf

Regarded as the most promising technology for an early and precise detection of pancreatic cancer,

a sensitive nanoprobe has been developed to enhance the accumulation of contrast agent at the tumor

site. Hyaluronic acid (HA)-mediated multifunctional Fe3O4 nanoparticles (NPs) were used to target

pancreatic cancer cells because on their cytomembrane they overexpress CD44, a receptor protein that

has a high affinity to HA. The formation of HA-mediated multifunctional Fe3O4 nanoparticles began with

the synthesis of polyethyleneimine (PEI$NH2) stabled Fe3O4 NPs by slight reduction. Subsequently, the

formed Fe3O4@PEI$NH2 NPs were modified with fluorescein isothiocyanate (FITC), polyethylene glycol

(mPEG-COOH) and HA in succession to form the multifunctional Fe3O4 NPs denoted as HA-Fe3O4 NPs.

HA served as a targeting molecule to identify the surface antibody of CD44. As nanoparticles with

a diameter of ca. 11.9 nm, the HA-Fe3O4 NPs exhibited very high r2 relaxivity of 321.4 mM�1 s�1 and this

has proved that HA-Fe3O4 NPs could be efficient T2-weighted magnetic resonance imaging (MRI)

contrast agents. In a CCK8 cell proliferation assay of HA-Fe3O4 NPs, there was no toxic response for Fe

concentrations up to 100 mg mL�1. Flow cytometry, confocal microscopy observation, and cell MRI

results show that the HA-targeted groups had significantly higher cellular uptake than the nontargeted

groups. This demonstrates that the HA-Fe3O4 NPs are uptaken by pancreatic cells via an HA-

mediated targeting pathway. The HA-mediated active targeting strategy could be applied to other

biomedical projects.
Introduction

Pancreatic cancer is a relatively common cancer with a 5 year
survival rate of less than 8%.1 The optimal treatment prolonging
the patients lives with pancreatic cancer is radical surgery.
However, metastasis has frequently begun during diagnosis,
and the resection rate is less than 20%. For the survival of the
patient, earlier detection and diagnosis of pancreatic cancer is
particularly important.
nd Life Quality Engineering, School of

ong University, 800 Dongchuan Road,

3.com

ng, Tongji University, 1239 Siping Road,

adiology, Shanghai Jiao Tong University

, China

zhen Magnetic Resonance Ltd, Shenzhen,

al of Jinan University, Zhuhai People's

gdong 519000, P. R. China

hington, Seattle, USA

(ESI) available: Part of experimental
ts. See DOI: 10.1039/c9ra00730j

ted equally to this work.

93
Magnetic resonance imaging (MRI) is considered an effective
method for the diagnosis of pancreatic cancer because of its
high resolution and noninvasive imaging mode.2 In one exam-
ination, with the use of safer intravenous contrast agents, MRI
can perform noninvasive assessments of the pancreatic paren-
chyma, vascular network, and neighboring so tissues. MR
contrast agents are divided into two major categories: T1 and T2

MR contrast agents based on gadolinium and super-
paramagnetic iron oxide nanoparticles (Fe3O4 NPs).3–7

Currently, gadolinium-based contrast agents (GBCAS) are used
in clinical applications of MRI.8,9 However, severe complications
associated with GBCAS are increasing as they are being linked
with nephrogenic systemic brosis (NSF).10 Fe3O4 NPs provide
several advantages compared to traditional T1 contrast agents
by having a higher magnetic signal intensity, longer contrast
enhancement, and in particular, lower cytotoxicity.11 However,
there are two main limitations to using Fe3O4 NPs as MR
contrast agents. Firstly, they were engulfed by macrophage and
gathered in the reticuloendothelial system (RES).12 The passive
targeting of cancer is due to the differences between the tumor
and normal tissue with respect to their number of blood vessels,
the wider gap in the vascular wall and poor structural integrity
in solid tumor tissue, resulting in, enhanced permeability and
retention (EPR) effect of tumor blood vessel.13,14 The EPR effect
This journal is © The Royal Society of Chemistry 2019
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difference is minor between pancreatic cancer tissues and
normal pancreatic tissue. Also, the tumor can show hyper-
intensity or isointensity in the contrast-enhanced MRI. In
addition, during the early stage of lesions, tumors are smaller
and more difficult to detect. Nanoprobes that are modied with
specic ligand molecules to target delivery to the tumor site are
essential for highly sensitive MRI of pancreatic tumors.15

Recent studies have shown that CD44, a protein that has an
important part in the aggressive pancreatic cancer, is overex-
pressed in pancreatic cancer cell lines.13,16–19 CD44 is a receptor
with a high affinity for HA and contributes to cellular
processes such as cell survival, differentiation, proliferation,
adhesion, migration, and chemo-resistance.20–23 Studies have
shown that HA has been an effective ligand for targeting
therapy for pancreatic cancer.24,25 However, there are few
reports using CD44 as a target for diagnosis of pancreatic
cancer with MR.

In this study, multifunctional HA modied Fe3O4 NPs were
developed by covalently modifying synthesized Fe3O4-PEI NPs
with HA, uorescein isothiocyanate (FITC), andmPEG via a PEI-
mediated conjugation chemistry strategy. The nal product was
denoted as HA-Fe3O4 NPs (Scheme 1). Fe3O4 NPs modied with
multifunctional HA were applied for MRI of MIAPaca-2 cells,
a CD44 overexpressing cancer cell line, and orthotopic trans-
plantation model. The in vivo MRI was performed to monitor
the growth of the tumor. This study provides the experimental
basis for increased accuracy and observation of the develop-
ment of pancreatic tumors via the targeting MRI-guidance
strategy and could have enormous potential application in
earlier detection of pancreatic cancer.
Experimental
Preparation of Fe3O4-PEI$NH2

The method of Fe3O4-PEI NPs synthesis is as follows.26 Argon
gas was pumped into FeCl3$6H2O solution (2.6 g/40 mL) to
remove oxygen for 30 minutes under intense stirring before
sodium sulte solution (0.4 g/20 mL) added with the same time.
The reaction mixture was transferred to a 500 mL three-necked
ask and a PEI$NH2 solution (1.0 g/10 mL) was then added to
the ask. Aer mixing, heated the ask up to 60–70 �C for
30 min, cooled it to room temperature and continued stirring
for about 2 h. The mixture was separated and puried by an
external magnetic eld, and the same steps were repeated three
to ve times with water. Finally, the obtained Fe3O4 were
redissolved in water (25 mL) and stored at 4 �C for further use.
Scheme 1 Synthesis Routes of the HA-Fe3O4 NPs.

This journal is © The Royal Society of Chemistry 2019
Synthesis of FITC labeled Fe3O4 NPs

The Fe3O4 nanoparticles (120 mg) prepared in the last step were
dispersed in 20 mL. FITC (4.2 mg, 1 mL in DMSO) solution was
added to the suspension of Fe3O4 nanoparticles to avoid light
and stirred vigorously at ambient temperature for one day. Aer
that, the FITC labeled Fe3O4 NPs were fabricated.

Synthesis of HA-Fe3O4 NPs

The polyethylene glycol modication method was adopted to
improve the colloid stability and biocompatibility of Fe3O4 NPs.
Firstly, dissolved Fe3O4 NPs (60 mg) into 5 mL DMSO, activated
the carboxyl group of mPEG-COOH with EDC (1.7 mg) and NHS
(1.5 mg) for 3 h. The solution was added to FITC-labeled Fe3O4

suspension by dropwise manner, the reaction lasted for 3 days
and avoid light. The reaction products were divided into two
equal parts. And one part of the solutionwas added triethylamine
(187.5 mL) and acetic anhydride (200 mL) respectively to form the
non-HA materials (denoted as non-HA targeted control group
materials: nHA-Fe3O4 NP). Another part of the solution was
respectively added with triethylamine (75 mL) and acetic anhy-
dride (80 mL) to obtain the partially acetylated iron oxide nano-
particles. 116mg of hyaluronic acid was weighed and dissolved in
5 mL water. Then, adopted the similar carboxyl activation
method of mPEG-COOH to active the –COOH of hyaluronic acid
(EDC 1.3 mg for 30 min and then added NHS 1.1 mg for 3 h).
Aer that, the solution was added to the partially acetylated iron
oxide nanoparticles and continued reaction 3 days to form the
multifunctional iron oxide nanoparticles modied by hyaluronic
acid. The formedmultifunctional iron oxide particles (denoted as
HA-Fe3O4 NPs) were then collected aer removing excess reac-
tants and by-products via separation and purication. Finally, the
NPs was released into water (5 mL) and stored at 4 �C.

Cytotoxicity testing and cell morphology observation

MIAPa-Ca-2 cells were cultivated by the similar manner of our
previous report.10 Aer being treated with nHA-Fe3O4 NPs or
HA-Fe3O4 NPs, the morphology, and cell viability were observed
under microscopy (Leica DMIL LED inverted phase contrast
microscope) and measured by the CCK-8 assay.

MR imaging in vivo

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Shanghai
Jiao Tong University and experiments were approved by the
Animal Ethics Committee of Shanghai Jiao Tong University. The
RSC Adv., 2019, 9, 10486–10493 | 10487



Fig. 1 TEM image of nHA-Fe3O4 NPs (a) and HA-Fe3O4 NPs (b), respectively.
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management of animals and the establishment of in situ
pancreatic cancer tumors model are similar to our previous
work.27 Scanning was performed at 7, 14 and 21 days aer the
operation on a 3.0 tesla MR (MAGNETOM Verio, Siemens) with
a mouse coil.
Fig. 2 Thermogravimetric analysis of Fe3O4-PEI NPs (black curve), nHA-
Fe3O4 NPs (red curve), and HA-Fe3O4 NPs (blue curve), respectively.
Results and discussion
Preparation of HA-Fe3O4 NPs

The morphology and size of the synthesized nHA and HA-Fe3O4

NPs were determined by using TEM (Fig. 1). They were clearly
seen that there was a uniform size distribution for particles with
an approximate circular morphology. The nHA and HA-Fe3O4

NPs were measured to have a mean diameter of 12.2 � 1.7 nm
(Fig. 1a) and 11.9 � 1.9 nm (Fig. 1b) respectively. Table S1 (ESI†)
showed the hydrodynamic sizes and zeta potentials of the Fe3O4-
PEI, nHA and HA-Fe3O4 NPs. With respect to zeta potentials,
Fe3O4-PEI, due to the abundance of amino groups, had a zeta
potential of +32.1 mV while the zeta potentials of the nHA-Fe3O4

and HA-Fe3O4 NPs NP decrease to +12.2 and �16.6 mV. The
hydrodynamic size of Fe3O4-PEI, nHA-Fe3O4, and HA-Fe3O4 NPs
are 240.9 nm, 289.3 nm, and 306.1 nm, respectively. The size
difference between the various types of NPs showed that the
10488 | RSC Adv., 2019, 9, 10486–10493
surface modication was successful. The colloid stability of nHA-
Fe3O4 and HA-Fe3O4 NPs were one of the core premises for the
further biologic application. It is found that aer dispersing in
water for 7 days, the hydrodynamic sizes of nHA-Fe3O4 and HA-
This journal is © The Royal Society of Chemistry 2019



Fig. 3 T2 MR image and r2 relaxivity of the nHA-Fe3O4 NP or HA-
Fe3O4 NPs as a function of Fe concentration.

Paper RSC Advances
Fe3O4 NPs changed slightly, but without visible aggregations or
precipitations (Fig. S1 and S2, ESI†) indicating, that the prepared
NPs were colloidal stable. The characteristic absorption peak at
520 nm of FITC was observed in the HA-Fe3O4 NPs (Fig. S3, ESI†)
thus, the UV-Vis results indicated that FITC had been successfully
conjugated with HA-Fe3O4 NPs.

The percentage of HA in the Fe3O4 NPs was analyzed quan-
titatively by using TGA (Fig. 2). The weight of PEI and HA in the
Fe3O4 NPs was measured to be 9.8% and 5.7% respectively,
further indicating there was a successful surface modication
of FITC-mPEG and HA. The curve of room temperature
magnetic performance conrms the nHA-Fe3O4 or HA-Fe3O4

NPs presents obvious superparamagnetism, and the saturation
magnetization of nHA-Fe3O4 or HA-Fe3O4 NPs is calculated to be
90.5 emu g�1 and 101.3 emu g�1, respectively (Fig. S4, ESI†).
Fig. 4 The viability of MIAPaCa-2 cells after treated with PBS, nHA-Fe3O4

48 h (B) at 37 �C by the CCK-8 assay.

This journal is © The Royal Society of Chemistry 2019
T2 relaxivity measurements

The relaxation times of nHA-Fe3O4 and HA-Fe3O4 NPs were
quantied on a 0.5 T NMI20 Analysing and Imaging System to
examine the feasibility of these NPs as a T2-weighted MR
contrast agent (Shanghai NIUMAG Corporation, Shanghai,
China). Fig. 3 contains the T2-weighted MR images that showed
decreasing MRI signal intensity with increasing Fe concentra-
tions in both the nHA-Fe3O4 and HA-Fe3O4 NPs (Fig. 3a). The r2
of the nHA and HA-Fe3O4 NPs were counted. As shown in
Fig. 3b, the r2 of nHA-Fe3O4 and HA-Fe3O4 NPs were counted to
be 204.1 and 321.4 mM�1 s�1. The high r2 of nHA-Fe3O4 and HA-
Fe3O4 NPs indicated that these NPs can be used as potential T2

weighted contrast agents for MRI.
Cell morphology and cytotoxicity assay observation

The cytotoxicity of nHA-Fe3O4 and HA-Fe3O4 NPs were tested
before MR scanning. Aer the MIAPaCa-2 cells were cultivated
for 24 hours with nHA-Fe3O4 and HA-Fe3O4 NPs at particle
concentrations of 10, 20, 60, 80 and 100 mg mL�1, the cell
viability was assessed by the CCK8 assay (Fig. 4). When
compared with a PBS control, the viability of MIAPaCa-2 cells
had no signicant inuence aer incubation with either nHA-
Fe3O4 or HA-Fe3O4 NPs within the tested concentration range
(10–100 mg mL�1). The results indicated that both particles were
no cytotoxicity at the given concentration.

The cytocompatibility of the nHA-Fe3O4 or HA-Fe3O4 NPs were
further explored by observed the morphology of MIAPaCa-2 cells
treated with the NPs (Fig. S5, ESI†). The MIAPaCa-2 cells did not
show any morphological changes at the studied Fe concentra-
tions when compared with the PBS control. Both the morpho-
logical and CCK8 data was consistent further validating that both
nHA-Fe3O4 and HA-Fe3O4 NPs had a good cytocompatibility.
Cellular uptake

The conjugation of FI moiety and Fe3O4 NPs was necessary to
observe the cellular uptake of the nHA and HA-Fe3O4 NPs by
confocal microscopy and ow cytometry assay. The mean uo-
rescence intensity between the two NPs treatments was
compared (Fig. 5 and S6, ESI†). MIAPaCa-2 cells incubated with
NP and HA-Fe3O4 NPs at the different Fe concentrations for 24 h (A) or

RSC Adv., 2019, 9, 10486–10493 | 10489



Fig. 5 The ability of MIAPaCa-2 cells to uptake PBS (a), nHA-Fe3O4 NP (b) and HA-Fe3O4 NPs (c) ([Fe] 50 mg mL�1) 4 hours after treatment,
MIAPaCa-2 cells treated with PBS were used as control, scale bar ¼ 10 mm.
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HA-Fe3O4 NPs showed the uorescence intensity higher than
that with nHA-Fe3O4 NPs as the Fe concentration was increased.
The ligand–receptor interaction between CD44 and HA ligands
should be related to the improved cellular uptake of the HA-
Fe3O4 NPs by MIAPaCa-2 cells.

Nuclei appeared blue when MIAPaCa-2 cells were added with
PBS (Fig. 5a). When MIAPaCa-2 cells treated with either nHA or
HA-Fe3O4 NPs at a Fe concentration of 60 mg mL�1, they displayed
intense green uorescent signals that originated from FI on the
cell surfaces and in the cytosol (Fig. 5b and c). However, the cells
treated with HA-Fe3O4 NPs had an increased number of cells dis-
playing a green uorescence. This indicated that the HA-Fe3O4 NPs
were uptaken by MIAPaCa-2 cells by active targeting pathway.

Prussian blue staining was applied to qualitatively assess the
specic cellular uptake of the HA-Fe3O4 NPs by MIAPaCa-2
(Fig. S7, ESI†). The MIAPaCa-2 cells that were treated with the
HA-Fe3O4 NPs displayed signicantly deep blue staining than
cells treated with the nHA-Fe3O4 NPs with the same Fe concen-
trations. Blue staining was not displayed in control cells added
with PBS. The ow cytometry assay (Fig. 6), confocal microscopy
observation results, and the Prussian blue staining results
demonstrated the function of HA-mediated targeting.
Fig. 6 Flow cytometric analysis of the MIAPaCa-2 cells treated with
the nHA-Fe3O4 NP or HA-Fe3O4 NPs for 4 h at the different Fe
concentration.
In vitro MRI of cancer cells

The nHA and HA-Fe3O4 NPs were used as probes for MR scan-
ning of MIAPaCa-2 cells. Before MR scanning, MIAPaCa-2 cells
10490 | RSC Adv., 2019, 9, 10486–10493
overexpressing CD44 receptor were incubated with nHA-Fe3O4

or HA-Fe3O4 NPs at a range of Fe concentrations from 5 to 80 mg
mL�1 at 37 �C and 5% CO2 for 4 hours. T2 WI of the cells were
collected (Fig. 7).

It was showed in cells treated with both nHA-Fe3O4 and HA-
Fe3O4 NPs that the MR signal intensity decreased with Fe
This journal is © The Royal Society of Chemistry 2019



Fig. 7 In vitro T2 MR images of MIAPaCa-2 cells treated with the nHA-Fe3O4 NP or HA-Fe3O4 NPs for 4 h.
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concentration increasing. This further demonstrates that by
attaching the HA ligand, the NPs could be directly targeting to
cells.
MRI of tumor in mice

The nHA-Fe3O4 NPs or HA-Fe3O4 NPs were injected intravenously
into mice (0.3 mL in PBS, 0.6 mg Fe per mouse) for MR scanning
at 7, 14 and 21 days aer tumor seeding (Fig. 8). Aer the HA-
Fe3O4 NPs were injected, the MR signal of tumor gradually
decreased (Fig. 8b, d and 8f). The highest contrast enhancement
was induced by the particles at 90 min post-injection while the
MR signal started to recover at 180 min. Compare to HA-Fe3O4

NPs, the tumor MR signal injected with nHA-Fe3O4 NPs did not
decrease during the post-injection (Fig. 8a, c and e). It was well
known that the decreasedMR signal of tumor aer injection with
nHA-Fe3O4 NPs was associated with the EPR effect. Results
showed that the HA-directed targeting role enabled specic
Fig. 8 In vivo transverse T2 MR images of tumors after intravenous injec
Fe3O4 NPs ((b) 7 days; (d) 14 days; (f) 21 days) ([Fe] 1 mg mL�1, in 200 mL

This journal is © The Royal Society of Chemistry 2019
delivery of the particles to the tumor, thus, in conjunction with
the passive EPR effect, there was specic MRI of the tumor. The
MR signal intensity of tumors injected with both nHA-Fe3O4 and
HA-Fe3O4 NPs were recovered to some extent at 180 min post-
injection. Likely, the NPs have undergone the metabolism
process decreased distribution in the tumor. At 7, 14 and 21 days
aer tumor seeding, there was a gradual decrease in MR signal
intensity with the tumor.

21 days aer tumor seeding, MR scanning was performed,
then, the mice were sacriced and the tumors were removed for
HE staining (Fig. S8 and S9, ESI†). Microscopically, the tumor
cells were spindle-shaped and had large nuclei with visible
nucleoli. The nuclear ssion of the tumor cells was inconspic-
uous at 7 and 14 days aer tumor seeding. The tumor cells
invade the surrounding acinar tissue and destroy the acinar
forming a single acinar like “island” at 21 days aer tumor
seeding. The brown refractive particles were seen in tumor
interstitial tissue during this period. The quantity of particles in
tion of the nHA-Fe3O4 NP ((a) 7 days; (c) 14 days; (e) 21 days) and HA-
saline) at different time points post i.v.-injection.

RSC Adv., 2019, 9, 10486–10493 | 10491



Fig. 9 In vivo biodistribution of hearts, livers, spleens, lungs, kidneys,
and tumors 24 h post intravenous injection of the nHA-Fe3O4 NP and
HA-Fe3O4 NPs s (600 mg Fe, in 0.3 mL PBS).
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HA-Fe3O4 NPs group is signicantly higher than that nHA-Fe3O4

NPs group. Given the different time points, the results may
suggest that HA-Fe3O4 NPs can early detect a pancreatic tumor
as contrast agent, especially compared to nHA-Fe3O4 NPs.
In vivo biodistribution and acute toxicity assessment

ICP-AES was used to analyze the Fe concentration in main
organs to further observe the biodistribution behavior of the
nHA and HA-Fe3O4 NPs (Fig. 9). 24 hours aer the injection of
nHA-Fe3O4 or HA-Fe3O4 NPs, the Fe concentration in tumor
tissue and tested organs increased more than that of the control
mice. Fe was uptaken mainly by the liver and spleen. However,
a small quantity remains in the hearts, lungs, kidneys, and
tumors. The Fe gather in the liver and spleen were closely
related to the clearance effect of RES. The biological acute
toxicity assessment was performed by the routine blood-
biochemical blood testing (Fig. S10, ESI†). The nHA-Fe3O4 or
HA-Fe3O4 NPs saline solution was intravenously injected into
mice at a dosage (40 mg kg�1). Aerward, mice were sacriced
10 days post-injection (n ¼ 10). Healthy mice with age and
weight matched were the control group. The liver and kidney
function indexes including alanine aminotransferase (ALT),
aspartate aminotransferase (AST), alkaline phosphatase (AKP),
blood urea nitrogen (BUN) and creatinine (CREA) appeared
normal. The blood indexes had no signicant differences
between the treatment groups and the control group.
Conclusions

In this study, we developed an HA-Fe3O4 NPs for targeted MRI of
pancreatic cancer. These Fe3O4 NPs were proved to be stable,
water soluble, and cytocompatible in the given concentration set.
The results of cellular uptake analysis indicated that the HA-
Fe3O4 NPs were specically uptaken by MIAPaCa-2 cells which
overexpress the CD44 receptor. In summary, as effective nanop-
robes for MRI of pancreatic cancer cells and an orthotopic
pancreatic cancer model through the HA-mediated active
10492 | RSC Adv., 2019, 9, 10486–10493
targeting pathway, the developed HA-Fe3O4 NPs will play a great
role asMR contrast agent for early detection of pancreatic cancer.
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