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Background: Targeted delivery is a promising strategy to improve the diagnostic imaging and
therapeutic effect of cancers. In this paper, novel cetuximab (C225)-conjugated, gemcitabine
(GEM)-containing magnetic albumin nanospheres (C225-GEM/MANs) were fabricated and
applied as a theranostic nanocarrier to conduct simultaneous targeting, magnetic resonance
imaging (MRI), and double-targeted thermochemotherapy against pancreatic cancer cells.
Methods: Fe,O, nanoparticles (NPs) and GEM co-loaded albumin nanospheres (GEM/MANs)
were prepared, and then C225 was further conjugated to synthesize C225-GEM/MANSs. Their
morphology, mean particle size, GEM encapsulation ratio, specific cell-binding ability, and
thermal dynamic profiles were characterized. The effects of discriminating different EGFR-
expressing pancreatic cancer cells (AsPC-1 and MIA PaCa-2) and monitoring cellular target-
ing effects were assessed by targeted MRI. Lastly, the antitumor efficiency of double/C225/
magnetic-targeted and nontargeted thermochemotherapy was compared with chemotherapy
alone using 3-(4, 5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) and
flow cytometry (FCM) assay.

Results: When treated with targeted nanospheres, AsPC-1 cells showed a significantly less
intense MRI T2 signal than MIA PaCa-2 cells, while both cells had similar signal strength
when incubated with nontargeted nanospheres. T2 signal intensity was significantly lower
when magnetic and C225 targeting were combined, rather than used alone. The inhibitory and
apoptotic rates of each thermochemotherapy group were significantly higher than those of the
chemotherapy-alone groups. Additionally, both MTT and FCM analysis verified that double-
targeted thermochemotherapy had the highest targeted killing efficiency among all groups.
Conclusion: The C225-GEM/MANSs can distinguish various EGFR-expressing live pancreatic
cancer cells, monitor diverse cellular targeting effects using targeted MRI imaging, and efficiently
mediate double-targeted thermochemotherapy against pancreatic cancer cells.

Keywords: gemcitabine, Fe,0, nanoparticles, theranostic nanocarrier

Introduction

Pancreatic cancer is the fourth most common cause of death from cancer.! Although
great progress has been made, the 5-year survival rate of people with pancreatic can-
cer is still less than 5%.? This is mainly due to a lack of effective early diagnosis and
treatment. At present, gemcitabine (GEM)-based chemotherapy remains the main
treatment option for pancreatic cancer, especially for patients with advanced pancre-
atic cancer or as adjuvant therapy after surgical resection. However, the therapeutic
effect appears extremely poor. The underlying reason may lie in the short half-life of
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GEM in vivo and undesired adverse effects on normal tissues
caused by nonspecific drug delivery.>* On the other hand,
the efficacy of using chemotherapy alone to treat pancreatic
cancer is limited. Combining treatment methods is a prom-
ising strategy for eradicating cancer. Thus, more effective
diagnostic and therapeutic strategies are urgently needed to
combeat this deadly disease.

Nanocarriers are novel molecules that are increasingly
used as drug carriers’ for effective accumulation within tumor
tissues through the enhanced permeability and retention
effect.® Furthermore, combining imaging and therapeutic
capabilities into a single nanocarrier has generated substantial
attention because of the tremendous opportunity for simulta-
neous diagnosis and treatment of various diseases.”” Among
all kinds of nanocarriers, nanospheres with a mean diameter
of 10-1,000 nm have been widely applied in drug delivery
systems!®!? and have shown many advantages, including
enhanced structural stability, controlled release of thera-
peutic agents, and protection from in vivo metabolization of
encapsulated drugs.'* Nanospheres made of albumin are espe-
cially attractive because of the following features: nontoxic,
nonantigenic, biodegradable, easy to prepare, reproducible,
and well tolerated. Using albumin nanospheres as drug
carriers to encapsulate GEM against pancreatic cancer has
been reported.'*'* Magnetic albumin nanospheres (MANSs)
have become particularly interesting due to their association
with magnetic nanoparticles (MNPs), which are excellent
theranostic candidates, capable of incorporating imaging
agents together with therapeutic agents for simultaneous
diagnosis and treatment. It has been reported that a MNP-
based drug delivery system may not only present enhanced
structural stability, tissue absorption, and guide drugs to a
specific cancer lesion within the body by utilizing the exter-
nal magnetic field'S but may also have the potential to carry
out magnetohyperthermia when exposed to an alternating
magnetic field (AMF),'” magnetic resonance imaging (MRI)
contrast enhancement,'® and gene therapy.'” MANSs also have
the unique magnetic potential to conduct magnetic-targeted
drug delivery with the aid of an external magnetic field, carry
out magnetohyperthermia, or act as contrast enhancement for
MRI. Recently, some studies reported designing MANS as a
new generation of drug carrier for targeted drug delivery?2!
or as a magnetohyperthermia medium for thermoablation of
tumor cells.?>* However, little has been reported on using
MANSs as an MRI contrast enhancement for cancer diagnosis
or constructing theranostic MANs for concurrent diagnostic
MRI and magnetohyperthermia. In addition, due to their
small size and large surface area, various biomolecules such

as antibodies or ligands can be conjugated onto the surface
of albumin nanospheres to offer active targeted diagnosis or
treatment of cancers.?>?>2¢

Active targeting approach is another highly desirable
treatment technique to enhance therapeutic drug efficacy and
decrease possible drug-related side effects. Active targeting
is based on the over- or exclusive expression of different
epitopes or receptors in tumor cells and on specific physi-
cal characteristics. Two recent studies have indicated that
epidermal growth factor receptor (EGFR) was detectable in
more than 95% of patients with pancreatic cancer.?’?® High
levels of EGFR expression often correlate with poor response
to treatment, disease progression, and poor survival.” Hence,
EGEFR receptor could be an attractive target, and targeting it
represents a promising diagnostic and therapeutic strategy
for pancreatic cancer. Additionally, anti-EGFR treatment
has been found to add significantly to the overall survival of
pancreatic cancer patients treated with GEM.?® Cetuximab
(C225), a kind of anti-EGFR monoclonal antibody (mab),
approved by the US Food and Drug Administration for the
treatment of patients with EGFR-positive colorectal cancer,
has now been used to treat many other carcinomas contain-
ing pancreatic cancer.’'* Thus, we bonded C225 to the
surface of nanospheres for specific targeting of the EGFR
receptors expressed on the surfaces of tumor cells to induce
active targeted drug and Fe,O, NP co-delivery. Moreover,
once C225 was attached onto the surface of MANS, active
antibody-targeted drug transportation can act at the same
time as the passive accumulation of drugs in tumor tissues
under an external magnetic field. Such combined magnetic-
and antibody-targeted (named double-targeted) anticancer
drugs delivery will be a promising alternative to conven-
tional chemotherapy due to increased drug accumulation
in cancer cells, while avoiding undesirable side effects in
normal cells. Meanwhile, double-targeted magnetic fluid
hyperthermia (MFH) mediated by nanosized Fe,O, can also
occur along with double-targeted drug delivery. Herein,
double-targeted delivery is an attractive choice for cancer
imaging and therapy.

In our previous study,** we had successfully synthesized
GEM-loaded MANSs. Based on that, we further conjugated
C225 mab onto their surface to fabricate C225-GEM/MAN:S.
By using them as an MRI molecular probe, we effectively
distinguished different EGFR-expressing AsPC-1 and MIA
PaCa-2 pancreatic cell lines by targeted MRI. We also
observed various targeting effects on AsPC-1 cells through
changes of MRI T2 signal intensity. Furthermore, by com-
paring the antitumor effects of thermochemotherapy and
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chemotherapy alone in different targeted ways, we confirmed
that the efficiency of double-targeted thermochemotherapy
against AsPC-1 pancreatic cells was the most optimal.

Materials and methods

Materials

GEM was purchased from Haosen Pharmaceutical Co,
Ltd. (Jiangsu, People’s Republic of China). Bovine serum
albumin (BSA), dimethyl sulfoxide (DMSO), 3-(4, 5-di-
methyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT), anti-EGFR mab cetuximab (C225 mab), trypsin,
N-succinimidyl-3-(2-pyridyldithio) propionate (SPDP), and
DL-dithiothreitol (DTT) were supplied by Sigma-Aldrich Co.
(St Louis, MO, USA). Annexin V-FITC (fluorescein isothio-
cyanate) and propidium iodide (PI) kit were obtained from
Key Gen Biotech (Nanjing, People’s Republic of China).
All other chemicals were commercially available and of
analytical grade. AsPC-1 and MIA PaCa-2 human pancreatic
cancer cell strains were provided by the Cell Institute of the
Chinese Academy of Sciences.

Methods

Preparation of Fe,O, nanoparticles, GEM-loaded

MAN:Ss, and C225-GEM/MANs

According to our previous work,” Fe,O, NPs were pre-

pared using chemical coprecipitation and MANs loaded

with GEM (GEM/MANSs) were fabricated using a modi-
fied desolvation—crosslinking method.** C225 were then
conjugated onto the surface of GEM/MANSs using SPDP,

a heterobifunctional crosslinker. The specific procedure

involved three steps:

1) C225(100 uL) was added dropwise into 13.7 uL. SPDP,
then phosphate-buffered saline (PBS) was added to adjust
the mixture to 2 mL. After 30 minutes’ reaction and
following 48 hours dialysis using acetate buffer as the
dialysis medium, C225-PDP was produced. During the
reaction, 2-pyridyl disulfide (PDP) was introduced into
the C225 mab by the reaction of some of its amino groups
with the N-hydroxysuccinimide ester side of SPDP.

2) GEM-loaded MANS (0.5 mL) were dissolved in Milli-Q
water (EMD Millipore, Billerica, MA, USA). The solu-
tion volume was adjusted to 2 mL and then 20 uL of
SPDP was dropped in slowly. The mixture was reacted
for 60 minutes at room temperature, after which PDP
structures were introduced into the GEM/MANSs by the
reaction of some of the amino groups on the albumin
nanospheres with the N-hydroxysuccinimide ester
side of SPDP. At the end of the reaction, the mixture

was washed with acetate buffer and ultracentrifuged
(12,000 rpm/20 minutes) to remove excess SPDP. The
precipitate (GEM/MANs-PDP) was then dispersed in
acetate buffer and 15.4 mg DTT was added for another
30 minutes’ reaction, after which the PDP structures of
GEM/MANSs-PDP were reduced by DTT to develop thiol
(-SH). After repeated centrifugation (12,000 rpm/20 min-
utes) and purification with PBS, the final product we
obtained was GEM/MANs-SH.

3) GEM/MANSs-SH was resuspended in PBS and C225-
PDP was added to start a reaction. After another
24 hours of continued magnetic stirring, followed by
centrifugation (12,000 rpm/20 minutes) and washing
(using PBS or Milli-Q water), the final products were
C225-GEM/MAN:S. A portion of the C225-GEM/MANs
was resuspended in PBS and incubated with Alexa Fluor®
488 Conjugate rabbit-anti-mouse 1gG (Cell Signaling
Technology, Inc., Danvers, MA, USA) for | hour at 37°C
in the dark, and then centrifuged (12,000 rpm/5 minutes),
rinsed with PBS, and collected to determine the antibody
conjugation efficiency using flow cytometry (FCM) anal-
ysis to detect fluorescent percentage (BD Biosciences,
San Jose, CA, USA). C225-GEM/MANS that were not
incubated with Alexa Fluor® 488 Conjugate rabbit-anti-
mouse IgG were used as a control.

Characterization

The samples were freeze dried and the morphology and mean
particle size of C225-GEM/MANSs were characterized using
transmission electron microscopy (TEM; JEM-1011; JEOL,
Tokyo, Japan) and Malvern Instruments (Malvern, UK).

Determination of anti-EGFR antibody on the surface

of C225-GEM/MAN:s

To confirm whether the anti-EGFR antibody was linked to
the GEM-loaded MANSs, the appropriate Alexa Fluor® 488
Conjugate rabbit-anti-mouse IgG (Cell Signaling Technol-
ogy, Inc.) was added to 2 uL of C225-targeted nanospheres
with 0.9% BSA and allowed to react for 1 hour at 37°C. After
centrifugation at 12,000 rpm for 30 minutes, the precipitate
was washed three times with PBS, redispersed in 20 uL of
PBS and observed under a fluorescence microscope (BX53;
Olympus Corporation, Tokyo, Japan). C225-free nano-
spheres were used as control.

GEM encapsulation efficiency and in vitro release test
The GEM encapsulation ratio was detected by ultraviolet
spectrophotometer. Nanospheres solutions were first
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lyophilized to yield solid samples. The dried samples were
then weighed and re-dissolved in DMSO. Fe,O, NPs were
removed from the solution by magnetic field-guided accumu-
lation. The absorbance at 268 nm was measured to determine
the GEM content in the solution.

Amount of GEM in

the nanosphere

Entrapment efficiency (%) = x100%

Quality of nanospheres

GEM release profiles in vitro were evaluated by dynamic
dialysis test in PBS (release medium, 37°C, pH 7.0). Briefly,
15 mL samples were placed in a pretreated dialysis bag with
both ends tied tightly after ultrasonication. The bag was
then immersed in a beaker containing 100 mL phosphate
buffer with constant stirring (150 r/minute) at 37°C. Every
30 minutes, 5 mL samples were withdrawn from the medium
and the equal volume of phosphate buffer was re-added. This
process lasted for 24 hours. The amount of released drug
was then determined by measuring the absorbance using
a UV spectrophotometer with standard calibration curves
(wavelength =268 nm). The accumulative release rate of
GEM over time was thus observed.

Heating test of the C225-GEM/MANs

The iron content loaded inside the C225-GEM/MANSs was
determined according to the phenanthroline chemical iron
quantification method.’® Magnetofluids of different con-
centrations were prepared by dispersing various doses of
C225-GEM/MANSs in 5 mL 0.9% NaCl. Different concen-
trations of nanospheres were then placed in a flat-bottomed
cuvette in turn. There was a 5 mm distance from the bottom
of the cuvette to the center of a hyperthermia coil of high-
frequency electromagnetic field (SP-04C; Shenzhen Double
Power Supply Technology Co., Ltd, People’s Republic of
China). The output frequency was 230 kHz and the output
current was 30 A. It was heated for 1 hour and the temperature
was measured at S-minute intervals.

Cell culture

AsPC-1 cells with higher EGFP expression and MIA Paca2
cells with lower expression of EGFP as proved by western
blot analysis*® were obtained and cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM; Thermo Fisher Sci-
entific, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS), 100 units/mL penicillin, and 100 ug/mL
streptomycin (Thermo Fisher Scientific) in humidified air
containing 5% CO, at 37°C.

In vitro MRI

In order to demonstrate the feasibility of C225-GEM/MANs
serving as in vitro magnetic nanoprobe, MRI experiments
were performed. AsPC-1 and MIA PaCa-2 human pancre-
atic cancer cells were seeded separately into T25 culture
plates with 5 mL fresh growth medium and incubated at
37°C (5% CO,) overnight to bring the cells to confluence
(2x10¢ cells). The growth medium was then discarded and
replaced with fresh medium containing C225-GEM/MANs
and GEM/MANSs at the same iron concentrations and the
cells were incubated at 37°C (5% CO,) for an additional
2 hours. After that, the growth medium was removed and the
cells were rinsed twice with PBS, trypsinized, centrifuged
(1,000 rpm/5 minutes), rinsed again with PBS, and resus-
pended in 1 mL of 1% agarose (Oxoid, Basingstoke, UK)
in 10 mm diameter Eppendorf tubes (Corning Incorporated,
Corning, NY, USA) for MRI. One percent agarose (1 mL)
without nanospheres was used as control. T2 MRI was car-
ried out using a 7.0-Tesla animal magnetic resonance (MR)
scanner (PharmaScan; Bruker Corporation, Billerica, MA,
USA) with a 23 mm mouse head circular volume coil at
room temperature. A T2 spin echo sequence was used for
T2-weighted imaging (repetition time [TR] =2,000 ms, echo
time [TE] =13,65 ms, field of view [FOV]=40x40 mm, slice
thickness =1 mm, matrix =256x256), and a T2 mapping
sequence was used for obtaining the T2 value (TR =3,000,
1,500, 800, 400, 200 ms, TE =11 ms, FOV =40x40 mm, slice
thickness =1 mm, matrix =256x256).

In addition, different targeting effects on AsPC-1 were
monitored by targeted MRI. The cells were treated in the same
way as the above approach. After being incubated with non-
targeted nanospheres only (nontargeted), nontargeted nano-
spheres under exterior magnet (single magnetic-targeted),
the targeted nanospheres only (single C225-targeted), the
targeted nanospheres under exterior magnet (combined
magnetic- and C225-targeted) with the same iron content
for 2 hours, respectively, the cells were collected and their
T2-weighted images were observed. Meanwhile, their cor-
responding T2 values were quantified.

Cell binding and internalization

of C225-GEM/MAN:s

AsPC-1 cells were seeded on the glass slides for 24 hours until
50%—-80% confluency was reached (so that the cell density
was not too high). The cells were then fixed with 4% para-
formaldehyde in PBS for 15 minutes at room temperature and
permeabilized using 0.1% Triton X100 in PBS for 15 minutes
at room temperature. After being blocked with 1% BSA for
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1 hour, the cells were treated with C225 (positive contrast),
C225-conjugated nanospheres, Ab-free nanospheres, and
PBS (negative contrast), respectively, at 4°C overnight. The
cells were then washed three times with PBS. The appropriate
Alexa Fluor® 488 Conjugate rabbit-anti-mouse IgG (Cell Sig-
naling Technology, Inc.; dilution 1:1,000) was then applied
for incubation for 1 hour at 37°C in the dark. The cells were
washed another three times with PBS and incubated again
with 10 pg/mL of Hoechst 33342 nuclear stain for 5 minutes
at room temperature. Finally, the cells were washed three
times with PBS and imaged using an immunofluorescence
microscope (BX53; Olympus Corporation).

MTT-based in vitro cytotoxicity assay

The growth inhibition rate (IR) of C225-GEM/MANs
on AsPC-1 cells was evaluated by MTT assay, in which
double-targeted chemotherapy alone and double-targeted
thermochemotherapy (chemotherapy combined with mag-
netohyperthermia) were compared. Firstly, AsPC-1 cells
were seeded in 96-well culture plates with 6,000 cells per
well and cultured for 24 hours. Then, the cells were divided
into the following groups according to the targeting method
and whether they had or did not have hyperthermia: 1) a
negative control group (DMEM medium containing 10%
FBS); 2) a GEM/MANS group with or without hyperthermia;
3) a GEM/MANSs magnetic targeting group with or without
hyperthermia; 4) a C225-GEM/MANSs group (with antibody
targeting) with or without hyperthermia; and 5) a C225-
GEM/MANSs with magnetic targeting (combined magnetic
and antibody targeting) with or without hyperthermia. Each
group had eight wells. When magnetic targeting was required,
a 96-well format magnetic plate (Chemicell GmbH, Berlin,
Germany) was positioned on the cell culture plates. When
conduct hyperthermia was required, cells were treated
with MFH for 60 minutes under a high-frequency AMF
(f=230 kHz, I=30 A). After treatment management, the cells
in all groups were incubated for 48 hours. Then, 20 uL MTT
solution (5 mg/mL) was added to the cells in all the groups
and incubated for 4 hours at 3°C. After that, 150 uL DMSO
was added, the solution was mixed for 5 minutes, and the
absorbance of each cell well was measured at 492 nm using
amicroplate reader (Model EL x800G; BioTek Instruments,
Inc., Winooski, VT, USA). Each reported result was the mean
of eight wells. Cell growth IR of every group’s cells was
calculated according to the following formula:

1—optical density [OD] of experimental group

IR% = x100%

OD of control group

Flow cytometry analysis for apoptosis determination
The apoptosis rate was assessed by FCM. The AsPC-1 cells
were grouped and treated as described in MTT assay. The
cells in every group were collected through centrifugation at
1,000 rpm for 5 minutes, followed by washing with cold PBS
three times and resuspension in binding buffer (500 UL each).
Then, 3.5 uL of Annexin V-FITC solution and 10 uL of PI
solution were added in turn. The stained cells were incubated
for 15 minutes at room temperature in the dark. Finally, the
mixture was subjected to FCM analysis (BD Biosciences).
All experiments were performed in triplicate.

Statistical analysis

Obtained data were analyzed using SPSS (v18.0; SPSS Inc.,
Chicago, IL, USA). The statistical significance of differences
in mean values between the groups was analyzed using one-
way analysis of variance (ANOVA). A probability level of
P<0.05 was considered to be statistically significant.

Results

Characterization of the C225-GEM/MANs
TEM micrographs in Figure 1A show that the prepared
C225-GEM/MANSs were approximately spherical and
uniform with good dispersibility. Fe,O, NPs were also
simultaneously well incorporated into the core of the com-
posite nanospheres. The size distribution of the composite
nanospheres is depicted by the curve shown in Figure 1B.
The mean hydrodynamic diameter of the C225-GEM/MANs
was about 200 nm.

Determination of Ab conjugation

and conjugation efficiency

After being incubated with the rabbit-anti-mouse second
antibody and centrifuged, the nanospheres aggregated spon-
taneously to larger particles at the micrometer scale or above.
Green fluorescence from the Ab-conjugated nanospheres
was observed by fluorescence microscopy. In contrast,
no fluorescence was detected in the Ab-free nanospheres
(Figure 2A and B). The fluorescence percentage detected
by FCM analysis revealed that the antibody conjugation
efficiency was 65.77% (Figure 3).

Entrapment efficiency and in vitro GEM
release profiles

The encapsulation ratio of GEM detected by UV spectro-
photometer was 82.16%. The curves of Figure 3 reveal how
GEM was released in vitro from the C225-GEM/MANS. As
indicated by the drug release pattern (Figure 4), GEM was
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Figure | Characterization of C225-functionalized nanospheres containing nanosized Fe,O, and GEM.

Notes: (A) The nanospheres were approximately spherical with a diameter of about 200 nm; Fe,O, with a diameter of about 20 nm was successfully encapsulated into the
nanospheres; (B) hydrodynamic diameter distribution of C225-GEM/MANS in PBS as measured by a particle size analyzer.

Abbreviations: C225, cetuximab; GEM, gemcitabine; PBS, phosphate-buffered saline; MANSs, magnetic albumin nanospheres.
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Figure 2 Determination of antibodies conjugated on the surface of the targeted nanospheres.
Notes: (A) The green fluorescence was seen in the C225-GEM/MANS; (B) no fluorescence could be detected in Ab-free nanospheres.
Abbreviations: C225, cetuximab; GEM, gemcitabine; MANSs, magnetic albumin nanospheres.
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Figure 3 Determination of the antibody conjugation efficiency by measuring the fluorescence percentage.

Notes: (A) Fluorescence percentage of C225-GEM/MANs without incubation with FITC-labeled second antibody; (B) fluorescence percentage of C225-GEM/MAN:S after
incubation with FITC-labeled second antibody.

Abbreviations: C225, cetuximab; FITC, fluorescein isothiocyanate; GEM, gemcitabine; MANSs, magnetic albumin nanospheres.
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Figure 4 In vitro GEM release curve of the C225-GEM/MANS .

Note: The curve showed that GEM was released in vitro in a slow and steady
manner until complete release after 24 hours.

Abbreviations: C225, cetuximab; GEM, gemcitabine; MANs, magnetic albumin
nanospheres.

released in an explosive way in the first 30 minutes after
administration, then gradually became slower.

The release lasted for nearly 12 hours and became steady.
The pattern of drug liberation revealed that 20% of the drug
was released within the first 2 hours, while 80% of the drug
was released after 48 hours.

Temperature increase of the nanospheres

in AMF

The iron content of the C225-GEM/MANSs was 2.0 mg/mL.
When varying concentrations of C225-GEM/MANs were
exposed to a high-frequency alternating electromagnetic
field, their temperature rose from 25°C to 55°C due to
the heating effect of nanosized Fe,O, (Figure 5). As the
concentration increased, the maximum temperature rose.
Among all of the tested concentrations, 0.24 mg/mL was

the optimum. In the process of heating, the temperature
rose quickly within the first 30 minutes, then rose gently,
and stabilized at 4°C after 45 minutes. This hyperthermic
behavior contributes to the killing of tumor cells while not
harming normal tissues. The concentration of 0.24 mg/mL
was selected to induce magnetic hyperthermia in the fol-
lowing experiment.

Targeted MRl in vitro

Due to the difference in cellular uptake of Fe,O,-containing
nanospheres, different T2-weighted images were acquired
(Figure 6A and B). Meanwhile, the T2 values corresponding
to these images were also quantified (Figure 6C and D). As
Figure 6A shows, after being incubated with C225-targeted
nanospheres, the T2-weighted images of the AsPC-1 cells
exhibited a significant MR signal reduction, while the
T2-weighted imaging of MIA Paca2 cells demonstrated a
mild signal reduction. The corresponding T2 value of the
AsPC-1 cells was significantly different from that of the
MIA Paca2 cells (P<<0.05). When treated with C225-free
nanospheres, the T2-weighted images of these two different
types of pancreatic cells had a similarly weaker MR signal
attenuation and they had similar T2 values (P>0.05). With
regard to the differing cellular targeting effects, the MR T2
signal intensity in the combined magnetic- and antibody-
targeted group decreased significantly, whereas a similar
signal reduction was found in the C225-targeted alone and
magnetic-targeted alone groups (Figure 6B). The T2 values
of the targeted groups were significantly different from that
of nontargeted group (P<<0.05).

60-
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Figure 5 Heating curve for different concentrations of C225-GEM/MANSs.

Notes: Under a high-frequency AMF (=20 kHz; 1=20 A), the targeted nanospheres at different concentrations rapidly reached the temperature required for
thermochemotherapy (41°C—44°C) within 45 minutes, which remained stable after |5 minutes.
Abbreviations: AMF, alternating magnetic field; C225, cetuximab; GEM, gemcitabine; MANs, magnetic albumin nanospheres.
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Figure 6 In vitro MRI.

Notes: (A) (a) Agarose gel without nanospheres; (b) MIA PaCa-2 cells incubated with untargeted nanospheres; (c) AsPC-I cells incubated with untargeted nanospheres;
(d) MIA PaCa-2 cells incubated with targeted nanospheres; and (e) AsPC-1I cells incubated with targeted nanospheres. (B) (a) Agarose gel without nanospheres; (b) AsPC-|
cells incubated with untargeted nanospheres; (c) AsPC-| cells incubated with untargeted nanospheres with magnetic targeting; (d) AsPC-1 cells incubated with C225-
conjugated nanospheres; and (e) AsPC-1 cells incubated with C225-conjugated nanospheres with magnetic targeting. (C) and (D) T2 values correspond to T2-weighted

images of (A) and (B). Data are presented as the mean + standard deviation, *P<<0.05.

Abbreviations: C225, cetuximab; MRI, magnetic resonance imaging.

Increased uptake of C225-conjugated
nanospheres in EGFR-overexpressing

cell lines

C225-targeted nanospheres, nontargeted nanospheres, and
C225 were incubated with AsPC-1 cells. As indicated by
the intensity of the immunofluorescence (Figure 7A-D),
C225 bound to AsPC-1 cells better than the other groups
and showed strong green fluorescence. Compared to the
C225 group, C225-targeted nanospheres also bound to cells,
but showed less green fluorescence. There was hardly any
binding fluorescence in the nontargeted group (Figure 7C)
and the negative contrast group (Figure 7D).

The therapeutic effects on AsPC-1 cells

The average inhibitory rate of the thermochemotherapy
groups was 58.50%, while the rate for the chemotherapy-
alone groups was 47.50%.The mean apoptotic rates of the
two therapy groups were 29.33% and 19.12%, respectively.

The inhibition and apoptotic rates suggest that chemotherapy
combined with MFH upon AFM has higher antitumor effects
against AsPC-1 cells than chemotherapy (P<<0.05, Figure 8A
and B). For thermochemotherapy groups, the cell prolifera-
tion inhibition and apoptotic rates were 85.18% and 49.31%,
respectively in the double-targeted thermochemotherapy
group; 70.92% and 34.35%, respectively in the C225-
targeted alone group; 46.95% and 20.10%, respectively in
the magnetic-targeted alone group; and 30.97% and 13.56%,
respectively in the nontargeted group. For the chemotherapy
groups, the IRs were 75.89%, 55.86%, 39.96%, and 18.30%
in the combined magnetic- and C225-targeted group, the
C225-targeted group, the magnetic-targeted group, and the
nontargeted group, respectively. The corresponding apoptotic
indices for the four chemotherapy groups were 32.99%,
24.91%, 11.84%, and 6.72%, respectively. It was obvious
that the therapeutic efficiency was higher in the targeted
groups than in the nontargeted group. On the other hand,
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Figure 7 The specific interaction between AsPC-| cells and C225-GEM/MAN:Ss.

C225 Merged

20 ym 20 ym

Notes: AsPC-| cells treated with (A) C225, showing strong green fluorescence; (B) C225-conjugated nanospheres, showing weaker green fluorescence; (C) nontargeted

nanospheres; (D) PBS, showing no fluorescence.

Abbreviations: C225, cetuximab; DAPI, diamidino-2-phenylindole; GEM, gemcitabine; MANs, magnetic albumin nanospheres; PBS, phosphate-buffered saline.

despite thermochemotherapy or chemotherapy, double-
targeted groups showed higher efficacy in inhibiting cell
proliferation and inducing cell apoptosis. The double-targeted
thermochemotherapy group achieved the best results among
all the groups (P<<0.05; Figure 8C-E).

Discussion

In this study, we successfully constructed multifunctional
composite albumin nanospheres (named C225-GEM/MAN ),
which had a core—shell structure (Figure 9). Albumin served
as the outer shells, while the interior core comprised Fe O,
MNPs together with the antitumor drug GEM. Anti-EGFR
mab C225 was further functionalized onto the surface of
the nanospheres as the active targeted agent. With such a
structure, a double-targeted multifunctional nanocarrier com-
bining imaging and therapeutic capabilities was developed,

capable of simultaneous diagnosis and thermochemotherapy
of pancreatic cancer.

Our study found an over 80% GEM encapsulation rate
and a sustained and steady drug-release profile, indicating
that GEM as the first-line drug against pancreatic cancer
had been successfully incorporated into the C225-modified
nanospheres. Further, targeted nanospheres have also been
proved to be effective drug delivery carriers. Similar to
previous studies,””* we also entrapped nanosized Fe,O,
with the aim of serving as an MRI contrast enhancement
agent to noninvasively observe cellular uptake of Fe,O,
and antitumor drugs. Different targeted MRI of AsPC-1
and MIA PaCa-2 cells showed varying intakes of the
targeted nanospheres, which corresponded with different
expressions of EGFR. After being treated with targeted
and nontargeted nanospheres, greater reductions in the T2
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Figure 8 (A) Inhibition and (B) apoptotic rates of thermochemotherapy and chemothera
as the mean * standard deviation, *P<<0.05. (C) Graphs of flow cytometry for untreated
Abbreviations: FITC, fluorescein isothiocyanate; C225, cetuximab.

signal revealed that AsPC-1 was a high EGFR-expressing
cell line, whereas MIA PaCa-2 belongs to a weak express-
ing cell line. This corresponded well with confirmatory
western blot results.® These findings also suggested that
C225-GEM/MANSs can be applied as magnetic nanoprobes
to noninvasively diagnosis early EGFR-positive pancreatic
cancer via MRI. Additionally, the specific binding between
AsPC-1 cells and C225-GEM/MANSs was reflected through
the presence of intense fluorescence in AsPC-1 cells treated
with C225-targeted nanospheres and the absence of such

py-alone groups with different targeting methods against AsPC-| cells. Data are presented
cells, (D) thermochemotherapy groups, and (E) chemotherapy-alone groups.

fluorescence in cells treated with nontargeted counterparts.
In addition, using targeted nanospheres as a noninvasive
contrast agent to observe versatile targeted delivery effects
on AsPC-1 cells also revealed good imaging effects. More
obvious T2 signal reduction was found in cells treated with
targeted nanospheres in a combined magnetic- and C225
mab-targeted manner. This demonstrated that double target-
ing can induce a higher cellular uptake of nanospheres and
co-deliver a higher content of GEM and nanosized Fe,O,
into target cells. Thus, double targeting was confirmed to
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be an efficient approach, exhibiting better in vitro targeted
therapeutic treatment.

Cancer is one of the most devastating diseases; single
modality treatments are limited and not able to cure cancer
alone. Studies in recent years have showed that multimodal
therapy always exhibits more effectiveness in tumor suppres-
sion than single-modality treatment.** Thermochemotherapy
for tumor therapy has attracted further attention and been
widely used throughout the world, achieving satisfactory
therapeutic outcomes.*? In our study, we found that with either
the targeted or nontargeted approaches, thermochemotherapy
brought more significant inhibition of growth and induction
of apoptosis in AsPC-1 cells than their chemotherapy-alone
counterparts. Furthermore, the effect of double-targeted
thermochemotherapy was the most significant. These results
were in agreement with the MRI of cellular targeting effects,
indicating that more GEM together with nanosized Fe O, was
taken into cells owing to targeted co-delivery, especially in
C225 targeting combined with magnetic targeting. Moreover,
consistent with our previous findings reported by Li et al**
combined thermochemotherapy mediated the highest rate
of death of AsPC-1 cells compared to that of chemotherapy
alone. Among all groups, the double-targeted thermochemo-
therapy group displayed the highest antitumor efficiency.
The reason may be that the combination of magnetohyper-
thermia and chemotherapy is superior to any of them alone and
hyperthermia makes tumor cells susceptible to chemotherapy.*
On the other hand, C225- and magnetic-combined targeting
can bring more enhanced targeted effects than single antibody
targeting or magnetic targeting. The most important reason is
that C225 mab can simultaneously serve as a therapeutic agent
as well as a targeting agent. All of these findings highlighted
the importance of double-targeted magnetohyperthermia in
conjunction with chemotherapy against pancreatic cancer.

Cancer theranostics, which integrate therapeutic
and diagnostic imaging functionalities, can be used for

simultaneous imaging and treatment of cancers. Theranostic
nanomedicine provides a promising nanoplatform for
cancer theranostics.*** Studies in recent years have
shown that theranostics provide an attractive avenue for
the detection and treatment of many tumors.*** Our study
also addressed a novel theranostic approach using a C225-
conjugated nanocomposite for the simultaneously detection
and chemohyperthermia co-therapy of pancreatic cancer.
The nanocomplex presented here integrated targeting,
diagnosis, and thermochemotherapy all within the same
nanostructure. In this context, using C225-GEM/MANs
as a diagnostic magnetic probe, two kinds of pancreatic
cancer cells with different EGFR expression levels were
well distinguished. Additionally, by C225-GEM/MANs
mediating, combined antibody- and magnetic-targeted
thermochemotherapy yielded an enhanced synergistic anti-
tumor effect. As a result, the resultant C225-GEM/MANSs
exhibited great potential in multimodal theranostics, includ-
ing active targeting, magnetic targeting, MRI diagnosis,
drug delivery, and magnetohyperthermia, which provided
a promising strategy for clinical therapeutic intervention
for pancreatic cancer.

However, there are some limitations in our present work.
All our therapeutic studies were at the in vitro level; more
experiments in vivo should be tested in future research to
further confirm the effect of double thermochemotherapy
induced by C225-GEM/MANSs against pancreatic cancers.
Similarly, we conducted experiments only in in vitro cell
MRI, while real-time evaluation of the in vivo targeting of
drug delivery with noninvasive MRI scans needs to be elabo-
rated further. Our study only used two EGFR-positive human
pancreatic cancer cell lines (AsPC-1 and MIA PaCa-2) as
model cells. Future research should include a wider spectrum
of pancreatic cancer cell lines with various EGFR expression
statuses to comprehensively explore the efficiency of double-
targeted imaging and therapy.
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In conclusion, we successfully synthesized C225-
functionalized and GEM-loaded MANS. Our results confirm
that the prepared C225-GEM/MANS can act as a diagnostic
magnetic probe to effectively distinguish different EGFR-
expressing pancreatic cancer cells and a noninvasive
approach to evaluate different targeting effects by targeted
MRI imaging. They can also be used as a double-targeted
chemohyperthermic approach to achieve high intratumoral
drug concentrations under combined antibody and magnetic
targeting with the aid of an external magnetic field and per-
mitting concurrent hyperthermia for more effective tumor cell
killing and growth inhibition. Therefore, C225-GEM/MANs
present a promising potential in multimodal theranostics of
pancreatic cancer.
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