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Purpose: Early diagnosis and therapy are critical to improve the prognosis of patients with
pancreatic cancer. However, conventional imaging does not significantly increase the capability
to detect early stage disease. In this study, we developed a multifunctional theranostic nano-
platform for accurate diagnosis and effective treatment of pancreatic cancer.

Methods: We developed a theranostic nanoparticle (NP) based on gold nanocages (AuNCs)
modified with hyaluronic acid (HA) and conjugated with anti-Glypican-1 (anti-GPC1) anti-
body, oridonin (ORI), gadolinium (Gd), and Cy7 dye. We assessed the characteristics of
GPC1-Gd-ORI@HAuUNCs-Cy7 NPs (ORI-GPC1-NPs) including morphology, hydrodynamic
size, stability, and surface chemicals. We measured the drug loading and release efficiency
in vitro. Near-infrared fluorescence (NIRF)/magnetic resonance imaging (MRI) and therapeutic
capabilities were tested in vitro and in vivo.

Results: ORI-GPC1-NPs demonstrated long-time stability and fluorescent/MRI properties.
Bio-transmission electron microscopy (bio-TEM) imaging showed that ORI-GPC1-NPs were
endocytosed into PANC-1 and BXPC-3 (overexpression GPC1) but not in 293 T cells (GPC1-
negative). Compared with ORI and ORI-NPs, ORI-GPC1-NPs significantly inhibited the viability
and enhanced the apoptosis of pancreatic cancer cells in vitro. Moreover, blood tests suggested
that ORI-GPC1-NPs showed negligible toxicity. In vivo studies showed that ORI-GPC1-NPs
enabled multimodal imaging and targeted therapy in pancreatic tumor xenografted mice.
Conclusion: ORI-GPC1-NP is a promising theranostic platform for the simultaneous diagnosis
and effective treatment of pancreatic cancer.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the main causes of global
morbidity and mortality, with a 5-year survival <5%.' The very low survival rate is
mainly due to the lack of early diagnosis and effective treatment strategies.>* Although
existing imaging technologies can provide morphological information about pancreatic
tissues, single-modality imaging does not have sufficient sensitivity and specificity
for the diagnosis of pancreatic cancer.* Multimodal imaging for pancreatic cancer
provided a more comprehensive view of tumor tissues.” A major challenge in treat-
ment is that PDAC is not sensitive to traditional chemotherapy.®” Major problems in
clinical antitumor therapy include the short half-life, hydrophobic nature, undesired
adverse effects, and poor bioavailability.® Therefore, a new strategy that combines
multimodal imaging diagnosis and targeted therapy is urgently needed to eradicate
pancreatic cancer.
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Molecular imaging offers a promising approach to combine
multimodal imaging diagnosis and targeted therapy to improve
diagnosis and efficacy of pancreatic cancer.”! Gold nanocages
(AuNCs) are widely used in cancer theranostics due to their
easy modification, excellent stability, and biocompatibility.'!
AuNCs have unique properties such as the inner hollow space, '
ease of surface functionalization," and the capacity to transport
and deliver various cargo.'* By loading a variety of functional
materials such as dyes, imaging agents, or drugs, AuNCs can
achieve multimodal imaging diagnosis and targeted therapy.
Armin et al developed PEGylated gold-mitoxantrone nano-
particles (NPs) and found that it could improve the therapy
efficacy of cancer.'> Compared with a single-function gold NP
drug delivery system, a multifunctional theranostic nanoplat-
form is capable of multimodal imaging diagnosis and targeted
treatment of cancer. Previous studies describe that theranostic
agents are combined with diagnostic elements and thera-
peutic agents for pancreatic cancer imaging and treatment.'¢
Deng et al developed an mesothelin-targeted NP for magnetic
resonance imaging (MRI) and targeted therapy.'” Wang et al
reported a gemcitabine (GEM)-loaded nanospheres for MRI
and thermochemotherapy.'® Jaidev et al reported human
epidermal growth factor receptor-targeted multifunctional NP
for imaging and treatment of pancreatic cancer.'” However,
these studies only provided single-modality imaging to image
pancreatic cancer.

In this study, we constructed a multifunctional theranostic
nanoplatform capable of multimodal imaging diagnosis and
targeted therapy for pancreatic cancer. The platform has
these characteristics. First, it uses glypican-1 (GPC1) as the
theranostic target. Targeting modification of NPs can enhance
the accumulation of NPs in tumor sites. GPC1 is a member
of the heparan sulfate proteoglycan family and covalently
anchored to the extracytoplasmic surface of the plasma mem-
brane.?” GPC1 plays an important role in cancer progression
by influencing tumor metastasis, invasion, and apoptosis. It is
selectively overexpressed in pancreatic cancer,?’-* but not in
normal pancreatic tissues, pancreatic tissues, or benign pancre-
atic tumors.?> However, to date, this molecule has rarely been
used as a target for pancreatic cancer molecular imaging.

Oridonin (ORI) is a tetracycline diterpenoid compound
that is naturally found in Rabdosia rubescens.** It has
detoxification, antibacterial, anti-inflammatory, and anti-
tumor effects.??¢ Unlike synthetic chemical drugs, ORI is
an inexpensive natural compound with significant efficacy
and few side effects. Recently, Gui et al reported that ORI
inhibited the migration of pancreatic cancer cells by altering
the cytoskeleton and/or type II epithelial-mesenchymal

transition.”” However, ORI has not been widely applied due to
its low blood solubility and random distribution throughout
the body.?® In this study, we conjugated ORI into AuNCs in
order to increase its solubility and enhance cellular uptake
and antitumor efficacy.?

Hyaluronic acid (HA) is a good surface modifier due to
its non-toxicity, water dispersibility, and high stability and
biocompatibility.® Active groups on the HA backbone —
such as carboxylic acid or hydroxyl groups — make it easy
to conjugate with various functional groups.’! The HA coat-
ing on the AuNCs provides binding sites for the anti-GPC1
antibody, Cy7, Gd, and permits the encapsulation of an
unprecedented high amount of ORI for pH- and enzyme-
triggered delivery.’

In this study, we developed a unique multifunctional
theranostic nanoplatform, then evaluated its ability in multi-
modal imaging (near-infrared fluorescence [NIRF] and MRI)
and treatment effect for pancreatic cancer both in vitro and
in vivo. Our results indicate that the multifunctional thera-
nostic nanoplatform (ORI-GPC1-NPs) has great potential in
precise diagnosis and targeted treatment of GPC1 overex-
pression pancreatic cancer and may open a new avenue for
improving the survival rate of patients with pancreatic cancer.

Materials and methods

Materials

AuNCs were purchased from Southeast University School
of Materials Science and Engineering Laboratory (Nanjing,
China). Thiolated hyaluronic acid (HA-SH) was purchased
from Zhenjiang Dong Yuan Biotechnology Corporation
(Zhenjiang, China). N-(3-Dimethylaminopropyl)-N-ethyl-
carbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), hydrophilic gadolinium (IIT) 1,4,7,10-tetraazacy-
clododecane-1,4,7,10-tetraacetate acid (Gd-DOTA)-NHS
ester, and Cy7-NHS ester were purchased from J&K Chemi-
cal Ltd (Shanghai, China). Bovine serum albumin (BSA)
was purchased from Solarbio (Beijing, China). ORI and
GEM were purchased from Yuan Ye Technology Co., Ltd.
(Shanghai, China). Matrigel, MTT, propidium iodide (PI),
Annexin V-fluorescein isothiocyanate (FITC)/PI apoptosis
detection agents, dimethyl sulfoxide (DMSO), and N,N-dim-
ethylformamide (DMF) were obtained from Sangon Biologi-
cal Engineering Technology & Services Co., Ltd (Shanghai,
China). High-glucose DMEM, Modified Eagle’s Medium
(MEM), FBS, penicillin/streptomycin, and PBS were pur-
chased from Thermo Fisher Scientific (Waltham, MA, USA).
Human pancreatic cancer cell lines (PANC-1, BXPC-3, and
SW1990) and cells from the human embryonic kidney 293
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T-cell lines were purchased from the Chinese Academy of
Sciences Shanghai Branch Cell Bank (Shanghai, China). Anti-
GPCl antibody (ab199343), casepase-3 antibody (ab32150),
bel-2 antibody (ab201335), B-actin antibody (ab8226), and
horseradish peroxidase-conjugated AffiniPure antibody
(ab191866) were purchased from Abcam (Cambridge, UK).
All chemicals were of analytical grade or higher.

Preparation of ORI@QAuUNC:s

AuNCs loaded with ORI were produced according to a
previously reported method.' In brief, ORI (1 mg) was dis-
solved in absolute DMF, and a mixture was then distributed
in the PBS (10 M, PH 7.4). AuNCs (5 mg) were then added
to the ORI solution (10 mL, 0.5 mg/mL), and the resulting
solution was shaken in an orbital shaker at room temperature
for 24 hours. Thereafter, ORI-loaded AuNCs were gathered
by centrifugation (8,000 rpm, 4°C, 10 minutes) and washed
with PBS (10 M, pH 7.4) three times to remove free ORI,
the ORI@AuNCs NPs were then redispersed in 10 mL PBS
by sonication. The concentration of AuNCs was calculated
by UV spectrophotometer. For investigating the ORI-loading
efficiency and content, we gathered the supernatants in the
different washing processes and the concentration of free
ORI was measured by plotting a standard calibration curve
for ORI present in the supernatants using a UV-Vis spectro-
photometer at the wavelength of 243 nm. The ORI-loading
efficiency and content were expressed as

MOR[ _MuORI X 100%

Loading efficiency =
ORI
M _-M
Loading content = —2%ORL
AuNCs
Here M., M .., and M, . are the total amount of

ORI (mg), the unloaded amount of ORI in the supernatant
(mg), and the amount of AuNCs (mg), respectively.

Conjugation of HA-SH to ORI@

HAuUNCs

We produced HA-SH-capped AuNCs according to a simple
method reported previously.* Briefly, 1 g HA-SH was added
to a colloidal solution of ORI@AuNC:s and the resulting mix-
ture was shaken in an orbital shaker at room temperature for
24 hours. Then, ORI@HAuNCSs were fabricated successfully.
They were washed with PBS (10 M, PH 7.4) three times with
centrifugation at 8,000 rpm for 10 minutes to remove excess
HA-SH, to obtain ORI@HAuNC:S.

Simultaneous attachment of anti-GPCI
antibody, Gd, and Cy7 to ORI@HAuUNC:s

(ORI-GPC|-NPs)

Preparation of the ORI-GPC1-NPs was performed in three
steps. First, the carboxyl group of HA was activated by EDC
and NHS.» ORI@HAuUNCs were dissolved in MES buffer
(0.1 M, pH 6), and 1 mg EDC and 1 mg NHS were then added
to the solution to fully activate the carboxyl group. Second,
anti-GPC1 antibody (10 nM) was added to the mixture
solution, which was then continuously stirred for 2 hours.
To provide more amino groups for subsequent reactions, BSA
(10 uM) was added to the solution and mixed on a rotary
shaker for 10 hours at room temperature. The solution was
then washed with PBS (10 M, pH 7.4) three times and centri-
fuged to remove unreacted protein. The anti-GPC1 antibody
and BSA were covalently grafted onto ORI@HAuNCs by an
esterification reaction between the amino group and carboxyl
group. Third, we added Gd-DOTA-NHS ester (1 mM) to
GPCI1-ORI@HAuNCSs micelles. The reaction mixture was
stirred at room temperature for 12 hours in the dark and
then was washed with PBS (10 M, pH 7.4) three times and
centrifugation was used to remove unreacted material. As in
the above steps, Cy7-NHS ester (10 uM) was added into the
mixture solution and Cy7-NHS ester was also covalently
grafted onto micelles based on an esterification reaction
between the amino group and carboxyl group. The obtained
GPC1-Gd-ORI@HAuNCs-Cy7 NPs (ORI-GPC1-NPs) were
then harvested. Meanwhile, we synthesized non-targeted Gd-
ORI@HAuNCs-Cy7 NPs (ORI-NPs) as a control.

Characterization of NPs

The morphologies of the materials were obtained by trans-
mission electron microscopy (TEM) using a JEM-100CX
electron microscope (JEOL Ltd., Tokyo, Japan). The size
distribution and zeta potential were investigated by dynamic
light scattering (DLS) using a Zetasizer Nano ZS model ZEN
3600 (Worcestershire, UK). UV—Vis absorption spectra
were measured by a Cary 60 UV—Vis spectrophotometer
(Agilent Technologies, Santa Clara, CA, USA). The ele-
ments of theranostic micelles were analyzed by energy
dispersive spectrometer (EDS) also using a JEM-100CX
electron microscope. The functional group modifications
of the NPs were detected by Fourier transform infrared
(FTIR) spectra using Nicolet 6700 FTIR spectrophotometer
(Thermo Nicolet, Madison, WI, USA) at the wavelength
range of 400—4,000 cm™. In vitro fluorescence spectra of
ORI-GPC1-NPs at different Cy7 concentrations (10, 5, 2.5,
1.25, 0.625, and 0 uM) were evaluated by a fluorescence
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spectrophotometer (Thermo Fisher Scientific) at a wave-
length of 600 nm. In vitro MRI of ORI-GPC1-NPs at
different Gd concentrations (1, 0.5, 0.25, 0.125, 0.0625,
and 0 mM) was obtained by a 3.0 T MR system (Siemens,
Erlangen, Germany) to assess the ability of MRI. MRI
was performed under the following parameters: repetition
time (TR), 5.8 ms; echo delay time (TE), 3.66 ms; slice
thickness, 5 mm; inversion time (TI), 16-320 ms; field
of view (FOV) read, 40 mm; FOV phase, 100%. The lon-
gitudinal (T1) relaxation times of NPs were evaluated.

In vitro drug release

The release profile of ORI from ORI-GPC1-NPs was determined
in serum containing media according to a reported procedure
with some modifications.* In brief, 1 mL of ORI-GPC1-NPs
was added to 9 mL of 10% FBS containing media at pH 7.4,
pH 5.5, and pH 5.5+ hyaluronidase (60 U/mL). ORI-loaded
GPC1-ORI-NPs were isolated by centrifugation at 8,000 rpm
for 20 minutes and the supernatants were collected. The amount
of ORI released was measured by plotting a standard calibration
curve for ORI in the supernatants using a UV—Vis spectropho-
tometer at a wavelength of 243 nm. Each assay was performed
in triplicate, and the results of the experiment were reported as
mean value + standard deviation (SD) of the three assays.

Cell culture

PANC-1, BXPC-3, and SW1990 cells (pancreatic cancer
cells) were cultured at a density of 2x10* cells/cm? in DMEM,
and 293 T cells (normal cells) were cultured at a density of
2x10* cells/cm? in MEM at 37°C in an atmosphere of humidi-
fied air with 5% CO,. The media were supplemented with 10%
FBS and 1% penicillin/streptomycin. When the cells reached
80% of confluency, they were subcultured in 0.25% trypsin.

PCR and flow cytometry analysis for

GPCI expression of cell lines

Total RNA samples were extracted using TRIzol reagent
(Thermo Fisher Scientific). Reverse transcription was
performed using a PrimeScript Reagent Kit (Takara,
Japan). PCR was carried out using a PCR SYBR Green
master mix (CloudSeq, Shanghai, China). Specific primer
pairs were obtained from Cloud-Seq: GPCl1, forward:
5"-TACAGAGGAGGCCTCAAAGC-3’, reverse: 5'-GGC
ATCATGCATCATCTCAG-3"; GAPDH, forward: 5-GTG
GATCAGCAAGCAGGAGT-3’, reverse: 5'-AAAGCC
ATGCCAATCTCATC-3". The thermocycling conditions
were as follows: 95°C for 10 minutes followed by 40 cycles
at 95°C for 10 seconds and 60°C for 60 seconds using ABI

ViiA7 Real-time PCR System (Thermo Fisher Scientific).
The relative expression of RNA in each sample was normal-
ized to a GAPDH internal control and was calculated using
the 2744¢T method. All assays were performed in triplicate.

GPC1 expression in pancreatic cancer cells was also
verified by a standard flow cytometry technique. Cells were
seeded in six-well plates and incubated for 24 hours to allow
cell attachment. Cells were then trypsinized and centrifuged
at 1,500 rpm for 5 minutes, and resuspended in PBS, and
5 UL of FITC-stained anti-GPC1 antibody (1:50) was added
before the mixture was incubated at 4°C for 1 hour. Finally,
the cells were washed twice with PBS and analyzed using a
FACS Caliber cell analyzer with Cell Quest software (BD
Biosciences, San Jose, CA, USA).

Cellular uptake of ORI-GPCI-NPs
ORI-GPC1-NPs were incubated with PANC-1, BXPC-3, and
293 T cells and were then observed using a bio-TEM (Tecnai
G2 Polara; FEI, Hillsboro, OR, USA). Our procedure was
as follows: PANC-1, BXPC-3, and 293 T cells were seeded
in six-well plates at 1x10° per well in 2 mL of DMEM or
MEM and incubated for 24 hours to allow cell attachment.
Then, the media were replaced with 2 mL of fresh media
containing ORI-GPCI1-NPs (15 pg/mL of AuNCs), and the
resulting mixture was incubated at 37°C for 6 hours. Next,
cells were collected by centrifugation and were fixed in 2.5%
glutaraldehyde at room temperature for 1 hour. The samples
were then stained with 0.5% uranyl acetate and 2% osmium
tetroxide. The samples were dehydrated by ethanol and
embedded in Epon-propylene oxide (Epon-PO). Thin
sections were obtained by an ultramicrotome and AuNCs in
cells were assessed by bio-TEM.

Effects of ORI-GPCI|-NPs on cancer

cell viability

We investigated the effects of ORI-GPC1-NPs, ORI-NPs,
and ORI (dissolved in DMSO) on cell viability by MTT assay
in PANC-1, BXPC-3, and 293 T cells. Cells were seeded
in 96-well plates at 5x10° per well in 200 UL of DMEM or
MEM with 10% FBS and were incubated for 24 hours to
allow cell attachment.?® Fresh media containing ORI, ORI-
NPs, or ORI-GPC1-NPs at different concentrations (2, 5, 10,
20, 50, 100, and 200 pg/mL NPs or ORI) in a total volume
of 200 UL and cells were incubated at 37°C for 24 and
48 hours, respectively. The medium was then removed and
cells were washed twice with cold PBS. Next, 20 uL of MTT
solution was added to each well and the resulting mixture
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was further incubated for 4 hours, after which 100 puL of
DMSO was added to each well to dissolve formazan crys-
tals. The optical density (OD) in each well was measured at
a wavelength of 490 nm using a multifunctional microplate
reader (PerkinElmer Inc., Waltham, MA, USA). Cell viability
was calculated by using the following formula:

OD of sample

Cell viability (%) =
OD of control

x100%

IC,, (the inhibitory concentration of drug required to
induce 50% death) was determined by the regression curve
of cell viability.

Apoptosis analyses, cell cycle assays,

and migration assessments

Flow cytometry assays were implemented to quantitatively
analyze ORI-, ORI-NP-, ORI-GPC1-NP-induced apoptosis or
necrosis. First, PANC-1 and BXPC-3 cells were seeded in six-
well plates at 1x10° per well and were incubated for 24 hours
to allow cell attachment. The cells were then incubated with
ORI (90 ug/mL of ORI for PANC-1 or 30 ug/mL of ORI for
BXPC-3), ORI-NPs (60 pg/mL of ORI-NPs for PANC-1 or
15 pg/mL of ORI-NPs for BXPC-3), or ORI-GPC1-NPs (30
pg/mL of ORI-GPC1-NPs for PANC-1 or 10 pg/mL of ORI-
GPC1-NPs for BXPC-3) for 24 hours. The cells thus obtained
were then resuspended in PBS and stained with Annexin
V-FITC/PI, and the signal was acquired by a flow cytometer
(BD Biosciences). Western blot assays were performed to
quantitatively analyze the expression of apoptosis-related
proteins after different treatments to test whether the prepared
formulations affected tumor cell apoptosis. To do so, we
treated cells as above and cell proteins were extracted with
cell lysis solution. Protein extracts were quantified by a BCA
protein assay. About 40 g of proteins was loaded into wells
of an SDS-PAGE gel and were transferred to polyvinylidene
fluoride membranes. These were incubated with the caspase-3
antibody and/or bcl-2 antibody at 4°C overnight®’3® and were
then incubated further with secondary antibody. 3-Actin was
chosen as the internal reference. Signals were obtained using
an ECL chemiluminescence reagent kit.

Cell cycle assays were used to analyze the ORI-,
ORI-NP-, and ORI-GPC1-NP-induced cell cycle progres-
sion. To do so, we treated the cells as above and fixed in
70% ethanol at —20°C overnight. Cells were treated with
DNA staining solution, 100 uL. RNase A, and 400 puL PIL.
Cell cycle analysis was performed using a flow cytometer
(BD Biosciences).

We performed transwell migration assessments using
PANC-1 and BXPC-3 cells. For this assay, 5x10° cells were
added to the upper chamber, the polycarbonate membranes
with 5 wm pores, and the lower chamber was filled with
serum-free medium containing ORI, ORI-NPs, or ORI-GPC1-
NPs at the same concentration as above. After 24 hours, the
cells that passed through the membrane to the lower chamber
were fixed and stained with 0.1% crystal violet. Cells were
counted in three random fields under a microscope at 200x
magnification. All assays were performed in triplicate.

Animal study

These animal experiments were approved by and con-
ducted in accordance with the guidelines of the animal
care committee of Nanjing University of Chinese Medicine
(SYXK 2014-0001). Healthy athymic BALB/C male nude
mice (4 weeks; 18~22 g) were purchased from Changzhou
Cavens Experimental Animal Co., Ltd (Changzhou, China)
and raised under pathogen-free conditions. Mice were kept at
the temperature of 25°C on a 12-hour light/12-hour dark cycle.
We established the orthotopic pancreatic tumor model of
nude mice by injecting BXPC-3-GFP cells (5x10° per mouse)
subcutaneously into the flanks of the mice. When the tumor
reached 7-10 mm in diameter, tumors were harvested and cut
into 1 mm? fragments. Then the tumor fragments were trans-
planted into the pancreas of recipient nude mice using surgical
orthotopic transplantation.® When the tumor reached 5-10 mm
in diameter, the mice were grouped for further analyses.

In vivo toxicity

Twenty heathy nude mice were randomly divided into four
groups (five mice per group), each group received an intra-
venous injection of different agents twice a week. These
agents were administered to mice as follows: 1) control group:
200 uL saline; 2) high-dose group: ORI-GPC1-NP micelles
in physiological saline (200 uL, 0.5 mg/mL); 3) middle-
dose group: ORI-GPC1-NP micelles in physiological saline
(200 L, 0.1 mg/mL); and 4) low-dose group: ORI-GPC1-NP
micelles in physiological saline (200 UL, 0.02 mg/mL). Rela-
tive body weight was measured every 3~4 days for 21 days,
and the mice were anesthetized on the 21st day after injection,
and blood samples were collected for biochemical analysis.

In vivo NIR fluorescence/MRI

We assessed the multimodal imaging properties of the
prepared formulations in vivo using BXPC-3 orthotropic
pancreatic tumor xenograft model of nude mice. Mice were
divided into two groups (six mice per group). One group
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was injected with ORI-NPs and another group was injected
with ORI-GPC1-NPs (200 uL, 0.5 mg/mL of NPs) through
a lateral tail vein. Fluorescence images were acquired with
an IVIS Imaging Spectrum System (PerkinElmer Inc.) under
certain parameters (excitation: 743 nm, emission: 767 nm,
exposure time: 0.1 seconds). Imaging was conducted at dif-
ferent time points including preinjection, 12, 24, and 48 hours
postinjection. After in vivo imaging, the mice were sacrificed
and the tumor and organs — including liver, kidneys, spleen,
stomach, intestines, heart, and lung — were harvested for
ex vivo fluorescent imaging. All fluorescence images were
analyzed using IVIS 3.0 Living Imaging software.

Once the mice were fully anesthetized, they were placed
inside a rodent receiver coil (Chenguang Med Tech, Shanghai,
China) and MRI was performed using a 3.0 T clinical MR
system (Siemens). T1-weighted MR images of the mice
were obtained at the predetermined time points including
preinjection, 12, 24, and 48 hours postinjection, the param-
eters for the spin-echo sequence were TR, 482.0 ms; TE,
13.0 ms; slice thickness, 0.8 mm; matrix size, 192x192; FOV
read, 60 mm; FOV phase, 100%. The T1 values of NPs within
the region of interest were evaluated. For bio-distribution
measurement, after imaging, we sacrificed one mouse in each
group at the predetermined time points including 12, 24, and
48 hours postinjection. The tumor tissues, liver, kidney, and
blood were weighted and dissolved with nitro hydrochloric
acid. Then, the Au and Gd levels of tissues were investigated
by inductively coupled plasma mass spectrometry (ICP-MS)
test. The contents of elements were shown as the percentage
of per gram of the tissue (% ID/g).

In vivo antitumor efficiency

BXPC-3 orthotopic pancreatic tumor xenograft models were
randomly divided into five groups (six mice per group), each
group received intravenous injection of different agents twice
aweek: 1) saline group; 2) GEM group (200 uL, 2.5 mg/mL of
GEM);* 3) ORI group (200 uL, 21 pg/mL of ORI); 4) ORI-NP
group (200 uL, 0.5 mg/mL of ORI-NPs); 5) ORI-GPC1-NP
group (200 pL, 0.5 mg/mL of ORI-GPC1-NPs). The body
weight of the mice and the tumor volume were evaluated both
before and during treatment (every 3—4 days for 14 days). A
fluorescence stereo microscope model MZ650 (Nanjing Optic
Instrument Inc., Nanjing, China) equipped with GFP emission
filter (excitation 563 nm, emission 582 nm) was used to moni-
tor the tumor growth. The tumor volumes were calculated
according to the equation (volume = [lengthxwidth?]/2).4
On the 14th day, the tumor and organ samples were harvested
from euthanized mice and were subjected to hematoxylin

and eosin (H&E) staining and immunohistochemistry (IHC)
assay. For H&E staining, tissues were immobilized in 4%
paraformaldehyde and were then embedded into paraffin to
permit observation of pathological changes in the tissues of
different groups under a light microscope. The IHC was used
to verify the expression levels of apoptosis-related proteins in
tumor tissues. Paraffin sections were treated with 3% hydro-
gen peroxide for 15 minutes at room temperature and then
the staining was blocked using normal serum (diluted 1:20)
for 15 minutes at room temperature. In addition, the sections
were incubated with bcl-2 or casepase-3 antibodies (diluted
1:200) for 2 hours at 37°C and then further incubated with
HRP-conjugated secondary antibodies for 1 hour at 37°C.
The immunoreactive cells were determined using an Image-
Pro Plus 6.0 imaging analysis system at 400x magnification
(Media Cybernetics, Rockville, MD, USA).

Statistical analysis

Experimental data were expressed as mean and SD. Statistical
analyses were performed using SPSS version 20.0 (IBM Cor-
poration, Armonk, NY, USA). We used one-way ANOVA
or two-tailed independent #-test to detect group differences.
P-value <0.05 was considered statistically significant.

Results
Synthesis and characterization of

ORI-GPCI-NPs

ORI@HAuUNCSs were successfully fabricated by the electro-
static adsorption method. Based on esterification reaction
between the amino group and carboxyl group, the anti-GPC1
antibody, Gd-DOTA-NHS ester, and Cy7-NHS ester were all
connected to the surface of ORI@HAUuUNCS (Figure 1). NP
morphologies were measured by TEM. Figure 2A shows that
the gold seeds grew progressively larger, and the ORI-GPC1-
NPs had a nearly spherical shape and excellent dispersity.
The UV absorbance curve of the supernatant after coupling
was consistent with the baseline and no absorption peak was
observed (Figure 2B). There were obvious peaks at 720 nm
for the AuNCs, 280 nm for the anti-GPC1 antibody, and
300 nm for the DOTA, which showed that the added AuNCs,
antibody, and Gd were all loaded on the NPs. The concentra-
tions of Gd, antibody, and AuNCs were 1 mM, 10 nM and
0.5 mg/mL, respectively. The average hydrodynamic diam-
eters of AuNCs, ORI-NPs, and ORI-GPC1-NPs were 50, 82,
and 88 nm, respectively (Figure 2C). We recorded the hydro-
dynamic sizes of ORI-GPCI1-NPs at different time points
to evaluate long-term colloidal stability by DLS analysis.
We found no appreciable change in the hydrodynamic size
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Figure | Overview of the study.

Notes: (A) Preparation of GPCI-targeted NCs (ORI-GPCI-NPs). (B) ORI-GPCI-NPs are multifunctional theranostic nanoplatforms used for NIRF/MR imaging and targeted
therapy. The anti-GPCI antibody, BSA, Cy7-NHS ester, and Gd-DOTA-NHS ester were covalently grafted onto AuNCs based on an esterification reaction between the

amino group and carboxyl group.

Abbreviations: AuNCs, gold nanocages; BSA, bovine serum albumin; Gd, gadolinium; HA-SH, thiolated hyaluronic acid; MR, magnetic resonance; NIRF, near-infrared
fluorescence; ORI, oridonin; ORI-NPs, Gd-ORI@HAuUNCs-Cy7 nanoparticles; ORI-GPCI-NPs, GPC1-Gd-ORI@HAuUNCs-Cy7 nanoparticles.

within | week (Figure 2D). Photographs of ORI-GPC1-NPs at
different pH levels revealed that the color of the ORI-GPC1-
NPs also did not have any appreciable changes (Figure 2E),
further indicating that colloidal stability was high. The EDS
spectrum of the ORI-GPC1-NPs confirmed the existence of
the following elements: Au from the AuNCs, Gd from the
Gd-DOTA-NHS ester, N and S from anti-GPC1 antibody,
and F from ORI (Figure 2F). To investigate the surface charge
of the prepared NPs, the surface zeta potential of the NPs
was measured. The zeta potentials of different formulations
(AuNCs, ORI-NPs, and ORI-GPC1-NPs) were —23.6,—14.6,
and —10.2 mV, respectively (Figure SIA—C). The chemical
structures of AuNCs, ORI@HAuNCSs, and GPC1-ORI-NPs
were evaluated by FTIR spectroscopy. The broad band around
3,400 cm™ related to stretching vibration of remainder -NH,
group. The absorption band in 2,940 cm™ was due to stretch-
ing vibration of C—H bond. The typical amido linkage
(-CO-NH-) peak appeared around 1,650 cm™'. Compared
with ORI@HAuUNCs, ORI-GPCI1-NPs possessed absorp-
tion band in 1,710 cm™ attributed to the C=0 bond of ester
(Figure 2G). All of these FTIR spectrum changes suggested
the successful formation of GPC1-ORI-NPs. The drug loading

efficiency is crucial for a drug delivery system. ORI loading
is defined as the weight of ORI (ug) per milligram of NCs.
ORI exhibited an absorption peak at a wavelength of 243 nm
on an ultraviolet spectrophotometer (Figure 2H), ORI load-
ing efficiency was about 21%, and content was about 42 g
per milligram of AuNCs. This result demonstrated that the
prepared drug delivery system held an adequate amount
of ORI content.*> ORI-GPC1-NPs were successfully syn-
thesized as a novel multifunctional theranostic nanoplatform.

In vitro drug release

The release profiles of ORI from ORI-GPC1-NPs in media
at pH 7.4, pH 5.5, and pH 5.5+ hyaluronidase (60 U/mL) —
representing blood plasma, endocytic compartments of the
tumor, and microenvironment of tumor,* respectively — are
shown in Figure 2I. The release of ORI after 12 hours at
pH 5.5 was 12.6%=1.1% and at pH 5.5+ hyaluronidase was
22.4%%2.0%. Both were significantly higher than that at
pH 7.4 which was 5.5%10.5%. Moreover, the release of ORI
at pH 5.5+ hyaluronidase was significantly higher than that
at pH 5.5. The results showed that the release of ORI from
ORI-GPC1-NPs was pH- and enzyme-sensitive, likely via
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Notes: (A) TEM images of AUNCs and ORI-GPCI-NPs. (B) The UV absorbance curve of AuNCs, anti-GPClantibody, DOTA, and supernatant. (C) Hydrodynamic size of

ORI-NPs and ORI-GPC1-NPs. (D) DLS size distribution in different time of ORI-GPCI -

NPs. (E) Photograph of ORI-GPC1-NPs at different pHs. (F) EDS spectrum. (G) FTIR

spectra of AuNCs, ORI@HAuUNCs, and GPCI-ORI-NPs. (H) ORI loading. () Release profile of ORI from ORI-GPCI-NPs in 10% FBS containing media. (J) Fluorescence
imaging of ORI-GPCI-NPs in vitro. (K) T I-weighted MR imaging of ORI-GPCI-NPs in vitro.

Abbreviations: AuNCs, gold nanocages; DLS, dynamic light scattering; EDS, energy disperse spectroscopy; FBS, fetal bovine serum; FTIR, Fourier transform infrared; Gd,
gadolinium; MR, magnetic resonance; ORI, oridonin; ORI-NPs, Gd-ORI@HAuUNCs-Cy7 nanoparticles; ORI-GPC|-NPs, GPC|-Gd-ORI@HAuUNCs-Cy7 nanoparticles; TEM,

transmission electron microscope; UV, ultraviolet.

dissociation of the connection between AuNCs and HA-SH
in the acidic and enzymatic environments.

In vitro fluorescence/MR multimodal
imaging

ORI-GPC1-NPswith various Cy7 concentrations were detected
by fluorescence imaging. Cy7 concentration-dependent

fluorescent intensity was observed (Figure 2J), indicating that
the final formulation could be used as a fluorescent imag-
ing contrast agent. We performed MRI for ORI-GPC1-NPs
agents. The T1-weighted imaging intensity increased with the
increase of Gd concentration (Figure 2K). The ORI-GPC1-
NPs showed a linear dependency of the 1/T1 values on Gd
concentration with rl relativity values of 16.328 mM's™".
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The results demonstrated that our NPs could be used as MR
contrast agents.

PCR and flow cytometry analysis of

GPCI expression in cell lines

The expression of GPCl mRNA in PANC-1, BXPC-3,
SW1990, and 293 T cells was determined using PCR. 293 T
cells showed very low expression of GPC1. The expression
of GPCl in all three pancreatic cancer cell lines (PANC-1,
BXPC-3, and SW1990) was higher than that in 293 T cells
(PANC-1, 27.1743.97-fold; BXPC-3, 21.34+2.13-fold; and
SW1990, 15.91£0.62-fold, Figure 3A).

Flow cytometry assay further showed the positive
expression of GPC1 in PANC-1, BXPC-3, and SW1990 cells,
but negative expression in 293 T cells (Figure 3B). Thus, con-
sidering the proliferation rate of cells, PANC-1 and BXPC-3
cells were selected for in vitro studies; and BXPC-3-GFP
cells were selected for in vivo model studies.

Cellular uptake of ORI-GPCI|-NPs

Subsequently, we assessed the cellular uptake of ORI-
GPC1-NPs in PANC-1, BXPC-3, and 293 T cells using
bio-TEM. At higher magnification, ORI-GPC1-NP samples
were found in PANC-1 and BXPC-3 cells (overexpressing
GPCl) after 6 hours of incubation, and many were trapped
in cytoplasm vesicles, such as lysosomes or endosomes
(Figure 4A, red arrows). ORI-GPC1-NP samples could
not be found in 293 T cells (negative GPC1). These results
suggest that ORI-GPC1-NPs have a high affinity for GPC1
overexpressing cancer cells and indicate that the anti-GPC1
antibody can enhance the cellular uptake of ORI-GPC1-NPs

A B

through the antigen-antibody-mediated endocytosis process
effectively.

ORI-GPCI-NPs inhibited cell viability

In PANC-1 and BXPC-3 cells, compared with ORI-NPs, ORI-
GPC1-NPs demonstrated significant inhibited cell viability. In
293 T cells, there was no significant difference between ORI-
GPC1-NPs and ORI-NPs (Figure 4B). As shown in Table 1,
the IC,; of ORI-GPC1-NPs in PANC-1 was twofold after
24 hours and twofold after 48 hours compared with ORI-NPs.
In BXPC-3, IC, of ORI-GPC1-NPs was onefold after 24 hours
and threefold after 48 hours compared with ORI-NPs. Both
ORI-GPC1-NPs and ORI-NPs showed less inhibition against
normal 293 T cells which may be due to low expression of
GPCl1 and lower metabolic rate. In our study, ORI-GPCI-
NPs showed limited inhibition to normal cells, and relatively
higher targeted inhibition against cancerous cells than ORI
and ORI-NPs in a time- and dose-dependent manner, which
could lead to improvement in their therapeutic efficacy. These
results indicate that the targeted NPs (ORI-GPC1-NPs) require
lower concentrations compared with the non-targeted NPs
(ORI-NPs) to inhibit GPC1 overexpressing cancer cells.

Apoptosis analysis, cell cycle assay,

and migration study

The apoptosis rate in ORI-GPC1-NP group was much greater
than that in the control, ORI, and ORI-NP groups (Figure 5A).
We observed downregulation in the expression of bel-2 and
upregulation in the expression of cleaved-caspase-3 in cells
with different treatments (Figure 5B). ORI-GPC1-NPs
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Figure 3 Expression of GPCI.

Notes: (A) PCR analyses of GPC| mRNA expressions in 293T, PANC-1, BXPC-3, and SW1990 cells. (B) Flow cytometry results for GPCI expression in 293T, PANC-I,

BXPC-3, and SW1990 cells. *P<0.05, for vs 293T. Data are presented as mean * SD.
Abbreviation: GPCI, glypican-1.
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Abbreviations: ORI, oridonin; ORI-NPs, Gd-ORI@HAuUNCs-Cy7 nanoparticles; ORI-GPC|-NPs, GPC|-Gd-ORI@HAuUNCs-Cy7 nanoparticles.

showed greater efficacy in promoting cleaved-caspase-3
and inhibition of bcl-2 expression compared to control, ORI,
and ORI-NPs. Relative to the control group, treatment with
ORI-GPCI1-NPs resulted in a greater proportion of cells in
the G1 phase (Figure 5C and D). The migration abilities
of PANC-1 and BXPC-3 cells were significantly inhibited

after ORI-GPC1-NPs treatment, relative to control, ORI, and
ORI-NP treatment (Figure SE and F).

In vivo toxicology assay
No significant changes in body weight were observed during
the study (Figure S2A). Compared to the saline group, the
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Table | IC, of cells with different treatments by MTT viability

assays
Cell line | Treatment IC,, (ng/mL)
24 hours 48 hours

PANC-I| ORI 88.49+3.45 46.4413.26
ORI-NPs 61.05+4.36* 29.15+2.28*
ORI-GPCI-NPs 36.57+2.93%# 18.75+1.58*#

BXPC-3 ORI 29.28+2.38 14.22+1.07
ORI-NPs 15.38+1.21%# 8.55+0.65*
ORI-GPCI-NPs 11.894+0.90%# 2.77+0.25%#

293T ORI 191.17£6.92 162.83£16.20
ORI-NPs 129.434£9.90% 80.53+8.24*
ORI-GPCI-NPs 129.40£10.05* 77.35+8.14*

Notes: Data are shown as mean * SD, n=3. *P<<0.05 for ORI vs ORI-NPs and ORI-
GPCI-NPs, #P<<0.05, for ORI-NPs vs ORI-GPC-NPs.

Abbreviations: ORI-GPCI-NPs, GPCI|-Gd-ORI@HAuUNCs-Cy7 nanoparticles;
ORI-NPs, Gd-ORI@HAuUNCs-Cy7 nanoparticles; ORI, oridonin.

RBC (Figure S2B), hemoglobin (Figure S2C), WBC, lympho-
cyte (Figure S2D), liver (Figure S2E), and kidney (Figure S2F)
function markers remained within the normal range over
the observation period in different doses of ORI-GPC1-NP
groups. The formulations did not cause any adverse effects.

In vivo NIRF/MRI

We verified the multimodal imaging effect of ORI-GPC1-NPs
in vivo. First, we observed the time-dependent biodistribution
of ORI-GPC1-NPs from in vivo NIRF images (Figure 6A).
NIRF signal of the ORI-NP group reached peak intensity
at 12 hours postinjection (Figure 6B). These signals gradu-
ally diminished as time passed, and nearly disappeared after
48 hours. For the ORI-GPC1-NPs group, NIRF signals were
also detected in the tumor 12 hours after injection. These sig-
nals gradually increased and reached peak intensity at 24 hours
postinjection. The tumor fluorescence intensity remained
steady even 48 hours after injection. The biodistribution of the
NPs in tumor and major organs was assessed by performing ex
vivo semiquantitative NIRF intensity detection. After 48 hours,
ex vivo fluorescence images showed that there was a higher
accumulation of the NPs in ORI-GPC1-NP group than in the
ORI-NP group, both in tumors and most organs (Figure 6C),
which may be due to the GPC1-medicated active target effect.
The accumulation of ORI-GPC1-NPs was in the following
order: liver > tumor > kidneys > intestines. Fluorescence in
other organs nearly could not be detected (Figure 6D).

To further verify the targeted ability of ORI-GPC1-NPs,
in vivo MRI experiments were conducted before and after
NP injection. As shown in Figure 6E, the MRI signals of
tumor region in the ORI-GPC1-NP group and ORI-NP

group reached their peak intensity at 24 and 12 hours
postinjection, respectively, and the signal gradually dimin-
ished as time passed. The higher T1 value in ORI-GPC1-NP
group at 24 and 48 hours postinjection compared to ORI-NP
group demonstrated the GPC1-mediated targeting abil-
ity of NPs to the tumor site (Figure 6F). Moreover, the
relative T1 value of the ORI-GPCI-NP group remained
high 48 hours after injection, which further confirmed
a higher ORI-GPC1-NP accumulation in tumor com-
pared to ORI-NPs. Thus, ORI-GPC1-NPs may evolve as
promising targeted MRI NPs for pancreatic cancer screening.
The Au and Gd contents in tissue samples were measured
by ICP-MS. As shown Figure 6G, at 12 hours postinjection,
the accumulation of Au in the liver (reticuloendothelial
systems) is dramatic. The accumulation in the kidney may
be due to the excretion of NPs. At 24 hours postinjection,
the accumulation of Au in the tumors in ORI-GPC1-NP
group reached a peak and was significantly higher than that
of ORI-NP group, which was consistent with the optical and
MRI study (Figure 6H). However, at 48 hours postinjection,
the Au accumulation in the tumors and major organs
decreased, presumably due to clearance of the NPs through
the liver and kidneys (Figure 61). Moreover, no significant
differences in the distribution of Au and Gd were detected,
further verifying the ideal stability of ORI-GPC1-NPs.

In vivo antitumor efficiency

We examined the in vivo antitumor efficacy of ORI-GPC1-
NPs using BXPC-3 orthotopic pancreatic tumor xenograft
models. The targeted NPs (ORI-GPC1-NPs) were compared
with four controls: untargeted NPs (ORI-NPs), ORI, a positive
chemotherapy drug (GEM), and saline via tail-vein injection.
The body weight of mice in different treatment groups did
not significantly change over the course of the experimental
time period (Figure 7A), which indicated no systemic toxic
response in the mice. The tumors grew rapidly in both the
saline and ORI-NP groups. The GEM and ORI inhibited
tumor growth to some extent. The ORI-GPC1-NPs had
the strongest inhibitory effect on tumor growth. The tumor
volume in this group was much smaller than that in the saline
group (Figure 7B). On the last day, tumors and major organ
tissues (liver and kidney, according to ex vivo fluorescence
images) were harvested from mice and weighed. As shown in
Figure 7C, the tumor weight of the ORI-GPC1-NP group was
lighter than that of the other groups, which is consistent with
the assessments of tumor volume (Figure 7B and D). H&E
staining demonstrated that the structure of the tumor tissue in
the ORI-GPC1-NP group suffered more obvious damage than
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Figure 5 (A) Apoptosis assays for PANC-| and BXPC-3 cells after different treatments. (B) Western blot assay for the expression of apoptosis-related proteins (Bcl-2 and
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nanoparticles.

the other groups; this damage included irregular widening
intercellular spaces.*! No obvious major organ damage was
observed in any major organ tested (Figure S3), showing that
ORI-GPC1-NPs have negligible toxic side effects.

We observed reduced expression of bcl-2 and enhanced
expression of cleaved-caspase-3 in tumor tissues after different
treatments (Figure 7E). ORI-GPCA-NPs showed the greatest

efficacy in modulating the expression levels of these proteins rela-
tive to GEM, ORI, or ORI-NPs (Figure 7F and G). These results
indicated that ORI-GPC1-NPs could inhibit tumor growth.

Discussion and conclusion
Much effort has been made to develop a multifunctional
theranostic nanoplatform for diagnosis and treatment of
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Notes: (A) In vivo NIRF images and (B) their fluorescent intensity of tumor-bearing nude mice at specified times after injection of ORI-NPs or ORI-GPCI-NPs. (C) Ex vivo
NIRF images (Organs: |. Tumor, 2. Liver, 3. Kidneys, 4. Spleen, 5. Stomach, 6. Intestine, 7. Heart, 8. Lung) and (D) fluorescent intensity of tumor and major organs at 48 hours
after injection of ORI-NPs and ORI-GPCI-NPs. Organs: tumor, liver, kidneys, spleen, stomach, intestines, heart, and lung. (E) In vivo MR images and (F) MRl intensity of tumor-
bearing nude mice at specified times after injection of ORI-NPs or ORI-GPC|-NPs. Au and Gd concentrations in tumors and major organs were measured by ICP-MS at (G)
12 hours, (H) 24 hours, and (I) 48 hours. *P<<0.05, for ORI-NPs vs ORI-GPC|-NPs.

Abbreviations: Au, gold; Gd, gadolinium; ICP-MS, inductively coupled plasma mass spectrometry; MR, magnetic resonance; MRI, magnetic resonance imaging; NIRF, near-
infrared fluorescence; ORI-NPs, Gd-ORI@HAuNCs-Cy7 nanoparticles; ORI-GPCI-NPs, GPC|-Gd-ORI@HAuUNCs-Cy7 nanoparticles.

pancreatic cancer.* ¢ In this study, we successfully con-  range have a long blood circulation time, easily pass the leaky
structed ORI-loaded HA-bioinspired anti-GPC1 antibody, Gd
and Cy7 hybrid-functionalized hollow AuNCs (ORI-GPC1-

vasculature in tumors, and are suitable for drug delivery in
cancer diagnosis and therapy.* In this study, the hydrodynamic

NPs). ORI-GPC1-NPs have several valuable features, includ-
ing good biocompatibility, potential for multimodal imaging,
controllable drug release, effective treatment against tumors,
few side effects, and high bioavailability.

Most NP delivery to tumor tissue is hindered due to poor
uptake.*’” NPs with the hydrodynamic size in the 10-100 nm

size of ORI-GPC1-NPs was 88 nm, which allowed them to
reach the tumor site. The potential of NPs is related to their
nonspecific binding of proteins and clearance by reticuloen-
dothelial system.*” Negatively charged NPs tend to bind to
plasma proteins to a lesser degree than positively charged
NPs, and high protein binding leads to more rapid clearance of
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Figure 7 In vivo antitumor efficiency.

Notes: (A) Body weight of BXPC-3 tumor-bearing nude mice after different treatments. (B) The tumor volume of tumor-bearing nude mice after different treatments.
(C) Tumor weight after different treatments. (D) Photographs of the tumor from different treatment groups after 14 days. (E) IHC assays for Bcl-2 and cleaved-Casp3
expression, (F) the relative expression of Bcl-2 and (G) caspase-3 relative expression. *P<<0.05, for vs all the other treatments.

Abbreviations: Cleaved-Casp3, cleaved-caspase-3; GEM, gemcitabine; IHC, immunohistochemistry; NC, negative control; ORI, oridonin; ORI-NPs, Gd-ORI@HAuNCs-

Cy7 nanoparticles; ORI-GPCI-NPs, GPC1-Gd-ORI@HAuNCs-Cy7 nanoparticles.

NPs by Kupffer cells.’® The zeta potential of our formulations
(AuNCs, ORI-NPs, and ORI-GPC1-NPs) were —23.6, —14.6,
and —10.2 mV, respectively. These NPs have optimal poten-
tials, which are suitable for in vivo applications. The potential
differences between these NPs may indicate the successful
binding of ORI, Cy7, Gd, and anti-GPC1 antibody with
AuNCs. Drug release assays highlighted how the NPs have
pH- and enzyme-controlled sustained drug release. This result
demonstrates that the developed drug delivery system is
capable of being controlled in the tumor microenvironment;
this can decrease the side effects of ORI in normal tissues.
Rapid clearance rate is an obstacle in multifunctional
theranostic nanoplatform, with a half-life of only a few
hours.**! To overcome this obstacle, we used anti-GPC1

antibody to modify the NPs.5? The anti-GPC1 antibody
modification significantly improves the NP cycle time,
while promoting NP accumulation at the tumor site.” Rela-
tive to the non-targeted NPs (ORI-NPs), the GPC1-targeted
NPs (ORI-GPC1-NPs) showed significantly higher cellular
uptake. MTT assays, apoptosis analyses, cell cycle assays,
and migration assessments all revealed remarkably efficient
therapeutic effects in vitro. Enhanced antitumor efficiency
of ORI-GPCI1-NPs may be due to antigen-antibody medi-
ated endocytosis.**> Relative to the ORI-NPs or ORI, high
expression of GPC1 on the pancreatic cancer cells enabled
more cellular uptake of the ORI-GPC1-NPs.

Among the many modalities of molecular imaging,
including NIRF, MR, photoacoustic, positron emission
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tomography, and ultrasound imaging, NIRF and MR are most
widely used.’ Each imaging modality has its advantages and
limitations. NIRF imaging is sensitive, but has poor tissue
penetration and low spatial resolution.’® MRI has an ideal
spatial resolution but suffers from poor sensitivity.’ In this
study, we assembled the ORI-GPC1-NPs for a combina-
tion of NIRF and MRI. In vitro and in vivo NIRF/MRI
experiments demonstrated that ORI-GPC1-NPs can act as
suitable contrast agents for NIRF/MR multimodal imaging.
They combine the advantages of each imaging modality in
one platform with higher sensitivity and resolution and thus
provide comprehensive information of different aspects of
pancreatic cancer. The significant enhancement in the fluo-
rescent intensity and T1 value of the ORI-GPC1-NP group
demonstrates higher tumor accumulation and longer blood
circulation time than ORI-NP group due to the GPC1-targeted
effects. Bio-distribution of NP demonstrates its metabolism
and accumulation.”® The ICP-MS assay revealed that the
accumulation of Au in the liver was dramatic and the accu-
mulation of Au in the tumors of ORI-GPC1-NP group was
significantly higher than that of ORI-NP group. The results
demonstrate that ORI-GPC1-NPs mainly accumulate in
tissues containing relatively high levels of endocytosis, and
anti-GPC1 antibody conjugated on the NPs has a satisfactory
active targeting ability. In vivo toxicology assay was the
convincing evidence that the synthesized ORI-NPs/OPI-
GPCI1-NPs were biocompatible in vivo and could be used in
further tests. In vivo antitumor experiments revealed that the
GPC1-ORI-NPs inhibit tumor volume growth significantly
better than any other treatment studied here.

There were several limitations in this study. First,
AuNCs could be used for computed tomography imaging,
but due to concentration limitations, we did not conduct
such experiment.>® Second, pancreatic tumor tissue volume
may limit the NIR imaging modality used in humans. Third,
the diameter of the tumors reached 510 mm in our study.
It is not clear if these tumors in the early stage of pancreatic
cancer. Fourth, HA belongs to glycosaminoglycan, we did
not accurately measure the conjugation efficiency of HA
on NPs. In future research, we will explore the methods to
resolve these limitations. Nonetheless, our ORI-GPC1-NP
possess several unique advantages: 1) the ORI-GPC1-NPs
show high biocompatibility and suitable stability under physi-
ological conditions; 2) the hollow inner space of the AuNCs
enables relatively large amounts of ORI loading; 3) the HA
coating not only provides multiple attachment sites but also
enables pH- and enzyme-controlled release of the drug;
4) the attachment of the anti-GPC1 antibody allows for the

selective accumulation of prepared NPs at the tumor site
with fewer side effects on healthy tissues; and 5) relative to
single-modal imaging, dual-modal imaging provides more
accurate information.

We conclude that, overall, the proposed multifunctional
GPCl-targeted NPs showed the selective accumulation in
pancreatic tumors by NIRF/MRI and targeted therapy in a
preclinical model. Our results suggest that this multifunctional
theranostic nanoplatform may open new avenues for early
diagnosis and targeted treatment of pancreatic cancer.
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Notes: (A) AuNCs, (B) ORI-NPs, and (C) ORI-GPCI-NPs.
Abbreviations: AuNCs, gold nanocages; ORI-NPs, Gd-ORI@HAuNCs-Cy7 nanoparticles; ORI-GPCI-NPs, GPC|-Gd-ORI@HAuNCs-Cy7 nanoparticles.
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Figure S2 In vivo toxicology assays.

Notes: (A) Weight of nude mice from different dose of ORI-GPCI-NP treatment groups over 2| days. Complete blood markers including (B) RBC, (C) HGB, (D) WBC
and LY. (E) Liver function markers: ALP, ALT, and AST. (F) Kidney function markers: BUN and CREA from different dose of ORI-GPCI-NP treatment groups.
Abbreviations: ALP, alanine alkaline phosphatase; ALT, aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CREA, creatinine; HGB, Hemoglobin;
LY, lymphocyte; NC, negative control; ORI-GPCI-NPs, GPC1-Gd-ORI@HAuNCs-Cy7 nanoparticles; RBC, red blood cells; WBC, white blood cells.
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Figure S3 H&E staining of tumor and major organs gathered from control, GEM, ORI, ORI-NP, and ORI-GPCI|-NP groups after treatments for 14 days.
Abbreviations: GEM, gemcitabine; NC, negative control; ORI, oridonin; ORI-NPs, Gd-ORI@HAuNCs-Cy7 nanoparticles; ORI-GPCI-NPs, GPC|-Gd-ORI@HAuNCs-Cy7
nanoparticles.
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