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Background: B-Glucosidase (B-Glu) can activate amygdalin to kill prostate cancer cells, but
the poor specificity of this killing effect may cause severe general toxicity in vivo, limiting
the practical clinical application of this approach.

Materials and Methods: In this study, starch-coated magnetic nanoparticles (MNPs) were
successively conjugated with B-Glu and polyethylene glycol (PEG) by chemical coupling
methods. Cell experiments were used to confirm the effects of immobilized B-Glu on
amygdalin-mediated prostate cancer cell death in vitro. Subcutaneous xenograft models
were used to carry out the targeting experiment and magnetically directed enzyme/prodrug
therapy (MDEPT) experiment in vivo.

Results: Immobilized B-Glu activated amygdalin-mediated prostate cancer cell death.
Tumor-targeting studies showed that PEG modification increased the accumulation of f3-
Glu-loaded nanoparticles in targeted tumor tissue subjected to an external magnetic field and
decreased the accumulation of the nanoparticles in the liver and spleen. Based on an enzyme
activity of up to 134.89 + 14.18mU/g tissue in the targeted tumor tissue, PEG--Glu-MNP
/amygdalin combination therapy achieved targeted activation of amygdalin and tumor growth
inhibition in C57BL/6 mice bearing RM1 xenografts. Safety evaluations showed that this
strategy had some impact on liver and heart function but did not cause obvious organ
damage.

Conclusion: All findings indicate that this magnetically directed enzyme/prodrug therapy
strategy has the potential to become a promising new approach for targeted therapy of
prostate cancer.

Keywords: magnetic nanoparticles, B-glucosidase, amygdalin, prostate cancer, magnetically
directed enzyme/prodrug therapy

Introduction
Prostate cancer remains the most common cancer among men in the United States." Its
incidence is gradually increasing in Asians.? The most common treatment options, with
or without hormone administration, include active surveillance (i.e., watchful waiting),
prostatectomy, radiation and chemotherapy. Surgery and radiation are usually followed
by complications such as urinary incontinence, irritable bowel syndrome and impo-
tence. Chemotherapy has had very little clinical success thus far due to palliative
responses and induced systemic toxicity caused by the lack of target selectivity and
poor potency of existing small molecule drugs.®* Hence, a noninvasive and highly
efficacious but less toxic pharmacological treatment method is urgently needed.
Amygdalin can be extracted from bitter almond, which has been used as
a traditional natural medicine to treat cancer for many years. Although there is
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still controversy regarding the anticancer effect of amyg-
dalin, cancer patients in many countries continue to use
it.>® Amygdalin can inhibit tumor growth through multiple
mechanisms, such as blocking the cell cycle,”® inducing
cell apoptosis and influencing cancer cell adhesion and
invasion.”'" Amygdalin can also inhibit the growth and
invasion of both castration-sensitive and castration-
resistant prostate cancer cells.'*'* However, the inhibitory
effect of a small amount of amygdalin is weak, and large
doses may cause systemic toxicity, which limits its clinical
application.®'*

B-Glu can accelerate the hydrolysis of amygdalin into
hydrogen cyanide, which can effectively kill tumor cells
by inhibiting cytochrome C oxidase in mitochondria,
resulting in a significant increase in the cell mortality
rate.” For example, the combination of amygdalin with
B-Glu increases the liver cancer cell killing efficiency of
amygdalin by 143 times.'> However, the killing effect of
amygdalin combined with B-Glu lacks tumor cell specifi-
city, and the produced hydrogen cyanide is toxic in vivo,
especially for the nervous system and the cardiac system,
which limits its practical clinical application. The specific
activation of amygdalin by B-Glu in tumor tissue may be
an effective method for decreasing the general toxicity and
increasing the killing effect.

Targeted enzyme/prodrug strategies have been investi-
gated as a means to improve the tumor selectivity of ther-
apeutics with decreased side effects.'® The enzyme or its
encoding gene is first delivered to the tumor site using
a targeting carrier. After clearance of the enzyme from cir-
culation, the prodrug is administered and then converted to
an active anticancer drug, thus achieving enhanced antic-
ancer efficacy and decreased systemic toxicity.'”'® Since

19,2
4.'%2% 3 number of

the concept was first envisioned in 197
enzyme and prodrug coadministration strategies have been
investigated and improved. Currently, enzyme carriers
include antibodies, receptors, viruses, polymers and lipo-
somes. Unfortunately, targeted enzyme prodrug strategies
have not been translated to practical clinical applications
due to various technical bottlenecks, including the low stabi-
lity of bioactive carriers (such as antibodies) in vivo, the
scarcity and heterogeneity of tumor-specific antigens, poor
delivery efficiency, the immunogenicity of the carrier, mon-
itoring difficulties, uncontrollable phagocytosis and pharma-
cokinetic characteristics.”'** Amygdalin/p-Glu has been
investigated as an enzyme/prodrug strategy. Syrigos et al.
achieved the specific binding of 3-Glu to bladder cancer cells
by conjugating it with a tumor-associated monoclonal

antibody (HMFG1). A specific HMFGI1-B-glucosidase con-
jugate enhanced the cytotoxicity of amygdalin (36x).%
However, the combination effect has not been verified
in vivo to date, perhaps due to the poor accumulation of
B-Glu at the tumor site and the unsatisfactory therapeutic
effect in vivo.”* Linamarase is a B-Glu that can hydrolyze
linamarin (an amygdalin analog) to inhibit tumor growth.?’
Some researchers have used transgenic tumor cells to express
linamarase in the presence of linamarin to inhibit subcuta-
neous tumor growth.”**” However, when the system was
used in rats bearing glioma tumors in the brain, the mortality
of the rats was significantly increased because of severe toxic
effects.?® Therefore, targeted enzyme/prodrug strategies need
to be further improved before clinical translation.

Magnetic nanoparticles are novel carriers for magnetic
targeting. Their magnetic orientation, advantageous mod-
ifiability, satisfactory biocompatibility and relatively large
surface-to-volume ratio make them promising in biomedi-
cal applications.?*** Depending on the applied magnetic
field and the enhanced permeation and retention (EPR)
effect, a variety of carried substances, such as proteins

sites. 31733

and genes, can be delivered to tumor
Moreover, the imaging characteristics and modifiability
of magnetic nanoparticles allow monitoring of their
dynamic distribution in the body by magnetic resonance
imaging (MRI) and other imaging methods.**>°
Therefore, we designed a magnetically directed
enzyme/prodrug strategy based on amygdalin/f-Glu com-
bination therapy. B-Glu was delivered to the targeted
tumor site by magnetic nanoparticles, and amygdalin
was activated at the tumor site, resulting in low systemic
toxicity and increased tumor suppression efficiency. B-Glu
has been successfully immobilized on magnetic nanopar-
ticles and showed favourable activity.’’** In a previous
study, we also prepared B-Glu-loaded magnetic nanopar-
ticles and confirmed their targeted delivery using a mouse
model of subcutaneous 9L glioma.** Moreover, polyethy-
lene glycol (PEG) modification of B-Glu increased the
in vivo stability of MNP-B-Glu and enhanced their accu-
mulation in the targeted tumor tissue.*” However, the
enzyme activity was not robust enough to activate amyg-
dalin to inhibit tumor growth. The following issues may
have contributed to this result: 1. The amount of B-Glu-
loaded magnetic nanoparticles delivered to the tumor tis-
sue was too small to activate amygdalin, and 2. 9L glioma
cells were not sensitive to f-Glu/amygdalin therapy. In
this study, to address these issues, we further improved the

strategy. First, to prepare smaller MNP-B-Glu, the
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previously used glutaraldehyde crosslinking method was
replaced by the sodium periodate oxidation method.
Decreasing particle size might increase the stability of
the particles and, more importantly, facilitate the accumu-
lation of particles at the tumor site via the EPR effect.
Second, the cytotoxicity of B-Glu/amygdalin was com-
pared in different prostate cancer cells. The most sensitive
cells were chosen as the model cells. In addition,
considering the toxicity of the magnetic nanoparticles
and the produced hydrogen cyanide, a local injection of
amygdalin was used after the targeted accumulation of
MNP-B-Glu-PEG to reduce the systemic toxicity of the
amygdalin/MNP-B-Glu-PEG combination. As a result of
the above improvements, the quantity of B-Glu-loaded
particles that accumulated in the tumor tissue significantly
increased. The enzyme activity of B-Glu in the targeted
tumor tissue reached a level that activated amygdalin and
inhibited RM1 tumor growth in C57BL/6 mice. These
studies provide a basis for the clinical translation of mag-
netically targeted enzyme/prodrug strategies for prostate
cancer.

Materials and Methods

Materials

All materials were obtained from commercial suppliers
and used without further purification, unless otherwise
noted. Starch-coated fluidMAG-D magnetite (Fe;0,)
nanoparticles (D-MNP) were purchased from Chemicell®
GmbH (25 g/L, Berlin, Germany). 3-Glucosidase (B-Glu),
sodium periodate, sodium borohydride, 4-nitrophenyl-f-
D-glucopyranoside (GIcpNp), and sodium phosphate
(mono- and dibasic) were obtained from Sigma-Aldrich
(Milwaukee, MI, USA). NHS-PEG (20 kDa) was pur-
chased from Laysan Bio, Inc (Alabama, USA). All deio-
nized water (DI H,O) used in this study was produced by
a Milli-Q A10 Biocel water purification system (Millipore,
Massachusetts, USA).

Animals and Cell Lines

The mouse prostate cancer cell line RM1 and human pros-
tate cancer cell lines PC3 (castration-resistant) and LNCaP
(castration-sensitive) were obtained from Myhalic
Biotechnology Co., Ltd. (Wuhan, Hubei, China). RM1 and
PC3 cells were cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium with 100 IU/mL penicillin, 10% fetal
bovine serum (FBS) and 100 pg/mL streptomycin at 37°C
with 5% CO,. LNCaP cells were cultured in Dulbecco’s

modified Eagle’s medium (DMEM) with 100 IU/mL peni-
cillin, 10% FBS and 100 pg/mL streptomycin at 37°C with
5% CO,.

C57 mice (20+2.0g) were provided by the Hubei
Provincial Centers for Disease Control and Prevention
(Wuhan, Hubei, China). The animals were given food
and water ad libitum and were allowed to acclimatize for
1 week before the experiments. Experimental conditions
and procedures involving animals were approved by the
Institutional Animal Ethics Committee (IAEC) of Hubei
University of Chinese Medicine and carried out in accor-
dance with the laboratory animal use guidelines of the
IAEC. Animal handling followed the National Animal
Welfare Law of China.

Preparation of MNP-B-Glu-PEG

As shown in Figure 1A, hydroxyl groups in the sugar rings
of D-MNP with a cross-linked starch coating were par-
tially oxidized by periodate to generate activated aldehyde
functional groups,*' which further reacted with the amino
groups of B-Glu via Schiff’s base formation to achieve
B-Glu-loaded MNPs. The formed hydrazone bonds were
further reduced and stabilized with the mild reducing agent
NaBH,4 to avoid the dissociation of conjugated B-Glu in
acidic environments.

In brief, 2.4 mg of D-MNP were mixed with 240 puL of
0.2 M sodium acetate and then incubated with 50 pL of 0.1
M periodate at 4°C for 30 min in the dark to allow partial
oxidation of the starch. The aldehyde nanoparticles were
concentrated to 0.8 mL by magnetic separation for 10 min
to remove the free periodate. The resulting solution was
dropped into 5 mL of B-Glu water solution (0.8 mg/mL),
and the pH was adjusted to 10.0. The mixture was then
incubated with shaking at 4°C for 24 hours in the dark on
a rolling shaker. The hydrazone linkages were reduced to
more stable secondary amine bonds by the addition of
40 pL of 5 mg/mL sodium borohydride per milliliter of
conjugation mixture and incubation for 2 hours at 4°C.
The chemical reagents and unconjugated B-Glu were
removed using a Dynal magnetic separator (Invitrogen,
California, USA) at 4°C to obtain the resulting p-Glu-
loaded iron oxide nanoparticles denoted as MNP-B-Glu.

MNP-B-Glu were further modified with PEG by ami-
dation. In detail, 320 pL of MNP-B-Glu (40 mg Fe/mL)
were dropped into 640 pL of NHS-PEG (~38 mg) aqueous
solution. After 3 hours of shaking at room temperature, the
mixture was then incubated with shaking at 4°C for 12
hours in the dark on a rolling shaker. The product was
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Figure | Preparation process and characterization analyses of MNP-B-GIu-PEG. (A) Schematic diagram of the preparation process. (B) Representative TEM images of
D-MNP, MNP-B-Glu and MNP-B-Glu-PEG. Various particles showed no significant morphological differences. (C) Infrared spectrum analysis. A characteristic B-Glu peak
located at 1540 cm ' is visible in the MNP-B-Glu spectrum. Characteristic p-Glu and PEG peaks located at 1540 cm™' and 1100 cm ' are visible in the MNP-B-Glu-PEG
spectrum. (D) The magnetization properties of D-MNP, MNP-B-Glu and MNP-B-Glu-PEG. Neither hysteresis nor remnant magnetization was observed for all particles. (E)
Magnetophoretic mobility curves for D-MNP, MNP-B-Glu and MNP-B-Glu-PEG (n=3). Relative Fe concentrations for the nanoparticle suspensions indicate the ratio of

noncaptured nanoparticles in the magnetic field.

washed 4 times with fresh DI H,O using a Dynal magnetic
separator to obtain the resulting PEG-modified B-Glu-
loaded iron oxide nanoparticles denoted as MNP-B-Glu-
PEG.

Characteristics of MNP-B-Glu-PEG

Representative TEM images of samples were acquired
using scanning transmission electron microscopy-bright
field (STEM-BF) imaging with an accelerated voltage of
200 kV using a Tecnai G*20S-TWIN electron microscope
(FEI, Czech). The infrared spectra of all samples were
collected according to a previously published method.*
The magnetization properties and magnetophoretic mobi-
lity of all MNPs were measured according to a previously
published method.*°

Measurement of Enzyme Activity and Fe

Concentration

GIcBNp was used as the substrate to measure free and
conjugated B-Glu activity throughout this study.>® One
B-Glu activity unit (1 U) was defined as the amount of
enzyme required to hydrolyze 1 pumol of the substrate

per minute under the testing conditions. Inductively
coupled plasma optical emission spectroscopy (ICP-
OES) was carried out throughout the preparation to mea-
sure the iron content of all MNP samples using an
Optima DV 2000 (Perkin
Massachusetts, USA).*°

spectrometer Elmer,

Cytotoxicity of Amygdalin in Prostate

Cancer Cells

The cytotoxicity of amygdalin in RM1, PC3 and LNCaP
cells was assessed with a Cell Counting Kit-8 (Yeasen
Corporation, Shanghai, China) assay according to the
manufacturer’s instructions. Briefly, prostate cancer
cells were seeded in a 96-well plate and allowed to
adhere overnight. The cells were then incubated in quad-
ruplicate for 24 hours with the following agents at preset
amygdalin concentrations: (1) amygdalin alone; (2)
amygdalin plus B-Glu (0.3 U/mL); (3) amygdalin plus
MNP suspension (0.725 mg Fe/mL); and (4) amygdalin
plus MNP-B-Glu-PEG suspension (0.3 U/mL). The cells
were then incubated with fresh medium for 24 hours.

CCK-8 reagent was added to each well, and the cells
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were incubated for an additional 4 hours. The absorbance
values at 450 nm were measured using a microplate
reader (SpectraMax M5, Molecular Devices LLC,
Sunnyvale, CA, USA). Cells treated with PBS were
used as the negative control. Complete medium without
cells was used as the blank control. The cytotoxicity of
amygdalin was expressed as the percentage of cell sur-
vival, which was calculated using the following formula:

cell survival (%) - (ODsample ODblank ) / (ODcontrol ODblank)
x 100%

Flow Cytometry Analysis

RM1, PC3 and LNCaP cells (5x10°cells/well) were seeded
in 6-well plates for 24 hours. Then, the following agents
were added: (1) amygdalin (10 mg) alone or (2) amygdalin
(10 mg) plus MNP-B-Glu-PEG (0.3 U). After 24 hours,
cell apoptosis and necrosis were determined by annexin
V-FITC/PI double staining and flow cytometry analysis. In
brief, the cells were collected, washed twice in ice-cold
PBS, and then resuspended in 100 pL. of binding buffer
containing 5 uL of annexin V-FITC and 5 pL of PI pro-
vided with the annexin V-FITC/PI Apoptosis Detection Kit
(Yeasen Corporation, Shanghai, China). The cells were
incubated at 37°C for 15 min in the dark and analyzed
with a FACS Calibur (BD Biosciences).

DNA Fragmentation Assay

To test whether the decrease in cell viability observed after
treatment with amygdalin/MNP-B-Glu-PEG was due to
necrosis or apoptosis, DNA fragmentation assays were per-
formed. Cells were cultured in medium containing the fol-
lowing agents: PBS, 5 mg/mL amygdalin, 5 mg/mL
amygdalin + 0.15 U/mL B-Glu, and 5 mg/mL amygdalin +
0.15 U/mL MNP-B-Glu-PEG. After 24 hours, the cells were
collected, and DNA was extracted using a DNA Extraction
Kit (TIANGEN Corporation, Beijing, China) according to
the manufacturer’s instructions. The collected samples were
detected using 1% agarose gel electrophoresis at 100 V for 30
min. Cells treated with PBS were used as controls.

AO/EB Double-Staining Assay

RM1 cells were seeded in 6-well plates for 24 hours. Then,
the following reagents were added: PBS, 1 mg/mL amygda-
lin, 5 mg/mL amygdalin, I mg/mL amygdalin + 0.15 U/mL
B-Glu, 5 mg/mL amygdalin + 0.15 U/mL B-Glu, 1 mg/mL
amygdalin + 0.15 U/mL MNP-B-Glu-PEG, 5 mg/mL amyg-

dalin + 0.15 U/mL MNP-B-Glu-PEG, and cisplatin

(0.75 mg/mL) in PBS. After 24 hours, the cells were col-
lected, and 2 pL of 100 mg/L AO and 100 mg/L EB were
added. Fluorescent staining was observed and photographed
under a fluorescence microscope.

Western Blot Analysis

Caspase-3, Bax and Bcl-2 protein expression was mea-
sured to identify the effect of f-Glu/amygdalin on prostate
cancer cells. RM1 cells were seeded in a 6-well plate at
a density of 5x10° cells/well for 24 hours. The following
agents were added: PBS, 5 mg/mL amygdalin, 5 mg/mL
amygdalin + 0.15 U/mL B-Glu, and 5 mg/mL amygdalin +
0.15 U/mL MNP-B-Glu-PEG. After 24 hours, the cells
were collected and lysed in RIPA buffer (Bioswamp,
Myhalic Biotechnology Co., Ltd., Wuhan, China). The
extracted total protein (~20 ug) was separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis, trans-
ferred to a polyvinylidene difluoride membrane
(Amersham, Little Chalfont, UK), and immunoblotted
with specific antibodies against Bcl-2, Bax and cleaved
caspase-3 (Bioswamp, Myhalic Biotechnology Co., Ltd.,
Wuhan, China). After incubation with an HRP-conjugated
secondary antibody (Bioswamp, Myhalic Biotechnology
Co., Ltd., Wuhan, China) at room temperature for
1 hour, immunoreactive bands were visualized by lumi-
nescence detection using SuperSignal™ West Pico PLUS
chemiluminescent substrate (Thermo Fisher Scientific,
MA, USA), and images were obtained using an Image
Quant LAS 4000 imaging system (GE Healthcare Life
Sciences, MA, USA). Band intensities were quantified
using Image] software (National Institutes of Health,
Bethesda, MD, USA) and normalized to that of GAPDH.

Tumor-Targeted Delivery and
Distribution of MNP-B-Glu-PEG

Because the combined administration showed a more pro-
nounced inhibitory effect on prostate cancer RM1 cells, we
selected RM1 cells as implant cells to establish subcuta-
neous xenograft models for subsequent magnetic targeting
experiments in vivo. Briefly, C57BL/6 mice (weight,
20-25 g) were implanted with RM1 cells (5x10°) in the
right flank. Magnetic targeting experiments were con-
ducted when the tumor volume reached approximately
50 mm®.

According to the previous literature, magnetic targeting
of tumors was achieved by a small cylindrical magnet
attached to the pole of 3 tandem DYOYO-52 permanent
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magnets.”’ The magnetic field density at the pole face of
the small magnet was adjusted to approximately 800 mT.
Twenty-four mice were randomized into 4 groups to
ensure a similar average tumor size. Three groups were
then injected with MNP-B-Glu-PEG, MNP-B-Glu or MNP
suspension at a dose of 12 mg Fe/kg through the lateral tail
vein and were retained in a magnetic field for 2 hours.
Untreated mice were used as the control group. MRI
experiments were carried out using a 7T Direct Drive
small animal imaging system (Varian, Walnut Creek, CA,
USA). T2-weighted images of mice were acquired prior to
injection and 2 hours post injection. After the MRI scans,
the mice were euthanized immediately by CO, inhalation
overdose. Tissue samples of targeted tumors, livers and
spleens were obtained for further analysis.

The samples obtained for histology were fixed and
encased in paraffin blocks. Tissue sections (5 um) were
cut from paraffin blocks and subsequently affixed to
microscopy slides. The sections were rehydrated and incu-
bated at 37 °C for 4 hours with 10% (g/mL) K4Fe(CN)g in
5% (V/V) HCI (freshly made). Prussian blue-stained slides
were rinsed in DI H,O and subsequently stained with Fast
Red for 30 min at room temperature. Stained slides were
visualized with a microscope and photographed (Nikon,
Melville, NY, USA).

The Fe concentrations in the tumor, liver and spleen
tissues were measured by electron spin resonance spectro-
scopy (ESR). Briefly, the sample (~50 mg) was homoge-
nized on ice in 500 pL of lysis buffer (Tropix Inc.,
Bedford, MA, USA) using a pestle tissue grinder. The
tissue homogenate was transferred to a glass capillary
tube and then analyzed using electron spin resonance
spectroscopy at —128°C to calculate the Fe concentration
of tissues, as described previously.*?

To minimize background endogenous B-Glu activity,
the B-Glu activity in the excised tissue samples was
assayed using a modified spectrophotometric method. In
brief, tissue samples (~50 mg) were homogenized at 0°C
in 500 pL of lysis buffer (Tropix Inc., Bedford, MA, USA)
using a pestle tissue grinder. The samples were dispersed
by sonication at 30% amplitude for 5 seconds. Citrate-
phosphate buffer (20 pL, 0.1 mol/L, pH 6.0) containing
GIcBNp (0.1 M) was added, and the samples were incu-
bated at 37°C for 1 hour. Immediately following incuba-
tion, the reaction mixture was mixed with 0.5 mL of
carbonate buffer (0.2 mol/L, pH 10.2) and then centrifuged
at 15,000 r.p.m. for 20 min. The supernatant was collected,
and its optical density was analyzed on a microplate reader

at 405 nm to calculate the B-Glu activity of the tissue
samples. The B-Glu activity in the tissue samples from
the control group was also measured and subtracted from
those of the experimental groups to determine the net
activity induced by the targeted p-Glu.

Tumor Growth Inhibition Experiment
Thirty-six C57BL/6 mice were used to establish the tumor
model according to the method described above. When the
tumor volume reached approximately 20 mm®, the animals
were randomized into 6 groups according to the injected
agent, which was administered through the lateral tail vein
with/without magnetic targeting. Group A (the model
group) were injected with normal saline, Group B was
injected with normal saline, combined with magnetic tar-
geting for 2 hours. Group C was injected with B-Glu
solution at an enzyme activity of 5 U/kg, combined with
magnetic targeting for 2 hours. Group D was injected with
MNP-B-Glu-PEG suspension at an enzyme activity of
5 U/kg without magnetic targeting. Group E was injected
with MNP-B-Glu suspension at an enzyme activity of 5 U/
kg, combined with magnetic targeting for 2 hours. Group
F was injected with MNP-B-Glu-PEG suspension at an
enzyme activity of 5 U/kg, combined with magnetic tar-
geting for 2 hours. Then, 0.1 mL of amygdalin saline
solution (320 mg/kg) was immediately injected directly
into the core of the tumor in B-F group mice. The dosage
regimen was repeated every 2 days, and serial changes in
tumor volume were estimated by measuring the diameter
of each tumor using a digital caliper. Tumor volume was
calculated as length x width® x 0.5. The mice were
weighed every day, and general health was also observed.
To evaluate heart, liver and kidney function, prior to
administration and euthanasia, 300 pL blood samples
were collected via the vena angularis to measure the crea-
tinine (Cr), urea nitrogen (BUN), alanine aminotransferase
(ALT), aspartate amino transferase (AST), lactate dehy-
drogenase (LDH) and creatine kinase (CK) levels using an
ADVIA® 2400 automatic biochemical analysis system
(Siemens Corporate, German). Three weeks after treat-
ment, the animals were sacrificed by cervical dislocation,
and the tumor, heart, lungs, liver, spleen and kidneys were
removed for histological analysis.

The extracted tumors and organs were fixed in 4%
paraformaldehyde solution and subsequently embedded
in paraffin. The paraffin-embedded tumor tissue was sec-
tioned (4 pum thick) at the largest tumor area. To validate
the tumor growth inhibition effect of amygdalin plus
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MNP-B-Glu-PEG, apoptotic cells in tumor tissues were
detected by terminal deoxynucleotidyl transferase (dUTP)
- mediated nick end labeling (TUNEL) using an in situ
Apoptosis Detection Kit (Abcam, Cambridge, UK) accord-
ing to the manufacturer’s instructions. The number of cells
positive for TUNEL staining was determined by counting
at least 1000 neoplastic nuclei subdivided into 10 ran-
domly selected fields at 400x magnification. The apoptosis
index was calculated according to the following formula:
number of positive cells/total cell countx100%. The par-
affin-embedded organ tissues were sectioned and stained
with hematoxylin and eosin (H&E).

Statistical Analysis

Data are presented as the mean+tstandard deviation unless
indicated otherwise. SPSS 17.0 (SPSS Inc., Illinois, USA)
was used for data analysis. Statistical evaluation of numer-
ical variables was performed using Student’s #-test for 2
groups and ANOVA for multiple groups. A p-value < 0.05
was considered statistically significant.

Results
Synthesis and Characterization of MNP-
B-Glu-PEG

The main tumor targeting principle of many drug delivery
systems is based on the EPR effect of nanoparticles. In
general, particles < 300nm are suitable for the EPR
effect.? In addition, particle size is also an important para-
meter related to particle clearance from the blood
circulation.** Previously, we used glutaraldehyde as
a crosslinking agent to prepare B-Glu-loaded MNPs. The
prepared MNP-B-Glu was larger than 250 nm and agglom-
erated easily, possibly because the bilateral functional alde-
hyde terminal ends of glutaraldehyde facilitated particle
crosslinking.*** Figure 1A shows the synthesis process
of MNP-B-Glu-PEG in this experiment. B-Glu was directly
conjugated on the surface of starch-coated nanoparticles by
amino aldehyde group reactions. Unilateral functional alde-
hyde ends relieved the crosslinking phenomenon.

The immobilized B-Glu showed a higher K, (3.2140.17
mmol 1™") than (2.22+0.31 mmol I") did free B-Glu
(Table 1), showing that the immobilized enzyme possesses
better affinity for the substrate GIcPNp. The maximum
reaction rate of MNP-B-Glu was found to be 27.8+3.14
pmol min~' mg™!, which is approximately 86% of that of
free enzyme (32.5+2.44 umol min' mg™'). However, as
shown in Figure 1B and Table 1, PEGylation influenced

Table | Activity of 3-Glu and B-Glu-Loaded Magnetic Nanoparticles

Enzyme Enzyme Km(mmol Ifl) Vmax(#mol
Activity min~' mg™")
(U/mg Fe)

Free B-Glu - 222 £ 0.31 325 %244

MNP-B-Glu 0.421 +£0.021 | 3.21 £0.17 278 £ 3.14

MNP-B-Glu-PEG 0414 £0.025 | 3.24 £ 0.14 265 +2.17

Note: For all experiments, n=3.
Abbreviations: MNP, magnetic nanoparticle; -Glu, B-glucosidase; PEG, polyethy-
lene glycol.

morphology and enzyme activity very little. Based on the
activity (6 U/mg) and molecular weight (79 kB) of B-Glu, the
enzyme activity (0.421 U/mg Fe) of MNP-B-Glu, and the
concentration (1.8%10'%/g) of particles, it is estimated that
more than 300 B-Glu molecules were coupled to a single
MNP. Thus, the MNPs showed satisfactory loading effi-
ciency. Figure 1C shows an absorption peak at 1540 cm '
for MNP-B-Glu, which is the characteristic absorption peak
for B-Glu. In addition, the characteristic absorption peak
(1100 cm™") for PEG appeared in the MNP-B-Glu-PEG
absorption spectrum. These results further confirmed the
successful coupling of the 3 components.

The induced magnetization curves (Figure 1D) dis-
played neither hysteresis nor remnant magnetization for
D-MNP, MNP--Glu and MNP-B-Glu-PEG, and the
saturation magnetization values of these MNPs were
69.7, 68.1 and 61.1 emu/g Fe, respectively. The migration
half-time (Mt;,) was defined as the time required to
reduce the Fe concentration by 50%, which represents
the responsiveness of the nanoparticles to magnetic fields.
Magnetophoretic mobility curves (Figure 1E) showed
Mt;,, values of approximately 31, 28 and 14 min for
MNP-B-Glu-PEG, MNP-B-Glu and D-MNP, respectively.
These results showed that MNP-B-Glu and MNP-B-Glu-
PEG possessed tropism to an external magnetic field,
although the response intensity was decreased by B-Glu
loading and PEG modification.

All these results indicated that both B-Glu and the
MNPs remained relatively stable during the preparation
process. The physical and chemical properties of the pre-
pared MNP-B-Glu-PEG meet the needs for further experi-
mental applications.

Cell Experiments

As shown in Figure 2A—C, amygdalin displayed no sig-
nificant inhibitory effect on prostate cancer cells until the
concentration exceeded 10 mg/mL. B-Glu alone showed no
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Figure 2 Proliferation inhibition and apoptosis analyses of prostate cancer cells. (A—C) The growth inhibition effects of amygdalin, amygdalin/MNP, amygdalin/B-Glu and
amygdalin/MNP-B-Glu-PEG on RMI cells, PC3 cells and LNCaP cells. Data show the meantstandard deviation of measurements conducted in quadruplicate. (D-F)
Representative annexin V-FITC/PI flow cytometry analysis of RMI, PC3 and LNCaP cells after amygdalin or amygdalin/MNP-B-Glu-PEG treatment. Cells were defined as
viable (PI, annexin V', lower left quadrant), early apoptotic (Pl*, annexin V*, lower right quadrant), late-stage apoptotic (PI*, annexin V", upper right quadrant) or necrotic

(PI*, annexin V~, upper left quadrant).

significant effect on cell growth (Figure S1). However,
combined administration of amygdalin with only 0.3 U/
mL B-Glu significantly increased the inhibitory effect of
amygdalin (p < 0.01). Compared with the amygdalin alone
group, the IC50 of the amygdalin + B-Glu group for RM1,
PC3 and LNCaP cells decreased 272.83-fold (0.3

+0.11 mg/mL vs. 81.8544.33 mg/mL), 11.18-fold (8.37
+0.73 mg/mL vs. 93.55+4.72 mg/mL) and 42.5-fold
(2.08+0.33 mg/mL vs. 88.39+3.79 mg/mL), respectively.
In addition, the IC50 of the amygdalin + MNP-B-Glu-PEG
group decreased 264.03-fold (0.31+0.1 mg/mL vs. 81.85
+4.33 mg/mL), 10-fold (9.35+0.69 mg/mL vs. 93.55
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+4.72 mg/mL) and 35.36-fold (2.5+0.24 mg/mL vs. 88.39
+3.79 mg/mL), respectively, with values close to those of
the amygdalin + B-Glu group, suggesting that MNP-B-Glu-
PEG can hydrolyze amygdalin in the same way as f-Glu
and enhance the inhibitory effect on prostate cancer cells.
It was reported that B-Glu (3.7 U/mL) can increase the
killing ability of amygdalin in HepG2 cells by 143.16-
fold."? Figure S2 shows that a low concentration (18.75
mU/mL) of B-Glu increased the inhibitory effect of amyg-
dalin on RM1 cells and that the IC50 of amygdalin
decreased 44.73-fold (1.83+0.50 mg/mL vs. 81.85
+4.33 mg/mL), which suggested that even accumulation
of a small amount of B-Glu in tumor tissues likely
improves the tumor inhibition efficiency of amygdalin.
Flow cytometry analysis (Figure 2D-F) showed that
amygdalin increased the proportions of necrotic and apop-
totic cells among total RM1, PC3 and LNCaP cells (0.72
+0.44% vs. 3.04+1.18%, 0.96+0.66% vs. 3.30+1.13%, and
2.67+1.00% vs. 6.59+£2.38%, p < 0.05). However, com-
bined with MNP-B-Glu-PEG, the proportions of necrotic
and apoptotic cells were significantly increased to 92.05
+4.78%, 53.0445.28% and 86.35+5.25%, respectively (p <
0.001). Therefore, similar to f-Glu, MNP-B-Glu-PEG can
promote the ability of amygdalin to induce prostate cancer
cell apoptosis or necrosis. According to a previous

report,26

cells treated with B-Glu/amygdalin should con-
centrate in the necrotic cell quadrant (PI-positive, annexin
V-negative). However, in this study, the ratio of late-stage
apoptotic cells (PI-positive, annexin V-positive cells) was
highest in the MNP-B-Glu-PEG/amygdalin group. The
possible reason might be that phosphatidylserine in necro-
tic prostate cancer cells conjugated with annexin V to
increase the detection of Pl-positive, annexin V-positive
cells.

AO/EB staining showed, morphologically, the effect of
combined administration on prostate cancer cells. Most of
the cells treated with cisplatin showed obvious character-
istics of apoptosis, such as pyknotic and fragmented
nuclei. However, in the cells treated with B-Glu/amygdalin
or MNP-B-Glu-PEG/amygdalin, some characteristics of
necrotic cells, such as cell distension and cytomembrane
breaks, could be observed, and only a small number of
cells showed characteristics of apoptosis (Figure 3A).
These results indicated that both the apoptosis pathway
and the necrotic pathway may be involved in the mechan-
ism of prostate cancer cell death resulting from combined
administration. One of the classic features of apoptosis is
180-200 bp

the cleavage of genomic DNA into

oligonucleosomal fragments. In the DNA fragmentation
assay, long DNA fragments aggregated in cells treated
with PBS or amygdalin. A distinct DNA ladder was not
observed for cells treated with B-Glu/amygdalin or MNP-
B-Glu-PEG/amygdalin.
observed, which usually indicates the presence of necrotic
cells (Figure 3B).

Western blot analysis showed that the expression of

Instead, only a smear was

cleaved caspase-3, Bcl-2 and Bax was significantly higher
in the amygdalin group than in the control group (p < 0.05)
and that the expression of cleaved caspase-3, Bcl-2 and
Bax in the combined drug administration groups (B-Glu
MNP-B-Glu-PEG/amygdalin)
a further significant increase compared to that in the

/amygdalin  or showed
amygdalin group (Figure 3C) (p < 0.01). In addition,
Bcl-2 and Bax increased more than cleaved caspase-3,
suggesting that amygdalin and the combination of amyg-
dalin and B-Glu may activate the Bcl-2/Bax pathway dur-
ing tumor cell death and that reduced ATP production due
to respiratory chain blockage hindered further activation
cascades after the activation of the caspase-3 apoptotic
pathway. In summary, amygdalin administration and com-
bined drug administration can cause changes in the expres-
sion of apoptosis-related proteins, but the activation of the
apoptotic pathway may not be the main cause of death for
prostate cancer cells. The main mechanism of increased
cell death could involve hydrocyanic acid, which is
a product of combined drug administration and can inter-
act with cytochrome C to block the respiratory chain and
inhibit ATP production, thus inducing cell death.

Targeted Tumor Delivery of B-Glu-
Loaded MNPs by an External Magnetic
Field

According to the MRI characteristics of tumors and iron
particles, tumor tissues appear as high-contrast regions in
T2-weighted images, while iron particle aggregation
appears as low-contrast regions. As shown in Figure 4A,
after 2 hours of magnetic targeting, the subcutaneous
tumor regions of the MNP-B-Glu-PEG group exhibited
significant hypodense shadows. However, no significant
hypodense shadows were observed in the MNP and
MNP-B-Glu groups after magnetic targeting, suggesting
that MNP-B-Glu-PEG accumulate more easily at the
tumor site with an external magnetic field.

The Prussian blue staining results for the tumor
tissue sections were consistent with the MRI results.
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Figure 3 Mechanism of prostate cancer cell death resulting from amygdalin combined with B-Glu or MNP-B-Glu-PEG treatment. (A) AO/EB staining analyzing the effects of
amygdalin combined with B-Glu or MNP-B-Glu-PEG on prostate cancer. Green indicates live cells; cells with orange pyknotic nuclei in the cisplatin group are apoptotic cells;
yellow swollen cells in the combined drug administration groups (B-Glu/amygdalin or MNP-B-Glu-PEG/amygdalin) are necrotic cells; and red indicates cells in the late phases
of apoptosis/necrosis. 400%. (B) Band | is the control group (PBS solution), band 2 is the amygdalin group, band 3 is the amygdalin + B-Glu group, and band 4 is the amygdalin
+ MNP-B-Glu-PEG group. (C) | is the control group, 2 is the amygdalin group, 3 is the amygdalin + B-Glu group, and 4 is the amygdalin + MNP-B-Glu-PEG group. The relative
amounts of protein expression were calculated according the grayscale values and were showed in the histogram. (compared with the control group, *p < 0.05, **p < 0.01,

compared with the amygdalin group, *p < 0.01, n=4).

Figure 4B shows that a higher level of blue staining was
found in the tumor tissues from the MNP-B-Glu-PEG
group than in those from the MNP and MNP-B-Glu
groups. Overall, these results indicated that PEGylation

increased MNP accumulation in tumor tissues via mag-
netic targeting.

The accumulation of B-Glu-loaded nanoparticles at the
tumor site is a prerequisite for the targeted activation of
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Figure 4 Targeted accumulation of B-Glu-loaded MNPs at tumor sites. (A) Representative MR images of particle aggregation at subcutaneous tumor sites with an external
magnetic field after D-MNP, 3-Glu-MNP or MNP-B-Glu-PEG administration. The red arrows indicate the locations of subcutaneous tumors. Significant hypodense shadows
appear in the posttargeted tumor tissue of the MNP-B-Glu-PEG group. (B) Prussian blue staining of tumor tissues after D-MNP, MNP-B-Glu or MNP-B-Glu-PEG
administration. Blue staining indicates iron particles. Scale bar: 50pm. (C) Fe concentrations and (D) enzymatic activities of targeted/nontargeted tumor tissues after
D-MNP, -Glu, MNP-B-Glu or MNP-B-Glu-PEG administration (compared with the targeted MNP-B-Glu-PEG group, *p < 0.01, n=6).
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amygdalin. As shown in Figure 4C, magnetic targeting
significantly increased the accumulation of MNP-B-Glu-
PEG in tumor tissues (1401.86+176.30 nmol/g tissue vs.
198.48+32.48 nmol/g tissue) (p < 0.01). The Fe concen-
tration of the MNP-B-Glu-PEG group after magnetic
targeting was significantly different from that of the
MNP-B-Glu group (1401.86£176.30 nmol/g tissue vs.
129.49+12.27 nmol/g tissue) (p < 0.01) after magnetic
targeting. In summary, both magnetic targeting and
PEGylation were positive factors for the targeted accumu-
lation of particles at the tumor site.

The activity level of B-Glu in tumor tissue is the decisive
factor for the local activation of amygdalin and tumor growth
inhibition. Figure 4D shows that the B-Glu activity in tumor
tissues of the MNP-B-Glu-PEG group after magnetic target-
ing reached approximately 134.89+14.18 mU/g tissue,
which was approximately 4.3-fold greater than that (31.65
+6.09 mU/g tissue) of the MNP-B-Glu-PEG group without
magnetic targeting and was also approximately 14.8-fold and
15-fold greater than the activity levels (9.1242.13 mU/g
tissue and 8.99+2.70 mU/g tissue) of the MNP-B-Glu and f3-
Glu groups after magnetic targeting, respectively. As men-
tioned above, the magnitude of enzyme activity in tumor
tissues of the MNP-B-Glu-PEG group after magnetic target-
ing was significantly higher than those reported in the
literature.*>*° Considering that 18.75 mU/mL B-Glu can
significantly increase the cytotoxicity of amygdalin to pros-
tate cancer cells, the B-Glu activity (134.89+14.18 mU/g
tissue) of tumor tissues in the MNP-B-Glu-PEG group after
magnetic targeting should definitely be adequate for the
planned in vivo feasibility study of MDEPT.

The Distribution of B-Glu-Loaded

Particles in the Liver and Spleen

The organ distribution of enzyme-loaded particles is impor-
tant for evaluating delivery efficiency and predicting sys-
temic toxicity. As previously reported,*> most of the MNPs
accumulated in liver and spleen tissues, and only a small
number were located in other organs. Therefore, we per-
formed Prussian blue staining and ESR analysis of liver and
spleen tissues. As shown in Figure 5A, a substantial amount
of blue staining was observed in liver and spleen tissue
sections from both the MNP-B-Glu and MNP-B-Glu-PEG
groups. ESR results also showed that the Fe concentration in
liver and spleen tissues was significantly higher than that in
tumor tissues after intravenous injection. It has been reported
that PEG can inhibit uptake by the RES phagocytosis

system, thereby reducing the accumulation of particles in
the liver and spleen.*® In Figure 5A, blue staining was more
significant in liver and spleen tissue sections from the MNP-
B-Glu group than in liver and spleen tissue sections from the
MNP-B-Glu-PEG group. Further ESR analyses (Figure 5B)
confirmed that PEG modification significantly decreased the
distribution of B-Glu-loaded particles in liver and spleen
tissues (p < 0.01). Moreover, compared with that of the
MNP-B-Glu group, the enzyme activity per mg of liver/
spleen tissues was significantly lower (p < 0.01) in the
MNP-B-Glu-PEG group (Figure 5C). Nevertheless, intrave-
nous administration of the prodrug amygdalin still likely
caused severe liver and spleen toxicity. Therefore, following
MNP-B-Glu-PEG administration and magnetic targeting,
amygdalin was administered through local injection to
reduce systemic toxicity.

Growth Inhibition of Subcutaneous
RM[Xenografts

The results of the in vivo experiments are shown in Figure
6A and B. After amygdalin injection, tumor growth was
reduced in the MNP-B-Glu-PEG group after magnetic
targeting. However, in the MNP-B-Glu-PEG group without
magnetic targeting, the MNP-B-Glu group after magnetic
targeting, the B-Glu group and the control group, the
tumors gradually increased in size, displaying very similar
growth curves. At the end of the experiment, the tumor
volume in the MNP-B-Glu-PEG group after magnetic tar-
geting was 630.64+84.52 mm?>, which was significantly
(p < 0.01) less than those in the MNP-B-Glu-PEG group
without magnetic targeting (1772.98+183.66 mm®), the
MNP-B-Glu group after magnetic targeting (1891.70
+101.44 mm®), the B-Glu group (2028.77+206.37 mm?)
and the control group (2284.09+268.50 mm?) (Figure 6B).

To elucidate the possible mechanisms of tumor growth
inhibition, tumor tissue sections were evaluated by the
TUNEL assay. Representative micrographs are shown in
Figure 6C. The apoptosis index (4.26+0.88%) of tumor tissue
in the control group was minimal. The apoptotic index (45.15
+7.82%) of the tumor tissue in the MNP-B-Glu-PEG group
after magnetic targeting was significantly higher than those of
the other groups (p < 0.01) (Figure 6C). No significant differ-
ences in the apoptosis index were observed in the MNP-f-Glu
-PEG group without magnetic targeting, the MNP-B-Glu
group after magnetic targeting and the f-Glu group (p > 0.05).

In summary, the tumor growth inhibition test showed
that the application of an external magnetic field increased
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Figure 5 Organ distribution of MNP-B-Glu and MNP-B-Glu-PEG. (A) Prussian blue staining of liver and spleen tissue sections after MNP-B-Glu or MNP-B-Glu-PEG
administration. Scale bar: 50um. (B) ESR analyses of liver and spleen tissues from the MNP-B-Glu and MNP-B-Glu-PEG groups (compared with MNP-B-GIu-PEG group/liver
tissue,*p < 0.01, n=6; compared with MNP-B-Glu-PEG group/spleen tissue, “p < 0.01, n=6). (C) Enzyme activity analyses of liver and spleen tissues from the MNP-B-Glu and
MNP-B-Glu-PEG groups (compared with MNP-B-Glu-PEG grouplliver tissue, *p < 0.01, n=6; compared with MNP-B-Glu-PEG group/spleen tissue, “p < 0.01, n=6).

the delivery of MNP-B-Glu-PEG to tumor sites and
allowed it to accumulate to a quantity sufficient to activate
the prodrug amygdalin, thereby inducing RM1 cell necro-
sis and inhibiting subcutaneous tumor growth.

Toxicity Analysis

Figure 7A-D illustrates changes in body weight and cardiac,
hepatic and renal function indexes over time in each group of
mice. The mice in each group were in good general condi-
tion during drug administration, and no sudden death or

other death occurred. Figure 7A shows that the weights of
the tumor-bearing mice injected with normal saline gradually
increased, while the weights of the control group and the
amygdalin + B-Glu group gradually decreased after the
fifth day of administration. Some mice had diarrhea in
the two groups, suggesting that amygdalin does affect the
growth of mice, possibly due to gradual accumulation in the
body, producing certain toxic side effects. The weights of
mice in the amygdalin + MNP-B-GIu-PEG group and those
of mice in the amygdalin + MNP-B-Glu group after magnetic
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Figure 6 Magnetically directed enzyme/prodrug therapy with MNP-B-Glu-PEG/amygdalin in vivo. (A) A representative image showing mice with RMI| xenografts treated
with AMY, B-GIu/AMY, MNP--Glu-PEG/AMY, MNP-B-GIu/MT/AMY or MNP--Glu-PEG/MT/AMY (17 days after treatment). (B) Volume (mm?) of the RM| xenograft in
mice treated according to the scheme described above. Tumor sizes were measured using a caliper on the indicated days (*p < 0.001; based on a two-tailed t-test, assuming
unequal variance, n=6). (C) Representative apoptosis images and cell apoptosis index analyses of tumor tissues for all groups (compared with the control group, *p < 0.01;
compared with the MNP-B-Glu-PEG/MT/AMY group, **p < 0.01). The apoptotic cells are brown. Scale bar: 50um. B-Glu, MNP-B-Glu and MNP-B-GIu-PEG were
administered via the tail vein, and the magnetic targeting time was 2 hours.

Abbreviations: AMY, amygdalin; B-Glu, B-glucosidase; MT, magnetic targeting.
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Figure 7 Toxic effects of combined administration to mice. (A) Body weight changes after administration (17 days after treatment, n=6). (B) Effects of administration on the
kidney function (BUN, Cr) of mice (compared with the control group, *p > 0.05, n=6). (C) Effects of administration on the liver function (ALT, AST) of mice (compared with
the control group, *p > 0.05, **p < 0.01, n=6). (D) Effects of administration on the heart function (LDH, CK) of mice (compared with the control group, *p > 0.05, ** p <

0.01, n=6).

targeting also showed a gradually increasing trend initially
and then a gradual decrease, which may also be related to the
toxic effects of amygdalin. However, the decreasing weight
trend was weaker than that in the control group, suggesting
that the partial hydrolysis of amygdalin may reduce its toxic
side effects. In contrast, after magnetic targeting, the amyg-
dalin + MNP-B-Glu-PEG group exhibited slow tumor
growth and a gradual increase in body weight, which may
be because the complete hydrolysis of amygdalin led to
significantly reduced toxic side effects in mice.

The biochemical indexes (Figure 7C) showed that AST
was significantly higher in all drug administration groups
than in the control group (p < 0.01), suggesting that drug
intervention had a certain effect on liver function.
Compared with those in the control group, CK and LDH
were significantly increased in the amygdalin + MNP-p-
Glu-PEG group after magnetic targeting (Figure 7D)
(p < 0.01), suggesting that combined drug administration

had greater effects on cardiac function, probably because

hydrocyanic acid can produce significant toxicity to the
heart. Pathological analysis of HE-stained heart, liver,
spleen, lung and kidney sections showed no obvious
pathological changes, such as tissue necrosis (Figure S3),
suggesting that the treatment strategy did not cause patho-
logical damage to various organs of the body.

Discussion

Since the anticancer effect of amygdalin was discovered, it
has been widely studied as an alternative tumor drug.
Although amygdalin alone may inhibit tumor growth
through various mechanisms, its inhibition efficiency is
low, and one study found that the inhibition efficiency at
a concentration of 10 mg/mL was approximately 2 times
that of the control group.'? In this study, low concentra-
tions of amygdalin had no obvious killing effect on the 3
prostate cancer cell types within 24 hours, and only high
concentrations of amygdalin (> 10 mg/mL) inhibited

tumor cell growth. It is impossible to achieve such
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a high concentration of amygdalin for in vivo application.®
Therefore, it is necessary to use -Glu in combination with
amygdalin to improve the killing efficiency. The hydro-
cyanic acid produced after the combined administration
directly caused cell necrosis, which significantly increased
the inhibition efficiency of amygdalin in the 3 prostate
cancer cell types, reducing the ICsy by several dozen-
fold. Flow cytometry analysis also showed that B-Glu
loaded on the MNPs activated amygdalin to inhibit
tumor cell growth and that the effect was similar to that
of free B-Glu. It has been reported that the combination of
amygdalin and B-Glu kills liver cancer cells by inducing
apoptosis,'> while other experimental studies have sug-
gested that the main mechanism by which combined
drug administration kills tumor cells is not by inducing
apoptosis but by directly causing cell necrosis.® In this
study, DNA electrophoresis and AO/EB fluorescence
staining confirmed that after combined drug administra-
tion, tumor cells died mainly through the necrotic pathway.
Western blot experiments confirmed that both amygdalin
alone and combined drug administration could induce
changes in the expression of apoptosis-related proteins,
suggesting that the BAX/Bcl-2 mitochondrial apoptosis
pathway may be involved in the process of cell death.
Therefore, apoptosis and necrosis may be present simulta-
neously during combined drug administration-mediated
tumor cell killing. We analyzed the reasons. HCN pro-
duced by amygdalin activation inhibits cytochrome oxi-
dase in the mitochondrial respiratory chain, blocks
oxidative phosphorylation, and induces ATP depletion.*’
Usually, maintaining a certain level of ATP is required for
the execution of apoptotic programs because it is a highly
regulated process involving a number of ATP-dependent
steps. An adequate ATP level is necessary for the activa-
tion of the apoptosis pathway.** In this treatment strategy,
although the
a precipitous drop in ATP levels converted the cells to

apoptosis pathway was activated,
the necrosis pathway. Therefore, compared with other
chemotherapy drugs, amygdalin/B-Glu combination ther-
apy strategies are superior. First, macromolecular che-
motherapeutic drugs require receptor-mediated
internalization to exert their effects. However, the pro-
duced HCN possesses favorable diffusivity and can easily
enter into tumor cells, thus avoiding difficulties related to
drug internalization. In addition, common chemotherapy
drugs inhibit cancer cells through the apoptosis pathway
and may cause apoptosis resistance.*” Combination ther-

apy strategies induce cancer cell death independently of

the apoptosis pathway and thus may have potential for
cancer therapy.

One of the main purposes of targeted enzyme/prodrug
strategies is to reduce the toxic effects of coadministration
on normal tissues by targeted activation. The key is to
administer the prodrug when the enzyme activity is at its
highest in the tumor tissue and at its lowest in the circula-
tion. This maximizes tumor suppression and minimizes
systemic toxicity. Previous enzyme/prodrug strategies
have been greatly limited by challenges in determining
the amount of enzyme accumulation in tissues. Although
the quantity of conjugates delivered to the tumor site can
0 this

method is affected by the amount and intensity of fluor-

be indirectly displayed by fluorescent labeling,

escein, and the high background of in vivo tissue also
leads to low accuracy. In this study, we demonstrated
that in the application of MNP-loaded enzymes, the degree
of particle aggregation at the tumor site can be monitored
by MRI. Thus, due to the modifiability of the particles,
particle aggregation at the tumor site should be monitored
accurately by combining various imaging methods.>*
These findings provide a better basis for assessing the
timing of the administration of prodrugs. However, unlike
the particles, the activity of the loaded enzyme will gra-
dually decrease while being transported in the blood cir-
culation, and the activity of the enzyme reaching the tumor
site will gradually decrease with time. Therefore, the
degree of particle aggregation at the tumor site cannot
fully represent the enzyme activity at the tumor site.
A method for dynamically determining enzyme activity
in tumor tissue would further facilitate the application of
this strategy.

The active targeting of targeting vectors such as anti-
bodies requires binding of the antibody to a tumor-specific
surface antigen. However, the antibody-coupled enzyme
must first exit the blood vessels before entering the tumor
tissue. This process is limited by many factors such as the
diameter of capillaries and the hydrostatic pressure of the
tumor tissue. Therefore, the quantity of antibody-enzyme
conjugates entering the tumor tissue through tumor blood
vessels is limited. Even if some antibody-coupled enzymes
enter the tumor tissue, the expression of tumor-associated
antigens is heterogeneous, and the amount of antigen on
the surface of the tumor tissue that the conjugates can bind
may be low. All such conditions will reduce the targeting
efficiency of treatment strategies such as antibody-targeted
enzyme prodrugs. In contrast, when using magnetic nano-
particles as a drug carrier, the targeted aggregation of the
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drug is unrelated to tumor cell antigens but is mainly
related to the EPR effect caused by the large vascular
fissure at the tumor site and the characteristics of the
applied magnetic field. The intensity and duration of the
applied magnetic field are highly controllable,’ " and its
effects are not dependent on EPR action,’” while the EPR
effect depends largely on the vascular characteristics™ of
tumor tissue and the stability of particles in blood.>
Therefore, improving the EPR effect by increasing the
stability of the particles in the circulation becomes the
primary means of increasing the accumulation of particles
at the tumor site. In this study, the stability of the enzyme-
loaded particles was significantly improved by PEG mod-
ification, and the amount of particles aggregation at the
tumor site under the applied magnetic field was signifi-
cantly higher than that of the non-PEG-modified enzy-
matic particles, while the B-Glu activity in the tumor
tissue reached 134.89+14.18 mU/g tissue, which was also
significantly higher than that of the latter. In particular,
PEG modification significantly reduced the number of
enzyme-loaded particles that accumulated in the liver and
spleen, thereby reducing the organ toxicity caused by
activation of amygdalin in the liver and spleen.
Therefore, the use of PEG-modified enzyme-loaded parti-
cles in combination with magnetic targeting may be an
effective method for increasing the amount of B-Glu accu-
mulation at the tumor site.

MNP is often used to carry chemotherapeutic drugs
because of their advantages, but accumulation in the liver
and spleen may lead to serious toxic effects. The use of the
MDEPT strategy may reduce the toxicity of chemotherapy
drugs to the liver, and the amplification effect of enzyme
activation and the bystander effect may increase the tumor
cell killing efficiency. However, it is still possible that the
administered prodrug is activated by enzyme-loaded parti-
cles in the liver. Moreover, the product hydrocyanic acid is
a highly toxic small molecule that rapidly disperses to
various important organs and is especially toxic to nerve
cells and the heart. Studies have found that combined drug
administration significantly inhibits the growth of tumor
cells in vitro, but in vivo experiments on orthotopic glioma
growth inhibition in rats demonstrated that combined drug
administration significantly increased mortality in rats due
to severe toxic effects.”® Therefore, the use of hydrocyanic
acid-based enzyme/prodrug treatment strategies should
minimize the toxic effects on the central nervous system
and the cardiac system. In the experiment, the subcuta-
neous tumors are far from the important organs, which

reduces the toxicity of hydrocyanic acid to other organs to
some extent. Therefore, our experimental groups showed
only the elevation of CK and LDH, representing cardiac
function, but no death of mice occurred during the experi-
mental procedure, and there was no obvious pathological
change in the heart or other organs. Similar to subcuta-
neously transplanted tumors, the clinical lesion area of
prostate cancer is far from important organs, and
a magnetic field can easily be applied through the anus
and is thus more appropriate for the clinical application of
MDEPT.

Owing to their high safety, MNP have been approved
by the FDA as an in vivo image contrast agent. This study
confirmed the feasibility and advantages of using MNP as
carriers for enzymes to achieve the targeted enzymatic
activation of prodrugs. However, there are still many chal-
lenges for the clinical application of this therapy strategy:
1. Because MNPs accumulate in the liver and spleen,
a very small fraction (approximately 1.4%) of the total i.
v. administered dose of MNP-B-Glu-PEG reaches the
tumor site, causing waste and increasing toxicity. 2. In
this study, the level of hydrocyanic acid produced in the
targeted tumor tissue may have been insufficient to
achieve complete tumor growth inhibition. However,
hydrocyanic acid disperses easily in tissues, and further
increases in its production could enhance the possibility of
toxicity in various organs. 3. Because the enzyme activity
in the targeted tumor tissue cannot be maintained after
a single drug administration, repeated targeted administra-
tion and repeated intratumoral injection of amygdalin are
required, which increases the accumulation of enzyme-
loaded particles in organs such as the liver and spleen
and the probability of concurrent tumor tissue infection.
The technology and procedures involved in this strategy
require continued improvement to achieve clinical applica-
tion for the treatment of prostate cancer.

Conclusions

In this study, we prepared B-Glu-loaded MNPs and then
used in vitro experiments to confirm their ability to activate
amygdalin-mediated prostate cancer cell death. In these
experiments, tumor cell death induced by combination ther-
apy was mainly mediated by cell necrosis. To further verify
the feasibility of the MDEPT strategy, we used MNPs as
carriers of B-Glu to achieve targeted delivery to subcuta-
neous tumor sites and found that PEG modification com-
bined with magnetic targeting is an effective means of
enhancing the accumulation of enzyme-loaded particles in
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tumor tissue. Accumulated enzyme-loaded particles in
tumors activated the locally administered prodrug amygda-
lin, leading to significant inhibition of tumor growth. This
treatment strategy showed only mild toxicity to the heart and
liver. These results suggest that the MDEPT strategy based
on amygdalin/B-Glu may have good prospects for clinical
application in the treatment of prostate cancer.
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