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Introduction: (-)-Gossypol (AT-101), the (-)-enantiomer of the natural compound gossypol,
has shown significant inhibitory effects on various types of cancers such as osteosarcoma,
myeloma, glioma, lung cancer, and prostate cancer. However, the clinical application of (-)-
gossypol was often hindered by its evident side effects and the low bioavailability via oral
administration, which necessitated the development of suitable (-)-gossypol preparations to settle
the problems. In this study, injectable cyclic RGD (cRGD)-decorated liposome (cCRGD-LP) was
prepared for tumor-targeted delivery of (-)-gossypol.

Methods: The cRGD-LP was prepared based on cRGD-modified lipids. For comparison, a non-
cRGD-containing liposome (LP) with a similar chemical composition to cRGD-LP was specially
designed. The physicochemical properties of (-)-gossypol-loaded cRGD-LP (Gos/cRGD-LP)
were investigated in terms of the drug loading efficiency, particle size, morphology, drug release,
and so on. The inhibitory effect of Gos/cRGD-LP on the proliferation of tumor cells in vitro was
evaluated using different cell lines. The biodistribution of cRGD-LP in vivo was investigated via
the near-infrared (NIR) fluorescence imaging technique. The antitumor effect of Gos/cRGD-LP
in vivo was evaluated in PC-3 tumor-bearing nude mice.

Results: Gos/cRGD-LP had an average particle size of about 62 nm with a narrow size
distribution, drug loading efficiency of over 90%, and sustained drug release for over 96
h. The results of NIR fluorescence imaging demonstrated the enhanced tumor targeting of
cRGD-LP in vivo. Moreover, Gos/cRGD-LP showed a significantly enhanced inhibitory effect
on PC-3 tumors in mice, with a tumor inhibition rate of over 74% and good biocompatibility.
Conclusion: The incorporation of cRGD could significantly enhance the tumor-targeting
effect of the liposomes and improve the antitumor effect of the liposomal (-)-gossypol
in vivo, which indicated the potential of Gos/cRGD-LP that warrants further investigation
for clinical applications of this single-isomer drug.

Keywords: RGD peptide, a,p; integrin, targeted therapy, AT-101, liposome, fluorescence
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Introduction
Gossypol  (2,2’-bis-(formyl-1,6,7-trihydroxy-5-isopropyl-3-methylnaphthalene) ~ is

a natural compound found in cotton plants. In the past few years, it was reported to
show notable anticancer effects, along with antivirus, antiparasitic, and antioxidant
properties.? More recent studies found that it is the (-)-enantiomer of gossypol
(Figure 1A), namely (-)-gossypol (also known as AT-101), rather than (+)-gossypol or
the racemic gossypol that has significant anticancer properties.'” In this situation, it is
necessary to develop single-isomer drug preparations to reduce the ineffective substance
to patients and avoid potential adverse/side effects.* Despite the various mechanisms
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reported so far, the cancer cell suppression effect of (-)-
gossypol is mainly realized via either apoptotic cell death or
autophagic cell death.*> For apoptosis-proficient cells, (-)-
gossypol may induce apoptotic cell death by -caspase-
dependent pathway, mitochondrial pathway, and/or cell cycle
arrest.” For apoptosis-deficient cells, (-)-gossypol may trigger
autophagic cell death by deterring Bcl-2-Beclin 1 interaction.
So far, (-)-gossypol has been investigated as a promising antic-
ancer drug for the therapy of various types of cancers/tumors

such as osteosarcoma,6 myeloma,7 glioma,8 lung cancer,g’10

=13 and adrenal cortical carcinoma.'*

prostate cancer,
Although many previous studies of (-)-gossypol resulted in
evident anticancer effects, the clinical application of this drug
has been hindered by some shortcomings. Firstly, since (-)-
gossypol molecule is hydrophobic, it cannot be easily made
into solutions with an adequate drug concentration for injec-
tion. For this reason, (-)-gossypol has to be administered orally
in almost all clinical trials, which may have reduced the drug
bioavailability and consequently compromised the therapeutic
efficacy.'®'*'* As a result, combined therapy using (-)-
gossypol with other anticancer drugs was often needed for
better therapeutic efficacy in clinical trials.'>'® Moreover, oral
(-)-gossypol sometimes leads to gastrointestinal-related side
effects such as stomach discomfort, anorexia, and nausea/
vomiting.'” Secondly, the biodistribution of (-)-gossypol is
not specific to tumors, which may result in systemic toxicity
or toxicity in the normal organs/tissues.'™'*'* The above

problems necessitated the development of strategies for tumor-
targeted delivery of (-)-gossypol to achieve improved thera-
peutic efficacy and minimize the adverse/side effects.

To date, there have been only a few tumor-targeted
preparations for (-)-gossypol reported. Previously, (-)-
gossypol-loaded cubosomes and polymeric nanoparticles
were investigated, respectively.”’*' Both of the two pre-
parations showed effective tumor cell inhibition in vitro,
but the drug efficacy in vivo was not clear. Tomoda et al
reported an injectable (-)-gossypol-loaded Pluronic P85
micelle which had limited antitumor efficacy alone but
could significantly enhance the antitumor efficacy of radia-
tion therapy.”? Earlier, Li et al reported liposomes that
0il. >
However, the cottonseed oil contained a mixture of (-)-
gossypol (65%) and (+)-gossypol (35%) rather than
a single-isomer drug. In addition, for all the four prepara-

encapsulated  (-)-gossypol-enriched cottonseed

tions above, the potential passive tumor-targeting effect of
the formulations in vivo was not clear.”®>® Therefore,
there is still a lot of work to be done before a practicable
tumor-targeted formulation for (-)-gossypol can be
obtained. Recently, nanocarriers consisting of mixed mate-
rials have provided a strategy to achieve multiple goals at
the same time.*** We previously reported a double-
layered (-)-gossypol-loaded nanoparticle [(-)-G-PgSHA]
containing chemically modified polyethyleneimine and
hyaluronic acid.*® The modified polyethyleneimine could
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Figure | Schematic illustration for (A) the chemical structure of (-)-gossypol; (B) the chemical structures of mPEG-DSPE and cRGD-PEG-DSPE; (C) the design and
preparation of cRGD-decorated liposome (cRGD-LP) with enhanced tumor-targeting for drug delivery.
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result in better stability and loading efficiency of (-)-
gossypol via its hydrogen bonding with the drug molecule.
Hyaluronic acid on the surface of the drug-loaded nano-
particle could enhance the antitumor efficacy via CD44-
mediated endocytosis. Nevertheless, polyethyleneimine
has shown significant cytotoxicity, which made it improper
for practical use, especially for long-term administration.
The stability of (-)-G-PgSHA was not satisfactory at room
temperatures, which required strict conditions for storage.
In addition, the preparation process for (-)-G-PgSHA was
too time-consuming and complex for large-scale
production.*

In this study, cyclic RGD (cRGD)-decorated mixed
liposome (cRGD-LP) for tumor-targeted delivery of (-)-
gossypol (abbreviated as Gos in this study) was prepared.
The cRGD peptides with high affinity to a,p; integrin
have been widely used for targeting tumor vasculature
and/or tumor cells.”” Recently, Yang et al designed
a composite nanoparticle (CRGD-PSH-NP) based on mod-
ified polyethyleneimine and cRGD-conjugated lipids for
targeted delivery of survivin siRNA.”® The ¢cRGD-PSH-
NP was low in toxicity and had a good loading ability for
survivin siRNA. The survivin siRNA-loaded cRGD-PSH-
NP exhibited a tumor inhibition rate of up to about 75% in
HepG2-bearing nude mice with excellent safety. Fu et al
prepared cRGD-modified doxorubicin (DOX)-loaded lipo-
somes and compared them with linecar RGD-modified or
non-modified liposomes.” It turned out that the cRGD-
modified liposomes had the most accumulation at the
tumor sites in A549 tumor-bearing nude mice, which was
due to the strong binding of cRGD to the overexpressed
integrin a3 on the tumor cells. Moreover, the cRGD-
modified DOX-loaded liposomes exhibited a significantly
higher inhibitory effect on the growth of A549 tumor in
nude mice, as compared with the linear RGD-modified
group.
Khabazian et al also investigated a cRGD-modified

liposome group or non-modified liposome
liposome.*® They found that the incorporation of cRGD
peptide could increase the cytotoxicity of anti-STAT3
siRNA-loaded liposomes in B16F10 melanoma cells
in vitro and enhance the accumulation of the liposomes
in the B16F10 tumors in vivo. Ren et al reported that the
incorporation of RGD could not only increase the lipo-
some accumulation in the tumor but also enhance the
of liposomes by HRT-18 cells, which

accounted for the increased antitumor effect of DOX-

endocytosis

loaded liposome in HRT-18 tumor-bearing mice.*' Based
on these previous studies, we hypothesized that the

incorporation of ¢cRGD into the liposomal (-)-gossypol
could significantly enhance the tumor-targeting effect and
consequently improve the antitumor efficacy of this drug
in vivo. In the present study, the physicochemical proper-
ties of (-)-gossypol-loaded cRGD-LP (Gos/cRGD-LP)
were investigated in terms of particle size, zeta-potential,
morphology, drug release profile, and so on. The inhibitory
effect of Gos/cRGD-LP on the proliferation of tumor cells
in vitro was evaluated using different cell lines. The bio-
distribution of the cyclic RGD-decorated liposomes
in vivo was investigated via the near-infrared (NIR) fluor-
escence imaging technique. For the first time, our pre-
viously established quantitative analysis methods for NIR
fluorescence images were adopted to evaluate the tumor-
targeting ability of the liposomes. Finally, the antitumor
effect of Gos/cRGD-LP in vivo was evaluated in PC-3
tumor-bearing nude mice. For the above studies, a non-
cRGD-containing liposome (LP), as a passive targeting
nanocarrier control for cRGD-LP, was also prepared and
investigated for comparison.

Materials and Methods

Preparation of Gos/cRGD-LP
Gos/cRGD-LP was prepared using combined methods of

thin-film hydration and sonication.”® Briefly, (-)-gossypol
(9 mg) and the loading materials (120 mg in total) were
added into 5 mL chloroform. The loading materials con-
sisted of egg L-a-phosphatidylcholine (EPC), cyclic
RGDyk  (Arg-Gly-Asp-d-Tyr-Lys)  peptide-decorated
PEG000-DSPE  (cRGD-PEG-DSPE,  as
Figure 1B), and cholesterol at a molar ratio of 21:2:5.

shown in

The solution was stirred for 30 min to dissolve all the
solutes thoroughly and was preliminarily dried using
a YRE-2000B Yuhua
Instrument, China) to form a thin film of (-)-gossypol

rotary evaporator (Gongyi
/carrier mixture. The mixture film was then dried under
nitrogen flow overnight to remove residual chloroform.
Subsequently, the film was hydrated using 6 mL phos-
phate-buffered solution (PBS, pH 7.4) and was sonicated
intermittently using a BIO-1800 probe sonicator (Shanghai
Bonuo Biotechnology, China) for 6 min (net sonication
time) at 160 W to produce a limpid suspension of Gos/
cRGD-LP (Figure 1C). Blank liposome (cRGD-LP) was
prepared similarly without (-)-gossypol. The non-cRGD-
containing drug-loaded liposome (Gos/LP) was prepared
similarly using PEGylated 1,2-distearoyl-sn-glycero

-3-phosphoethanolamine ~ (mPEG-DSPE,  with  the
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molecular weight of 2000 Da for mPEG) instead of
cRGD-PEG-DSPE. The 'H NMR spectra of cRGD,
mPEG-DSPE, and c¢RGD-PEG-DSPE that confirmed
their chemical structures are shown in Figure S1. DiR
(1,1’-dioctadecyl-3,3,3°,3’-tetramethylindotricarbocyanine
iodide)-loaded liposomes (DiR/cRGD-LP and DiR/LP) for
NIR fluorescence imaging studies were prepared similarly
using 0.3 pmol DiR instead of (-)-gossypol.

Drug Concentration and Drug Loading
Content (DLC)

The drug concentrations of Gos/cRGD-LP samples were
determined using a D-8PC UV-vis spectrophotometer
(Nanjing Feile Instrument, China) at 385 nm wavelength.
For stability studies, the drug concentrations of the sam-
ples stored for over 10 days at room temperatures (RT, 20
+ 2 °C) were measured. The DLC of Gos/cRGD-LP was
investigated via an ultrafiltration method.”> Gos/cRGD-
LP sample was transferred into an ultrafiltration centri-
fuge tube (MWCO 3000 Da), followed by centrifugation
at 2800 x g for 5 min. The drug concentration in the
filtrate, which indicated the concentration of free (-)-
gossypol in the Gos/cRGD-LP sample, was determined
using the spectrophotometer. The DLC was then calcu-
lated using the formula: DLC (wt%) = (weight of (-)-
gossypol in the liposomes + total weight of drug-loaded
liposomes) x 100%. In addition, the drug loading effi-
ciency (DLE) of Gos/cRGD-LP was calculated using the
formula: DLE (wt%) = (weight of (-)-gossypol in the
liposomes + total weight of input (-)-gossypol) x 100%.
The above studies were similarly done on Gos/LP for
comparison.

Particle Size Distribution, Zeta-Potential,
and Morphology

The particle size distribution and zeta-potential of Gos/
cRGD-LP were investigated on a Nano ZS Zetasizer
(Malvern Instruments, UK) using the matched sample
cuvettes.”> For morphology study, the suspension of Gos/
cRGD-LP was dropped on a carbon-coated copper grid for
transmission electron microscopy (TEM) sample prepara-
tion. After negative-staining using uranyl acetate and nat-
ural drying, the sample was visualized on a Tecnai G2
transmission electron microscope (FEI Company, USA).
The above studies were similarly done on Gos/LP for

comparison.

Release Profile of (-)-Gossypol from Gos/

cRGD-LP

The release profile of (-)-gossypol from Gos/cRGD-LP
in vitro was studied using a dynamic dialysis method under
sink conditions.*® The suspension of Gos/cRGD-LP (6 mL)
was transferred into a dialysis tube (MWCO 2000 Da) and was
dialyzed against 400 mL PBS (pH 7.4) at 37 °C. During the
dialysis, the dissolution medium was stirred at a speed of
80 rpm. At each predetermined time point, 1 mL of the
dissolution medium was withdrawn; meanwhile, the same
amount of fresh PBS was replenished. The released drug in
the dissolution medium was extracted twice using chloroform.
The total extraction recovery of (-)-gossypol from the dissolu-
tion medium was about 98.5%. For each time, the dissolution
medium was added with 1 mL chloroform. After vortexing for
over 8 min, the mixture was centrifuged at 6500 x g for 10
min, and the clear chloroform layer (the extracting solution)
was transferred into a clean test tube. After extracting twice,
the extracting solutions were combined and mixed by vortex-
ing. Then, 1.6 mL of the combined solution was withdrawn
and was dried under nitrogen flow. The dry residue was dis-
solved using acetonitrile and filtered through a 0.22 pm mem-
brane, followed by the determination of the (-)-gossypol
amount via high-performance liquid chromatography
(HPLC).> The HPLC analysis was conducted at 26 °C on
a 1260 Infinity II HPLC system (Agilent Technologies, Inc.,
USA) which was equipped with a C18 reversed-phase column
(5 pm particle size, 4.6 x 250 mm) and a G7114A variable
wavelength detector. Each sample (20 uL) was separated using
acetonitrile-0.9% formic acid solution (77:23, v/v) as the
mobile phase (0.8 mL/min), and was detected at 254 nm
wavelength. The above studies were similarly done on Gos/
LP and free (-)-gossypol for comparison. To prepare a solution
of free drug, 9 mg (-)-gossypol was dissolved in 6 mL PBS
(pH 7.4) that contained 3% dimethyl sulfoxide (DMSO) as
a solubilizer.

In vitro Cytotoxicity

The cytotoxicity of Gos/cRGD-LP in vitro was investi-
gated in PC-3 (prostate cancer) and HCT-116 (colon can-
cer) cells. Both PC-3 and HCT-116 cell lines used in this
study were purchased from Fuxiang Biotechnology Co.,
Ltd (Shanghai, China). The cells were incubated in 96-
well flat-bottomed plates (1 x 10* cells/well) overnight at
37 °C before being treated with Gos/cRGD-LP of different
(-)-gossypol concentrations. After incubation for 72 h, Cell
Counting Kit-8 (CCK-8) solution was added to each well

International Journal of Nanomedicine 2022:17

https: 23 I

Dove:


https://www.dovepress.com/get_supplementary_file.php?f=341824.docx
https://www.dovepress.com
https://www.dovepress.com

Liu et al

Dove

according to the manual, and the cells were incubated for
another 2 hours. Then, the cell viability was determined
based on the absorbance which was measured at 450 nm
wavelength using a Multiskan FC microplate reader
(Thermo Fisher Scientific, USA). The above studies were
similarly done on cRGD-LP, Gos/LP, and free drug for
comparison.

Animals

BALB/c nude mice (male, 8-9 weeks) and BALB/c mice
(male, 89 weeks) were supplied by Charles River
Laboratories (USA) and were housed under pathogen-
free conditions with free access to food and water.
Studies involving animal use were approved by the
Ethics Committee of Southwest Medical University
(approval number: 2020085) and complied with the NIH
Guide for the Care and Use of Laboratory Animals.

Maximum Tolerated Dose (MTD)

The MTD of Gos/cRGD-LP or Gos/LP was studied via an
observation method using BALB/c mice.*” The mice (22—
26 g) were randomly divided into eight groups (n = 5) and
were slowly injected (<1 mL/min, i.v.) with Gos/cRGD-LP
or Gos/LP at doses of 34, 36, 38, and 40 mg (-)-gossypol/kg.
After the administrations, the survival and the changes in
general appearance and body weight of each animal were
observed for 10 days. MTD was determined as the highest
dose not resulting in death, significant changes in the

appearance, or >15% body weight loss of the animals.*®

Animal Tumor Models

The animal tumor models were established using the
BALB/c nude mice according to the reported methods.*
Briefly, the nude mice were s.q. injected with PC-3 cells
suspended in Dulbecco’s modified Eagle’s medium
(DMEM) via a sterile 23-gauge needle. For NIR fluores-
cence imaging studies, a 200 pL suspension containing
about 1 x 10° cells was injected on both sides (near the
hind legs) of each mouse for tumor growth. For drug
efficacy studies, a 200 pL suspension containing 1 x 10°
cells was injected on the back of each mouse. When the
tumors in the mice reached predetermined volumes, the
mice were used for in vivo experiments. The tumor
volume was calculated using the formula: tumor volume
(mm?) = 4 x B*?2, in which “A” and “B” represented the
longest and shortest diameters of the tumor, respectively.

NIR Fluorescence Imaging

The tumor-targeting effects of the liposomes in vivo were
investigated via NIR fluorescence imaging.®> The PC-3
tumor-bearing mice were randomly divided into three groups
(n=3). Each mouse was i.v. injected with 200 pL suspension
of DiR/cRGD-LP or DiR/LP that contained 10 nmol DiR or
200 pL ethanol/PBS (1:4, v/v) that contained 10 nmol free
DiR as a control. At each predetermined time point, the
distribution of DiR/cRGD-LP, DiR/LP, or free DiR in the
mouse was observed in an MS FX PRO imaging system
(Carestream Health, USA), using the excitation wavelength
of 750 nm and emission wavelength of 830 nm. For each
imaging, the f-stop was 2.8, and the exposure time was 60s.
The imaging settings were fixed for the entire imaging
experiment. At 72 h post-injection, the mice were eutha-
nized, and their tumors and organs/tissues were used for ex
vivo imaging, using the same settings as for in vivo imaging.

Quantitative Analysis of NIR

Fluorescence Imaging

To better evaluate the tumor-targeting effects, previously
reported quantitative evaluation methods for NIR fluores-
cence imaging were adopted.”® The fluorescence intensity
of the whole body and the tumor regions in the photos from
in vivo imaging and the tumors and organs in the photos from
ex vivo imaging were quantified using the “Manual Regions
of Interest” function of the matched Carestream imaging
software (Carestream Health, USA). Then, the tumor-
targeting index (TTI) of each sample at each time point
during in vivo imaging was calculated using the formula:
TTI (%) = (fluorescence intensity of tumor region + fluores-
cence intensity of whole body) x 100%.* Furthermore, the
area under the TTI-time curve (AUTC) was calculated based
on the trapezoidal rule according to the previous studies.**~**
For ex vivo imaging, the fluorescence intensity ratios of
tumor to organs (ie liver, spleen, or lung) were calculated
using the formula: Intensity ratio = fluorescence intensity of
tumor + fluorescence intensity of organ.

In vivo Antitumor Effects

When the tumor volume reached 50 mm> on average, the
tumor-bearing nude mice were randomly divided into five
groups (n = 8). The mice in different groups were treated as
follows: (1) PBS (i.v., blank control), (2) cRGD-LP (i.v,,
vehicle control), (3) free (-)-gossypol (suspension in PBS,
p-o., 15 mg/kg), (4) Gos/LP (i.v., 15 mg (-)-gossypol/kg),
and (5) Gos/cRGD-LP (i.v., 15 mg (-)-gossypol/kg). The
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treatments were done once every three days, for 6 times in
total. The tumor volumes and the body weights of the mice
were measured once every three days, until the end of
observation. The tumor growth inhibition rate (IR) of each
group as compared with the PBS group was calculated
using the formula: IR (%) = (1 - 7/C) x 100%, in which
“T” is the average tumor volume of a test group, and “C” is
the average tumor volume of the PBS group measured on
the same day.>* For the terminal deoxynucleotidyl transfer-
ase-mediated dUTP-biotin nick-end labeling (TUNEL) ana-
lysis, the excised tumors from different groups were fixed in
4% paraformaldehyde solution and were then embedded
with paraffin and sectioned. TUNEL staining was per-
formed on each tumor section using TUNEL apoptosis
assay kits (Beyotime Biotechnology, Shanghai, China), fol-
lowed by observation of the stained sections on an Eclipse
Ti-S microscope (Nikon, Japan).

Changes in Plasma Potassium (K*) Level

To study the potential effects of (-)-gossypol on the
plasma K' level, BALB/c nude mice were randomly
divided into four groups (n = 8). One of the groups
was not given any treatment (the control). The mice in
the other three groups were treated according to the
above study of antitumor effects, ie: (1) free (-)-
gossypol (suspension in PBS, p.o., 15 mg/kg), (2) Gos/
LP (i.v., 15 mg (-)-gossypol/kg), and (3) Gos/cRGD-LP
(i.v., 15 mg (-)-gossypol/kg). The treatments were done
once every three days, for 6 times in total. One day after
the last treatment, a blood sample (0.8-1.0 mL) was
collected from the heart of each mouse and was centri-
fuged (2800 x g for 10 min) to obtain the plasma. The
plasma K" concentration was determined on an AU5800
biochemistry analyzer (Beckman Coulter, USA), using
the matched reagent and calibration solution for the

equipment.>>>

Statistical Analysis

The data were analyzed and exhibited using Prism 5 soft-
ware (GraphPad Software, USA).>***® The comparison of
data was done using Student’s 7-test (between two groups)
and One-way ANOVA (among multiple groups). The
P value < 0.05 was considered statistically significant. The
ICs( values for in vitro cytotoxicity were calculated based
on the cell viability using the “nonlinear regression” func-
tion of the GraphPad Prism 5 software.

Results and Discussion
Design and Preparation of Gos/cRGD-LP

For nanocarriers designed based on the tumor cell target-
ing strategy, the need for extravasation of the nanocarriers
from tumor vasculature into tumor tissue is one of the
major factors reducing the targeting effect.”” Moreover,
specific cell-surface receptors vary among different
tumor types, which can limit the application of tumor cell-
targeted nanocarriers. By contrast, nanocarriers targeting
tumor vasculature can bind to the receptors on vascular
endothelial cells directly after i.v. injection, and most of
these receptors, including vascular endothelial growth fac-
tor receptors (VEGFRs), a,B; integrin, and vascular cell
adhesion molecule-1 (VCAM-1), etc., are over-expressed
in various tumor types.”’ Integrins are transmembrane
heterodimers working as cell adhesion and signaling
receptors on the cells that mediate important physiological
processes (eg embryogenesis and angiogenesis) and patho-
physiological processes (eg vascularization, cell growth,
and metastasis of tumors) through their interaction with
the extracellular matrix (ECM).>’>® The tripeptide Arg-
Gly-Asp (RGD) is the highly conserved recognition motif
in the ECM proteins toward some of the integrins (ie the
RGD-binding
integrins).”” Most of the RGD-binding integrins are

integrins as one subfamily of the
expressed at increased levels in various cancer types and
play essential pathophysiological roles in cancer progres-
sion. The integrin a,f3 is one of the RGD-binding integ-
rins. During tumor angiogenesis, integrin o,fB; is highly
upregulated on angiogenic endothelial cells and mediates
the interaction of activated endothelial cells with the ECM.
On tumor cells of many cancer types such as prostate
cancer, gastric cancer, breast cancer, pancreatic cancer,
and glioma, integrin o,f; is overexpressed during tumor
progression. The interaction of integrin o,f3; with the ECM
through RGD binding is involved in the regulation of cell
mechanical outcomes that have crucial effects on the adhe-
sion, migration, and proliferation of cancer cells.*® Since
integrin o,f3 is overexpressed on both tumor vasculature
and tumor cells, it has great potential for targeted cancer
therapy.*”

In the present study, cRGDyk with high affinity to a3
integrin was introduced to a mixed liposome (cRGD-LP)
for enhanced targeting effect that may improve the anti-
tumor effect of (-)-gossypol in vivo (Figure 1C). In our
pilot study, the input molar ratio of the loading materials
(ie EPC, cRGD-PEG-DSPE, and cholesterol at 21:2:5)
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was roughly optimized to achieve a relatively smaller
particle size, higher DLC, and moderate drug release
rate. EPC is one of the most used lipids for liposome
preparation and was the main component for cRGD-LP
of this study.*® EPC is biocompatible and can form lipo-
somes with an approximately neutral surface charge that is
favorable for the evasion of renal elimination.”’
Cholesterol is a small lipid-type molecule that plays essen-
tial physiological roles in the body.*' It has been reported
to be able to stabilize liposomal formulations by avoiding
the phase transition of the phospholipids.** Moreover, due
to its significant hydrophobicity, incorporation of choles-
terol into liposome may result in better hydrophobic inter-
actions between the loading materials and (-)-gossypol,
which is a hydrophobic drug, thus improving the drug
loading efficiency and achieving higher drug concentra-
tions for injection. However, stronger hydrophobic inter-
actions may also retard the release of (-)-gossypol from the
liposomes. Therefore, the input amount of cholesterol
should be optimized to achieve acceptable drug loading
efficiency and a proper drug release rate.

The tumor-targeting ligand cRGD was incorporated
into the liposome by using cRGD-PEG-DSPE. It is note-
worthy that the input molar ratio of these loading materials
can be further modulated according to the tumor-targeting
effect of the liposome. Moreover, the comparative experi-
ments for cRGD-LP were carefully designed. Using
mPEG-DSPE to replace cRGD-PEG-DSPE, a non-cRGD-
containing liposome (LP) as a passive targeting nanocar-
rier control was prepared. Except for the cRGD portion,
cRGD-PEG-DSPE and mPEG-DSPE had very similar che-
mical structures (Figure 1B), which made LP a specialized
control for cRGD-LP.

Characteristics of Gos/cRGD-LP

The DLC and DLE were about 6.46% and 92.10%, respec-
tively, for Gos/cRGD-LP and were about 6.39% and
91.08%, respectively, for Gos/LP (Table 1). The results
between Gos/cRGD-LP and Gos/LP were not significantly
different (p > 0.05). The drug concentrations of both the
formulations were about 1.5 mg (-)-gossypol/mL. The
particle size of Gos/cRGD-LP was 61.86 = 1.73 nm,
which was either not significantly different (p > 0.05)
from that (ie 59.06 + 1.81 nm) of Gos/LP (Table 1 and
Figure 2A). The particle sizes within the range of 10-100
nm were usually ideal for the passive targeting effect of
nanocarriers via the enhanced permeability and retention
(EPR) effect.”” Moreover, the polydispersity index (PDI)

Table | Summary of the Characteristics of Gos/LP and Gos/
cRGD-LP. Data are Shown as Mean * SD (n = 3)

Formulation Gos/LP Gos/cRGD-LP
DLC (%) 6.46 + 0.09 6.39 + 0.04
DLE (%) 92.10 £ 1.34 91.08 £ 0.60
Drug concentration (mg/mL) 1.501 + 0.028 1.498 + 0.020
Particle size (nm) 59.06 £ 1.8l 61.86 +1.73
PDI 0.126 £ 0.012 0.118 £ 0.009
Zeta-potential (mV) 0.90 £ 0.89 -3.53+1.78

of <0.2 for both the formulations indicated a homogenous
population of liposomes.** The zeta-potential was around
0 mV for Gos/LP but was slightly negative for Gos/cRGD-
LP (Table 1 and Figure 2B). The negative surface charge
of Gos/cRGD-LP was probably caused by the ionization of
amino acids in cRGD under weakly alkaline conditions
(pH 7.4). The TEM photos of Gos/LP and Gos/cRGD-LP
are shown in Figure 2C. For both the formulations, small
liposomes showed similar spherical shapes with no
obvious difference between the two samples. Compared
with the smaller liposomes, the larger liposomes were
generally less spherical, and some of them even had inva-
gination. The invagination of liposomes can occur during
the sample preparation for TEM, because the water in the
liposomes may be driven out after the drying process.**
For stability studies, the drug concentration, particle size,
and zeta-potential of Gos/cRGD-LP and Gos/LP stored for
over 10 days at RT (20 + 2 °C) were measured. As a result,
the drug concentrations of both the formulations were still
about 1.5 mg (-)-gossypol/mL (1.491 £ 0.017 mg (-)-
gossypol/mL for Gos/cRGD-LP, and 1.489 + 0.021 mg (-)-
gossypol/mL for Gos/LP), with no drug precipitation
observed. After the storage, the particle size was 64.31 +
2.33 nm (PDI = 0.188 £ 0.009) for Gos/cRGD-LP and was
61.01 = 2.43 nm (PDI = 0.191 + 0.014) for Gos/LP. The
zeta-potential was still around 0 mV for Gos/LP and was
slightly negative for Gos/cRGD-LP. These results indi-
cated the good stability of Gos/cRGD-LP and Gos/LP. It
is noteworthy that, for nanocarrier that is produced based
on a thin-film hydration method, the thin film of loading
materials/drug mixture before hydration can be considered
for long-term storage (ie for over 6 months). Because as
a solid intermediate product of nanomedicine, the film of
loading materials/drug mixture can maintain stability for
a much longer time under suitable conditions (eg in
a nitrogen atmosphere), as compared with the final nano-
medicine suspended in water.>> In such a strategy, the
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Figure 2 (A) Particle size distribution, (B) zeta potential, and (C) TEM images of DiR/LP and DiR/cRGD-LP.

stability of Gos/cRGD-LP and Gos/LP may be hopefully
maintained for a long time.

Drug Release of Gos/cRGD-LP

Figure 3 exhibits the release profiles of (-)-gossypol from
Gos/cRGD-LP or Gos/LP in vitro as studied using a dialysis
method. The diffusion of the free drug from the dialysis tube
was fast, with over 83% of the drug diffused into the
dissolution medium within the first 12 h (the free (-)-
gossypol group in Figure 3). By contrast, Gos/cRGD-LP
and Gos/LP showed much slower release, with no burst
release of (-)-gossypol. The drug release profiles for the
two formulations were similar, probably because the main
building blocks (ie EPC and cholesterol) were the same for
cRGD-LP and LP. Under the experimental conditions of this
study, Gos/cRGD-LP and Gos/LP showed sustained drug
release for over 96 h in vitro (Figure 3).

In vitro Cytotoxicity

The cytotoxicity of free (-)-gossypol, Gos/LP, Gos/cRGD-LP,
and blank cRGD-LP against PC-3 (prostate cancer) and HCT-
116 (colon cancer) cells was investigated. For PC-3 cells, the
ICsq of free (-)-gossypol was 8.72 + 0.30 uM (Figure 4A).

Compared with the free drug, Gos/LP showed a significantly
higher ICs, of 10.68 + 0.53 uM (p < 0.01), which may result
from the sustained drug release of the liposomes. The ICsq of

100-
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40+
— (-)-Gossypol
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201

Percent release of the drug

0 : 1 1 1 )
0 20 40 60 80
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Figure 3 In vitro release profiles of (-)-gossypol from DiR/LP and DiR/cRGD-LP in
PBS at 37 °C. Data are shown as mean * SD (n = 3). The two formulations showed
similar drug release profiles.
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Gos/cRGD-LP was 9.53 + 0.26 uM, also higher than that of
free (-)-gossypol (p < 0.05). However, it is interesting to find
that the ICsy of Gos/cRGD-LP was significantly lower than
that of Gos/LP (p < 0.05). The increased cytotoxicity of Gos/
cRGD-LP as compared with Gos/LP was probably due to the
enhanced endocytosis of Gos/cRGD-LP induced by the bind-
ing of cRGD with avf3 integrin on PC-3 cells.

For HCT-116 cells, the ICs of free (-)-gossypol was 6.32
+ 0.40 uM (Figure 4B). By contrast, the ICs, values for Gos/
LP (9.03 £ 0.45 uM) and Gos/cRGD-LP (8.93 + 0.41 uM)
were both significantly increased (p < 0.01), which was in
accordance with the results of PC-3 cells. Nevertheless, for
HCT-116 cells, although Gos/cRGD-LP showed higher

cytotoxicity than Gos/LP, the difference between the two
formulations was not statistically significant (p > 0.05). It
should be noted that HCT-116 cells overexpress o5 integ-
rin rather than o,Bs integrin.*’ It has been reported that the
affinity of cRGDyk to o, s integrin was much weaker than
to o,f; integrin.*® Therefore, in some previous studies on
nanocarriers targeting HCT-116 cells, cRGD proteins (eg
cRGD{C) with high affinity to a5 integrin were used rather
than cRGDyk.*”*’ Based on the possible reasons above, it
is not strange to observe similar cytotoxicity for Gos/LP and
Gos/cRGD-LP against HCT-116 cells. However, more evi-
dence is needed to confirm such a conjecture. The cytotoxi-
city of the blank cRGD-LP at different concentrations was
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Figure 4 The viability of (A) PC-3 (prostate cancer) and (B) HCT-116 (colon cancer) cells treated with free (-)-gossypol, Gos/LP, Gos/cRGD-LP, and blank cRGD-LP. Data are
shown as mean + SD (n=3). For PC-3 cells, free (-)-gossypol showed lower IC50 as compared with Gos/LP (**p < 0.01) and Gos/cRGD-LP (*p < 0.05); Gos/cRGD-LP showed lower
IC50 as compared with Gos/LP (#p < 0.05). For HCT-116 cells, free (-)-gossypol showed lower IC50 as compared with Gos/LP and Gos/cRGD-LP (**p < 0.01); the difference

between Gos/LP and Gos/cRGD-LP was not statistically significant (p > 0.05).
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also evaluated (Figure 4). For both PC-3 and HCT-116 cells,
cRGD-LP showed very limited cytotoxicity even at its high-
est concentration (equal to the concentration of the loading
materials in Gos/cRGD-LP), which indicated good biocom-
patibility of the nanocarrier.

MTD of Gos/cRGD-LP

The MTD of Gos/cRGD-LP in mice was studied and com-
pared with Gos/LP. Four dose levels (ie 34, 36, 38, and 40 mg
(-)-gossypol/kg) were tested for single i.v. injection. The sur-
vival and the changes in general appearance and body weight
of each animal were observed for 10 days. As a result, for both
the formulations at all tested dose levels, neither death nor
significant changes in the general appearance of the animals
has been observed (Table 2). However, the body weight loss
generally became greater with increasing the dose level. For
both the formulations, 2 of 5 mice have shown body weight
losses of >15% only at 40 mg (-)-gossypol/kg. Therefore,
according to the criteria for determining MTD, both Gos/
cRGD-LP and Gos/LP could be tolerated at up to 38 mg (-)-
gossypol/kg in mice. Nevertheless, the body weight loss at
some lower dose levels should not be neglected (Table 2). For
both the formulations, 3 of 5 mice had body weight losses of
>10% at 38 mg (-)-gossypol/kg. Moreover, for Gos/LP, 1 of 5
mice had a body weight loss of >10% at 36 mg (-)-gossypol
/kg. The above results indicated that notable systemic toxicity
may occur near the MTD. Although for single injection the
body weights of the animals could recover later, for designing
multiple-dose regimens the cumulative toxicity must be con-
sidered, and a dose level that is far below the MTD may be
more suitable

NIR Fluorescence Imaging
The tumor-targeting effects of cRGD-LP and LP in vivo
were investigated via NIR fluorescence imaging. PC-3

tumor-bearing nude mice were injected with DiR-loaded
liposomes (ie DiR/cRGD-LP or DiR/LP) or free DiR dis-
solved in ethanol/PBS (1:4, v/v) as the control. Each mouse
bearing tumors on both sides (near the hind legs) was given
the same amount (ie 10 nmol) of DiR whatever the formula-
tion. Figure 5 shows the representative fluorescence images
of mice at different time points after the injection. All the
images were obtained under the same imaging settings for
better comparison. At 6 h after the injection, a considerable
fluorescence signal could be observed in the tumor regions of
the mice receiving DiR/cRGD-LP and DiR/LP (Figure 5).
After that, the fluorescence intensity in these tumors
increased with time, which indicated the accumulation of
the DiR-loaded liposomes in the tumors. Strong fluorescence
intensity could be detected in the tumors for over two days.
By contrast, the mice receiving free DiR showed very weak
fluorescence signals in the body, which was probably caused
by two reasons. Firstly, free DiR molecules in the blood can
be rapidly cleared from the body, which has been observed in
many other studies.*****>! The DiR molecules that have
entered some tissues or organs such as the liver and spleen
may remain in the body longer. Secondly, the fluorescence
imaging was planar, the fluorescence signal from subcuta-
neous tumors and shallow organs/tissues that are near the
camera could be well captured by the equipment, while that
from deep organs/tissues in the body attenuated a lot when it
reaches the camera.®® For this reason, ex vivo imaging of
some deep organs/tissues is needed for a more comprehen-
sive investigation of the fluorescence distribution. The fluor-
escence intensity kept weak in the tumor regions of the mice
receiving free DiR throughout the in vivo imaging (Figure 5),
indicating that the free DiR was not able to accumulate in the
tumors on its own. It is noteworthy that for some of the
photos the limbs of the mouse were not stretched enough
and were under the body of the mouse during the imaging

Table 2 Maximum Tolerated Dose (MTD) of Gos/LP and Gos/cRGD-LP. Data Were Obtained from the Observation for 10 Days

After the Injection

Formulation Dose (mg (-)-Gossypol/kg) Mouse Death Body Weight Loss > 10% Body Weight Loss > 15%
Gos/LP 34 0/5 0/5 0/5
36 0/5 1/5 0/5
38 0/5 3/5 0/5
40 0/5 4/5 2/5
Gos/cRGD-LP 34 0/5 0/5 0/5
36 0/5 0/5 0/5
38 0/5 3/5 0/5
40 0/5 5/5 2/5
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Figure 5 In vivo NIR fluorescence imaging of PC-3 tumor-bearing nude mice injected with DiR-loaded liposomes (cRGD-LP or LP) or free DiR dissolved in ethanol/PBS (1:4, v/v).
Each mouse was given the same amount of DiR whatever the formulation. The fluorescence images were obtained at different time points after the injection under the same imaging

settings. The tumor regions of each mouse at | h are indicated by yellow dash circles.

process (eg the photo for the cRGD-LP group at 48 h in
Figure 5). Since the limbs did not shelter the tumor sites, the
fluorescence from the tumor regions could be well observed
and the analysis of the tumor fluorescence intensity was not
affected in this study. Nevertheless, for future imaging stu-
dies, more attention should be paid to ensure that the limbs of
the animals can be stretched enough for better observation
and to avoid potential mistakes in analysis. Despite that
considerable fluorescence intensity in the tumor regions
was detected for cRGD-LP and LP, it was hard to determine
which formulation had a better tumor-targeting effect accord-
ing to the images because their results were generally similar.
It is worth mentioning that, although in vivo NIR fluores-
cence imaging has been widely used to study the

biodistribution of tumor-targeting nanocarriers, the evalua-
tion of the targeting ability was mainly done intuitively based
on images rather than objectively based on quantitative
calculations.*?°%>% There has long been a lack of attention
to developing quantitative methods for the evaluation of
in vivo tumor-targeting effects. In this study, the tumor-
targeting effect of cRGD-LP and LP were quantitatively
evaluated using our previously reported methods.*
Figure 6A exhibits the fluorescence intensity curves of the
tumor regions of different groups. For all imaging time
points, the tumor fluorescence of the LP group was signifi-
cantly stronger than that of the free DiR group (p <0.001 at 1,
6, 24, and 48 h; and p < 0.01 at 72 h), which was in
accordance with the results of in vivo imaging. Compared
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Figure 6 Quantitative analysis of in vivo NIR fluorescence imaging. (A) The DiR fluorescence intensity curves of the tumor regions in the mice receiving DiR-loaded
liposomes (cRGD-LP or LP) or free DiR. (B) The tumor-targeting index (TTI) curves of different groups. (C) The relative area under the TTl-time curve (AUTC) of each
group. Data are shown as mean * SD (n = 6). In figures (A) and (B), **p < 0.0] and ***p < 0.00| for LP as compared with free DiR at the same time points; #p < 0.05 for
cRGD-LP as compared with LP at the same time points. In figure (C), ***p < 0.001 for LP as compared with free DiR; #p < 0.05 for cRGD-LP as compared with LP.

with LP, cRGD-LP showed even stronger tumor fluorescence
for all time points, although only at 6 h the difference
between the two groups was statistically significant (p <
0.05). It should be noted that the tumor fluorescence intensity
alone cannot indicate the specificity of the nanocarriers for
tumors. Sometimes, strong tumor fluorescence was not due
to the good tumor-targeting effect of the nanocarriers, but due
to strong fluorescence intensity in the whole body.*
Therefore, the calculation of TTI values is a need to avoid
misjudgment. Since the fluorescence intensity of the tumor
region reflects the extent of drug accumulation in the tumors,
a higher percent TTI indicates a better tumor-targeting ability
of the nanocarriers. Nevertheless, each TTI value can only
reflect the tumor-targeting ability at a single time point;
thereby the calculation of AUTC was needed to indicate the
overall tumor-targeting effect of the nanocarriers.

As shown in Figure 6B, the average TTI of cRGD-LP
was higher than that of LP for all time points, although
only at 6 and 24 h the difference between the two groups
was statistically significant (p < 0.05). These results are in
accordance with Figure 6A. However, it is interesting to
find that the maximal tumor fluorescence intensity
appeared at 24 h for LP and cRGD-LP, while their TTI
reached a climax at 48 h. This result indicated that the
liposomes may have the best tumor-targeting effects two
days (rather than one day) after the injection. Moreover,
despite that the tumor fluorescence intensity of the free
DiR group was far weaker as compared with the LP group
(Figure 6A), the average TTI of free DiR was over 4.26%
at 48 and 72 h, which was very near that of the LP group
(4.56%) at 1 h. This result could hardly be discovered
from the in vivo images (Figure 5). For better comparison,
the area under the TTI-time curve (AUTC) was also

calculated. It turned out that the AUTC of cRGD-LP was
significantly larger than that of LP, suggesting a better
overall tumor-targeting effect of cRGD-LP for the entire
in vivo imaging process.> Figure 7 shows the representa-
tive fluorescence images of tumors and organs/tissues
from different groups. The cRGD-LP and LP groups
showed comparable tumor fluorescence intensity notably
stronger than that of the free DiR group, which was in
accordance with the in vivo imaging results. Considerable
fluorescence intensity could be observed in the liver,
spleen, and lung of the free DiR group, which could hardly
be discovered from the in vivo images (Figure 5). This
result suggested that the free dye molecules tend to accu-
mulate in the normal organs rather than in the tumors. The
LP group also showed strong fluorescence in the liver. By
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Figure 7 Ex vivo NIR fluorescence imaging of tumors and organs/tissues from the
mice injected with DiR-loaded liposomes (c(RGD-LP or LP) or free DiR. The tumors
and organs were harvested at 72 h after the injection. The fluorescence images
were obtained under the same imaging settings.
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contrast, cRGD-LP resulted in lower fluorescence intensity
in the liver, spleen, and lung. The above results indicated
that cRGD-LP may have more accumulation in the tumors
and less accumulation in the normal organs/tissues as
compared with free DiR and LP. For all groups, the fluor-
escence intensity of the kidney, heart, and muscle was
lower as compared with that in the liver, spleen, and
lung. For further comparison between cRGD-LP and LP,
the fluorescence intensity of each tumor and organ/tissue
was quantified. Among the three groups, cRGD-LP had
the highest fluorescence intensity in the tumor and the
lowest in the liver and lung; LP had the highest fluores-
cence intensity in the liver and kidney and the lowest in
the spleen (Figure 8A). It turned out that cRGD-LP
showed the highest fluorescence intensity ratios of tumor
to liver, spleen, and lung, respectively, although the results
of both cRGD-LP and LP groups were significantly better
than those of the free DiR group (Figure 8B-D).
According to the above results of fluorescence imaging,
cRGD-LP had a better tumor-targeting effect in vivo,
which was probably due to the binding of cRGD with a,,
B3 integrin on the tumor vascular endothelium and the

tumor cells.?”-*°

In vivo Antitumor Effects
The antitumor effects of Gos/cRGD-LP and Gos/LP in vivo
were investigated in PC-3 tumor-bearing mice. The mice were
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given PBS (i.v., blank control), blank cRGD-LP (i.v., vehicle
control), free (-)-gossypol (p.o., 15 mg/kg), Gos/LP (i.v.,
15 mg (-)-gossypol/kg), or Gos/cRGD-LP (i.v., 15 mg (-)-
gossypol/kg). All the animals kept alive throughout the experi-
ment. The tumor growth curves and the tumor inhibition rates
of different groups were exhibited in Figure 9A and B, respec-
tively. Under the experimental conditions of this study, the
tumor volumes of the mice receiving PBS and blank cRGD-
LP increased rapidly, with no significant difference between
the two control groups (p < 0.05 for all time points). As
a result, blank cRGD-LP showed negligible tumor inhibition
rates of <10% (Figure 9B). By contrast, the mice receiving the
free drug or the drug-loaded liposomes (Gos/LP or Gos/
cRGD-LP) showed retarded tumor growth (Figure 9A).
Nevertheless, compared with free (-)-gossypol, Gos/LP and
Gos/cRGD-LP showed significantly improved inhibitory
effects of tumor growth (P < 0.001 on day 25), with the
tumor inhibition rates of >50% at the end of the experiment
(from day 16 for Gos/cRGD-LP, and from day 19 for Gos/LP).
The improved tumor inhibition may result from the tumor-
targeting effects and the sustained drug release of the lipo-
somes. Particularly, Gos/cRGD-LP showed the most effective
tumor suppression, with the tumor inhibition rate of >74%
on day 25 (Figure 9B), which was probably due to the
enhanced tumor-targeting effect realized by the incorporation
of cRGD into the liposome. To validate the effect of Gos/
cRGD-LP on tumor growth, a TUNEL assay was performed.
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Figure 8 Quantitative analysis of ex vivo NIR fluorescence imaging. (A) The DiR fluorescence intensity of tumors and organs/tissues of the mice receiving DiR-loaded
liposomes (cRGD-LP or LP) or free DiR. (B-D) Fluorescence intensity ratios of tumor to (B) liver, (C) spleen, and (D) lung. In figure (A), data are shown as mean + SD (n =
6 for tumor, and n = 3 for organs/tissues). In figures (B—D), data are shown as mean % SD (n = 6). **p < 0.01 and ***p < 0.001 for LP as compared with free DiR; #p < 0.05

for cRGD-LP as compared with LP.
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Figure 9 (A) In vivo tumor growth curves. PC-3 tumor-bearing nude mice were given PBS (i.v., blank control), blank cRGD-LP (i.v., vehicle control), free (-)-gossypol (P.O.,
15 mgl/kg), Gos/LP (i.v., 15 mg (-)-gossypol/kg), or Gos/cRGD-LP (i.v., 15 mg (-)-gossypol/kg). The arrows indicate the treatment time points. Data are shown as mean * SEM
(n = 8). On day 25, **P < 0.01 (Gos/cRGD-LP vs Gos/LP) and ***P < 0.001 [Gos/LP vs (-)-gossypol; and (-)-gossypol vs PBS]. (B) Changes in the tumor growth inhibition rate
(IR) of each group as compared with the PBS group. The IR was over 50% for Gos/cRGD-LP group after day 16, and for Gos/LP group after day 19. (C) Pathological section
images of the tumor tissues from different groups. The blue stains indicated the normal tumor cells. The brown stains indicated the apoptotic body or apoptotic nucleus. (D)
Changes in the body weight of each group. Data are shown as mean * SEM (n = 8). No significant change has been observed in the body weight of each group during the
experiment. (E) The plasma potassium (K+) levels of mice after different treatments. Data are shown as mean + SD (n = 8). Nude mice were given free (-)-gossypol (PO.,
15 mg/kg), Gos/LP (i.v., 15 mg (-)-gossypol/kg), or Gos/cRGD-LP (i.v., 15 mg (-)-gossypol/kg), once every three days, for 6 times in total. The plasma K+ levels of the mice

were tested on the day after the last treatment.

Figure 9C shows the pathological section images of the tumor
tissues from different groups. The brown stains indicating the
apoptotic body or apoptotic nucleus were not very abundant in
the sample without the treatment of the drug (ie the PBS
group). By contrast, considerable brown stains could be
observed in the tumor tissue of the free (-)-gossypol group,
indicating the apoptosis in the tumor cells induced by the drug.
Nevertheless, compared with the free drug group even more
extensive apoptosis could be observed in Gos/LP and Gos/

cRGD-LP groups, which demonstrated the enhanced apopto-
tic cell death realized by the tumor-targeted delivery of (-)-
gossypol. These findings were in accordance with the results
of the fluorescence imaging and the drug efficacy studies.
The body weight loss of the mice may indicate the potential
systemic toxicity and adverse effects of the drug.>*° As shown
in Figure 9D, within the dose schedule adopted for each group
in this study, no significant change in the body weight was
observed throughout the experiment. Among the five groups,
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the free (-)-gossypol group showed the largest body weight loss
of 4.36% at the end of the experiment, as compared with the
average body weight on day 1, which may indicate slight
systemic toxicity of the orally administered free drug. The
orally administered (-)-gossypol could lead to gastrointestinal-
related side effects such as stomach discomfort, anorexia, and
nausea/vomiting.'® Using injectable liposomal (-)-gossypol
could minimize these gastrointestinal-related side effects of
the drug. However, the biodistribution of (-)-gossypol is not
specific to tumors, which may still lead to toxicity in the normal
organs/tissues. Hypokalemia is a major adverse effect of gos-
sypol (including its racemate and (-)-gossypol) that may hap-
pen after repeated/long-term treatments, which is related to the
impacts of the drug on the renal tubules.” Therefore, monitor-
ing the plasma K" level is a need for the safety of repeated/
long-term use of gossypol. In this study, cRGD peptide with
high affinity to o,f; integrin was incorporated into the lipo-
some for enhanced tumor-targeted delivery of (-)-gossypol.
Since integrin o35 is overexpressed on both tumor vasculature
and tumor cells, cRGD-LP could promote the accumulation of
the drug in the tumor tissues rather than the normal tissues,
which may effectively reduce the side effects of (-)-gossypol.
Figure 9E shows the plasma K" levels of mice after different
treatments. No significant change in the plasma K levels was
observed for the mice receiving free drug or the drug-loaded
liposomes, as compared with the control mice without treat-
ment. This result, together with the body weight changes,
reflected the good safety of Gos/cRGD-LP and Gos/LP within
the dose schedule adopted in this study.

In summary, Gos/cRGD-LP was a safe nano prepara-
tion for (-)-gossypol, with a good inhibitory effect on PC-3
tumors in vivo. The results from in vivo studies provided
evidence supporting our hypothesis that the incorporation
of cRGD into the (-)-gossypol-loaded liposome could
enhance the tumor-targeting effect and consequently
improve the antitumor efficacy of the drug in vivo.
Nevertheless, it is noteworthy that the incorporation of
integrin targeting ligands may block the potential integrin
receptors. It has been reported that two a,; antagonists,
TDI-3761 and TDI-4161, block a,ps-mediated cell adhe-
sion to ECM ligands.?’ In this regard, although the fluor-
escence imaging has demonstrated the enhanced tumor-
targeting effect of the cRGD-LP, the incorporated cRGD
may have competed with the potential integrin receptors
involved in the integrin-mediated physiological and patho-
logical processes, and the targeting ability as well as the
therapeutic effect of the liposomal (-)-gossypol could be
affected or regulated by these processes, which requires

more detailed studies to verify. Indeed, there are still a lot
of works to be done to further confirm the effects of cRGD
on the tumor specificity and the drug efficacy of Gos/
cRGD-LP, and also to clarify the tumor-targeting mechan-
ism of Gos/cRGD-LP. In the next studies, cell lines expres-
sing high levels of integrin a3 and those not expressing or
expressing very low levels of integrin o, 5 will be adopted
for in vitro and in vivo studies. The expression levels of
integrin a, B3 in the cells in vitro and the tumor xenografts
and vasculature in animals will be analyzed, to make clear
the effects of cRGD on the tumor specificity and the drug
efficacy of Gos/cRGD-LP. Also, it is important to clarify
the toxicity of Gos/cRGD-LP on healthy cells in vitro and
healthy organs/tissues in animals, and the potential
mechanisms. For this purpose, the apoptosis and autop-
hagy of the cells will be evaluated, and the morphology of
the cells and the histology of the tissues will also be
studied.

Conclusion

A cRGD-decorated mixed liposome, Gos/cRGD-LP, was suc-
cessfully developed for enhanced tumor-targeted delivery of
the single-isomer drug (-)-gossypol. The cRGD-LP had
a significantly enhanced tumor-targeting effect in vivo as com-
pared with the non-cRGD-containing LP. The therapeutic effi-
cacy of Gos/cRGD-LP was significantly better than that of
Gos/LP. The increased in vivo tumor inhibition of Gos/cRGD-
LP as compared with Gos/LP was probably due to the
enhanced tumor-targeting effect realized by the binding of
cRGD with a5 integrin on the tumor vascular endothelium
and the tumor cells. These results indicated the potential of
Gos/cRGD-LP that warrants further investigation for clinical
applications of this single-isomer drug. Nevertheless, for
a more comprehensive investigation of the tumor-targeting
effect and antitumor efficacy of Gos/cRGD-LP and the
mechanisms, cell lines expressing high levels of integrin o, 35
and those not expressing or expressing very low levels of
integrin a., B3 will be adopted for in vitro and in vivo compara-
tive studies.
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