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ABSTRACT

Cisplatin (CDDP)-loaded gelatin-poly(acrylic acid) (GEL-PAA) nanoparticles were successfully prepared
by polymerizing acrylic acid in the presence of gelatin in aqueous solution followed by incorporating
CDDP into the formed GEL-PAA nanoparticles through polymer-metal complex formation of CDDP with
carboxylic groups in the nanoparticles. The obtained nanoparticles had a spherical shape, with a mean
size of about 100 nm, and high drug payload as well as stability. It is found that CDDP can be released
from the nanoparticles in a sustained manner with a small initial burst release. In vitro cytotoxicity
revealed that CDDP-loaded nanoparticles had similar cytotoxicity to free CDDP after 48 h co-incubation
with human colorectal cancer cell line LoVo. In vivo antitumor activity indicated that the nanoparticle for-
mulation was superior in anticancer effect to free CDDP on murine hepatic H22 tumor-bearing mice
model through intraperitoneal (i.p.) administration and displayed a dose-dependent antitumor efficacy.
Further, the penetration examination of the nanoparticles through tumor tissue revealed that the CDDP-
loaded GEL-PAA nanoparticles could only affect the cells near the tumor vasculature after they entered

into the tumor tissue.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

There is a substantial interest in developing biocompatible and
biodegradable polymeric nanoparticles for both therapeutic and
diagnostic purposes of cancers [1-3]. Recently, many types of
nano-sized polymeric carriers, including polymer nanoparticles,
polymeric micelles, polymer-modified liposomes and polymer-
drug conjugates have been demonstrated to have the ability to effi-
ciently enhance the antitumor efficacy of anticancer agents [4-7].
Furthermore, numerous polymeric nanoparticles have shown to
significantly change the biodistribution of the loaded drug, reduc-
ing drug’s side effects [8-10]. Particularly, it is widely known that
nanoparticles are the vehicles beneficial for “passive” tumor tar-
geting through the enhanced permeability and retention (EPR) ef-
fect, which can be taken as an advantage to effectively improve the
drug concentration in tumor tissues after systemic administration
(intravenous i.v., intraperitoneal i.p.) [11]. However, it is also found
that some potential barriers hinder the deep permeation of drug-
loaded nanoparticles through tumor tissue after they successfully

* Corresponding author. Laboratory of Mesoscopic Chemistry and Department of
Polymer Science & Engineering, College of Chemistry & Chemical Engineering,
Nanjing University, Nanjing 210093, PR China. Tel.: +86 25 8359 7138; fax: +86 25
8331 7761.

E-mail address: jlangx@nju.edu.cn (X. Jiang).

0939-6411/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.ejpb.2011.01.008

reach the tumor. These include the abnormal tumor vessels, high
interstitial fluid pressure and complex extracellular matrix (ECM)
[12,13]. Thus, it is important to explore the ability of drug-loaded
nanoparticles to efficiently penetrate in solid tumors to achieve
great anticancer efficacy on tumor treatment. However, little work
is focused on the penetration of nano-sized polymeric carriers in
tumor except that Dreher et al. found that tumor penetration and
accumulation of macromolecular drug carriers were relative to
their size and molecular weight [14].

Cisplatin (cis-dichlorodiamminoplatinum (II); CDDP) is a widely
used anticancer agent that has high antitumor activity. However,
its clinical use is limited due to its severe side effects such as
neurotoxicity, gastrointestinal disturbance, and acute nephrotoxi-
city [15]. In recent years, nano-scaled carriers have been reported
to minimize side effects as well as enhance the accumulation and
retention of CDDP in tumor tissues [16,17]. There are two strate-
gies that are currently utilized to fabricate CDDP-encapsulated
nanoparticles. One is physical entrapment of CDDP into amphi-
philic block copolymeric nanoparticles, which suffers relatively ra-
pid release of the loaded drug [18]. Another is chemically
conjugating CDDP with nanoparticles consisting of carboxylic
groups to form polymer-metal complex with a slower release pro-
file [19]. Additionally, it has been pointed out that compared with
CDDP physically entrapped nanoparticles, systemic administration
of nanoparticles chemically conjugated with CDDP could achieve
more superior anticancer effect over free drug [7,18].
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In the present study, we incorporated CDDP into gelatin-poly
(acrylic acid) (GEL-PAA) nanoparticles through the interaction
between platinum of CDDP and carboxylic groups in the nanopar-
ticles. Gelatin is a proteinaceous biopolymer and has a long history
of safe use in the fields of medicine and pharmaceutics due to its
good biocompatible, biodegradable, and non-toxic properties
[20,21]. In addition, the presence of PAA in nanoparticles, which
provide plenty of carboxylic groups, offers dramatically high CDDP
loading content. The feasibility of CDDP-loaded nanoparticles as a
drug delivery system was examined by evaluating its in vitro
cytotoxicity against LoVo cell line and in vivo antitumor efficacy
in hepatic H22-bearing mice model through i.p. administration.
Furthermore, the penetration of CDDP-loaded GEL-PAA nanoparti-
cles through tumor tissue was assessed by observing the location
of apoptotic cells caused by the released drug from the nanoparti-
cles in relation to the tumor vasculature.

2. Materials and methods
2.1. Materials

Cisplatin (CDDP) was kindly provided by Jiangsu Hengrui Phar-
maceutical Co., Ltd. (Lianyungang, China). Type-B gelatin with
100-115 mmol of carboxylic acid per 100 g of protein and an aver-
age molecular weight 40-50 kDa was purchased from Sigma-Al-
drich (St. Louis, MO). The gelatin was refined once by dissolving
it in distilled water followed by precipitating with acetone. The
precipitate was then dried in a vacuum at room temperature for
use later. Acrylic acid (AA) (Guanghua Chemical Company, Shang-
hai, China) was distilled under reduced pressure in nitrogen atmo-
sphere. Potassium persulfate (K,S,0g) was recrystallized from
deionized water before use. 2,2’-(ethylenedioxy)bis(ethylamine),
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(EDC) and 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan
(MTT) were purchased from Aldrich. All other reagents were of
analytical grade and used without further purification. Human
colorectal cancer cell line LoVo and murine hepatic H22 cell line
were purchased from Shanghai Institute of Cell Biology (Shanghai,
China). Male ICR mice (6-8 weeks old) were purchased from Ani-
mal Center of Drum-Tower Hospital (Nanjing, China).

2.2. Preparation of GEL-PAA nanoparticles

Purified gelatin (0.8 g) was dissolved in 50 mL of acrylic acid
(AA, 0.2 g) aqueous solution, and then the polymerization of AA
monomer was initiated by K,S,0z at 80 °C. As the opalescence ap-
peared in the reaction mixture, which was a signal to form gelatin-
PAA nanoparticles, the reaction was allowed to proceed for another
120 min at 80 °C. The resultant suspension was then filtered with
paper filter to remove any larger aggregation and dialyzed against
a buffer solution of pH 3.0 for 24 h using a dialysis membrane bag
(12 kDa cutoff) to remove residual monomers. After this, the cross-
linking reaction of the nanoparticles was conducted by adding the
desired amount of 2,2’-(ethylenedioxy)-bis(ethylamine) as cross-
linker in the presence of EDC at room temperature for 12 h. The
cross-linked product was again dialyzed against distilled water
for 24 h.

2.3. Preparation of CDDP-loaded GEL-PAA nanoparticles

CDDP was dissolved in gelatin-PAA nanoparticle suspension
(4.22 mg/mL) at 1 mg/mL, which was allowed to proceed at 37 °C
for 2 days. And then, this suspension was treated with the method
developed by Kataoka’s group to remove free drug [22]. Briefly, the
unbound CDDP was removed by dialysis against distilled water

using a 12-kDa molecular weight cutoff dialysis membrane for
2 days. The Pt content in the nanoparticles was measured by ion-
coupled plasma mass spectrometry (ICP-MS, Perkin-Elmer Corpo-
ration, USA).

2.4. Characterization of nanoparticles

2.4.1. Size and zeta potential analysis of the nanoparticles

The mean diameter and size distribution of nanoparticles were
measured by dynamic light scattering (DLS) with a Brookheaven
BI900OAT system (Brookheaven Instruments Corporation, USA).
Zeta potential was measured by Zetaplus (Brookheaven Instru-
ments Corporation, USA). All DLS measurements were done with
a wavelength of 658.0 nm.

2.4.2. Transmission electron microscopy (TEM) and atomic force
microscopy (AFM)

Transmission electron microscopy (TEM; JEOL TEM-100) obser-
vations were conducted to determine the morphology of cross-
linked GEL-PAA nanoparticles. The solution of particles was
dripped onto nitrocellulose-covered copper grid at room tempera-
ture without staining. Atomic force microscopy (AFM; SPI3800,
Seiko Instruments, Japan) was also exploited to investigate the sur-
face morphology of the nanoparticles in a greater detail. The sam-
ple with one drop of properly diluted suspension of particles was
dripped onto the surface of a clean silicon wafer and dried under
nitrogen flow at room temperature. The AFM observation was car-
ried out with a 20 pm scanner in tapping mode.

2.4.3. Drug loading content and encapsulation efficiency

CDDP loading content was determined by ICP-MS. Briefly, the
CDDP-loaded GEL-PAA nanoparticles were decomposed on heating
in nitric acid. After being evaporated to dryness, they were dis-
solved in 2 N hydrochloric acid solution. Then, the Pt concentration
in the solution was measured by ICP-MS. The following equations
were used to evaluate the drug loading content and encapsulation
efficiency.

. . Weight of the drug in nanoparticles

o7

Drug loading content% Weight of the nanoparticles

Weight of the drug in nanoparticles « 100%
Weight of the feeding drug ¢

x 100%

Encapsulation% =

2.5. In vitro CDDP release from the nanoparticles

The release profile of CDDP from GEL-PAA nanoparticles in
phosphate-buffered saline (PBS) at 37 °C was assessed by the
dialysis method as previously reported [23]. Briefly, a purified
CDDP-loaded nanoparticle solution of known platinum drug con-
centration was placed inside a dialysis bag (MWCO, 12000) and
dialyzed against PBS (0.01 M phosphate buffer, pH 7.4, plus
0.15 M NaCl) at 37 °C. The released Pt outside of the dialysis bag
was sampled at defined time periods and measured by ICP-MS.

2.6. Kinetic stability of CDDP-loaded nanoparticles in PBS

The kinetic stability of CDDP-loaded nanoparticles in PBS at
37 °C was measured by DLS with a Brookheaven BI9OOOAT system.
Changes in the relative light scattering intensity and average
hydrodynamic diameter of nanoparticles were evaluated at a
defined time period.
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2.7. In vitro cytotoxicity of CDDP-loaded nanoparticles

Cytotoxicity of CDDP-loaded nanoparticles against human colo-
rectal cancer cell line LoVo was evaluated by MTT assay as previously
described [24]. LoVo cells were seeded on 96-well plates with a den-
sity around 5000 cells/well and allowed to adhere for 24 h prior to
the assay. Then, the cells were co-incubated with a series of doses
of free CDDP, empty nanoparticles, and CDDP-loaded nanoparticles
at 37 °C for 48 h. Thereafter, 50 pL of MTT indicator dye (5 mg/mL
in PBS, pH 7.4) was added to each well, and the cells were incubated
foranother 2 hat37 °Cin the dark. The medium was withdrawn, and
200 pL of acidified isopropanol (0.33 mL HCl in 100 mL isopropanol)
was added in each well to dissolve the crystals of dye. The solution
was transferred to 96-well plates and immediately monitored on a
microplate reader (Bio-Rad, Hercules, CA, USA). Absorption was
measured at a wavelength of 490 nm and 620 nm as reference
wavelength. The values measured were expressed as a percentage
of the control cells to which no drugs were added.

2.8. In vivo antitumor efficacy of CDDP-loaded nanoparticles

All animal studies were performed in compliance with guide-
lines set by the Animal Care Committee at Drum-Tower Hospital.
H22 cells (4-6 x 10° cells per mouse) were inoculated subcutane-
ously to ICR mice (average body weight of 25 g) at the right axilla.
When the tumor volume reached about 500 mm?, the mice were
selected, and this day was designated as Day 1. On Day 1, the mice
were randomly divided into five groups, and each group was com-
posed of 6 mice. Tumor-bearing mice were injected i.p. with saline,
empty GEL-PAA nanoparticles, free CDDP (3 mg/kg), or CDDP-
loaded nanoparticles (3 mg/kg CDDP eq. and 6 mg/kg CDDP eq.).
The tumor volumes were measured every other day using calipers
for 15 days. The tumor volume was calculated as D x d?/2, where D
was the longest and d the shortest diameter. Moreover, the survival
rates were also monitored throughout the study.

2.9. Histology observation

The tumor tissues of the mice that received saline, empty nano-
particles, free CDDP (3 mg/kg) and CDDP-loaded nanoparticles
(3 mg/kg CDDP eq. and 6 mg/kg CDDP eq.) were selected for histol-
ogy observation on the 15th day after treatment (n =3 mice per
group). The tumors were dissected and fixed in 10% neutral buf-
fered formalin. Thereafter, the tissues were processed routinely
into paraffin, sectioned at a thickness of 4 um and stained with
hematoxylin and eosin (H and E). The slices obtained were exam-
ined by optical microscopy.

2.10. Penetration in tumor tissue: imaging and staining of tumor slices

Tumors were taken from saline, empty nanoparticles and CDDP-
loaded nanoparticles (6 mg/kg CDDP eq.) groups at 2d post-
administration. For staining of tissue sections, frozen sections
(6 um) were immunostained with polyclonal antibody against
cleaved caspase-3 (Asp175, Cell Signaling Technology), monoclonal
antibody against platelet/endothelial cell adhesion molecule 1 (PE-
CAM-1; PharMingen) and TOPRO-3 (Molecular Probes). Alexa 488-
conjugated and Alexa 594-conjugated anti-rabbit antibodies were
used as secondary antibodies (Molecular Probes). Fluorescence sig-
nals were detected with a Zeiss LSM510 confocal microscope.

2.11. Statistical analysis
Quantitative data were expressed as mean * SD. Statistical com-

parisons were made by ANOVA analysis and Student’s t-test. P va-
lue <0.05 was considered statistically significant.

3. Results and discussion

3.1. Preparation and characteristics of CDDP-loaded GEL-PAA
nanoparticles

In our previous work, we have introduced a simple and direct
approach to prepare biocompatible nanoparticles by polymerizing
monomer in a biopolymer-monomer pair reaction system consist-
ing of the biopolymer and the polymerisable monomer [25,26]. In
this study, we chose a reaction system in aqueous solution consist-
ing of a cationic biomacromolecule, gelatin (GEL) and an anionic
monomer, acrylic acid (AA). The GEL-PAA nanoparticles were syn-
thesized by direct polymerization of AA monomers without any aid
of organic solvents or surfactants. With the polymerization of the
AA monomers, the electrostatic interaction between gelatin and
AA turns into a stronger one between two oppositely charged poly-
ions. When polymerization reaches a certain degree, the stable
GEL-PAA nanoparticles are formed. Interestingly, the fact that zeta
potential of the GEL-PAA nanoparticles is positive (20.1 mV) at pH
about 3 at the end of the reaction while it experiences a reverse to
negative value (—37.0 mV) upon an increase in pH to 7.4 indicates
the surface charge switch property of GEL-PAA nanoparticles in re-
sponse to the change of medium pH. Since type-B gelatin utilized
in present case has an isoelectric point (plI) between 4.8 and 5.0
[20], we infer the microscopic structure of GEL-PAA nanoparticles
with cationic gelatin corresponding to ionized amino groups
(pH < pl) or anionic one with ionized carboxyl groups (pH > pl) as
the shell to stabilizing the nanoparticles and GEL-PAA interpoly-
electrolyte complex as the core. Further, the GEL-PAA nanoparti-
cles were cross-linked using 2,2’-(ethylenedioxy)bis(ethylamine)
in the presence of EDC to get more stable structure (Scheme 1).
Fig. 1 shows the TEM and AFM images of as-obtained cross-linked
GEL-PAA nanoparticles. From TEM image, it can be observed that
the nanoparticles have a smaller size (about 100 nm) than that of
measured by DLS (about 140 nm, Table 1) owing to the dry state.
Additionally, AFM micrograph demonstrates that all the particles
have a spherical shape.

Considering that the GEL-PAA particles are full of carboxyl
groups in the gelatin and PAA molecules, they seem to be very
appropriate to be the carriers for CDDP delivery since many works
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Scheme 1. Schematic illustration of the formation of CDDP-loaded GEL-PAA
nanoparticles. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 1. TEM (A) and AFM (B) images of cross-linked GEL-PAA nanoparticles. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Table 1

Characteristics of CDDP-loaded GEL-PAA nanoparticles.
CDDP feeding ([CDDP]/[COOH]) Diameter® D.L (%) EE4 (%)
molar ratio (nm)/PDIP
0 142/0.14 NA NA
1:1 95/0.12 399+14 70.1+39
1:3 102/0.12 20.0+£0.7 79.0+35
1:5 120/0.12 125+08 755%55

2 Mean diameter in PBS (pH 7.4) measured by DLS (n = 3).

b PDI = Polydispersity index.

¢ D.L. = Drug loading content.

4 E.E. = Encapsulation efficiency. pH value in drug loading is around 6.

have indicated the polymer containing carboxyl groups can form
polymer-metal complex with CDDP molecule [7,27]. Conse-
quently, we successfully encapsulated CDDP into the GEL-PAA
nanoparticles by the interaction between platinum of CDDP and
carboxyl groups in the nanoparticles (Scheme 1). The physical
properties of these CDDP-loaded nanoparticles with different
CDDP feeding ratio were evaluated and listed in Table 1. The drug
loading content of CDDP into GEL-PAA nanoparticles is substan-
tially influenced by the molar ratio of CDDP to the carboxylic group
of the nanoparticles and increases significantly from 12% to 40% by
varying the drug feeding ratio. All of them have a relatively high
encapsulation efficiency of more than 70%. The large amount of
carboxylic groups in GEL-PAA nanoparticles should be responsible
for the high drug loading content and encapsulation efficiency. In
addition, it is also notable that the introduction of CDDP into

GEL-PAA nanoparticles results in a decrease in average hydrody-
namic diameter of nanoparticles, as detected by DLS measurement,
suggesting that the interaction between platinum of CDDP and car-
boxylic group of nanoparticles further solidifies and contracts the
nanoparticles. Furthermore, all of the samples have relatively nar-
row size distribution (polydispersity <0.15). These results verify
that the CDDP-loaded GEL-PAA nanoparticles possess high drug
loading content and encapsulation efficiency with appropriate size.
In the next in vitro and in vivo experiments, the GEL-PAA nanopar-
ticles with CDDP payload of 20% corresponding to [CDDP]/
[COOH] = 1:3 in Table 1 were selected due to their relatively satis-
fying properties.

3.2. In vitro release of CDDP-loaded nanoparticles

For the release of CDDP from nanoparticles, as reported by
Kataoka et al., the presence of chloride ions in media is essential
for the release process since CDDP can be released by exchange
reaction between chloride ions and carboxylic groups of nano-
particles [22]. Fig. 2 shows the release profile of CDDP from
CDDP-loaded GEL-PAA nanoparticles at 37 °C in PBS. It can be seen
that a very small initial burst with only about 13% of the total
loaded amount is shown in the first 6 h, which may be ascribed
to the strong interaction between CDDP and polymeric nanoparti-
cles. Since the CDDP diffuses out of the nanoparticles after chloride
ions cleaving the bonds between the drug and particles, the mech-
anism for CDDP release is quite different from that of physically
encapsulating drugs which has a much larger initial burst from
the nanoparticles [18]. After the initial stage, the CDDP-loaded
nanoparticles release the drug in a sustained way. About 55% of
the entrapped CDDP are released from the nanoparticles in 5 d.
This result suggests that CDDP-loaded GEL-PAA nanoparticles
show a continuous and slow release behavior for CDDP.

3.3. Kinetic stability of CDDP-loaded nanoparticles

The kinetic stability in biological media is an essential property
of drug nanocarriers. The elevated stability of the drug-loaded par-
ticles may improve their blood circulation time [27]. The changes
in the relative light scattering intensity and average hydrodynamic
diameter of CDDP-loaded GEL-PAA nanoparticles in PBS at 37 °C
and pH 7.4 are monitored by DLS and shown in Fig. 3. Although
the relative scattering intensity of the sample decreases slightly
in the period of 10 days, which may come from the release of

60 4
R /
40 4 /*

—

30 +

20

Platinum amount (%)

20 40 60 80 100 120
Time (h)

10-£

Fig. 2. In vitro release profile of CDDP from the GEL-PAA nanoparticles in PBS at
37 °C.



146 D. Ding et al./European Journal of Pharmaceutics and Biopharmaceutics 79 (2011) 142-149

a B
w144 o S — 130
g L
£ 1.2 \E {120
2 10] o =
‘E I I [ Relative light scattering intensity I =g

0.8 4
& {100
& 0.6 1 3
E o =
2 0.4+
@
= 0.2 180
=
& 0.0 t T T ‘ T 70

0 50 100 150 200 250
Time (h)

Fig. 3. The stability of CDDP-loaded GEL-PAA nanoparticles in PBS at 37 °C. The
average hydrodynamic diameter (square) and relative light scattering intensity
(column) of CDDP-loaded nanoparticles as functions of time.

loaded CDDP, the size of the nanoparticles is hardly changed even
after 10 days, exhibiting a satisfactory stability. This result is sim-
ilar to that of dichloro(1,2-diaminocyclohexane)platinum-loaded
poly(ethylene glycol)-poly(glutamic acid) nanoparticles which
have been demonstrated to be very suitable for systemic drug
delivery [27]. Hence, our CDDP-loaded GEL-PAA nanoparticles
seem to be very promising vehicles for further in vivo drug
delivery.

3.4. In vitro cellular cytotoxicity of CDDP-loaded nanoparticles

To trace the cellular uptake of CDDP-loaded nanoparticles, the
CDDP-loaded GEL-PAA nanoparticles were labeled with rhodamine
B isothiocyanate (RBITC). The laser scanning confocal microscopy
(LSCM) image was taken from MKN-28 cells co-incubated with
RBITC-labeled nanoparticles at 37°C for 2h. As displayed in
Fig. 4, the red fluorescence of labeled nanoparticles from the cell
organelles and blue fluorescence of Hoechst 33258 from the nu-
cleus indicate that GEL-PAA nanoparticles are mainly distributed

Fig. 4. Fluorescence confocal microscopy image of MKN-28 cells incubated with
25 pg/mL of CDDP-loaded nanoparticles labeled with RBITC at 37 °C for 2 h. The cell
nuclei were stained by Hoechst 33258 (blue). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

in the entire cell cytoplasm and not in the nucleus, suggesting that
the CDDP-loaded nanoparticles are able to penetrate cell mem-
brane barriers.

Additionally, to examine the pharmacological activity of CDDP-
loaded GEL-PAA nanoparticles, and to verify the cytotoxicity of
these nanoparticles, the in vitro cytotoxicity tests of drug-loaded
and empty nanoparticles against LoVo cell line were conducted.
As seen in Fig. 5A, the inhibitory ratio was examined after 48 h
of incubation with a series of doses of free CDDP and CDDP-loaded
particles by MTT assay. The cytotoxicity of CDDP-loaded nanopar-
ticles is slightly lower than that of free CDDP in the tested concen-
trations. Although the CDDP-loaded nanoparticles were incubated
in cells for 48 h, it seems that the nanoparticles have not released
enough CDDP causing the higher cytotoxicity than free drug. In
addition, no significant cytotoxicity is observed with empty nano-
particles at all tested concentrations (Fig. 5B), suggesting that the
empty GEL-PAA nanoparticles are no cytotoxicity at the normal
concentration and show good biocompatibility.

3.5. In vivo antitumor efficacy of CDDP-loaded nanoparticles

Liver cancer is one of the most harmful forms of cancer, which is
also a significant threat to the public health in China [28]. In the
present study, mice implanted with murine hepatoma cell line
H22 were used to study the antitumor efficacy of CDDP-loaded
GEL-PAA nanoparticles. Intraperitoneal (i.p.) injection as a pathway
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Fig. 5. (A) In vitro cytotoxicity of free CDDP and CDDP-loaded nanoparticles against

LoVo cells after co-incubation for 48 h. (B) In vitro cytotoxicity of empty GEL-PAA
nanoparticles against LoVo cells after co-incubation for 48 h.
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for systemic delivery was administrated, and the anticancer effect
between CDDP-loaded nanoparticles and free CDDP was compared.
The treatments were done by i.p. injecting saline, empty GEL-PAA
nanoparticles, free CDDP (3 mg/kg) or CDDP-loaded nanoparticles
(3 mg/kg CDDP eq. and 6 mg/kg CDDP eq.), respectively, into tu-
mor-bearing mice.

Fig. 6A depicts that neither saline nor empty GEL-PAA nanopar-
ticles treatment has any effect on the tumor inhibition. Tumor vol-
umes of the mice in both groups increased rapidly during the 15-
day duration with their mean volumes reaching more than
8500 mm? on day 15. In contrast, the treatment of CDDP-loaded
GEL-PAA nanoparticles effectively suppresses the tumor growth
and displays a dose-dependent efficacy. The drug-loaded nanopar-
ticle treatments at a dosage of 3 mg/kg CDDP equiv and 6 mg/kg
CDDP equiv result in a significantly decreased tumor volume, that
is, 5117.2 £ 703.9 mm> and 2543.2 + 666.4 mm?>, respectively, at
the termination of the experiment. The differences in tumor size
between the nanoparticle groups (two doses) and saline group
are highly significant (both P < 0.01). Moreover, the nanoparticle
formulation exhibits much superior antitumor efficacy in vivo than
free drug at the same CDDP dose of 3 mg/kg (P < 0.05 from day 7).
Our results are quite different from ones that Li et al. and Xu et al.
reported. Both found that the physical encapsulated CDDP in
poly(ethylene glycol)-b-polycaprolactone (PEG-PCL) nanoparti-
cles exhibited no advantage over free CDDP in two different tumor
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Fig. 6. Antitumor effect of CDDP-loaded nanoparticles in H22 (murine hepatoma
cancer cell line) subcutaneous mouse model. (A) In vivo tumor volumes in various
groups indicated after i.p. injection. * Represents P < 0.05 since the 7th day and **
Represents P < 0.01 since the 5th day. Data are presented as mean * SD (n = 6). (B)
Kaplan-Meier curves showing survival of tumor-bearing mice in each treated
group.

models through i.p. administration [18,29]. Physical encapsulation
of drugs into PEG-PCL nanoparticles might result in the rapid re-
lease of CDDP from the nanocarriers in vivo. Hence, nanoparticle
formulation showed similar efficacy with free CDDP by the sys-
temic injection, which is quite different from our case with the for-
mation of polymer-metal complex between CDDP and the
nanoparticles. In the present study, the tumor inhibition rates on
the 15th day post-administration confirm the dramatic antitumor
efficacy of GEL-PAA nanoparticulate formulation as well. The inhi-
bition rates of groups treated with the nanoparticles at the doses of
3 and 6 mg/kg CDDP equiv are 46.7% and 73.5%, respectively, com-
pared with 32.2% of the group treated with CDDP injection (3 mg/
kg). Additionally, it is also calculated that empty particles have
negligible inhibition effect on tumor growth.

Fig. 6B shows the survival rates of tumor-bearing mice in each
treatment group. All of the mice treated with saline and empty
nanoparticles died within 36 days owing to the significantly fast
growth of H22 transplant tumor [28]. After the i.p. injection of free
CDDP, only one animal survived for 32 days. On the contrary, in the
groups receiving the nanoparticle formulation, half of the mice sur-
vived for 39 days although 5 and 4 of 6 mice died in nanoparticles-
treated groups (3 and 6 mg/kg CDDP equiv, respectively) during
the 50-day duration. The median survival time for the groups
receiving saline, empty nanoparticles, free CDDP and CDDP-loaded
nanoparticles at a dosage of 3 and 6 mg/kg CDDP equiv is 19, 21,
20, 32 and 38 days, respectively, suggesting that the survival rates
of tumor-bearing mice treated with the nanoparticles are signifi-
cantly improved, which may result from their superior antitumor
effect and reduced side effect.

Next, we performed histological staining of the excised tumors
from the mice of the experimental groups after 15 day post-injec-
tion. Hematoxylin and eosin (H and E) sections of tumors were
examined by optical microscopy. As shown in Fig. 7, a large
amount of living cells are able to be seen in the tumors from the
mice treated with saline and empty nanoparticles. On the other
hand, qualitatively, the existence of large area of necrotic region
in the tumors from the mice treated with both the nanoparticle
formulations suggests the much higher necrotic rate in contrast
to that of other groups. These results corroborate the notably en-
hanced anticancer efficacy of CDDP-loaded nanoparticles once
more.

As is well known to all, drug-encapsulated nanoparticles have
the ability to achieve passive targeting so as to improve drug deliv-
ery to tumors through EPR effect when administered systemically
(i.v. and i.p.) [30]. Moreover, more drugs can enter the interior of
cells with the help of nanocarriers, which is crucial to exert the
pharmacological activity of drug more efficiently [31]. In our case,
the superior antitumor effect of CDDP-loaded GEL-PAA nanoparti-
cles may associate with the factors mentioned earlier. In particular,
compared with pure gelatin nanoparticles synthesized by desolva-
tion [17], the PAA chains in the interior part of the GEL-PAA nano-
particles provide a large amount of carboxylic groups, leading to
more CDDP incorporating into the nanoparticles in the form of
polymer-metal complex and greatly enhancing the drug loading
content as well as slow drug release behavior. This may be another
reason for the improving antitumor efficacy of the nanoparticles.
Additionally, the nanoparticles acting as drug concentrators pos-
sess relatively high kinetic stability, which probably signify long
circulation time in vivo, benefiting the exertion of EPR effect of
polymeric nanoparticles. This part of work will be investigated in
detail in the future.

3.6. Penetration of CDDP-loaded nanoparticles in tumors

After injected intraperitoneally, the CDDP-loaded nanoparticles
are able to enter into circulation system from peritoneum. Then
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Saline

CDDP np 3mg/kg eq.

Empty np

CDDP np 6mg/kg eq.

CDDP 3mg/kg

Fig. 7. H and E stained tumor slices from mice on the 15th day in various groups. (For interpretation of the references to color in this figure legend, the reader is referred to the

-

Fig. 8. Penetration of CDDP-loaded nanoparticles in tumors. Cleaved caspase-3 (apoptosis assay, green), PECAM-1 (blood vessels, red) and TOPRO-3 (nuclear, Blue) co-
staining images of H22 tumor sections from mice receiving CDDP-loaded nanoparticles (6 mg/kg CDDP eq.) (A), saline (B) and empty nanoparticles (C), respectively. Tumors
were taken from each treated group at 2 d post-administration. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

web version of this article.)

this article.)

the nanoparticles tend to preferentially localize and accumulate in
tumors via EPR effect [32]. Several studies demonstrated that
nanocarriers could passively extravasate through the leaky vascu-
lature, which is characteristic of solid tumors [33,34]. However,
Jain et al. suggested that liposome nanoparticles with 90 nm in
diameter could leak through the tumor vessels but were not able
to penetrate any further within 10-20 pm away from the blood
vessels after injected systemically [35]. To evaluate the penetration
of CDDP-loaded GEL-PAA nanoparticles through tumor tissue, the
tumors were taken from the mice and sectioned 2 days after i.p.
administration of saline, empty nanoparticles and CDDP-loaded
nanoparticles (6 mg/kg CDDP eq.). Then, the immunohistochemical
staining was carried out to monitor the location of apoptotic cells
relative to the vasculature. Fig. 8A indicates that cleaved caspase-3
positive cells (green fluorescence) of the tumors from the mice
treated with CDDP-loaded nanoparticles, which represent the
apoptosis in tumor, are distributed near the blood vessels (red fluo-
rescence), whereas the region distant from the vessels contains
barely detectable signals. Furthermore, cleaved caspase-3 positiv-
ity is hardly observed in tumors of mice receiving saline and empty
nanoparticles (Fig. 8B and C), confirming the apoptosis resulting
from the released CDDP from the GEL-PAA nanoparticles. This re-
sult suggests that the CDDP-loaded GEL-PAA nanoparticles with
the size of about 100 nm have inability to effectively permeate
the tumor deeply and affect the cells far from the vasculature after
entering into the tumor, which is in good accordance with other
reports [36,37]. This may be an important reason why the

nanoparticle treatments via systemic injection are only able to
impede tumor development efficiently but cannot eradicate the
tumors completely.

4. Conclusions

In this study, CDDP-loaded GEL-PAA nanoparticles with high
drug payload and stability were prepared. The CDDP-loaded nano-
particles have a mean size of about 100 nm. It is found that CDDP
can be released from the nanoparticles in a sustained manner with
a small initial burst release. The in vitro cytotoxicity of the nano-
particles is comparable to free CDDP after 48 h of co-incubation.
The in vivo tumor inhibition measurements, survival rate examin-
ations and histological staining experiments of tumor tissues dem-
onstrate that the nanoparticle formulation has significantly
superior anticancer efficacy in comparison with free drug and
shows a dose-dependent effect. Moreover, the penetration tests
of the nanoparticles through tumor reveal that the CDDP-loaded
GEL-PAA nanoparticles can only affect the cells near the tumor vas-
culature after they enter into tumor tissue.
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