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T
he treatment of solid tumors can be
improved by virtue of nanoparticu-
late formulation to deliver antitumor

agents in passive and active targeting
fashions.1�4 To reach cancer cells in a tu-
mor, a blood-borne therapeutic particle
must enter the tumor vasculature, cross
the vessel wall, and transport through the
interstitial compartment.5 However, the lim-
ited blood supply in tumors,6 detention by
other tissues during the journey,7 and in-
sufficient penetration in tumor tissue8�10

make it hard for nanoparticles to deliver
an optimal dose of agent to cancer cells,
which greatly limits their anticancer effect.
In experimental tumormodels, intratumoral
administration of drug-loaded nanoparti-
cles has been found to be an alterative
method for cancer treatment in addition
to limiting systemic exposure.11 Unfortu-
nately, the weak ability to efficiently pene-
trate the tumor and affect cells distant from
the injection site also limits the therapeutic
efficacy of nanoparticles.12,13 Moreover,
after debulking surgery as the initial primary
treatment for major ovarian or gastrointest-
inal cancers, the residual tumors peritone-
ally disseminated can hardly be observed,
and it is difficult to inject a nanoparticle
solution into so many small metastatic
tumors.14,15 In addition, it has also been
demonstrated that the diffusion of the
loaded drug is greatly improved by peritu-
moral administration as contrasted with
intratumoral injection, leading tomuch bet-
ter antitumor effect.16 In parallel, biocom-
patible, biodegradable, and drug-releasing
polymeric implants, such as polymeric
hydrogels,14,15,17,18 injectable thermosensi-
tive hydrogel,19 injectable microspheres,16

and polymer millirods,20 have shown cer-
tain prolonged tumor drug exposure and
sustained drug release as well as reduced

systemic toxicity. Furthermore, the drug
controlled releasing polymer hydrogel can
be used to coat the tumor and any suspi-
cious site of tumor to give rise to high drug
concentration in location.14 Although there
are several advantages to such systems,
they also suffer from rapid drug clearance
in tumor, poor drug penetration in tumor
tissues as well as cell membranes, and drug
dosage limited by implant shape and sur-
face area. Therefore, more efficient treat-
ment of solid tumors is highly desirable to
further improve the concentration and pe-
netration of drug in tumor tissues and cells
and reduce systemic toxicity.
As a trial, our strategy is to design a trans-

tissue drug delivery system for peritumoral
chemotherapy. We incorporated cisplatin
(CDDP)-loadedgelatin (GEL)/poly(acrylic acid)
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ABSTRACT The objective of this study is to investigate the anticancer efficacy of a drug delivery

system comprised of gelatin hydrogel (jelly) containing cisplatin (CDDP)-loaded gelatin/poly(acrylic

acid) nanoparticles by peritumoral implantation and to compare the treatment response between

the implantation administration of the jelly and intravenous (i.v.) administration of the

nanoparticles. It is found that the implantation of the jelly containing CDDP-loaded nanoparticles

on tumor tissue exhibited significantly superior efficacy in impeding tumor growth and prolonging

the lifetime of mice than that of i.v. injection of CDDP-loaded nanoparticles in a murine hepatoma

H22 cancer model. An in vivo biodistribution assay performed on tumor-bearing mice demonstrated

that the jelly implant caused much higher concentration and retention of CDDP in tumor and lower

CDDP accumulation in nontarget organs than that of i.v. injected nanoparticles. Immunohisto-

chemical analysis demonstrated that the nanoparticles from the jelly can be distributed in tumor

tissue not only by their diffusion but also by the vasculature in the implantation region into tumor

interior, enabling CDDP to efficiently reach more viable cells of tumor compared with i.v. injected

nanoparticles. Thus, nanoparticles for peritumoral chemotherapy are promising for higher treatment

efficacy due to increased tumor-to-normal organ drug uptake ratios and improved drug penetration

in tumors.

KEYWORDS: polymer nanoparticles . polymer hydrogel . drug delivery . peritumoral
chemotherapy . antitumor effect
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(PAA) nanoparticles into the physically cross-linked
gelatin hydrogel to obtain a nanoparticle-encapsu-
lated matrix, which can be implanted and plastered
on the tumor mass in any shape. Gelatin is a biocom-
patible, biodegradable, and nontoxic material that has
a long history of safe use in medical and pharmaceu-
tical applications.15 Type-B gelatin, with an isoelectric
point of 4.7�5.2, possesses a large number of pendant
functional groups such as amine groups and carboxylic
groups.21 TheGEL-PAA nanoparticles, whichwerewell-
dispersed and stable in aqueous solution, were first
prepared using a polymer�monomer pair reaction
system.21,22 Then, CDDP, a well-known anticancer
agent,23 was incorporated into the prepared GEL-PAA
nanoparticles by the complexation between the plati-
num of CDDP and the carboxylic group of PAA and
gelatin of nanoparticles. Finally, the obtained CDDP-
loaded GEL-PAA nanoparticles were encapsulated into
the physically cross-linked gelatin hydrogel. This sys-
tem, which we called CDDP-loaded GEL-PAA nanopar-
ticles-encapsulated jelly (CDDP-NP-Jelly), is of
particular interest and importance. First, the jelly is
able to gradually transfer into a viscous sol above 37 �C,
which acts as a reservoir to provide the CDDP-loaded
GEL-PAA nanoparticles locally to the tumor and offers
continuous release of CDDP over a prolonged period of
time. Second, implanting or plastering the jelly onto a
tumor mass increases the contact areas between na-
noparticles and tumor tissue, which may permit the
nanoparticles to diffuse into the tumor tissue from
many more sites, greatly improving the spatial distri-
bution of the nanoparticles within the tumor, in con-
trast to limited spatial diffusion of nanoparticles from
only one injection site by intratumoral administration.
Third, since the tumor periphery region is the most
vascularized region,24 implanting or plastering the jelly
at the peritumoral sites may favor the diffusion of
CDDP-loaded nanoparticles into the nearby blood
vessels, directly delivering drug along blood flow into
the other portions of the tumor, especially the inner
part of the tumor. On the basis of these reasons, in the
present work, we examined the anticancer efficacy,
drug pharmacokinetics, and biodistribution over time
resulting from implantation of jelly onto the surface of
H22 tumor xenografts for comparison with the same
amount of CDDP-loaded GEL-PAA nanoparticles admi-
nistered as intravenous (i.v.) injection. Additionally, the
penetration of GEL-PAA nanoparticles in tumor tissue
was also examined by immunohistochemical analysis.

RESULTS

Synthesis and Characterization of CDDP-Loaded GEL-PAA
Nanoparticles. In this study, the GEL-PAA nanoparticles
were prepared by dissolving GEL into acrylic acid (AA)
aqueous solution, followed by polymerization of AA
initiated by K2S2O8. To investigate the changes in the

complex particles during the polymerization process,
the size and zeta potential as a function of the polym-
erization time were estimated by dynamic light scat-
tering (DLS). As shown in Figure 1A, the average
hydrodynamic diameter of the sample is around
700 nm and the zeta potential is 26.8 mV before the
initiation by K2S2O8, suggesting that the GEL and AA
monomers are most likely to form loose aggregates
before the polymerization. At this stage, the pH value
of the solution was measured to be 4.2. After 30 min of
polymerization of AA, the solution changed from clear
to opalescent and the size and zeta potential of the
aggregates become 244 nm and 21.6 mV, respectively.
Then the size of aggregates slowly contracted to about
110 nm and the zeta potential decreases to around
20mV after 150min of polymerization. The pH value of
the system went from 4.2 before the reaction down to
about 3.3 at the end of the polymerization due to the
decomposition of K2S2O8, causing a decrease in pH
value of the system.25 In addition, it is also found that
the molecular weight of PAA in GEL-PAA aggregates
increases with polymerization time, which is about
2300 Da at the end of the polymerization (Figure 1B).

On the basis of these results, a possible formation
mechanism of the GEL-PAA nanoparticles is proposed
as illustrated in Scheme 1. Before the polymerization,
anionic AA monomers and cationic GEL chains form
loose aggregates in the solution with a pH value of
around 4.2 (isoelectric point = 4.7�5.2 for GEL and
pKa = 4.25 for AA22), and the GEL-AA aggregates are
stabilized by theGEL chains that are positively charged.
Upon polymerization of AA, anionic PAA generates and
electrostatically interacts with GEL chains to form loose
interpolyelectrolyte complex nanoparticles. As the
polymerization proceeds, the electrostatic interaction
between GEL and PAA becomes stronger with the
increase of the molecular weight of PAA, resulting in
a tendency toward particle shrinkage and a decrease in
the particle size. Moreover, the zeta potential of the
GEL-PAA particles stays positive during the whole
polymerization, with the pH value changing from 4.2
to 3.3, suggesting that the GEL-PAA nanoparticles are
stabilized by an outer layer of GEL with protonated
amine groups.

To further enhance the stability of GEL-PAA nano-
particles for drug delivery application, we used a
cross-linker, 2,20-(ethylenedioxy)bis(ethylamine), to chemi-
cally cross-link the carboxylic groups in the nanoparti-
cles. To study the effect of the amount of cross-linker
on nanoparticle size, various cross-linker amountswere
introduced into the system with the molar ratio of
amine groups in the cross-linker to carboxylic groups in
the system in the range of 0:1 to 1:1 (Table 1). It is found
that the size of the nanoparticles in phosphate-buf-
fered saline (PBS) solution (pH 7.4) decreases with
increasing the amount of cross-linker, and the sizes
of cross-linked nanoparticles with different cross-linking
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density are all less than 200 nm compared with that of
un-cross-linked ones (422 nm) in PBS solution. Further-
more, since the isoelectric point of type-B gelatin used
in this study is 4.7�5.2, GEL molecules are negatively
charged with ionized carboxylic groups at pH 7.4,
resulting in negative zeta potential values of the GEL-
PAA nanoparticles before and after cross-linking. For
the next encapsulation of CDDP, cross-linked GEL-PAA
nanoparticles at a molar ratio of 0.5:1 for amine groups

of the cross-linker and carboxylic groups in the system
were selected because they show satisfactory size
(160 nm) and stability in PBS (their size hardly changed
for at least two weeks) as well as have enough
carboxylic groups to load CDDP. The morphology of
the cross-linked GEL-PAA nanoparticles (0.5:1) was
examined by atomic force microscopy (AFM) and
transmission electron microscopy (TEM), respectively
(Figure 1C and Figure S1 in the Supporting Information).

Figure 1. (A) GEL-PAA particle size and zeta potential at different polymerization times. (B) Molecular weight of PAA in GEL-
PAA nanoparticles as a function of polymerization time. (C) AFM image of cross-linked GEL-PAA nanoparticles.
(D) Hydrodynamic diameter distribution of empty and CDDP-loaded GEL-PAA nanoparticles at 37 �C by DLS.

Scheme 1. Schematic illustration of the synthesis of CDDP-loaded GEL-PAA nanoparticles.
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Both images give the appearance of the particles,
clearly showing that all nanoparticles are well dis-
persed and in spherical shape with a uniform size of
about 110 nm, which is a little smaller than that
observed by DLS due to shrinking in the dry state.

Next, CDDP was loaded into the nanoparticles
through the interaction between the platinumof CDDP
and the carboxylic group of the nanoparticles
(Scheme 1).26 A satisfactory CDDP loading content
(17%) as well as high encapsulation efficiency (85%)
was achieved. The size and size distribution of nano-
particles before and after encapsulating CDDP were
examined by DLS (Figure 1D). It can be seen that the
mean diameter of drug-loaded particles (93.3 nm) is
smaller than that of the nonloaded ones (160.3 nm),
suggesting the formation of a polymer�metal com-
plex in the nanoparticles, as we expect. In addition,
CDDP-loaded GEL-PAA nanoparticles showed higher
stability than the empty ones, and their size hardly
changed even after 30 days in PBS solution.

Preparation and Characterization of CDDP-NP-Jelly. For the
purpose of peritumoral chemotherapy using CDDP-
loaded GEL-PAA nanoparticles, we utilized physically
cross-linked gelatin hydrogel as the carrier of the
nanoparticles that are able to be surgically plastered
on the tumor tissue. Gelatin, made from collagen
through a hydrolysis process, can dissolve in water
above its melting temperature (about 35 �C) and lead
to gelation upon cooling below the melting tempera-
ture by gelatin molecules partially reverting to ordered
triple helical conformation, which becomes a physi-
cally cross-linked hydrogel with the formation of an
infinite gelatinmolecular network. Moreover, when the
temperature rises above 35 �C, such a gelatin hydrogel
can gradually change into the sol.27 Hence, in our case,
the viscous mixture of gelatin aqueous solution and
CDDP-loaded GEL-PAA nanoparticle suspension can
form the hydrogel (CDDP-NP-Jelly) when stored at
4 �C. On the basis of this property, the CDDP-NP-Jelly
can be made in any shape and size to better fit the
tumor surface. To study the in vitro physical state,
stability, and aqueous solubility of the CDDP-NP-Jelly
at 37 �C, the CDDP-NP-Jelly in a gel state that wasmade
of 40% gelatin solution (CDDP-loaded nanoparticle
loading content of 0.6%) was placed into PBS solution

and stored at 37 �C. As shown in Figure 2A, CDDP-NP-
Jelly gradually becomes a sol with high viscosity and
poor fluidity in PBS solution at 37 �Cwithin 60�70min.
In addition, after the gel�sol transition, the PBS solu-
tion gradually changes from clear to bluish, implying
that the gelatin molecules and the nanoparticles in the
viscous sol can diffuse into the PBS solution from the
sol/PBS interface. Then the supernatant PBS was
sampled and monitored by TEM (Figure S2 in the
Supporting Information). It is found that a large num-
ber of nanoparticles with a size of about 90 nm are
observed, confirming the release of nanoparticles from
the jelly. This may be because both the nanoparticles
and gelatinmolecules are negatively charged in the sol
(pH 5.5�6.5), which stabilizes the nanoparticles
through electrostatic repulsion.

To investigate the in vitro release profile of CDDP-
loadedGEL-PAA nanoparticles from the jelly at 37 �C, at
designated time intervals, the supernatant PBS solu-
tion was centrifuged to remove the free gelatin mol-
ecules and then the weight of the released nano-
particles was determined. As shown in Figure 2B, during
the gel�sol transition of the initial 1 h, only about 7%of
the nanoparticles are released. However, after the
formation of the viscous sol, the nanoparticles were
released rapidly from the sol, that is, around 80% of the
nanoparticles can be released in 5 h. It is also noted that
the release profile for nanoparticles from the jelly can
be easily modulated by changing the gelatin concen-
tration of the jelly (Figure S3 in the Supporting
Information). In comparison, the CDDP-loaded GEL-
PAA nanoparticles were also incorporated into the
freeze-dried and chemically cross-linked gelatin hydro-
gel that is well documented for controlled release of
anticancer drugs.14,15 However, no nanoparticles with
a size of around 90 nm can be detected in the super-
natant PBS solution even after 24 h. Thus, compared to
the freeze-dried and chemically cross-linked gelatin
hydrogel, the physically cross-linked jelly more easily
releases the encapsulated nanoparticles.

The in vitro release of CDDP from CDDP-NP-Jelly
was also examined. In media containing chloride ions,
the CDDP can be released via the exchange reaction
between the chloride ions and carboxylic group of the
GEL-PAA nanoparticles.26 Figure 2C depicts the cumu-
lative in vitro CDDP release profiles up to 5 d of CDDP-
loaded nanoparticles and CDDP-NP-Jelly in PBS at
37 �C. It can be seen that both the nanoparticles and
CDDP-NP-Jelly show sustained release behaviors for
CDDP and the CDDP release is slower for the CDDP-NP-
Jelly than that for nanoparticles within 5 d monitoring
duration.

In Vitro Cellular Cytotoxicity Assays. To assess the anti-
tumor effect of the CDDP-loaded GEL-PAA nano-
particles, in vitro cytotoxicity against cultured human
gastric carcinoma MKN-28 cells was initially assayed
(Figure 3A). It is found that theCDDP-loadednanoparticles

TABLE 1. Effect of Amount of Cross-Linker on

Nanoparticle Size and Zeta Potential in PBS Solution

(pH 7.4)

[NH2]:[COOH]
a diameter ( SD (nm) polydispersity zeta potential ( SD (mV)

0 422( 9 0.23 �37.0( 4.8
0.25:1 186( 5 0.14 �29.3 ( 3.6
0.5:1 160( 5 0.13 �23.5( 4.0
1:1 149( 3 0.13 �20.1( 3.2

a Ratio of amino groups from 2,20-(ethylenedioxy)bis(ethylamine) to the carboxylic
groups from GEL-PAA nanoparticles.

A
RTIC

LE



DING ET AL . VOL. 5 ’ NO. 4 ’ 2520–2534 ’ 2011

www.acsnano.org

2524

display similar cytotoxic activity to free CDDP at all
tested concentrations. The IC50 values of free CDDP
and CDDP-loaded GEL-PAA nanoparticles against
MKN-28 cells are 3.1 and 2.8 μg/mL, respectively. It is
also revealed that empty nanoparticles are nontoxic
even at the highest concentration (1 mg/mL, Figure S4
in the Supporting Information). The cytotoxicity of
drug-loaded nanoparticles against H22 cells was also
investigated by the same method as that for MKN-28
cells, which demonstrated again the similar cytotoxi-
city between CDDP-loaded nanoparticles and free
CDDP (Figure 3B). The IC50 is 2.2 μg/mL for free CDDP
and 2.5 μg/mL for nanoparticles against H22 cells. In
addition, in another cytotoxicity test, MKN-28 cells
were exposed to the same doses of free CDDP and
CDDP-NP-Jelly at 37 �C for 48 h as well (Figure 3C). It is
found that the cytotoxicity of CDDP-NP-Jelly is lower
than that of free CDDP over a range of experimental
concentrations because of the slow but sustained
release of CDDP form CDDP-NP-Jelly (IC50 values:
3.3 μg/mL for free CDDP and 9.1 μg/mL for CDDP-NP-
Jelly). Laser scanning confocal microscopy (LSCM) was
used to trace the cellular uptake of CDDP-loaded
nanoparticles that were labeled by rhodamine B iso-
thiocyanate (RBITC). After 2 h of incubation of MKN-28
cells with the nanoparticles at 37 �C, the normal

morphology of the cells was still maintained and
fluorescence was localizedmainly in the cell cytoplasm
(Figure 3D), demonstrating that the CDDP-loaded na-
noparticles can readily penetrate the cell membrane
barrier and reach the cell cytoplasm.

In Vivo Antitumor Efficacy. In this study, murine hepatic
H22 tumor-bearing ICR mice were used as the model
animals to study the in vivo antitumor effect of CDDP-
NP-Jelly. The CDDP-NP-Jelly was surgically coated on
the surface of the tumor as described in the experi-
mental section. It is noteworthy that the jelly has not
changed into a sol while still maintaining its hydrogel
state during the whole surgical process. Afterward, the
jelly gradually transforms into the viscous sol in vivo

due to the body temperature (>35 �C) (Scheme 2), as
demonstrated in Figure 2A. Moreover, it is found that
the viscous sol disappears around the tumor site in
about 8 h after the implantation, implying that the
viscous sol containing CDDP-loaded nanoparticles
(CDDP concentration of 6 mg/kg) has almost diffused
into the tumor tissue.

The in vivo antitumor efficacy of CDDP-NP-Jelly was
then examined. As a comparison, the antitumor effi-
cacies of other formulations of CDDP with different
administration manners, including CDDP-loaded na-
noparticles with i.v. administration (CDDP-NP-i.v.),

Figure 2. (A) Images of CDDP-NP-Jelly in PBS solution that undergoes a gel�sol transition at 37 �C. (B) In vitro releaseprofile of
CDDP-loadedGEL-PAAnanoparticles from the jelly in PBS at 37 �C. (C) In vitro release profiles of CDDP from the CDDP-NP-Jelly
and GEL-PAA nanoparticles in PBS at 37 oC.
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CDDP-containing jelly with surgical coating (CDDP-
Jelly), CDDP with i.v. administration (CDDP-i.v.), empty
nanoparticle-containing jelly with surgical coating (NP-
Jelly), and saline with i.v. administration, were also
examined. Thus, the animals for antitumor efficacy
examination were divided into six groups, and each
group contained six mice. The CDDP dose for examina-
tion was 6 mg/kg on a CDDP basis. The change in tumor
size of mice was trailed for 15 days. It is notable that the
administration of CDDP-NP-Jelly with subcutaneously

coating the tumor, like a “plaster” through a surgical
skin incision, is much more efficacious in tumor sup-
pression compared with the CDDP-NP-i.v. group
and other groups (Figure 4A). The tumor growth al-
most completely stops after the administration of
CDDP-NP-Jelly.

It is also found that no antitumor effect is observed
in the groups of saline and NP-Jelly, and the mean
tumor volumes at the termination of the study for the
groups are 9599 and 8849 mm3, respectively. All of the

Figure 3. (A) In vitro cytotoxicity of free CDDP and CDDP-loaded nanoparticles against MKN-28 cells at 48 h. (B) In vitro
cytotoxicity of free CDDP and CDDP-loaded nanoparticles against H22 cells at 48 h. (C) In vitro cytotoxicity of free CDDP and
CDDP-NP-Jelly against MKN-28 cells at 48 h. (D) LSCM image of MKN-28 cells incubated with CDDP-loaded nanoparticles that
were labeled by RBITC, at 37 �C for 2 h. The cell nuclei were stained by Hoechst 33258 (blue).

Scheme2. Schematic illustration of CDDP-NP-Jelly coating on the tumor, which gradually transforms into a viscous sol in vivo
due to the body temperature.
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animals in saline- and NP-Jelly-treated groups died
within 36 days (Figure 4B), and this observation agrees
well with the considerably fast growth rate of H22

tumor in ICR mice.28 The CDDP-i.v. group exhibits an
antitumor efficacy to some extent, and the tumor size
for the CDDP-i.v.-treated group is much smaller than
that of the saline- and NP-Jelly-treated groups (P <
0.01). However, only one mouse in the CDDP-i.v. group
survived 60 days. CDDP-NP-i.v. is more efficacious for
tumor inhibition than CDDP-i.v., and the difference in
tumor volumebetween these two groups is statistically
significant (P < 0.05) from day 7. Similar to CDDP-i.v.
group, five of the six mice died in the CDDP-NP-i.v.
group within 60 days, but the median survival time for
the CDDP-NP-i.v.-treated group is slightly longer than
that for the CDDP-i.v.-treated group. The antitumor
efficacy of CDDP-Jelly is similar to that of CDDP-NP-i.v.
The mean tumor size of the CDDP-Jelly group and
CDDP-NP- i.v. group at the final test point is 1836 and
1975 mm3, respectively.

Notably, the CDDP-NP-Jelly group exhibits themost
dramatic antitumor efficacy. The mean tumor volume
at the end point is 805 mm3, significantly smaller than
that of other groups. In detail, five of the six treated
mice underwent complete tumor inhibition during the
initial 15-day duration with a mean tumor size of
628 mm3, in contrast to the initial tumor volume of
447 mm3 when administered. The remaining one
mouse also efficiently suppressed tumor growth com-
pared with other groups on day 15. More importantly,
four of the six mice experienced slight tumor growth
and even a growth stoppage from day 15 to day 60.
Two of the six mice in this group died within 60 days,
one of which died on day 57. The antitumor effect of
the CDDP-NP-Jelly group is significantly superior to the
CDDP-Jelly group and the CDDP-NP-i.v. group (P < 0.01
from day 7 and day 11 respectively).

Through determining the tumor volume doubling
time and the tumor inhibition rates on the 7th and 15th
day, the pharmacodynamic variables of antitumor
response to the therapy were investigated (Table S1 in
the Supporting Information). The tumor volume dou-
bling time for the CDDP-i.v. group is 5.3 days, com-
pared with 3.6 days for the saline group. What is the
most striking is that the tumor volume doubling time is
high up to 22.5 days when treated with CDDP-NP-Jelly,
which is significantly different from that of the CDDP-
NP-i.v. and CDDP-Jelly groups (6.0 and 7.3 days, res-
pectively, both P < 0.01). Similarly, remarkably better
tumor inhibition rates are observed for the CDDP-
NP-Jelly group on the 7th and 15th day as compared
with the other groups. These results demonstrate that
the CDDP-NP-Jelly formulation possesses the highest
antitumor efficacy over other formulations, greatly
prolonging the lifetimes of tumor-bearing mice.

Drug Accumulation and Biodistribution in Tumors and
Organs. To explore the reason the CDDP-NP-Jelly for-
mulation has the highest antitumor efficacy among the
formulations we used, the pharmacokinetics and bio-
distribution of CDDP in ICR mice bearing H22 tumor
xenograft were studied after administrating CDDP-i.v.,
CDDP-NP-i.v., CDDP-Jelly, and CDDP-NP-Jelly, which
were carried out through determining platinum con-
tents in tissues and blood by ICP-MS. The results are
expressed as percentage of dose/g of wet tissue or
dose/mLofblood at each test point. As shown inFigure 5,
after i.v. administration, CDDP-loaded nanoparticles
show longer blood circulation over free CDDP, indi-
cated by 0.77( 0.20% versus 0.32( 0.04% dose/mL of
nanoparticles versus free CDDP at 12 h post-adminis-
tration (P < 0.05). Additionally, the accumulation of
CDDP resulting from the i.v. administration of nano-
particles at the tumor site is much higher than that
of free CDDP formulation, which cause a 3.3-fold and

Figure 4. Antitumor effect in H22 subcutaneous model. (A) Tumor volume of established H22 xenografts in ICR mice that
received different treatments indicated. The same CDDP dose (6mg/kg) was administered on day 1 for CDDP-i.v., CDDP-NP-i.
v., CDDP-Jelly, and CDDP-NP-Jelly groups. Data are presented as mean ( SD (n = 6). * represents P < 0.01 versus the saline
group, “a” represents P < 0.05 versus CDDP-i.v. group from the 7th day, “b” represents P < 0.01 versus CDDP-Jelly group from
the 7th day, “c” represents P < 0.01 versus CDDP-NP-i.v. group from the 11th day. (B) Survival rates of tumor-bearing mice
treated with different protocols indicated.
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3.4-fold increase in platinum level at 24 and 48 h,
respectively (P < 0.05), as well as a 3.9-fold increase at
72 h (P < 0.01). Comparing CDDP-NP-Jelly and CDDP-
NP-i.v., the platinum concentration in plasma for
CDDP-NP-Jelly reaches a maximum at 24 h but is far
lower than that of CDDP-NP-i.v. over the time period
studied. For example, the platinum concentration in
plasma for CDDP-NP-Jelly is 4.6-fold lower than that for
CDDP-NP-i.v. at 12 h post-administration (P < 0.01). On
the contrary, it is more noteworthy that CDDP accu-
mulation and retention at the tumor site resulting from
jelly administration remains significantly higher than
that of systemic administration (Figure 5B). For in-
stance, CDDP-NP-Jelly not only exhibits the maximal
accumulation at 12 h, that is, 3.8-fold more platinum
resides in the tumor tissue (12.99 ( 3.44% versus
3.40 ( 1.35% dose/g respectively, P < 0.01) but parti-
cularly shows 2.3-fold higher platinum retention at the
tumor site at the termination of the study compared
with CDDP-NP-i.v. (4.94 ( 1.63% versus 2.12 ( 0.51%
dose/g, respectively, at 72 h, P < 0.05).

Different routes of administration may significantly
change the biodistribution of a drug. An optimized
biodistribution should be defined as not only en-
hanced drug potency but also reduced side effects.29

Thereby, the CDDP distribution over time was evalu-
ated in various organs so as to obtain a deeper insight
into the in vivo behavior of the drug having varied
administration routes (Figure 6). From the data of both
i.v. administrations, the nanoparticle delivery shows a
relatively increased drug accumulation in all of the
organs in contrast to free CDDP at tested time points,
especially in the liver and spleen of the mice. For
implantation administrations, CDDP-NP-Jelly and CDDP-
Jelly groups, the peak concentrations of platinum that
accumulate in the examined tissues of the CDDP-NP-
Jelly group occur at 24 h post-administration and then
decay over time, while the peak accumulations of the
CDDP-Jelly group seem to take place at the initial time
point. Interestingly, comparing CDDP-NP-Jelly and
CDDP-NP-i.v., CDDP accumulates in major organs to a
much lesser extent through jelly implantation over i.v.
injection; for example, there is a highly significant
difference for kidney accumulation between these
two formulations at 12 h post-administration (P <
0.01). Similar differences are also observed in liver
(P < 0.05), spleen (P < 0.01), and lung accumulation
(P < 0.05) between the two methods of delivery at all
tested time points. More encouragingly, the tumors
exhibit significant accumulation of platinum over all of

Figure 5. Time profiles of platinum concentration in plasma (A) and platinum accumulation in tumor (B) after various
treatments indicated (CDDP dose, ∼6 mg/kg). * and ** represent statistical significance (P < 0.05 and P < 0.01, respectively)
between CDDP-NP-Jelly group and CDDP-NP-i.v. group. Data are presented as mean ( SD (n = 4).
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the tested tissue types for the CDDP-NP-Jelly group by
12 h (P < 0.01) post-administration, especially for liver
and spleen by 24 h (P < 0.05) and 48 h (P < 0.05) post-
administration.

Systemic Toxicity Evaluation. Changes in body weights
of tumor-bearing mice after administrations were
evaluated to define the adverse effects of distinct
therapy regimens (Figure 7A). Obviously, mouse body
weights of the saline and NP-Jelly groups are higher
than those of the other groups owing to the remark-
able increases in tumor volumes. On the contrary,
animals of the CDDP-i.v. group incur a slight body
weight loss during the initial 7 days resulting from
the severe side effects of CDDP. Although the body
weights of the CDDP-NP-i.v.-treated mice are higher
than those of the mice receiving systemic administra-
tion of CDDP, some animals in this group were in a
weak state, showing, for example, a hunched posture
and decreased activity, as all the mice in the CDDP-i.v.
group did. It is noteworthy that the body weights of
CDDP-NP-Jelly-treated mice are higher than those of
mice in the CDDP-Jelly or CDDP-NP-i.v. group, and the
mice presented an active state with respect to move-
ment, spirit, and skin luster. A significant difference in
the final body weights for the CDDP-NP-Jelly group

comparedwith the CDDP-Jelly or CDDP-NP-i.v. group is
observed (both P < 0.05), although the tumor sizes of
CDDP-NP-Jelly-treated mice are pronouncedly smaller
than those of the other two groups on day 15. In
addition, H&E stained sections of some organs with
platinum accumulation resulting from CDDP-NP-Jelly
and CDDP-NP-i.v., including liver, kidney, and spleen,
were investigated (Figure 7B). The images reveal that
both of the treatments do not cause any abnormal
damage in these organs. As a positive control, H&E
stained kidney slices from mice treated with CDDP-i.v.
suggest that this treatment results in nephrotoxicity to
some extent, including tubular ectasia and hydropic
degeneration of the epithelium (Figure S5 in the
Supporting Information).

Penetration of Nanoparticles from Jelly into Tumor. For
locoregional administration of jelly impregnated with
CDDP-loaded GEL-PAA nanoparticles, to investigate
the location of nanoparticles in the tumor and whether
they can penetrate into the tumor interior, we treated
the tumor-bearing mice with the jelly containing fluor-
escein isothiocyanate (FITC)-labeled and colloidal gold-
encapsulated GEL-PAA nanoparticles (GEL-PAA-Au hy-
brid nanoparticles). After sacrificing the mice on day 1
post-administration, tumor sectionswere thenmonitored

Figure 6. Biodistribution profiles of platinumaccumulation in different organs of H22 tumor-bearingmice at 12 h (A), 24 h (B),
48 h (C), and 72 h (D) after different treatments indicated (CDDP dose, ∼6 mg/kg). * and ** represent statistical significance
(P < 0.05 and P < 0.01, respectively) between CDDP-NP-Jelly group and CDDP-NP-i.v. group. Data are presented asmean( SD
(n = 4).
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by fluorescence microscopy in the FITC channel
(Figure 8A). We observed fluorescently labeled GEL-PAA
nanoparticles distributing at the edge of the tumor
tissue in contrast to the control, suggesting that the
nanoparticles have entered the tumor from the jelly/
tumor interface by diffusion. We next examined the
location of nanoparticles in relation to blood vessels in
the tumor. However, FITC-labeled nanoparticles are
hard to recognize clearly in the inner part of the tumor
due to the sufficient disturbance of background auto-
fluorescence of the tumor. Thus, dark-field optical
microscopy of the jelly containing GEL-PAA-Au hybrid
nanoparticles was conducted in the present work to
evaluate whether these hybrid nanoparticles could ap-
pear relative to the vasculature. As shown in Figure 8B,
some bright spots within the tumor attributed to the
gold nanoparticles encapsulated inside the GEL-PAA
nanospheres are clearly observed in the dark-field
image both with and without overlaying with tumor
vasculatures. It can be seen thatmost nanoparticles are
distributed in or near the tumor vasculature, and some
are located in the tumor interstitial space, suggesting

that some nanoparticles can penetrate into the tumor
inner portions, which are unreachable by simple diffu-
sion alone, with the help of tumor vasculatures.

Furthermore, to verify the distribution of CDDP
delivered by GEL-PAA nanoparticles in the tumor, we
examined the effect of CDDP-loaded nanoparticles
through both administration routes on H22 tumor cell
apoptosis. The corresponding tumor samples were
resected from the mice on day 2 post-administration,
and the expression of cleaved caspase-3 was studied
relative to the vasculature using immunohistochemical
staining (Figure 8C). Qualitatively, cleaved caspase-3
positive cells in the CDDP-NP-Jelly and CDDP-NP-i.v.
groups are explicitly much greater than those in saline
and NP-Jelly groups. Additionally, images from the
tumors treated with CDDP-NP-Jelly show that cleaved
caspase-3 positive cells appear in the surface layer of
the tumor, as expected. Besides, they are also localized
around blood vessels in the other parts of the tumor
slices, similar to the location in the CDDP-NP-i.v. group,
suggesting the ability of CDDP-loaded nanopartcles
from the jelly to penetrate into the interior of the tumor

Figure 7. (A) Body weight change of mice receiving different treatments during therapy (CDDP dose, ∼6 mg/kg). * and **
represent statistical significance (P < 0.05 and P < 0.01, respectively) between CDDP-NP-Jelly group and CDDP-NP-i.v. group.
Data are presented as mean( SD (n = 6). (B) H&E stained liver, spleen, and kidney slices from H22 tumor-bearingmice on the
15th day in CDDP-NP-i.v., CDDP-NP-Jelly, and saline groups. Scale bar, 100 μm.
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through blood vessels once more for the implantation
administration of CDDP-NP-Jelly.

DISCUSSION

Although each type of drug delivery system has its
advantages and unresolved problems, the common
challenges in the solid tumor treatment currently are
to increase the ratio of drug in tumor to in normal
tissue,17,30 prolong drug exposure time at tumor
sites,11,14,31 and improve the drug penetration in tumor
tissues and cells.32�34 From our in vivo examinations, it
is apparent that the peritumoral chemotherapy with
the jelly containing CDDP-loaded nanoparticles is
much more efficient in impeding tumor development
(Figure 4A) and significantly less toxic to normal tissues
than the other options we used. Compared to low drug
concentration and rapid drug clearance for the CDDP-
Jelly group, the high concentration and long retention
time of CDDP in the tumor tissues for the CDDP-NP-
Jelly group significantly demonstrate the sustained-
release effect and delayed clearance from tumor aris-
ing from GEL-PAA nanoparticles, which also partially
explains the reasonwe encapsulated the nanoparticles
into the jelly. Thus, encapsulating the drug-loaded
GEL-PAA nanoparticles into jelly becomes one of the
features of the nanoparticle-encapsulated jelly system.
Comparing the local implantation administration of

jelly containing CDDP-loaded nanoparticles with the i.v.
administration of equivalent dosing of CDDP-loaded

nanoparticles, the pharmacokinetic profiles of these
two administrations are quite different. The amount of
tumor accumulation of platinum administered as the
jelly dramatically exceeds that of other groups at all of
the tested time points, and even at the later stage of
post-administration it is still nearly 3-fold higher than
that of the CDDP-NP-i.v. group (Figure 5B), which may
explain the reason for the superior in vivo anticancer
efficacy of the CDDP-NP-Jelly group as well. It is also
noteworthy that gelatin can dissolve in water above its
melting temperature (about 35 �C) and form hydrogel
(Jelly) upon cooling below the melting temperature,
and change into a sol from the gel when the tempera-
ture rises above 35 �C.27 In our case, the jelly maintains
its hydrogel state during the whole surgical process
with jelly coating on the tumor. Afterward, the jelly
should gradually transform into a viscous sol in vivo

due to the body temperature, as we observed in the
in vitro test (Figure 2A), subsequently releasing theCDDP-
loaded nanoparticles. Since our strategy is mainly to
utilize the CDDP-loaded GEL-PAA nanoparticles for
peritumoral chemotherapy with the help of jelly, the
nanoparticles can be readily released from the jelly
after it changes into a sol is the reason we selected the
physically cross-linked gelatin hydrogel to replace the
chemically cross-linked one as the nanoparticle reser-
voir. Thus, after transition into a sol in vivo, the drug-
loaded nanoparticle-encapsulated jelly not only re-
leases the encapsulated CDDP-loaded nanoparticles

Figure 8. (A) Typical fluorescence microscopy images of tumor slices from mice treated with jelly impregnated with FITC-
labeled nanoparticles (FITC-NP-Jelly) and saline. (B) Representative dark-fieldmicroscopy image of tumor slices from themice
treated with jelly containing GEL-PAA-Au hybrid nanoparticles. Tumor vasculature was stained by Alexa 594-anti-PECAM-1.
Dark-fieldmicroscopy imagewas overlaidwith vasculature fluorescence, showing the distribution of the clusters of GEL-PAA-
Au hybrid nanoparticles (bright spots) in relation to blood vessels (red) in the interior of the tumor. The arrows indicate the
location of bright spots. (C) Representative photos of immunohistochemical costaining against cleaved caspase-3 (green) and
PECAM-1 (red) in different groups indicated. Tumors utilized in this study were taken from H22 tumor-bearing mice 1 d after
initiation of administration for (A) and (B) as well as 2 d for (C).
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but also forms a nanoparticle depot in the peritumoral
region, offering amultipoint tumor-toward diffusion of
the nanoparticles. This is the second feature of nano-
particle-encapsulated jelly system in our case.
In the present work, for i.v. administration, some

nanoparticles can be taken up by reticuloendothelial
system (RES) organs such as liver and spleen, attributed
to their colloidal nature.29,31 Moreover, since only a
small amount of the systemic blood flow is directed to
the tumor,6 only a fraction of the total drug-loaded
nanoparticles can arrive at the target through the
enhanced permeability and retention (EPR) effect.
Therefore, it is difficult to expect a high concentration
of CDDP in the tumor tissue with i.v. adminstration. On
the other hand, the implantation administration of jelly
is a site-specific delivery, which makes enough nano-
particles administered in jelly appear to substantially
enter the tumor tissue. Because far more nanoparticles
could stay in the tumor for a longer time, ascribed to
the impaired lymphatic system,35 taking into consid-
eration the sustained-release behavior of the CDDP-
loaded nanoparticles, a longer time exposure of the
tumor cells to CDDP can be carried out with the aid of
nanoparticles from jelly. In addition, the relatively low-
er platinum level in plasma by local nanoparticle
delivery, contrasted to i.v. administration (Figure 5A),
means much less toxicity to normal tissues.
The distribution profiles of platinum in nonspecific

target tissues show that nanoparticle administration in
jelly significantly lowers the drug accumulation in
normal tissues over that of nanoparticle delivery via

i.v. injection (Figure 6). The lower toxicity may explain
the relatively higher mean body weight (Figure 7A) but
markedly smaller mean tumor volume andmore active
state of CDDP-NP-Jelly-treated mice throughout the
study than those ofmice in the CDDP-NP-i.v. group. It is
well known that one of the side effects of CDDP is acute
nephrotoxicity, which may be associated with its rapid
and high accumulation in the kidney. Kataoka and
colleagues found that after i.v. administration of free
CDDP in C57BL/6Nmice bearing Lewis lung carcinoma
xenografts, almost 16% dose/g accumulation of plati-
num was observed in the kidney within 15 min.36

However, for the nanoparticle delivery via jelly implan-
tation, kidney uptake of platinum is very slow and
reaches a plateau with a relatively low magnitude at
about 24 h post-administration, which may efficiently
reduce the nephrotoxicity of drug. In particular, it is
noted that administration of CDDP-NP-Jelly results in a
several-fold decreased uptake by RES organs in con-
trast to i.v. injection of nanoparticles. Hence, our data
suggest that drug administration as nanoparticles via
jelly implantation significantly alters the biodistribu-
tion of the drug. Thus, the jelly formulation does
benefit nanoparticle delivery by remarkably elevating
drug levels as well as prolonging drug retention in the
tumor tissue and, at the same time, by greatly altering

drug biodistribution with decreasing accumulation in
nontarget organs, resulting in reduced side effects.
The results of nanoparticle penetration in tumors

via jelly formulation clearly reveal that not only do
the drug-loaded nanoparticles permeate the tumor
tissue by diffusion but also they are able to penetrate
the tumor deeply through leaky tumor vasculature
(Figure 8). A portion of nanoparticles entering the
tumor may be transported by either diffusion or con-
vection into the nearby blood vessels.37 This implies
that some particles do not pass into blood circulation,
whereas they tend to passively extravasate through
the leaky blood vessels in the tumor where the blood
flow reaches. It is well known that the tumor micro-
environment such as increased interstitial fluid pres-
sure (IFP) and extracellular matrix (ECM) hamper
drug permeation in the tumor interior.38 In our case,
although the size of the nanoparticles (about 100 nm)
does not favor nanoparticle penetration in the ECM
very efficiently,35,39 the drug-loaded nanoparticles in
the CDDP-NP-Jelly group can be distributed in the
tumor not only by diffusion but also by the help of
leaky tumor vasculature into the tumor interior, en-
abling the released drug to efficiently reach more
viable cells of the tumor over i.v. injected nanoparticles.
The drug distribution for the CDDP-NP-Jelly group is
more homogeneous in the tumor than that of the
CDDP-NP-i.v. group from the observation of tumor cell
apoptosis (Figure 8C), suggesting that the drug pene-
tration in the tumor is improved in the CDDP-NP-Jelly
group, becoming the third feature of the nanoparticle-
encapsulated jelly system. The remarkably increasing
accumulation and retention of drug in the tumor and
excellent affinity between gelatin nanoparticles and
the ECM may explain the reason for such improved
penetration.
From a clinical cancer therapy standpoint, the jelly is

able to suitably attach to the surface of residual tumors
and even any suspicious site immediately after debulk-
ing surgery, which may efficiently prevent from the
recurrence caused by metastatic dissemination of
remnant tumor tissues. Moreover, CDDP-NP-Jelly may
be very suitable for the treatment of skin tumors. En-
couragingly, it is noted that locoregional chemotherapy
on the basis of biocompatible and biodegradable poly-
meric materials has been clinically used in the treatment
of brain tumors since conventional systemic chemother-
apy for brain tumors has been greatly limited by the
blood�brain and blood�cerebrospinal fluid barriers.40

Thus, our locoregional therapy strategy based on nano-
technology may hold great promise for the treatment of
brain tumors and other tumors.

CONCLUSIONS

In this study, we incorporated CDDP-loaded GEL-
PAA nanoparticles into the gelatin hydrogel to obtain a
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nanoparticle-encapsulated jelly that can be implanted
and plastered on the tumor surface in any shape. An
in vitro cytotoxicity assay usingMKN-28 andH22 cell lines
revealed that CDDP-loaded nanoparticles could be
readily internalized by the cells and had similar cyto-
toxicity to free CDDP. In vivo antitumor efficacy exami-
nations indicated that the implantation of the nano-
particle-encapsulated jelly on tumor tissues possessed
significantly superior efficacy in impeding tumor
growth and prolonging the lifetime of mice than those
treated with i.v. injection of CDDP-loaded nanoparti-
cles due to higher concentration and retention of

CDDP in the tumor and lower CDDP uptake in non-
target organs as well as more efficient drug penetra-
tion through the tumor resulting from jelly admin-
istration. Microscopically, the nanoparticles from the
jelly could be distributed in tumor tissue not only by
diffusion but also by the help of leaky tumor vascula-
ture into the tumor interior, enabling CDDP to effi-
ciently reach more viable cells of the tumor compared
with i.v.-injected nanoparticles. Thus, it is reasonable to
say that peritumoral chemotherapy based on hydro-
gel-containing nanoparticles is very promising for
future cancer therapy.

METHODS AND EXPERIMENTS
Materials. Type-B gelatin (225 bloomstrength) with 100�

115 mmol of carboxylic acid per 100 g of protein, an isoelectric
point of 4.7�5.2, and an average molecular weight 40�50 kDa
was purchased from Sigma-Aldrich (St Louis, MO). Potassium
persulfate (K2S2O8) was recrystallized from deionized water
before use. Acrylic acid (AA) (Guanghua Chemical Company,
Shanghai, China) was distilled under reduced pressure in
nitrogen atmosphere. 2,20-(Ethylenedioxy)bis(ethylamine),
N-(3-dimethylaminopropyl)-N0-ethylcarbodiimide hydrochlor-
icde (EDC), and 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylforma-
zan (MTT) were purchased from Aldrich. Fluorescein iso-
thiocyanate (FITC) and rhodamine B isothiocyanate (RBITC)
were purchased from Shenggong Company (Shanghai, China).
Cisplatin (CDDP) was provided by Jiangsu Hengrui Pharmaceu-
tical Co. Ltd. (Lianyungang, China). All other reagents were of
analytical grade and used without further purification. Human
gastric carcinoma cell line MKN-28 and murine hepatic carci-
noma cell line H22 were purchased from Shanghai Institute of
Cell Biology (Shanghai, China). Male ICR mice (6�8 weeks old)
were purchased from Animal Center of Drum-Tower Hospital
(Nanjing, China).

Preparation of GEL-PAA Nanoparticles. Purified gelatin (0.8 g) was
dissolved in 50 mL of acrylic acid (0.2 g) aqueous solution, and
then the polymerization of AA monomer was initiated by
K2S2O8 at 80 �C. As the opalescence appeared in the reaction
mixture, which was a signal of the formation of gelatin-PAA
nanoparticles, the reaction was allowed to proceed for another
120 min at 80 �C. The resultant suspension was then filtered
with filter paper 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
and other residual molecules. After this, the cross-linking
reaction of the nanoparticles was conducted by adding
2,20-(ethylenedioxy)bis(ethylamine) as cross-linker in the pre-
sence of EDC at room temperature for 12 h. The molar ratio of
amine groups in the cross-linker to carboxylic groups of the
nanoparticles was kept at 0.5:1 (except when otherwise stated).
The cross-linked product was again dialyzed against distilled
water for 24 h.

For themeasurement of themolecular weight of PAAduring
the polymerization, GEL-PAA nanoparticles synthesized with
different reaction time from 30 to 150 min were separated from
the solution by centrifugation at 15 000 rpm for 30 min. Then
the sediments were dissolved by an aliquot of 0.2 M Na2CO3/
NaHCO3 buffer. The resultant solutions were subject to molec-
ular weightmeasurement by a gel permeation chromatography
system (GPC) equipped with a static light-scattering detector
(Dawn Heleos, Wyatt Technology Corporation) so that the
absolute molecular weight of the PAA could be obtained.

Preparation of CDDP-Loaded GEL-PAA Nanoparticles. CDDP was dis-
solved in a gelatin-PAA nanoparticle suspension (4.22 mg/mL)
at 1 mg/mL, which was allowed to proceed at 37 �C for 2 days.

Then this suspension was treated with the method developed
by Kataoka's group to remove free drug.26 The Pt content in the
particles was measured by ion coupled plasma-mass spectro-
metry (ICP-MS, Perkin-Elmer Corporation, USA).

Preparation of CDDP-Loaded Nanoparticle-Encapsulated Jelly. Gela-
tin powder was dissolved in distilled water at 45 �C for 1 h to
prepare a gelatin solution with 40 wt % concentration. Then the
gelatin solution was mixed with a CDDP-loaded GEL-PAA
nanoparticle suspension or free CDDP solution to make a
viscous mixture with a CDDP concentration of 1 mg/mL. The
desired amount of the resulting solution was cast into plastic
wells of a 24-well cell culture plate, and the hydrogel (jelly) was
subsequently fabricated and stored at 4 �C until use. The CDDP-
loaded nanoparticle loading content was expressed by the ratio
of the weight of CDDP-loaded nanoparticles in CDDP-NP-Jelly
to that of the CDDP-NP-Jelly. To study the in vitro physical state,
stability, and aqueous solubility of the CDDP-NP-Jelly at 37 �C,
the CDDP-NP-Jelly was placed into 1� PBS solution and stored
at 37 �C.

In Vitro Nanoparticle Release from the Jelly. The prepared CDDP-
NP-Jelly (made of 1mLmixture) was placed into 1mL of 1� PBS
solution and kept in an incubator at 37 �C. At designated time
intervals, the supernatant PBS solution was washed and cen-
trifuged with distilled water three times to remove the free
gelatin molecules (35 000 rpm, 15 min). Then the weights of
released nanoparticles at different time points were deter-
mined. The nanoparticle released percentage (NRP) was calcu-
lated as NRP = weight of released nanoparticles/weight of
nanoparticles in jelly before release � 100%.

In Vitro CDDP Release from the Jelly. The release profiles of CDDP
from CDDP-NP-Jelly and GEL-PAA nanoparticles in 1� PBS at
37 �Cwas evaluated by the dialysis method.28 Briefly, CDDP-NP-
Jelly made of a 1 mLmixture was put into a dialysis bag (MWCO
12000). Then the bagwas immersed into 15mL of 1� PBS buffer
and kept in an incubator at 37 �C. At designated time intervals,
the PBS buffer was withdrawn for ICP-MS analysis, and equiva-
lent fresh PBS buffer was added. A release study of CDDP form
GEL-PAA nanoparticles was performed under the same
conditions.

In Vitro Cytotoxicity Analysis. Human gastric carcinoma cell line
MKN-28 and murine hepatic carcinoma cell line H22 were
cultured in the standard medium. Both cell types were seeded
in 96-well plates with a density around 5000 cells/well. MKN-28
cells were allowed to adhere for 24 h prior to the assay. Then
both cell types were co-incubated with a series of doses of free
CDDP, empty nanoparticles, and CDDP-loaded nanoparticles at
37 �C for 48 h. Moreover, after the CDDP-loaded nanoparticle-
encapsulated jelly had changed into a viscous sol at 37 �C, a
series of doses of the samples were also added to the MKN-28
cells, which were then incubated at 37 �C for 48 h. Cell viability
after different treatments was examined by the MTT assay as
previously described.28

In Vivo Anticancer Efficacy. All animal studies were performed in
compliance with guidelines set by the Animal Care Committee
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at Drum-Tower Hospital. Male ICR mice implanted with murine
hepatoma cell line H22 were used to investigate the antitumor
effect of CDDP-loaded nanoparticles (i.v.) and CDDP-loaded
nanoparticle-encapsulated jelly (implantation) as well as CDDP-
loaded jelly (implantation). A 0.1 mL amount of cell suspension
containing (5�6) � 106 H22 cells was injected into the left
axillary space of the ICR mice with an average body weight of
25 g. Various treatments were started when the tumor volume
reached amean size of about 500mm3. This daywas designated
as “day 1”.

For jelly implantations, the mice were anesthetized with
intraperitoneal injection of trichloroacetaldehyde hydrate solu-
tion (2.5% in saline, 0.2 mL per mouse) prior to surgery. After
disinfecting, an about 1 cm skin incision was made beside the
tumor mass. At this site, a subcutaneous pocket was created
along the tumor mass, and the jelly was subsequently inserted
and coated on the tumor. Then the skin wound was
sutured with surgical sutures. On day 1, mice were randomly
divided into six groups. Each group contains six mice. Jellies
with CDDP, CDDP-loaded nanoparticles, and empty nanoparti-
cles, respectively, were implanted into the mice. Another two
groups of mice were treated i.v. with free CDDP and CDDP-
loaded nanoparticles, respectively. Saline was used in control
experiments. The same CDDP dose (6 mg/kg) was administered
for CDDP-i.v., CDDP-NP-i.v., CDDP-Jelly, and CDDP-NP-Jelly
groups. Tumors were measured by a caliper every other day,
and the volume (V) was calculated as V =W2� L/2, whereW and
L are width and length of the tumor, respectively. Animals were
also weighed every other day, and the survival rates were
monitored throughout the study.

Biodistribution Examination in Vivo. ICRmice bearing H22 tumors
were randomly assigned to four groups (n = 16 mice per group)
and treated with CDDP-i.v., CDDP-NP-i.v., CDDP-Jelly, and
CDDP-NP-Jelly, respectively, at a dose of 6 mg/kg on a CDDP
basis. In each group, the animals were sacrificed at 12, 24, 48,
and 72 h after administration (n = 4 at each time point).
Subsequently, the tumor, liver, spleen, kidney, lung, and heart
were excised, and blood was collected, heparinized, and cen-
trifuged to obtain the plasma. The Pt concentration measure-
ment in these organs and plasma was based on a method
reported by Kataoka's group.41 The samples were decomposed
on heating in nitric acid. After being evaporated to dryness, they
were dissolved in 2 N hydrochloric acid solution. Then the Pt
concentration in the solutionwasmeasured by ICP-MS. The data
were normalized to the tissue weight.

Histology Observation. The tissues including liver, spleen, and
kidney from the mice that received CDDP-NP-i.v., CDDP-NP-
Jelly, and saline were selected for histology observation on the
15th day after treatment (n = 3 mice per group). The organs
were dissected and fixed in 10% neutral buffered formalin.
Thereafter, the tissues were processed routinely into paraffin,
sectioned at a thickness of 4 μm, and stained with hematoxylin
and eosin (H&E). The slices obtained were examined by optical
microscopy.

Labeling of CDDP-Loaded GEL-PAA Nanoparticles. The experimental
details for the preparation of FITC/RBITC-labeled nanoparticles
and colloidal gold-encapsulated GEL-PAA nanoparticles (GEL-
PAA-Au) hybrid nanoparticles can be found in the Supporting
Information.

Penetration in Tumor Tissue: Imaging and Staining of Tumor Slices.
The tumor slice was taken as a cross-section through the center
of the whole tumor mass and monitored by fluorescence
microscopy or dark-field optical microscopy, as well as stained
with standard fluorescent PECAM-1 and Cleaved Caspase-3
staining procedures (see details in the Supporting Information).

Statistical Analysis. Quantitative data were expressed as
mean ( SD. Statistical comparisons were made by ANOVA
analysis and Student's t-test. A P value < 0.05 was considered
statistically significant.
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