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Abstract

The objective of this study was to evaluate Camptothecin (CAMP)-loaded poly(N-isopropylacrylamide) (NIPAAm)/chitosan nano-
particles as a pH-sensitive carrier for specifically targeting tumors. The synthesis and properties of the system was studied by adjusting
the mass ratio of NIPAAm and chitosan. The drug release characteristics of nanoparticles in vitro were investigated. The results showed
that when the charge ratio between NIPAAm and chitosan of 4:1 (w/w) was achieved, the drug-loaded nanoparticles were most sensitive
to tumor pH. Encapsulation efficiencies and loading were 73.7% and 8.4%, respectively. The cumulative release rate of CAMP was opti-
mal at pH 6.8 and decreased rapidly either below pH 6.5 or above pH 6.9 in 37 �C. Based on MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium) test and fluorescence microscopy results, CAMP-loaded nanoparticles showed cytotoxicity at pH 6.8 but minimal
cytotoxicity at pH 7.4. The pH-sensitive poly NIPAAm/chitosan nanoparticles provided some distinct advantages in delivering anti-can-
cer drugs to targeted tissues.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

It is well known that most chemotherapy drugs are
taken up non-specifically by all types of cells resulting in
serious side effects. Therefore, an ideal carrier for delivering
drugs for cancer treatment should be able to transport the
drug specifically to the tumor region before it is released.
One of the consistent differences between various solid
tumors and the surrounding normal tissue is their chemical
and metabolic environment (Conner, Yatvin, & Huang,
1984; Stubbs, McSheehy, Griffiths, & Bashford, 2000; Tan-
nock & Rotin, 1989). Most solid tumors have lower extra-
cellular pH (<7.2) than the surrounding tissues and blood
(pH 7.5) (Langerman et al., 1990; Stubbs et al., 2000). In
addition, the temperature around tumor cells is about
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0.5 �C higher than the surrounding normal tissue because
of intratumoral prosperity metabolism (Yahara et al.,
2003). Based on these differences, an ideal drug delivery
system would possess the ability to switch from no-release
in normal healthy tissue to a fast-release at the tumor site.

In recent years, stimuli-sensitive polymers have been
proposed as new anti-cancer drug carriers because such
polymeric nanoparticles can alter their physical properties
in response to the changes in external stimuli such as pH
(Kang & Bae, 2001), temperature (Katayama & Ohata,
1984), light (Suzuki & Tanaka, 1990), and metabolites
(Cartier, Horbett, & Ratner, 1995). Among them, pH-sen-
sitive polymers have attracted rapidly growing interest in
both the biomedical and biotechnological fields (Benre-
bouh, Avoce, & Zhu, 2001; Chiu, Wu, & Lin, 2001; Kath-
mann, White, & McCormick, 1997; Ogawa, Ogawa, Wang,
& Kokufuta, 2001; Sakata, Todokoro, Kai, Kunitake, &
Hirayama, 2001; Yuk, Cho, & Lee, 1997).
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There have been recent reports of the possibility of
developing thermo-sensitive and pH-sensitive polymeric
nanoparticles for targeting drug delivery to tumors, i.e.,
passive accumulation/aggregation as well as the enhanced
release of drugs by an externally provided hyperthermic
condition (Cammas et al., 1997; Chung, Yokoyama, &
Okano, 2000; Kong, Braun, & Dewhirst, 2001), and pH-
sensitive polymers as drug carriers by a definite phase-tran-
sition pH (Du, Dai, Liu, & Dankovich, 2006; Shu, Zhu, &
Song, 2001).

Temperature sensitive polymeric micelles composed of a
hydrophobic core and a temperature sensitive shell and
micelle aggregation as well as an enhanced release rate of
the loaded drug was reported by Okano et al. (Chung
et al., 1999, 2000; Yokoyama & Okano, 1996). A synergis-
tic effect was expected between chemotherapy and hyper-
thermic treatment of tumor cells at 42 �C. However, this
approach was difficult to administer because of the need
for an external supply of heat. It was also difficult to induce
a hyperthermic condition in tumors unless they were
located near the surface of the body.

The pH-induced transitions in polymer conformation,
solubility and swelling mostly occur in the range of pH
4–6 for polymers with a weak acidic group and above pH
8 for those with a weak base group because of their intrin-
sic dissociation constants (pK). Some attempts to adjust the
transition pH to neutral have been tried through the copo-
lymerization of weak acidic or basic monomers (Feil, Bae,
Feijen, & Kim, 1992; Philippova, Hourdet, Audebert, &
Khokhlov, 1997). However, systems responsive to small
fluctuations in pH at physiological condition are seldom
observed. There is still a need for medical research to
develop nanocarriers that are truly responsive to tumor
pH for direct tumor targeting.

Poly(N-isopropylacrylamide) (PNIPAAm) is a well-
known member of the thermo-responsive polymer family.
Based upon its conformational changes, various PNIPAM
hydrogels had been studied as controlled optical switches,
limiters and modulators (Wang, Fang, & Hu, 2001). Even
more, N-isopropylacrylamide (NIPAAm) was studied
widely in its thermo responsive characteristic with potential
use in drug targeting (Lin, Chiu, & Lee, 2005a). Recently,
thermo- and pH-sensitive hydrogels were prepared by graft
copolymerization or interpenetrated networks of chitosan
(CS) and NIPAAm to enhance loading capacity and con-
trolled release properties (Alvarez-Lorenzo et al., 2005;
Cai, Zhang, Sun, He, & Zhu, 2005; Lin, Chiu, & Lee,
2005b).

In this paper, we present novel super pH-sensitive nano-
particles based on graft copolymerization of NIPAAm and
chitosan as a delivery system for an anti-tumor drug,
CAMP. CAMP is an alkaloid that shows strong cytotoxic
activity against various cancer cell lines. It has been effec-
tive in the treatment of colorectal cancer and ovarian can-
cer (Chris, John, & Susan, 1998; Subrahmanyam et al.,
1998). CAMP treatment has been limited due to side effects
(Moertel, Schutt, Reitemeier, & Hahn, 1972; Muggia, Cre-
aven, Hansen, Cohen, & Sealwry, 1972). However, side
effects from CAMP can be minimized by delivering the
drug only to the tumor tissue. The purpose of the present
study was to develop a pH-sensitive drug delivery system
which releases CAMP into tumor tissue with little or no
release in normal tissue.

2. Experimental

2.1. Materials

NIPAAm (Sigma–Aldrich) was purified by repeated
recrystallization in a mixture of toluene and hexane (1:5
v/v), giving spindle-like crystals. Chitosan (medium, Mw:
approximate 75,000, degree of deacetylation: 74%), the
cross-linker N,N-methylene-bisacrylamide (MBA), initia-
tor tert-butyl hydroperoxide (TBHP, 70% solution in
water) and ammonium persulfate (APS), the accelerator
N,N,N 0,N 0-tetramethyl-ethylenediamine (TEMED), surfac-
tants sodium dodecylsulfate (SDS), dodecyl-trimethylam-
monium bromide (DTAB), and CAMP with purity
exceeding 99% were all purchased from Aldrich Chemical
Co. Freshly deionized and distilled water was used as the
dispersion medium.

2.2. Methods

2.2.1. Preparation of poly NIPAAm/chitosan and

PNIPAAm nanoparticles

To obtain poly NIPAAm/chitosan nanoparticles, for a
total solution of 50 mL, chitosan (0.25 g) was first
dissolved in a 5% acetic acid solution. A mixture of puri-
fied NIPAAm monomer (1.0 g) and MBA (0.01 g) was
charged to the chitosan solution and mixed in a water-
jacketed flask equipped with a thermometer, a condenser,
a magnetic stirrer, and a nitrogen inlet under nitrogen for
30 min at 70 �C. Dilute TBHP solution (0.8 mL,
1.0 · 10�2 M) was added dropwise to the mixture, and
the solution was stirred at 70 �C for 3 h under nitrogen.
The dispersion of nanoparticles was carefully purified by
repeated centrifugation at 13,000 rpm for 30 min and
decantation until the conductivity of the supernatant
was close to that of the water used. The dispersion was
further purified by placing it into a dialysis tube with a
100,000 Da molecular weight cut-off (Spectria/Por�CE)
and dialyzed against 1 L of water for one week at room
temperature with daily changing of water. The nanoparti-
cles were then lyophilized and stored at 4 �C before fur-
ther study.

PNIPAAm nanoparticles were synthesized by free-radi-
cal emulsion polymerization of NIPAAm in aqueous solu-
tions. APS (0.05 M) and TEMED (0.32 M) were used as
the redox initiator system. The amount of MBA in the
monomer mixture was 0.5 wt% (m/m). The NIPAAm
(1 g), APS (1.0 mL) and MBA (5 mg) were dissolved in dis-
tilled water (4 mL) under stirring and the solution was
purged with nitrogen gas for 30 min.
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After the addition of TEMED (0.5 mL), the solution
was stirred in a thermostated water bath at 30 �C, and
the polymerization was conducted for 24 h. Upon comple-
tion of the reaction, the solution was further purified by
placing it into a dialysis tube with a 100,000 Da molecular
weight cut-off (Spectria/Por�CE) and dialyzed in large
excess of water to wash out any unreacted monomers
and the initiator. The nanoparticles were then lyophilized
and stored at 4 �C. To remove the homopolymer of NIP-
AAm, the products were followed by soxhlet extraction
with methanol for 48 h. The resulting products were dried
under atmosphere for 24 h and then in vacuo at 30 �C for
24 h.

The percentage of grafting (%) was calculated by the dif-
ference of weights before and after grafting reaction
according to the following formula:

Percentage of grafting ð%Þ ¼ W f � W c

W c

� 100;

where Wf, and Wc denote the weight of final product
(chitosan-g-NIPAAm), and initial chitosan charged,
respectively.

2.2.2. Fourier transform infrared and 1H-NMR spectroscopy

measurements

Fourier transform infrared (FTIR, Thermo Nicolet
Avetar 370, USA) and 1H-nuclear magnetic resonance
(1H-NMR, Bruker AMX-500) measurements were used
to investigate the chemical structure of chitosan-g-
NIPAAm.

2.2.3. Preparation of CAMP-loaded poly NIPAAm/chitosan

and PNIPAAm

2.2.3.1. Nanoparticles. The procedure of CAMP loaded
poly NIPAAm/chitosan and PNIPAAm nanoparticles
was similar to that of blank nanoparticles with initially
adding 200 mg CAMP into the solution. The nanoparticles
were collected by centrifugation and washed four times
with distilled water. The nanoparticles were then lyophi-
lized and stored at 4 �C.

2.2.4. Transmission electron microscopy (TEM)

examinations

A drop of the resultant nanoparticles solution contain-
ing 0.01 (w/v)% phosphotungstic acid was placed on a cop-
per grid coated with carbon film, and air-dried at 20 �C.
The TEM observations were carried out on a JEM-2010
microscope (Japan) with an electron kinetic energy of
300 keV.

2.2.5. Measurement of size and stability of nanoparticles

Size of all blank and drug loaded samples were mea-
sured by photon correlation spectroscopy using Zetasizer
3000 HAS (Malvern Instruments, UK). All the samples
were diluted with aqueous phase of the formulation to
get optimum kilo counts per second (kcps) of 50–200 for
measurements. The collected nanoparticles were sealed
and deposited in a 4 �C refrigerator or at room temperature
in a desiccator for three months, respectively. The appear-
ance, morphology and drug content of nanoparticles were
tested.
2.2.6. Determination of encapsulation efficiencies and

loading

An exactly weighed amount of drug-loaded nanoparti-
cles suspension (200 mg) was hydrolyzed in 1 M HCl at
60 �C water bath for 1 h up to the solution become clarifi-
cation and membrane filtration. The mixture containing
the drug was determined using high-performance liquid
chromatography (HPLC) system. The HPLC assay (Agi-
lent 1100 series) for CAMP was performed on a reverse
phase Techsphere ODS column (25 cm · 4.6 mm ID,
5 lm). The mobile phase was set as acetonitrile:water, 4:6
and separation was carried out at a flow rate of 1.0 mL/
min. The compounds were detected using a UV detector
at kmax of 254 nm. The standard curve for the quantifica-
tion for CAMP was linear over the range of standard con-
centration between 50 and 100,000 ng/mL with a
correlation coefficient of R2 = 0.999. Loading efficiency
and encapsulation efficiency were calculated as following:

Encapsulation efficiency ð%Þ

¼Weight of drug found loaded

Weight of drug input
� 100;

Loading efficiency ð%Þ

¼ Weight of drug found loaded

Weight of drug� loaded nanoparticles
� 100:
2.2.7. pH and temperature-sensitive characteristics

In vitro pH-sensitive drug release profiles were obtained
by a dynamic dialysis method. The release experiments
were conducted at 37 �C. Typically, 0.2 g of CAMP-loaded
nanoparticles were placed into a dialysis bag, respectively,
and introduced to 100 mL of phosphate-buffered solution
(PBS, pH 5.0–8.0), respectively, with magnetically stirring
at 200 rpm. At hourly intervals, 3 mL of samples were
removed from the release medium and the same volume
and temperature of PBS was added to the release medium.
Then the samples were assayed for drug content according
to the standard curve. Results of triplicate tests data were
used to calculate accumulated drug release.

In vitro temperature sensitive drug release profiles were
obtained the same dynamic dialysis method above which
was conducted at pH 6.8 phosphate-buffered solution at
temperature range from 25 to 40 �C, respectively.
2.2.8. In vitro cytotoxicity measurement of blank

nanoparticles and pH-sensitive cytotoxicity measurement of

drug loaded nanoparticles

2.2.8.1. Cell culture. Human colon carcinoma cells SW480
and human fibroblast were cultured in a RPMI 1640 med-
ium with 2 mM L-glutamine, 5% penicillin–streptomycin,
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and 10% fetal bovine serum in a humidified incubator at
37 �C and with a 5% CO2 atmosphere.

In vitro cytotoxicity of blank and drug loaded nanopar-
ticles were measured using human fibroblast and human
colon carcinoma cells SW480. The cells were plated at a
density of 2 · 103 cells/well in 96-well tissue culture dishes
cultured for 24 h and then exposed to blank nanoparticles
for another 12 h. After nanoparticles exposure at various
concentrations, the cells were washed three times with
RPMI 1640 medium, and 200 lL of RPMI 1640 medium
without serum were then added. Cytotoxicity was assessed
using MTT to measure the viability of the cells. Fifty
microliters of MTT solution (5 mg/mL) was added to each
well. The plates were incubated for an additional 4 h and
then the medium was discarded. One hundred fifty micro-
Fig. 1. (A) FTIR spectra of poly NIPAAm/chitosan nanoparticles in the co
nanoparticles (c) in the comparison of PNIPAAm (a), chitosan (b).
liters of DMSO were added to each well, and the solution
was vigorously mixed to dissolve the reacted dye. The
absorbance of each well was read on a microplate reader
(FL600, Bio-Tek, USA) at a test wavelength of 490 nm
and a reference wavelength of 570 nm. In vitro pH-sensi-
tive cytotoxicity measurement of drug loaded nanoparticles
was the same with initially plating the cells at a density of
2 · 103 cells/well in 96-well tissue culture dishes for 24 h
and then exposing them to free CAMP and CAMP-loaded
nanoparticles for 48 h at pH 7.4 and 6.8, respectively.

2.2.9. RBITC-labeling of nanoparticles and fluorescence

microscopic study

The procedure of preparing RBITC-labeling nanoparti-
cles was similar to that of blank poly NIPAAm/chitosan
mparison of chitosan. (B) 1H-NMR spectra of poly NIPAAm/chitosan
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nanoparticles with initially adding 50 mg of Rhodamine B
isothiocyanate (RBITC) into the solution. The nanoparti-
cles were collected by centrifugation and washed four times
with distilled water. The dry nanoparticles were obtained
by lyophilization and stored at 4 �C.

The analysis of interaction and internalization of
RBITC-labeled nanoparticles were carried out on the cells
grown on a 6-well plate. The RBITC-labeled nanoparticle-
treated cells were washed three times with PBS at pH 6.8
and 7.4. The cells were then fixed with 95% ethanol for
30 min at room temperature. A cover slip was mounted
on a glass microscope slide with a drop of glycerol as
mounting medium. All specimens for the detection of
RBITC were examined by a fluorescence microscope
(Nikon H660L, Japan); the excitation and emission wave-
lengths were 540 and 580 nm, respectively.
Fig. 3. Cumulative release rate of CAMP in various pH phosphate buffer
at 36.5 ± 0.5 �C in 112 h.
3. Results and discussion

3.1. Characterizations of chitosan-g-NIPAAm

The poly NIPAAm/chitosan nanoparticles were pre-
pared by the graft copolymerization of NIPAAm from
chitosan in 70 �C aqueous media. TBHP first interacted
with the amino groups on the polymer backbone to form
amino and tBuO radicals. These radicals initiated the graft
copolymerization of NIPAAm simultaneously with MBA
as a cross-linker. The amphiphilic chitosan-g-PNIPAAm
generated acted like surfactants, self-assembling to form
nanoparticles with PNIPAAm as core and chitosan as
shell. Percent of grafting is 711%. The PNIPAAm nanopar-
ticles were prepared by the self-polymerization of NIP-
AAm monomer initiated by redox initiator. The chemical
composition of both synthesized nanoparticles was con-
firmed by FTIR and 1H NMR measurements. Incorpora-
tion of NIPAAm was confirmed by the formation of an
extra peak at some wavelength. As shown in Fig. 1A, the
typical carbonyl and amino group bands in amide at
1643 and 1548 cm�1, respectively, were observed in the
spectrum of synthesized nanoparticles. The strong evidence
Fig. 2. TEM micrographs of PNIPAAm/chitosan nanoparticles (A); PNIPAAm
CAMP-loaded PNIPAAm nanoparticles (D).
to confirm that NIPAAm was successfully incorporated
into nanoparticles was that the characteristic bands of
NIPAAm around 1540–1640 cm�1 appeared in the synthe-
sized nanoparticles while it disappeared in chitosan.

1H NMR spectroscopy measurements were carried out
to identify the graft polymerization of NIPAAm onto
chitosan. The spectrum of PNIPAAm (Fig. 1B-a) exhibited
peaks (–CH–CH2) at 100–2.00 ppm, a peak (–NH–CH<) at
3.79 ppm and a strong methyl group peak at 1.10 ppm. The
peaks of vinyl protons (around 5.60–6.20 ppm) disap-
peared by the polymerization of NIPAAm. The spectrum
of chitosan (Fig. 1B-b) exhibited typical peaks, including
the proton on the anomeric carbon (at 4.65 ppm), the
methyl protons from partially acetylated chitosan (at
1.99 ppm) and the proton on the carbon bearing amino
(partially acetamido) groups (at 3.07 ppm). The spectrum
of chitosan-g-NIPAAm copolymer in Fig. 1B-c is similar
to that of PNIPAAm except a weak peak at 1.99 ppm
and a proton peak at 3.07 ppm from the carbon bearing
nanoparticles (B); CAMP-loaded PNIPAAm/chitosan nanoparticles (C);
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the amine (partially acetamido) groups of chitosan. It is
estimated that the high content of PNIPAAm moiety was
introduced to the chitosan backbone during the prepara-
tion of the water-soluble chitosan copolymer.
3.2. Drug loading level (LC%) and encapsulation efficiency

(EE%) of CAMP-loaded PNIPAAm/chitosan nanoparticles

In this study, CAMP was successfully loaded into PNI-
PAM/chitosan nanoparticles by physically incorporating
in the hydrophobic domains of the nanoparticles. The
Fig. 4. Cumulative release rate of CAMP under various temperature in
pH 6.5 phosphate buffer.

Fig. 5. Cumulative release rate of CAMP in physiological pH/temperature (pH
The particle distribution in pH 7.2 (A) and in pH 6.8 (B).
CAMP drug loading efficiency and encapsulation efficiency
was 8.4% and 73.7%, respectively.
3.3. Morphology of the blank and drug-loaded nanoparticles

The morphology of the nanoparticles is an important
consideration when evaluating the possibility of their use
as carriers for targeted drug delivery. The blank nanopar-
ticles (Fig. 2A and B) and drug-loaded nanoparticles
(Fig. 2C and D) showed a spherical geometry and a uni-
form appearance by transmission electron microscope
(TEM). The mean diameters of nanoparticles collected at
50–150 nm with favorable dispersibility.
3.4. In vitro release studies

Fig. 3 showed CAMP release profile in 112 h from
CAMP-loaded poly NIPAAm/chitosan nanoparticles at
various pHs (5.0, 6.0, 6.5, 6.9, 7.5, 8.0) at 36.5 ± 0.5 �C.
Although the CAMP cumulative release rates from pH
5.0 to pH 6.0 were 22.32–30.03%, showing slight pH depen-
dency, the cumulative release rates from pH 6.5 to pH 6.9
were 57.30–86.71%, showing drastically increased com-
pared to that pH 5.0–6.0. As pH increased from 6.9 to
8.0, the cumulative release rate decreases from 86.71% to
54.16%, showing characteristic of reversible pH-response.

However, the release profile from drug loaded PNI-
PAAm nanoparticles did not show that pH-sensitive char-
acteristic (data not shown).

In temperature-sensitive aspect, the tendencies of the
drug release profiles in both poly NIPAAm/chitosan and
PNIPAAm nanoparticles were similar. Fig. 4 showed
7.5, 36.8 �C) and in tumor extracellular pH/temperature (pH 6.8, 37.5 �C).
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cumulative release rate of CAMP under various tempera-
ture in pH 6.5 phosphate buffer in poly NIPAAm/chitosan
nanoparticles. As the temperature increases from 25 to
40 �C, the cumulative release rate increases from 32.47%
to 57.30%. Since the reaction was heated above the LCST
of PNIPAAm, the PNIPAAm became hydrophobic during
the polymerization. Above the LCST of PNIPAAm, the
characteristic of hydrophobic increases with the increase
of temperature. The cumulative release rate of CAMP in
pH 6.5 increased from 25 to 40 �C because the hydrophobic
degree of PNIPAAm increases along with the temperature
increasing.

Fig. 5 showed the cumulative release rate differs from
physiological conditions and tumor extracellular condi-
tions in poly NIPAAm/chitosan nanoparticles. The cumu-
lative release rate of CAMP was lower as 50.60% at
physiological conditions while was much higher as
Fig. 6. Cytotoxicity of blank nanoparticles, chitosan and NIPAAm against
function of polymer/monomer concentration.
91.17% at tumor extracellular conditions. The expansion
of chitosan shell and the minification of PNIPAAm core
caused by the weak acidity and high temperature at tumor
extracellular conditions, promote the release of CAMP all
the more. However, the drug loaded PNIPAAm nanopar-
ticles did not exhibit such characteristic (data not shown).

The mechanism research is under way. The process by
phases indicated that in pH 7.2 the mean diameter of nano-
particles is smaller than 100 nm while in pH 6.8 it is nearly
480 nm (Fig. 5A and B). The swell of the nanoparticles is
conspicuous in such small pH fluctuation. This result
may provide evidence for the super pH sensitivity of
CAMP release profile. It could be supposed that the intrin-
sic factor of POD release appears the characteristic of
super pH sensitivity. At lower pH (about pH 6.8) and
higher temperature (about 37.5 �C), the PNIPAAm core
shrunk due to its hydrophobic interaction along with the
human colon carcinoma cells SW480 (A) and human fibroblast (B) as a
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swell of the shell. This duplicate effect induced the enor-
mous enhancement of drug release. Our further study
results will hammer our point home with more evidences.
3.5. Stability of nanoparticles

The nanoparticles were stable with good fluidity when
sealed and stored under common conditions, such as in a
refrigerator or at room temperature for three months.
Appearance of PNIPAMm/chitosan and PNIPAAm nano-
particles hardly occur any change.
Fig. 8. Time-dependent cytotoxicity of drug-loaded nanoparticles com-
pared to that of free CAMP against SW480 cells at pH 7.4 and pH 6.8
with a concentration of nanoparticles at 5.0 · 102 ng/mL.
3.6. In vitro cytotoxicity measurement of blank nanoparticles

MTT tests for blank nanoparticles showed that an
increase in monomer/polymer concentration from 0.025
to 5 mg/mL was not harmful for the cell survival in human
colon carcinoma cells SW480 and human fibroblast while
compared with chitosan and NIPAAm (Fig. 6A and B).
It was clear that a positive correlation found between cell
cytotoxicity (MTT) and the concentration of NIPAAm
Fig. 7. Cytotoxicity of drug loaded nanoparticles compared with free CAMP a
pH 7.4 (B).
monomers. Moreover, an obvious reduction in cell survival
as the concentration increased above 1 mg/mL. For exam-
gainst SW480 cells as a function of drug concentration at pH 6.8 (A) and



Fig. 9. The effect of pH on the interaction between nanoparticles and
cells.
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ple, the viability was only 58.5% in human fibroblast and
59.1% in human colon carcinoma cells SW480 at a concen-
tration level of 5 mg/mL. However, conspicuous cytotoxic-
ity of nanoparticles and chitosan was not found in the
MTT test, and no remarkable cytotoxicity to the cells
was observed after incubation. This result indicated that
the biocompatibility of the nanoparticles was satisfactory.
3.7. pH-responsive cytotoxicity of drug loaded nanoparticles

The in vitro cytotoxicity to SW480 cells at pH 6.8 or 7.4
are compared with free CAMP as a control in Fig. 7A and
Fig. 10. Luminescence images of SW480 cells treated with RBITC-labeled na
37 �C for 5 h.
B, respectively. At pH 7.4, there was no noticeable cytotox-
icity of drug-loaded nanoparticles at the drug concentra-
tion range from 2.4 · 10�2 to 2.4 · 102 lg/mL (Fig. 7B).
However, at pH 6.8, drug-loaded nanoparticles showed sig-
nificantly enhanced cytotoxicity (Fig. 7A).

The time course of drug loaded nanoparticles cytotoxicity
at pH 6.8 and pH 7.4 was comparable with that of free
CAMP (Fig. 8). The cytotoxicity of drug loaded nanoparti-
cles in pH 6.8 and free CAMP during the time of 2.5–15 h
sharply increased over time while drug loaded nanoparticles
in pH 7.4 hardly presented cytotoxicity. This pronounced
cytotoxicity of drug-loaded nanoparticles at pH 6.8 may
attributed in part to the enhanced release rate of CAMP from
the nanoparticles, and the total amount of released CAMP
for 24 h was about 75% at pH 6.8 and about 35% at pH
7.4. The blank nanoparticles had hardly cytotoxicity, indi-
cating that drug-free nanoparticles did not influence the via-
bility of SW480 cells. Therefore, considering that the free
drug added at the beginning to the cell culture, the enhanced
cytotoxicity of drug-loaded nanoparticles does not rely
entirely on the drug release rate, suggesting other factors
for the observed cytotoxicity. Chung et al. reported that
(Chung et al., 1999, 2000) the active interaction between
polymeric micelles and the cells induced by hydrophobic
PNIPAAm chains collapsed above LCST could provide high
drug uptake by the cells through a more effective route. So
the enhanced cytotoxicity of drug-loaded nanoparticles
might due to two factors, super pH-sensitive drug release
behavior and high drug uptake by the cells.

3.8. Observation of interaction between RBITC-labeled

nanoparticle and SW480 cells

For a more detailed observation of the behavior of
the nanoparticles with the cells, nanoparticles were
labeled with RBITC as a fluorescence probe and the inter-
action with cells was monitored by fluorescence intensity
noparticles at pH 6.8 (a), and 7.4 (b). The SW480 cells were incubated at
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measurement and fluorescence microscope. The blank
RBITC-labeled nanoparticles were added to the SW480
cells culture medium. After each incubation pH or time,
cells were washed with RPMI 1640 medium to remove
unbound nanoparticles, and a microplate fluorescence
reader determined fluorescence intensity on the cells. The
effect of pH on the interaction between nanoparticles and
cells was presented in Fig. 9.

Fluorescence microscopic study of SW480 cells was
employed to visualize this interaction. At pH 7.4, SW480
cells hardly exhibited luminescence when incubated with
RBITC-labeled nanoparticles while at pH 6.8, the lumines-
cence images exhibited strong fluorescence (Fig. 10).

In a word, the results support that at pH 6.8, nanopar-
ticles are being associated with the cells and internalized
together with the entrapped drug in the cytoplasm, proba-
bly via endocytic mechanism. The improved interaction,
intracellular localization and unidentified interactions of
the nanoparticles at tumor pH, in addition to the acceler-
ated release, led to the cytotoxicity comparable to that of
the free drug.

4. Conclusions

Research efforts have been devoted to demonstrate
in vitro that the pH-sensitive characteristic of poly NIP-
AAm/chitosan nanoparticles can be applied for targeting
tumor cells. In that case, the CAMP loaded nanoparticles
showed a drastically enhanced cytotoxicity compared to that
at normal pH. Thereby, the atoxic poly NIPAAm/chitosan
nanoparticles with an accelerated drug release at pH 6.8
compared to that of pH 7.4 has the potentiality as a novel
anticarcinogen carrier. In summary, the super pH-sensitive
nanoparticles show certain potential for drug delivery in spe-
cific sites such as tumor where local sites acidity and temper-
ature has been developed. Advanced researches are ongoing
to provide more evidences to confirm the fantastic possibility
and feasibility for the novel super pH-sensitive drug carrier
to target solid tumors punctually.
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