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Efficient  target  delivery  system  for insoluble  anticancer  drugs  to  increase  the  intracellular  drug  con-
centration  has  become  a  focus  in cancer  therapy.  Herein,  glycol  chitosan-carboxymethyl  �-cyclodextrins
(G-chitosan-CM-dextrins)  was  synthesized  for  delivering  different  hydrophobic  anticancer  drugs.  Surface
plasmon  resonance  and  UV–vis  spectroscopy  results  showed  that  all  the  three  anticancer  drugs  (5-
fluorouracil,  doxorubicin,  and  vinblastine)  could  be  successfully  loaded  into  the  cavities of  the  covalently
linked  CM-dextrins.  Moreover,  the free  carboxymethyl  groups  could  enhance  the  binding  interactions
nticancer drug delivery
lycol chitosan-carboxymethyl
-cyclodextrins
oading ability
elease way
ree carboxymethyl groups

between  the  covalently  linked  CM-dextrins  and  anticancer  drugs.  Release  behaviors  with  pH  changes  of
the three  drugs  were  also  explored,  result  showed  different  drugs  would  be released  by  different  ways,  as
for doxorubicin,  pH  sensitive  release  has  been  realized.  The  obtained  G-chitosan-CM-dextrins  carrier  has
both  mucoadhesive  property  of  G-chitosan  and hydrophobic  cavities  of �-cyclodextrins.  Therefore,  the
new  synthesized  G-chitosan-CM-dextrins  carrier  exhibits  a promising  potential  capability  for  anticancer
drug delivery  in tumor  therapy.

© 2012 Elsevier Ltd. All rights reserved.
. Introduction

Currently, most chemotherapeutic drugs for treating cancer
atients are poorly soluble in aqueous media (Yang et al., 2011).

n this situation, a great challenge is faced for effective clinical
pplication of these hydrophobic agents. For example, the insuf-
cient drug doses at the lesion site after administration of these
gents will cause very low bioavailability (Wei  et al., 2010). To
ddress the challenge, many attempts have been made to deliver
ydrophobic anticancer agents to the targeting sites as much as
ossible. At present, the most popular approach to improve the
ioavailability of insoluble anticancer drugs is to deliver via car-
iers, such as self-assembling peptide for ellipticine (Fung et al.,
009), magnetic iron oxide nanotubes for paclitaxel (Yue et al.,
011), and polymeric carrier for doxorubicin (Chen et al., 2011).
hitosan can interact with mucins and open the tight junctions
etween epithelial cells, which are beneficial to drug transport.
he chitosan-based delivery systems have shown great potential

o deliver nucleic acids, therapeutic proteins, vaccination and so
n (Amidi, Mastrobattista, Jiskoot, & Hennink, 2010; Han, Shin, &
a, 2012; Mao  et al., 2001; Subbiah et al., 2012; Van der Lubben,

∗ Corresponding author. Tel.: +86 10 88256980; fax: +86 10 88256092.
E-mail address: yaox@ucas.ac.cn (X. Yao).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.12.016
Verhoef, Borchard, & Junginger, 2001; Zambito, Pedreschi, & Di
Colo, 2012). Besides the evident advantages of chitosan, one impor-
tant disadvantage as drug carrier is its hydrophilicity, which means
its poor loading capacity for hydrophobic therapeutic agents (Wu,
Zeng, Zhu, & Tong, 2005). Then, researchers have done a lot of
work to improve the loading ability of chitosan for hydrophobic
drugs (Hua et al., 2011; Zhou et al., 2010). Among them, chitosan
modified by cyclodextrins has attracted great attention (Krauland
& Alonso, 2007; Kumar, Muzzarelli, Muzzarelli, Sashiwa, & Domb,
2004; Muzzarelli, 2010; Prabaharan & Mano, 2005; Trapani et al.,
2010).

Cyclodextrins have special hydrophobic cavities, which can
be used as pharmaceutical excipients to improve the solubil-
ity, stability and bioavailability of hydrophobic and biomolecular
drugs (Uekama, Hirayama, & Irie, 1998). There were many reports
about cyclodextrins combined with chitosan to form new drug
carriers. For instance, Prabaharan and Mano synthesized hydrox-
ypropyl chitosan-carboxymethyl �-cyclodextrins microparticles
and studied their inclusion capability for ketoprofen. Compared
with chitosan microparticles, the carrier had stronger inclusion
ability, which was  caused by the special hydrophobic cavity struc-

ture of �-cyclodextrins (Prabaharan & Mano, 2005). Krauland and
Alonso (2007) utilized chitosan/carboxymethyl �-cyclodextrins
nanoparticles for delivery of insulin and heparin and the nanopar-
ticles exhibited a great capacity for loading the two  selected

dx.doi.org/10.1016/j.carbpol.2012.12.016
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:yaox@ucas.ac.cn
dx.doi.org/10.1016/j.carbpol.2012.12.016
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acromolecular drugs. Trapani and co-workers also reported
hitosan/sulfobutyl ether �-cyclodextrins nanoparticles for oral
dministration of small peptide glutathione. The results indicated
hat the nanoparticles could improve the loading of glutathione
nd promote its transport through the simulated intestinal media
ithout enzymes (Trapani et al., 2010). In a word, chitosan-�-

yclodextrins derivatives are attractive carriers since they possess
oth the mucoadhesive property of chitosan and the hydrophobic
avities of �-cyclodextrins. The anticancer drug carriers with satis-
actory loading and release ability are highly desirable on the way
o applying insoluble anticancer drugs for the clinic.

In this study, we subtly designed and synthesized gly-
ol chitosan-carboxymethyl �-cyclodextrins (G-chitosan-CM-
extrins) by a covalently linked reaction between amino of
-chitosan and carboxylic acid group of CM-dextrins. Using
ur home-built SPR instrument, a simple, rapid and sensitive
PR system was established to evaluate the delivery ability of
-chitosan-CM-dextrin for three different anticancer drugs: 5-
uorouracil (5-Fu), doxorubicin (DXR), and vinblastine (VBL). Their
hemical structures are shown in Fig. S1. In addition, the enhance-
ent affect of other free carboxylic acid group on the carrier’s

oading ability of was further investigated by UV–vis spectroscopy.
he release behaviors with pH changes of the three drugs were also
xplored.

. Materials and methods

.1. Materials and reagents

Glycol chitosan (G-chitosan, degree of polymerization
400), N-hydroxysulfosuccinimide sodium salt (sulfo-NHS),
-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
EDC), and porcine gastric mucin (PGM, Type III) were pur-
hased from Sigma–Aldrich (USA). �-Cyclodextrin (�-CD) was
btained from Beijing Solarbio Science & Technology Co., Ltd.
Beijing, China). 1-Octanethiol (1-OT) was acquired from Acros
rganics (Belgium). 5-Fluorouracil (5-Fu), DXR, and VBL were
urchased from the National Institute for Food and Drug Con-
rol (NIFDC, Beijing, China). PGM was prepared with 10 mM
ris–HCl solution containing 0.15 M NaCl (pH 3.0). G-chitosan
as dissolved in 10 mM phosphate buffer solution (PBS, pH 7.0).

ris(hydroxymethyl)aminomethane(Tris), hydrochloric acid (HCl)
nd all other reagents were purchased as analytical grade from
eijing Chemical Reagents Co. (Beijing, China). Millipore Milli Q
18 M� cm)  water was used in all experiments.

CM-dextrins were synthesized as described in literature with
ome modifications (Furusaki, Ueno, Sakairi, Nishi, & Tokura, 1996).
he obtained CM-dextrins were easily soluble in water and were
haracterized by TGA, MALDI-TOF MS,  and HPLC/ESI-MS. Subse-
uently, the prepared CM-dextrins reacted with G-chitosan by
dding sulfo-NHS/EDC cross-linking reagents according to the pro-
edures described in literature with little modification (Prabaharan

 Mano, 2005). The resulting solution was dialyzed against 10 mM
BS (pH 7.0) for 24 h using dialysis bags with a 3500 MW cutoff. The
nal solution concentration was about 510 �g/mL, and the obtained
-chitosan-CM-dextrins were identified by TGA and UV–vis spec-

roscopy.

.2. Instruments and measurements

Matrix-assisted laser desorption/ionization time-of-flight mass

pectrometry (MALDI-TOF MS,  Autoflex III), high performance liq-
id chromatography (Agilent Technologies, Agilent 1100) coupled
ith electrospray ionization mass spectrometry (Thermo Finnigan,

CQ DECA XP) (HPLC/ESI-MS) were used to analyze the content
mers 93 (2013) 679– 685

of the synthesized samples. The thermogravimetric analysis (TGA,
Shimadzu DTG-60H) was  recorded from room temperature to
500 ◦C with a heating rate of 10 ◦C/min. UV–vis spectrophotometer
(Shimadzu, UV-2550) was  used to measure the samples’ absorp-
tion.

The home-built FI-SPR instrument, equipped with a bi-cell
detector for high-resolution measurements, has been described
elsewhere (Luan, Zhou, Tan, Yang, & Yao, 2011). Briefly, the SPR
setup recorded reflected light falling onto the two cells (A and
B) of the bi-photodetector, then both the differential (A − B) and
the sum (A + B) signals were recorded by a PCI-1731 interface card
(Advantech, Taiwan) controlled by a Lab-view program. The ratio
of the differential to sum signals, which is linearly proportional
to the SPR angular shift, was obtained numerically by dividing
(A − B) with (A + B). In order to convert the ratio of (A − B)/(A + B)
to the SPR dip shift, an instrumental calibration experiment was
performed by gradually adding predetermined amounts of ethanol
to water and monitoring the corresponding SPR reflectivity changes
(Kolomenskii, Gershon, & Schuessler, 1997). Herein, 5-Fu, DXR, and
VBL were dissolved in 10 mM PBS (pH 6.0), respectively. In each
experiment, the sample solution was introduced into the 10 mM
PBS (pH 6.0) carrier solution via a 50 �L sample loop on a six-port
rotary valve, and then was  delivered into the sample cell at a con-
stant flow rate of 1.0 mL/h by a syringe pump (KD Scientific Inc,
KDS100).

2.3. Preparation of SPR sensor surface

BK7 glass cover slides (Fisher Scientific, Tustin, CA) were heated
in a piranha solution (30% H2O2 and 70% concentrated H2SO4)
at 80 ◦C for 30 min. (Note: This is strongly oxidizing solution and
should be handed with extreme caution.) After cooling, the slides
were thoroughly rinsed with water and stored in water. Before
preparation of gold substrate, the slide was dried under a N2 stream.
The gold substrate was obtained by evaporating 50-nm-thick Au
film on the slide which had been previously coated with a 2-nm Cr
thin film using a sputtering coater (Kert J. Lester Inc., Model 108).

For each experiment, a self-assembled monolayer was affixed
to the pretreated Au film through an overnight immersion at 4 ◦C
in 1 mM 1-OT ethanol solution. This step was  followed by rins-
ing with copious amounts of ethanol and water, and then dried by
nitrogen. Afterward, 20 �L 100 �g/mL PGM was  dropped onto the
modified film and allowed to react for 1 h. The film was  then washed
with 10 mM Tris–HCl (pH 3.0) and water, later dried by nitro-
gen, 20 �L 100 �g/mL G-chitosan or G-chitosan-CM-dextrin was
dropped onto the film and incubated for 30 min. Finally, the inter-
face (G-chitosan or G-chitosan-CM-dextrin/PGM/1-OT/Au) thus
formed was rinsed thoroughly with 10 mM PBS (pH 7.0) and water,
dried with N2, and then installed in flow cell for SPR experiment.

3. Results and discussion

3.1. Characterization of CM-dextrins and G-chitosan-CM-dextrin

The components of CM-dextrins were measured by MALDI-TOF
MS  (Fig. S2). According to the mass to charge ratios (m/z), there are
seven components: from �-CD-CH2COOH to �-CD-(CH2COOH)7.
HPLC/ESI-MS was  used to obtain the relative contents of these
CM-dextrins components (Fig. S3). It can be seen that there are
five main peaks (Fig. S3A), and the relative contents from �-CD-

(CH2COOH)3 to �-CD-(CH2COOH)7 were calculated from Fig. S3B,
they are 2.468%, 16.481%, 33.513%, 28.902%, and 18.266%, respec-
tively. Among them, �-CD-(CH2COOH)4 to �-CD-(CH2COOH)7
are the main components. Except one carboxylic acid group of
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agents, and the introduction of CM-dextrins just makes up this
limitation. That is to say, G-chitosan-CM-dextrins have the ability
for loading the three anticancer drugs.
ig. 1. TGA curves of (a) G-chitosan, (b) CM-dextrins, and (c) G-chitosan-CM-
extrins.

M-dextrins reacting with the amino of G-chitosan, other car-
oxylic acid groups are free around the cavity of CM-dextrin.

TGA was used to prove the synthesis of G-chitosan-CM-dextrins.
he results of G-chitosan, CM-dextrins, and G-chitosan-CM-
extrins were shown in Fig. 1. As can be seen, the initial
ecomposition temperature of G-chitosan-CM-dextrin is higher
han that of G-chitosan but lower than that of CM-dextrins, sug-
esting CM-dextrins have been covalently linked onto G-chitosan.
hen the temperature exceeds 320 ◦C, the decomposition temper-

ture of G-chitosan-CM-dextrin is higher than both of G-chitosan
nd CM-dextrins, indicating better thermal stability of the cova-
ently linked polymer than that of the two matrixes at high
emperature (Sharma & Mishra, 2010).

Further, the degree of substitution (Q) of CM-dextrins cova-
ently linked onto G-chitosan was obtained by colorimetric method
Dubois, Gilles, Hamilton, Rebers, & Smith, 1956) (Fig. S4). And the
alculated Q is about 223.05 �mol/g. That is to say, there is about
ne CM-dextrins covalently linked on average fifteen monosaccha-
ide units of G-chitosan.

.2. The principle of the SPR experiment

In order to evaluate the targeted delivery ability of G-chitosan-
M-dextrin for hydrophobic anticancer drugs, a label-free and
imple SPR sensor was designed. Fig. 2 depicts the principle of
his work: Firstly, a monolayer of 1-OT was immobilized on the
u film by self-assembly. As we know, mucins are aberrantly over
xpressed in various malignant tumors, and play unique roles in the
athogenesis of cancer (Bafna, Kaur, & Batra, 2010). G-chitosan has
ucoadhesive property, which can interact with mucins, thereby

eading to the targeted delivery for anticancer drugs to some extent.
ere, PGM was chosen to be used as the model mucin and was
ffixed to the 1-OT modified Au film by hydrophobic interaction,
ecause PGM (pI ≈ 3) exposed its hydrophobic segments in pH 3.0
nvironment (Chayed & Winnik, 2007). Subsequently, some neg-
tively charged hydrophilic chains of PGM existed on the surface
t pH 7.0, so the positively charged G-chitosan-CM-dextrin could
mmobilize onto the PGM modified film by electrostatic interaction,

eaning its targeting delivery to some extent. Finally, when anti-
ancer drugs were introduced into the flow cell, they will interact
ith the covalently linked CM-dextrins, resulting in the refractive

ndex change. The refractive index change would cause the SPR dip
hift, which can be recorded in real time.
.3. Loading ability of G-chitosan-CM-dextrins

Fig. 3 shows the SPR dip shift curves acquired by respectively
njecting the three anticancer drugs to the modified films. As
Fig. 2. Schematic illustration of the principle of SPR detection. For clarity, all of the
molecules were not drawn to scale. The Au film is depicted as a rectangle.

can be seen from curve a to curve c, when anticancer drugs
were introduced into the flow cells housing G-chitosan-CM-
dextrins/PGM/1-OT/Au substrates, SPR signal changes of 0.0012◦

(curve a, DXR), 0.0022◦ (curve b, 5-Fu), and 0.0043◦ (curve c, VBL)
could be observed. It is obvious that the SPR signal is different
for the three drugs, for example, though the concentration of
DXR is the highest, the SPR signal is the lowest. The different SPR
signals may  be due to the different sizes and structures of the three
drugs, which result in the different binding forces and binding
amount, and then the refractive index changes are different. There
is just part of DXR enters into the cavity of CM-dextrins (Oda,
Yanagisawa, Maruyama, Hattori, & Yamanoi, 2008), which may
be causing the small refractive index change on the surface of Au
film. The signals keep stable when the samples flow out of the
flow cells, suggesting the binding interactions between the carrier
and these anticancer drugs are stable and strong. Moreover, as
shown in Fig. 3, there is no SPR signal change (curves d, e, and
f) during injecting three drugs to the G-chitosan/PGM/1-OT/Au
films. The results could be attributed to the hydrophilic property
of G-chitosan, so it is not able to load hydrophobic therapeutic
Fig. 3. SPR responses of injecting (a) 10 nM DXR, (b) 0.1 nM 5-Fu, and (c) 0.1 nM
VBL  for G-chitosan-CM-dextrins/PGM/1-OT/Au films; (d) 10 nM DXR, (e) 0.1 nM 5-
Fu,  and (f) 0.1 nM VBL for G-chitosan/PGM/1-OT/Au films. PBS (pH 6.0) was used
as  the carrier solution. Each curve was repeated for at least three times. The arrow
indicated the time when the injections were performed.
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On the other hand, the SPR signal changes result from the drugs’
njection are also proved the successful design of the SPR detection
rinciple. That was to say PGM adsorbed onto the 1-OT/Au film
y hydrophobic interaction. Then, G-chitosan-CM dextrin was  also

mmobilized by the electrostatic interaction between NH3
+ of G-

hitosan and either COO–or SO3
2–on the carbohydrate side chains

f PGM. This result demonstrates the mucoadhesive property of G-
hitosan-CM dextrin, which means G-chitosan-CM-dextrins could
eliver the anticancer drugs to the target-site by recognizing
ucins and increase their residence time at the absorbing location

Chayed & Winnik, 2007). Then the immobilized G-chitosan-CM
extrins could recognize the anticancer drugs and resulted in the
PR signal changes.

Taken together, it is proved that the binding interactions
etween the synthesized G-chitosan-CM-dextrins and anticancer
rugs could be evaluated by SPR in real time and in situ, and as com-
ared with the conventional methods such as the phase-solubility
tudy and the continuous variation method (Kobayashi et al., 2011),
PR has advantages on the small amounts usage of the carrier and
rugs and the short time for measurements. The results further
emonstrate that the loading ability of G-chitosan-CM-dextrin is
rom the solubilizing ability of the covalently linked CM-dextrins
nd G-chitosan-CM-dextrins could be used to load different anti-
ancer drugs.

In order to further clarify the formation of inclusion complexes,
he drug/G-chitosan-CM-dextrins complexes were characterized
y UV–vis spectroscopy. As shown in Fig. 4, at the beginning,
he absorbance of each anticancer drug increased upon addition
f G-chitosan-CM-dextrins, which indicates the covalently linked
M-dextrins have formed inclusion complexes with each drug
Stancanelli et al., 2008). Besides, as for 5-Fu (Fig. 4A), when the

olar ratio between 5-Fu and CM-dextrin was 2:1, the absorbance
pproached the maximum. Added G-chitosan-CM-dextrins contin-
ally, the absorbance decreased, which indicates that the inclusion
omplex is most stable at the ratio of 2:1 for 5-Fu/CM-dextrin, thus
:1 is the matching molar ratio. Similarly, as for DXR (Fig. 4B) and
BL (Fig. 4C), the matching molar ratio is both 1:1. Then as can be
een that the inclusion ratios for the three drugs are different, indi-
ating further that the different binding way and amount for the
hree drugs. The reason for those results may  be also due to the
ifferent structures and sizes of the three drugs and is consistent
ith the SPR results.

The above results further proved that CM-dextrins could
olubilize hydrophobic anticancer drugs and form stable drug/CM-
extrins complexes. Therefore, based on the combined results
f SPR and UV–vis experiments, it can be summarized that G-
hitosan-CM-dextrins can encapsulate hydrophobic anticancer
rugs into the cavities of covalently linked CM-dextrins, thereby
ossessing very good loading ability for anticancer drugs.

.4. The effect of free carboxymethyl groups

As point out above, �-CD-(CH2COOH)4 to �-CD-(CH2COOH)7
re the main components for CM-dextrin, that is to say, with one
arboxylic acid group of CM-dextrin reacting with the amino of G-
hitosan, other carboxylic acid groups are free around the cavity
f CM-dextrin. Then, in order to know the roles of these free car-
oxymethyl groups, the interaction between drugs and CM-dextrin
nd �-CD were studied by UV–vis. As shown in Fig. 5A, 5-Fu has

 maximum absorption peak at 265 nm (curve a). After adding
M-dextrin and �-CD, the absorbance increased, which further
emonstrates their binding ability. The absorbance of 5-Fu/CM-

extrin complex is higher than that of 5-Fu/�-CD, indicating that
he binding interactions between CM-dextrin and 5-Fu are stronger
han that of �-CD and 5-Fu. This is because except hydropho-
ic interaction, there is strong electrostatic interaction between
mers 93 (2013) 679– 685

CM-dextrin and 5-Fu, which is attributed that 5-Fu is positive
charge (pKa1 ≈ 8.0, pKa2 ≈ 13.0) and the free carboxymethyl groups
(pKa ≈ 4.7) (Badruddoza, Tay, Tan, Hidajat, & Uddin, 2011) around
the cavity of �-CD are negative charge at pH 6.0. However, there
is only hydrophobic interaction between �-CD and 5-Fu. And the
results of the other two drugs are similar to that of 5-Fu, where the
binding interactions between CM-dextrin and drugs are stronger
than that of �-CD and drugs. For DXR (pKa ≈ 8.2) is also positive
charged in the solution of pH 5.0, so there is also electrostatic
interaction between CM-dextrin and DXR. Though the pKa of VBL
(pKa1 ≈ 5.0, pKa2 ≈ 7.4) is some lower than that of 5-Fu and DXR,
there is likely positive charged part in the molecular, so the elec-
trostatic interaction can also play the role. Therefore, the existence
of free carboxymethyl groups around the cavity of �-CD is benefi-
cial for the binding interactions between CM-dextrins and drugs,
thereby improving the loading ability of the carrier for anticancer
drugs.

From the results, the binding process between the anticancer
drugs and G-chitosan-CM-dextrins could be explained that the
three drugs are positively charged and most carboxylic acid groups
dissociate into carboxylates in pH 6.0 solutions, so there are strong
electrostatic interaction between the drugs and CM-dextrin, which
could attract more drugs near to the cavities of the covalently linked
CM-dextrins. Then the drugs enter more easily into the CM-dextrin
cavities by the hydrophobic interaction between them. There-
fore, both the electrostatic and hydrophobic interactions between
CM-dextrins and the drugs could enhance the loading ability of
G-chitosan-CM-dextrins carrier, and result in the formation of the
stable drugs/CM-dextrins inclusion complexes.

3.5. The release behaviors of anticancer drugs from
G-chitosan-CM-dextrins carrier

The drug release investigation is of great importance in apply-
ing carriers to the practical drug delivery (Gu, Su, Li, He, & Shi,
2011). Since the above results have demonstrated the loading
ability of G-chitosan-CM-dextrins carrier to anticancer drugs, the
release ability of anticancer drugs from the carrier was  also evalu-
ated by SPR. As is known, the tumor extracellular environment is
more acidic than the blood and normal tissues, and the intracel-
lular pH values, such as endosome and lysosome, are even lower
at about pH 5.0. If the carrier could release anticancer drugs in
response to the acidic pH condition of tumor cells, it will pro-
mote drug accumulation at the tumor site and facilitate the cell
drug release, thereby greatly enhancing the drug delivery efficiency
(Ganta, Devalapally, Shahiwala, & Amiji, 2008). Thus, the drug
release experiment of G-chitosan-CM-dextrins was performed in
pH 5.0 environment.

To clearly observe the release process, the drug was firstly
loaded by G-chitosan-CM-dextrins, then PBS (pH 5.0) was injected.
Both the load and the release processes were recorded by SPR in
real time. The three different types of drug release profiles can be
clearly seen from their SPR signal changes as shown in Fig. 6. For
5-Fu, as displayed in Fig. 6A, there is an abrupt increase of SPR sig-
nal when PBS (pH 5.0) was  injected, which is due to the solution
refractive index change. Subsequently, SPR signal decreased slowly,
and at last the signal did not return to the second baseline with a
net SPR signal increase of 0.0013◦ (curve b). That is to say, instead
of leading to the release of 5-Fu from the cavities of covalently
linked CM-dextrins, the injection of PBS (pH 5.0) makes the inter-
actions between 5-Fu and CM-dextrins become stronger, which is
due to that there are more positive charges on 5-Fu molecule at

pH 5.0 in comparison with that at pH 6.0, the conformational and
electronic changes of the two 5-Fu molecules might tend to form
well-matched interactions in the cavity of CM-dextrin, and the con-
formational and electronic changes would result in the increase
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Fig. 4. UV–vis absorption spectra of (A) 5-Fu, the molar ratios between 5-Fu and CM-dextrin are (a) 1:0, (b) 2.5:1, (c) 1:1.25, (d) 1:1, and (e) 2:1; (B) DXR, the molar ratios
between DXR and CM-dextrins are (a) 1:0, (b) 2:1, (c) 1:2, (d) 1:1.5, and (e) 1:1; (C) VBL, the molar ratios between VBL and CM-dextrins are (a) 1:0, (b) 2:1, (c) 1.5:1, (d) 1:1.5,
and  (e) 1:1. All experiments were carried out in PBS (pH 6.0).
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ig. 5. UV–vis absorption spectra of (A): (a) 5-Fu, (b) 5-Fu/�-CD 2:1, and (c) 5-Fu/C
b)  DXR/�-CD 1:1, and (c) DXR/CM-dextrin 1:1. All experiments were carried out in

f SPR signal (Boussaad, Pean, & Tao, 2000). As for VBL (Fig. 6B),
t is noted that there is also an abrupt SPR signal increase after
he injection of PBS (pH 5.0), but then the signal slowly returns to
he second baseline (curve b). These phenomena demonstrate that
BS (pH 5.0) also does not work on the release of VBL. This result
an be attributed to the high binding force between VBL and CM-
extrins, so the SPR signal changes after injecting PBS (pH 5.0) is

ust due to the solution refractive index change from pH 6.0 to pH
.0. Since both 5-Fu and VBL could not be released from the cavi-
ies of covalently linked CM-dextrins via regulating pH value, their
elease could be achieved through the slow biodegradation of the

-chitosan-CM-dextrins carrier.

However, the release profiles are totally different for DXR. As
an be observed from Fig. 6C, after PBS (pH 5.0) was  injected, there

ig. 6. SPR responses of G-chitosan-CM-dextrins/PGM/1-OT/Au films by consecutive inje
BS  (pH 5.0). The inset of C: SPR responses of G-chitosan-CM-dextrins/PGM/1-OT/Au film
arrier  solution. Each curve was repeated at least three times. The arrows indicated the ti
xtrin 2:1; (B): (a) VBL, (b) VBL/�-CD 1:1, and (c) VBL/CM-dextrin 1:1; (C): (a) DXR,
pH 6.0).

is an abrupt increase of SPR signal, then a slow decrease, and at last
the signal almost returns to the original baseline (curve a). The SPR
signal increase is caused by the solution refractive index change
from pH 6.0 to pH 5.0 (Yao et al., 2006), and the signal decrease
is due to the release of DXR from the cavities of covalently linked
CM-dextrins into the carrier solution. As mentioned above, except
one carboxylic acid group reacts with the amino of G-chitosan,
there are several free carboxylic acid groups around the cavity of
�-CD. In pH 6.0 solutions, most free carboxylic acid groups dissoci-
ate into carboxylates while DXR are positive charge, thus, there are
strong electrostatic interactions between DXR  and CM-dextrins,

which are favorable for the loading of the carrier as analyzed above.
However, pH 5.0 is close to the pKa of carboxylic acid groups, so
carboxylic acid groups are the main existence form. That is to say,

cting (a) different drugs (A): 0.1 nM 5-Fu, (B): 0.1 nM VBL, (C): 1 �M DXR, and (b)
s on injecting (a′) 1 �M DXR and (b′) PBS (pH 7.0). PBS (pH 6.0) was used as the

me when the injections were performed.
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here is little electrostatic interaction between CM-dextrins and
XR, resulting in the release of DXR. Further, the drug release was
lso investigated at pH 7.0 (inset in Fig. 6C). After a drastic dip shift
rises due to the solution refractive index change, the SPR signal
aintains the level of loading DXR (curve b′), indicating that there

s no DXR release at pH 7.0. Based on the above results, it can be
ummarized that the G-chitosan-CM dextrin carrier could release
XR in response to the acidic (pH 5.0) environment, not to neutral

pH 7.0) environment. Then, the newly synthesized pH-sensitive
arrier could release DXR in tumor cells but not in the normal cells,
hich make the carrier appropriate for selective anticancer drug
elivery. It can prevent the premature release during the transport-

ng process in the physiological environment, thereby ensuring a
ufficient drug release to effectively kill tumor cells (Chen et al.,
011).

On the basis of the combined results, it is concluded that the
ynthesized G-chitosan-CM-dextrins could load several anticancer
rugs, but the release way of the anticancer drugs is different
ecause of the different structures and properties of these drugs.
or 5-Fu and VBL, it is possible that the binding interactions with
M-dextrins are strong, so they could not be released in response
o pH changes. Maybe their release could be achieved through
he slow biodegradation of the G-chitosan-CM-dextrins carrier. As
or DXR, the electrostatic and hydrophobic interactions are appro-
riate, thus the carrier possesses pH-controlled release ability.

t is worth mentioning that the pH-sensitive carrier is attractive
or delivering anticancer drug, and has promising potential for
pplication in tumor therapy. Moreover, the existence of free car-
oxymethyl groups around the cavity of �-CD makes the carrier
ave better loading ability for anticancer drugs. It can be specu-

ate that if the amount of carboxymethyl groups around the cavity
f �-CD can be adjusted, the interaction between the drugs and G-
hitosan-CM-dextrin can also be regulated. Then there may  be more
nticancer drugs which can be released by pH controlled using the
ew obtained drug carrier.

. Conclusions

This work has evaluated the capability of the newly synthe-
ized G-chitosan-CM-dextrins as a carrier vehicle for hydrophobic
nticancer drugs using UV–vis spectroscopy and a straightforward
nd efficient SPR sensor. Experiment results showed that all the
hree hydrophobic anticancer agents (5-Fu, DXR, and VBL) could be
uccessfully loaded into the cavities of the covalently linked CM-
extrins. The free carboxymethyl groups could enhance the binding

nteractions between the covalently linked CM-dextrins and anti-
ancer drugs. Due to the different properties of the anticancer
rugs, the G-chitosan-CM dextrin carrier could release them via dif-
erent ways, for DXR, the carrier could release them in weak acidic

edium (pH 5.0) but not at pH 7.0, which is benefit for the anti-
ancer drug delivery. The obtained G-chitosan-CM-dextrins carrier
as both mucoadhesive property of G-chitosan and hydrophobic
avities of �-CDs, thus it is able to targeting deliver three differ-
nt hydrophobic anticancer agents. Moreover, the existence of free
arboxymethyl groups around the cavity of �-CD makes the car-
ier more possibilities to regulate the load and release for different
nticancer drugs. Therefore, the G-chitosan-CM dextrin carrier has
reat potential for cancer therapy.

upplementary information
Chemical structure of three drugs, MALDI-TOF MS  spectra of
M-dextrins, total ion current chromatogram and the selected ion
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