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Improved pH-responsive amphiphilic carboxymethyl-
hexanoyl chitosan–poly(acrylic acid) macromolecules
for biomedical applications†

Meng-Hsuan Hsiao, Kuan-Hui Lin and Dean-Mo Liu*

In this communication, we report a new type of amphiphilic carboxymethyl-hexanoyl chitosan (CHC)–

poly(acrylic acid) (PAA) hybrid macromolecule, which was successfully prepared through polymerization

of acrylic acid (AA) in the presence of amphiphilic CHC. The chemical structure of the hybrid was

characterized by FT-IR and 1H NMR, which confirmed a chemical linkage between the amine groups of

CHC and hydroxyl groups of AA. This CHC–PAA hybrid exhibited amphiphilic property as the original

CHC rendering the self-assembling capability to be tunable in terms of AA concentration. Compared

with the existing pristine chitosan–PAA co-polymers, this CHC–PAA hybrid exhibited a relatively high pH-

responsive volumetric change by 10–100 times compared with the existing alternatives reported in the

literature. The hybrid nanoparticles showed excellent encapsulation efficiency greater than 90% for a

hydrophobic anti-cancer substance, (S)-(+)-camptothecin. A pH-responsive drug release behavior was

systematically evaluated. Besides, this hybrid also revealed excellent cytocompatibility towards the MCF-

7 and BCE cell lines, which, associated with its structural stability, suggests this new type of CHC–PAA

hybrid to be a promising biomaterial for oral drug delivery application.
1 Introduction

Polymer micelles or nanoparticles have been widely investigated
as drug carriers for anticancer therapy,1–3 they have been
frequently utilized due to their benecial properties such as
specic functionality, stabilized nanostructures, high drug
loading capacity, biodegradability and low toxicity. Therefore, to
meet the requirement of targeting tumor tissues, stimuli
responsive nanocarriers emerged as novel controlled drug release
systems operated by appropriate stimuli, such as temperature,
light, mechanical forces, pH and enzymes. A pH-sensitive poly-
meric nanocarrier would be more useful for targeting tumor
tissues because these sites are more acidic than other normal
tissues, such as endosomes (pH 5–6) and lysosomes (pH 4–5).4–7 A
vast number of natural and synthetic polymers have been used to
prepare nanocarriers for cancer therapy.8–27 Among them, chito-
san (CS) is particularly attractive owing to its biological activity,
low toxicity, biocompatibility and biodegradability. Self-aggre-
gated nanoparticles or micelles based on amphiphilic chitosan
derivatives, such as glycol chitosan carrying 5b-cholanic acid,14

glycidol-chitosan-deoxycholic acid,15 hydrotropic oligomer-
conjugated glycol chitosan16 and 6-mercaptopurine-
neering, National Chiao Tung University,
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carboxymethyl chitosan,17 have been extensively reported for
applications in, for instance, delivering conventional drugs,15

peptides,14 and DNA18 for cancer therapy. One important advan-
tage of those pH-sensitive polymer nanocarriers is that they can
be designed responsive to acidic endosomal pH, which can
accelerate drug release in acidic endosomes and even release
drugs into the cytosol. This will surely be more critical for those
anti-cancer drugs suffering from multidrug resistant (MDR)
capability of specic tumor cells, due to increased efflux activity,
which was induced through over expressing ATP binding cassette
(ABC) proteins.24–35

Therefore, it is more interesting to enhance the pH sensi-
tivity of either pristine or modied chitosan to render drug
release behavior subjected to higher pH responsiveness. This
will be more medicinally useful if the chitosan-based nano-
carriers can be adapted for oral application. In other words, it
requires a minimal leakage at an acidic environment, i.e.,
stomach, but enhances drug release to a certain extent under
more alkaline environment, i.e., GI track. Therefore, to boost
pH responsive behavior of the chitosan, acrylic acid (AA) has
been employed. However, numerous reports addressed a small
pH-induced volume change, by 1–10 times or only fractions,
giving rise to a less pH responsiveness.28–30 However, since the
different response of amine groups or hydroxyl or particularly
carboxyl groups (in many modied chitosan-based derivatives)
of the modied chitosan with respect to a change in environ-
mental pH was observed, a net responsiveness toward a change
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Reaction conditions, sample names, and degree of substitution (DS) of
CHC–PAA hybrids and estimation of amine yield of CHC and CHC–PAA by
ninhydrin. (n ¼ 3)

Sample no. Ma (mol L�1) NH2 : AA
b DS% CHCc (%)

CHC 2.12 � 0.02 — — 100
CHCA1 1.12 � 0.06 1 : 1 47.2 � 2.7 52.7 � 2.8
CHCA3 0.89 � 0.05 1 : 3 58.0 � 2.3 42.1 � 2.4
CHCA6 0.74 � 0.01 1 : 6 65.1 � 0.6 34.8 � 0.5

a M is the molar concentration of the amine group in 0.1% CHC or
CHC–PAA solutions. b NH2 means the NH2 amount of CHC hybrids
measured by a ninhydrin test. c CHC (%) means the concentration of
amine on CHC or CHC–PAA hybrids, the amine concentration of
starting CHC was considered to be 100%.
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in pH may be reduced to a certain extent, as a consequence,
weakening the potential therapeutic efficacy. Therefore, it is an
alternative and new approach to employ an amphiphilic chito-
san (termed as CHC), which was successfully prepared and
reported from this lab,31,32 to form a hybrid molecule with the
incorporation of AA. Following a previous work on the synthesis
of this amphiphilic CHC,33 a further chemical modication
along the CHC molecule, as a starting template, was performed
using acrylic acid. We do expect the chemical modication by
AA being able to react with more amine groups by radical
reaction and making the resulting hybrid more responsive to
pH change. In this study, we successfully synthesized a new
CHC–PAA hybrid macromolecule where the chemical structure,
colloidal properties, cytocompatibility, and pH-responsive drug
release behavior of the hybrid were systematically investigated.
2 Experimental
2.1 Materials

Carboxymethyl-hexanoyl chitosan (CHC), a self-assembled
nanoparticle, was bought from Advance Delivery Technology
Inc., Hsinchu, Taiwan. Acrylic acid (AA), ammonium persulfate
(APS), (S)-(+)-camptothecin (95%, CPT), dimethyl sulfoxide
(DMSO), pyrene, ninhydrin reagent, fetal bovine serum, and
dialysis tubing cellulose membrane (Mw cut-off 12 400 g mol�1,
avg. at width 33 mm) were purchased from Sigma-Aldrich.
Phosphate buffered saline (PBS) was purchased fromUniRegion
Bio-tech, Taiwan. Chitosan (Mw ¼ 210 000, degrees of
deacetylation¼ 91.3%) was bought from C&B company, Taiwan.
2.2 Synthesis of pH-sensitive CHC–PAA hybrid
macromolecules

According to previous studies, the amphiphilic chitosan was
successfully synthesized through carboxymethyl and hydro-
phobic hexanoyl substitutions,33 the as-received amphiphilic
chitosan was chemically modied with acrylic acid. 0.1 g of CHC
was rst dissolved and dispersed in 50 ml of DI water under
vigorous agitation at room temperature for 24 hours until the
CHC was fully dissolved. Sequentially, 35, 75 and 140 ml of AA
monomers were added to 50 ml CHC solution with stirring for 2
hours and then added 0.02 g of radical initiator (APS), the
solution was purged with nitrogen and heated to 70 �C in an oil
bath. Aer 2 hours of reaction, the resulting solution was
collected using a dialysis membrane with pH 9 buffer solution
for 72 hours to remove the residual APS and unreacted mono-
mers. The dialysis dispersion solution was frozen at �20 �C for
24 hours, and then lyophilized to obtain CHC–PAA. The reac-
tion conditions and sample numbers are listed in Table 1. The
molar ratios of CHC and AA are based on themoles of the amide
unit in CHC to the moles of acrylic acid.
2.3 Preparation of self-assembled CHC–PAA nanoparticles

The CHC–PAA powder was suspended in distilled water under
gentle shaking at 25 �C for a few minutes until well dissolved,
followed by ultrasonication using a probe sonier (Automatic
Ultrasonic Processor UH-500A, China) at 30 W for 1 minute. To
This journal is ª The Royal Society of Chemistry 2013
inhibit the heat buildup during sonication, the pulse function
was used (pulse on 5.0 s: pulse off 1.0 s).

2.4 Characterization

Fourier transform infrared (FT-IR) spectroscopy and nuclear
magnetic resonance (NMR) were used for identifying the
molecular structure of the CHC–PAA hybrid macromolecule.
The FT-IR spectra of KBr pellets were recorded (32 scans with
resolution of 4 cm�1) on a Unican Mattson Mod 7000 FTIR
spectrophotometer. 1H NMR spectra were recorded at 300 MHz
on a (7.05 T) BRUKER DRX-300 NMR spectrometer. The
substitution degree of CHC–PAA hybrid macromolecules was
measured by a ninhydrin test. The method can directly detect
the free amine group on the glucosamine repeat unit of chito-
san.34,35 The ninhydrin reagent (2 ml, Sigma) was added to 1 ml
of 0.1% (w/w) CHC–PAA solutions and the tubes were placed in
the boiling water bath for 30 min. The suspension of the tubes
was subjected to centrifugation at 3000 rpm for 10 min, then,
the UV-vis absorption of supernatants of the tubes was moni-
tored at 570 nm using a UV-visible spectrometer (Evolution 300,
Thermo). The structural morphology of the CHC–PAA nano-
particles was observed using a Transmission Electron Micro-
scope (TEM) (JEOL2100, Japan). The mean size and zeta
potential of the CHC–PAA nanoparticles were monitored by
dynamic light scattering (Delsa� Nano C, Beckman).

2.5 Self-assembly behavior of CHC–PAA hybrid
macromolecules

The critical aggregation concentration (CAC) of CHC–PAA
hybrids was measured with pyrene, a common uorescence
probe used to monitor the self-aggregation behavior of surfac-
tants and polymers. A uorescence spectrophotometer (Hitachi
FL-4500, Japan) was used for obtaining the emission spectra of
pyrene. A number of CHC–PAA solutions containing 1–2 mM of
pyrene were excited at 343 nm, and the uorescence emission
spectra were recorded in the 350–500 nm wavelength range.

2.6 Drug loading and release

The drug release behavior of CHC–PAA nanoparticles was
evaluated by using (S)-(+)-camptothecin (CPT), a hydrophobic
anti-cancer drug, as the model molecule. CHC–PAA
Soft Matter, 2013, 9, 2458–2466 | 2459
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nanoparticles containing CPT drug was prepared by the
following processes. Concisely, CPT was simply dissolved in
DMSO to prepare 1 mg ml�1 of CPT–DMSO solution, and then,
well mixed with distilled water (0.5/9.5 v/v) until a homogeneous
appearance was visually observed. The CPT concentration of the
nal solution is 50 mg ml�1. 1 mg of the as-prepared CHC–PAA
powder was added into 1 ml of the drug solution and stirred at
room temperature for 1 day. The drug-containing nanoparticles
were separated from the aqueous phase by centrifugation at
12 000 rpm and 20 �C for 15 min. The drug concentration of the
supernatant was analyzed by the ultraviolet absorption (UV) at a
wavelength of 366 nm, a specic absorption band of CPT, with
reference to a calibration curve on a UV-visible spectrometer
(Evolution 300, Thermo scientic) in triplicate. The drug
encapsulation efficiency (EE) can be calculated by the following
equation:

Drug encapsulation efficiency ¼ (Itotal � Iremaining)/Itotal � 100%

where Itotal is the UV absorption intensity of free CPT, Iremaining

is the UV absorption intensity of CPT remaining in the
supernatant.

1 mg ml�1 of CPT–DMSO solution was added into PBS
buffers with different pH values from 4.5 to 7.5, individually, to
prepare 50 mg ml�1 drug solutions. And then, CHC–PAA powder
was dissolved in the drug solutions with different pH values at
25 �C, and the entire system was kept at 37 �C with continuous
magnetic stirring. At a predetermined time point, the test tubes
were subjected to centrifugation at 12 000 rpm for separating
the supernatant and suspension from the release medium. The
supernatant was used to estimate the concentration of drug via
UV-vis spectroscopy. The precipitation at the bottom of the test
tubes was relled with a fresh PBS medium and repeated the
procedure of the centrifugation and UV analysis over a pre-
determined period of time to monitor the release kinetics of
CPT. Each data were measured in triplicate.

2.7 Cell cytotoxicity

The human breast adenocarcinoma cell (MCF-7) and bovine
corneal endothelial cell (BCE) were maintained in separated
cultivating medium with DMEM (Dulbecco’s modied Eagle’s
medium) supplemented with 1% penicillin/streptomycin and
10% fetal bovine serum (FBS) at 37 �C in a humidied atmo-
sphere of 5% CO2 in air. In vitro cytotoxicity of the CHC–PAA
nanoparticles with different AA/CHC ratios was examined using
MCF-7 and BCE cell lines. Briey, 1 � 104 cells were transferred
to a 96-well plate to allow the cells to attach and expose to a
serial concentration of the CHC–PAA nanoparticles. Aer
incubation for 1 or 2 days, MTT reagents were added to the wells
and incubated for 4 hours, and then the solution was removed
and 100 ml of DMSO was added to the wells to dissolve the
crystal. The absorbance of the DMSO solution was observed by
using a microplate reader at dual wavelength of 570 and
650 nm. Cell viability was determined by the following
equation:

Cell viability (%) ¼ (Asample/Acontrol) � 100%
2460 | Soft Matter, 2013, 9, 2458–2466
where Asample and Acontrol represent the absorption intensity of
cells treated with different samples and control group (non-
treated was set to 100%), respectively.
3 Result
3.1 Synthesis and molecular structure analysis of CHC–PAA
hybrid macromolecules

CHC–PAA hybrid macromolecules were prepared by polymeri-
zation of acrylic acid monomers graed on CHC, as shown in
Fig. 1. At rst, different amounts of acrylic acid were added to
CHC solution, and then a radical initiator, ammonium persul-
fate (APS), was added to the mixed solutions (different molec-
ular ratios of (NH2 of CHC) : (acrylic acid (AA)) ¼ 1 : 1 (CHCA1),
1 : 3 (CHCA3) and 1 : 6 (CHCA6)). Under the reaction protocol,
positively charged CHC was expected to attract more AA mole-
cules in acidic solution, which may permit a preferential radical
reaction in the presence of APS between the protonated amine
and AA.36–38 The hydrogen of the amine group on CHC was
removed to form a macroradical. The macroradicals can react
with the double bond of AA monomers and act as the active site
to initiate chain propagation of the monomers.39 Although the
interaction between hydroxyl groups in CHC and AA may occur,
it is believed that the reaction yield is negligibly small. There-
fore, in forthcoming analysis, we presumed that AA substitution
was mainly associated with amine groups in the CHC. Aer 2
hours of reaction, the resulting solution was puried using a
dialysis membrane with DI water for 72 hours to remove the
residual APS, PAA homopolymer and unreacted monomers. The
dialysis dispersion solution was frozen at �20 �C for 24 hours,
and then lyophilized to obtain CHC–PAA hybrids. The molec-
ular structures of CHC–PAA hybrids were then analyzed by FT-
IR and NMR.

The chemical structures of pure CHC, PAA and CHC–PAA
hybrids were characterized by FT-IR as illustrated in Fig. 2 and
Table 2. Fig. 2(a) shows the characteristic absorption peaks of
CHC and PAA, wherein the peaks at 1464 cm�1 and 1725 cm�1

are related to bending mode of –CH2– of PAA and the presence
of C]O stretching mode in the carboxylic acid group of PAA.
The characteristic peaks of pure CHC are amide I, amide II and
amide III at 1647 cm�1, 1560 cm�1 and 1384 cm�1, respectively.
In 2004, Fu et al. reported that regions of urea group vibrations,
the so-called amide I and amide II, were highly complex vibra-
tions: the amide I mode (1800–1600 cm�1) involved the
contributions of the C]O stretching, the C–N stretching and
the C–C–N deformation.40 The amide II mode (1600–1500 cm�1)
is a mixed contribution of the in-plane N–H bending, C–N
stretching and C–C stretching vibrations. Aer the polymeri-
zation reaction, these characteristic absorption peaks became
weaker or being masked with other absorption bands, implying
that the reactive functional groups of CHC, such as –NH2, have
reacted with AA and lost their characteristic peaks in the FTIR
spectrum. As expected, the absorption peak of hydroxyl groups
remained relatively unchanged in position and intensity, sug-
gesting that the hydroxyl groups in the starting CHC template
may be unreacted or in a relatively small yield over the reaction
protocol designed in this work. The absorption peaks in the
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Preparation of CHC–PAA hybrid macromolecules.

Fig. 2 (a) FT-IR spectra of CHC and PAA. (b) FT-IR spectra of CHCA1, CHCA3 and
CHCA6.

Table 2 Characteristic peaks of PAA, CHC and CHC–PAA hybrids

Sample Characteristic absorption peaks

PAA 1725 cm�1 (C]O stretching vibration)
1464 cm�1 (–CH2– scissor vibration)
1409 cm�1 (–COO� symmetric stretching)

CHC 1736 cm�1 (C]O stretching vibration)
1647 cm�1 (amide I), 1560 cm�1 (amide II)
1384 cm�1 (amide III)

CHCA1 1725 cm�1 (C]O stretching vibration)
1645 cm�1 (amide I), 1565 cm�1 (amide II)
1455 cm�1 (–CH2– scissor vibration)
1409 cm�1 (–COO� symmetric stretching)

CHCA3 1725 cm�1 (C]O stretching vibration)
1645 cm�1 (amide I), 1565 cm�1 (amide II)
1455 cm�1 (–CH2– scissor vibration)
1409 cm�1 (–COO� symmetric stretching)

CHCA6 1725 cm�1 (C]O stretching vibration)
1645 cm�1 (amide I), 1565 cm�1 (amide II)
1455 cm�1 (–CH2– scissor vibration)
1409 cm�1 (–COO� symmetric stretching)
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spectra of CHC–PAA hybrids are listed in Table 2. It showed that
the characteristic peaks of CHC–PAA were C]O stretching
vibration (1725 cm�1), amide I (1645 cm�1), amide II
(1565 cm�1), –CH2– bending vibration (1455 cm�1) and –COO�

symmetric stretching (1409 cm�1). The absorbance intensity of
the peaks (1725 cm�1, 1455 cm�1 and 1409 cm�1) is dependent
on the amount of acrylic acid added to CHC solution, which
means that more AA was graed on CHC and polymerization of
AA occurred at a higher concentration of acrylic acid.
This journal is ª The Royal Society of Chemistry 2013
Furthermore, comparing the peaks of CHC and CHC–PAA, there
were signicant shis in characteristic peaks: C]O stretching
vibration (from 1736 cm�1 to 1725 cm�1), amide I (from
1674 cm�1 to 1645 cm�1), and amide II (from 1560 cm�1 to
1565 cm�1), supporting PAA graing on the backbone of CHC.

The chemical structures of CHC and CHC–PAA hybrids,
characterized by 1H NMR, are illustrated in Fig. 3. It shows the
absorption spectra of pure CHC that the inherent peaks of CHC
such as methyl (–CH3–), methylene (–CH2–) and tertiary carbon
hydrogen (–CH–) of the hexanoyl group clearly appear in the
spectra at 0.771 (–CH3), 1.076 (–CH2–), 1.199 (–CH2–CH2–),
1.499 (–CH–) and 2.199 (–CO–CH2–) ppm, respectively.
D-solvent (deuterium oxide) has a strong peak at 4.8 ppm. In
contrast, the spectra of the CHC–PAA show typical peaks such as
methylene (–CH2–) and tertiary carbon hydrogen (–CH–) of PAA
in the backbone of CHC–PAA hybrid macromolecules (Fig. 3(b)),
Soft Matter, 2013, 9, 2458–2466 | 2461
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Fig. 3 1H NMR spectra of (a) CHC and (b) CHC–PAA hybrid macromolecules.

Fig. 4 FTIR spectra of the amine yield of CHC and CHC–PAA.
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which are clearly exhibited at 1.492–1.953, 2.252–2.753 ppm,
respectively. Therefore, it supports that the PAA segments were
chemically bonded along the CHC chain.
3.2 Ninhydrin assay

Ninhydrin (triketohydrinedene hydrate) test is a common
analysis method for determining the amount of the free amine
group of glucosamine units. In this study, the CHC–PAA hybrid
was prepared by graing acrylic acids on amine groups of CHC.
Therefore, the degree of substitution (DS) for PAA graed on the
amine group of CHC was quantitatively analyzed by a ninhydrin
test, as shown in Fig. 4. The as-received CHC contained 56.23%
amine groups (compared with starting amine content in pris-
tine chitosan), in good agreement with data �52% from the
provider, which means that the remaining amine groups of
2462 | Soft Matter, 2013, 9, 2458–2466
CHC can be used to gra the AA. The synthesis of CHC–PAA
hybrids (CHCA1, CHCA3, and CHCA6) further consumed the
amine group of CHC and Table 1 shows the degree of substi-
tution (DS) for AA graing onto CHC and molar concentration
of the remaining amine group of each sample. To normalize the
evaluation, the amine groups of starting CHC were set as the
default value of 100% and DS was calculated for each sample,
where the remaining amine groups on CHC reacted with
different amounts of AA to form CHCA1 (with DS ¼ 47.2 �
2.7%), CHCA3 (DS ¼ 58.0 � 2.3%), and CHCA6 (DS ¼ 65.1 �
0.6%). The results indicated that more starting AA consumed
more amounts of the remaining amine groups of CHC, leaving a
relatively small amount, from 52.7 � 2.8% (CHCA1), 42.1 �
2.4% (CHCA2), to 34.8 � 0.5% (CHCA6), of the amine in the
nal CHC–PAA hybrids. However, only a part of the amine
groups in CHC has been replaced, and in the meantime, part of
the hydroxyl groups should also be replaced, for compositions
with higher AA concentration, i.e., CHCA3 and CHCA6. The
unreacted AA further polymerized to form branched PAA along
the CHC, which should contribute to pH sensitivity of the
resulting CHC–PAA hybrids. Since the hydrophobic segments,
i.e., hexanoyl groups, remained intact on the resulting CHC–
PAA hybrid, the self-assembling capability of the newly formed
hybrid was expected to remain active.
3.3 Self-assembly behavior

To evaluate the self-assembling ability of the CHC-PAA hybrid in
water, pyrene was employed as a uorescence probe to investi-
gate the self-assembly behavior of the CHC–PAA at a molecular
level. Pyrene has been frequently chosen as a uorescence probe
to monitor the self-assembly behavior of amphiphilic polymers
because of its hydrophobic microdomains. The critical aggrega-
tion concentration (CAC), which was dened as the threshold
concentration of self-assembly formation by intra- or intermo-
lecular association, can be determined from the variation of the
I372/I385 value of pyrene in the presence of polymeric amphi-
philes. Fig. 5(a) shows the variation of the I372/I385 ratio of pyrene
with the same concentration of CHC–PAA hybrid with various
CHC : AA ratios, ranging from 1/1, 1/3 to 1/6. The CAC values for
the CHCA1, CHCA3, and CHCA6 hybrids are determined to be
0.287 mg ml�1, 0.348 mg ml�1 (check Fig. 5, it shows 0.35 mg
ml�1, but it seems to be the same from Fig. 5(b)), and 0.345 mg
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 (a) The value of I372/I385 of pyrene with the concentration of CHC–PAA
hybrids with various ratios of CHC : PAA. The intersection of the straight lines
indicates the threshold of CAC, of the hybrids, which gives the value of (b) critical
aggregation concentration (CAC) of pure CHC and CHC–PAA hybrids with
different ratios of CHC : PAA.

Fig. 6 The variation of (a) mean diameter and (b) zeta potential of CHC–PAA
hybrid nanoparticles at different pH buffers. The final concentration of CHC–PAA
in each sample is 0.1 mg ml�1 (n ¼ 3).
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ml�1, respectively, as illustrated in Fig. 5(b). It pointed out that
the CAC values increased with starting AA concentration, sug-
gesting a decreased self-assembling capability as a result of the
polymerization of more AA, i.e., CHCA3 and CHCA6 composi-
tions, due to the presence of branched PAA along the CHC
backbone. The branched PAAmay also account for the larger size
of the resulting CHC–PAA nanoparticles to be discussed in
forthcoming analysis. Further increase in AA did not alter CAC of
the resulting hybrids, suggesting a balance between hydrophilic
and hydrophobic contributions of the resulting CHC–PAA
hybrids over the concentration range of AA in this study. The
morphological structure of the resulting self-assembled CHC–
PAA hybrids, as represented by CHCA3 composition, indicates a
spherical nanostructure with relatively uniform size distribution,
from TEM examination, as given in Fig. S1.†

3.4 pH-responsive mean size and zeta potential of CHC–PAA
nanoparticles

The mean size of the CHC–PAA nanoparticles was measured by
dynamic light scattering (DLS) as shown in Fig. 6(a), in terms of
pH, ranging from 4.5 to 7.5. For pure CHC and small AA graed
samples, i.e., CHCA1, particle size showed a linear decrease with
increasing pH, suggesting that the nanostructure became more
compact due to increased unprotonated amine groups with
increasing pH. However, a signicant increase in particle size
with increasing pH was detected for the CHCA3 and CHCA6
compositions, having much more –COOH groups. The
This journal is ª The Royal Society of Chemistry 2013
deprotonated hydroxyl groups increased signicantly with
increasing pH toward a basic environment, i.e., at pH ¼ 7.5, and
this became more pronounced for CHCA6 composition, exhib-
iting the largest particle size among all. However, compared with
the pH-dependent behavior among the CHC–PAA hybrids,
CHCA3 demonstrated the greatest pH responsiveness to an
extent as large as about 120 times, from pH 4.5 to pH 7.5. This
pH-dependent volumetric change for the CHC–PAA hybrids with
a CHC/AA¼ 1/3 composition was found to be the greatest among
those similarmaterials reported in the literature by a factor of 10–
100 times. For both CHCA3 and CHCA6 compositions having a
much lower amine group and higher carboxylic group content,
an increasing diameter of the CHC–PAA nanoparticles was
detected with increased environmental pH. This observation
indicates an increased degree of dissociation of the carboxylic
groups from both PAA and CHC to form COO� groups with
increasing pH. An enhanced repulsive force over the dissociated
PAA and CHC segments gave rise to an increase in swelling of the
resulting CHC–PAA hybrids, thus, an increased size of the
nanoparticles with increasing environmental pH.

As expected, the incorporation of AA into the CHC also
causes a pronounced pH-dependent surface charge as shown in
Fig. 6(b). The zeta potential of the hybrids turns to be more
negative with AA and a more pH dependency was observed with
increasing AA incorporation, which is in good agreement with
the argument aforementioned. Such a higher pH dependency of
the surface charge is also reected in a more responsive volu-
metric change depicted in Fig. 6(a).
Soft Matter, 2013, 9, 2458–2466 | 2463
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3.5 Drug loading and release from the hybrid nanoparticles

The hydrophobic drug (S)-(+)-camptothecin (CPT) was
employed as a model molecule to further explore the potential
uses of the hybrid for controlled drug delivery. In this evalua-
tion, CHC and CHC–PAA powders were dissolved in 50 mg ml�1

CPT solution (DMSO/water (0.5/9.5 v/v ratio)) with different pH
values from 4.5 to 7.5, separately. Table 3 shows that the CHC–
PAA hybrids demonstrate much higher encapsulation effi-
ciency, i.e., 90–95%, with increasing AA, under various pH
values than pure CHC, i.e., 70–72%. The hybrid with more AA
incorporation appears to accommodate more CPT upon self-
assembly, thus, resulting in a higher encapsulation efficiency.
PAA on the CHC–PAA nanoparticle trapped more CPT from the
drug solution, and this inuence was more conspicuous as the
PAA amount increased. Besides, DMSO-assisted CPT dissolu-
tion suggested an improved hydrophilic affinity between the
CHC–PAA hybrids and DMSO-associated CPT complexes, giving
Table 3 Drug encapsulated efficiency (EE) of CHC–PAA hybrid nanoparticles
under various pH values (n ¼ 3)

Sample EE @ pH 4.5 (%) EE @ pH 6.5 (%) EE @ pH 7.5 (%)

CHC 69.8 � 0.8 72 � 0.5 72.1 � 1.1
CHCA1 89.3 � 1.3 90.6 � 1.1 91 � 2.8
CHCA3 94.3 � 2.1 94.2 � 1.3 94.3 � 0.5
CHCA6 94.8 � 0.5 94.8 � 1.2 94.6 � 1

Fig. 7 In vitro release profiles of CPT from CHC–PAA nanoparticles at (a) pH 4.5
and (b) pH 7.5 medium at 25 �C; CHC (-), CHCA1 (A), CHCA3 (:) and CHCA6
(C). Error bars indicate standard deviation (n ¼ 3).

2464 | Soft Matter, 2013, 9, 2458–2466
rise to a higher encapsulation efficiency upon self-assembly.
However, for a given hybrid composition, the encapsulation
efficiency appeared to be independent of the solution pH, sug-
gesting that both the size and degree of ionization (particle
charging) of a given hybrid composition exerted a negligible
inuence on drug encapsulation.

The release proles of CHC–PAA nanoparticles at pH 4.5 and
7.5 are compared as shown in Fig. 7 and the associated release
kinetic analysis is given in Table S1.† A burst-like CPT release is
observed for pure CHC nanoparticles, but becomes much
slower for the CHC–PAA hybrids at pH 4.5, Fig. 7(a). However,
under near physiological conditions, i.e., pH 7.5, the release rate
of CHC–PAA hybrid nanoparticles becomes faster than that of
pure CHC (Fig. 7(b)). It is reasonable to realize that at acidic pH,
protonation of amine groups of CHC caused swelling, leading to
a higher release rate. However, the swelling due to the presence
of the smaller amount of amine groups of CHC–PAA hybrids
became less pronounced, resulting in a slower release prole. In
contrast, a greater amount of carboxyl groups of CHC–PAA
hybrids were subjected to ionization at pH 7.5, giving rise to
extensive volumetric dilation (swelling), especially for CHCA3
composition, accompanied by an enhanced release kinetic. This
result is in good agreement with the effect of the pH on the
variation of size or volume of the hybrid nanoparticle above-
mentioned. Furthermore, these experimental observations
suggest a potential application of the CHC–PAA hybrid nano-
particles as oral drug delivery vehicles.
Fig. 8 The cell viability of (a) MCF-7 and (b) BCE cells incubated with different
concentrations of CHC–PAA hybrid nanoparticles for 24 hours (n ¼ 3).

This journal is ª The Royal Society of Chemistry 2013
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3.6 Cytotoxic assay

The cytotoxicity of different CHC–PAA (CHCA1, CHCA3 and
CHCA6) hybrids against the human breast adenocarcinoma cell
line (MCF-7) is shown in Fig. 8(a). The MCF-7 cells were treated
with different concentrations (2, 1.5, 1, 0.5 and 0.25 mgml�1) of
CHC–PAA nanoparticles, aer 24 hours of incubation, the cell
viability of CHC–PAA ranged from 100–115%, indicating excel-
lent cytocompatibility of the hybrids toward the human breast
adenocarcinoma cell.

Using the MTT assay, the cytotoxicity of CHC–PAA nano-
particles against bovine cornea endothelial (BCE) cells was
evaluated and is illustrated in Fig. 8(b). Aer 24 hours of incu-
bation, the CHC–PAA nanoparticles with relatively high doses
ranging from 0.25, 0.5, 1.0, 1.5 to 2 mg ml�1 showed reasonably
good compatibility with cell viability remaining above 90% for
CHCA3 and CHCA6 compositions, and was slightly above 80%
for the CHCA1 hybrid. In short, this preliminary viability test
conrmed the CHC–PAA hybrids to be a new class of biomate-
rials and can be potentially adaptable for a wide range of
biomedical applications such as oral drug delivery.
4 Conclusion

CHC–PAA hybrids were successfully prepared by free radical
polymerization of acrylic acid (AA) monomers in the presence of
an amphiphilic carboxymethyl-hexanoyl chitosan (CHC). These
CHC–PAA hybrids were designed to have a much higher pH-
responsive behavior in terms of size or volume than existing
reports in the literature and are aimed to use for drug delivery
applications. Structural characterizations conrmed substan-
tial amounts of AA were successfully graed onto amine groups
in the CHC via radical reactions, while the hydrophobic
segments remained intact. Such AA substitution gives rise to a
much higher pH responsiveness in terms of size and the largest
volumetric change, by as much as 120 times, was detected
between pH 4.5 and pH 7.5, covering a range of pH between
normal and cancerous cells. Such a pH-responsive behavior
renders a robust control of drug release shiing between acidic
and basic environments and can be a potential candidate for
oral drug delivery applications. Moreover, the CHC–PAA hybrids
also demonstrated efficient cellular internalization and
outstanding cytocompatibility toward both cancerous cells
(MCF-7) and normal cells (BCE), implying a new class of
biomaterial for cellular-based therapeutics.
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