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ABSTRACT

The ideal drug delivery system (DDS) should be able to deliver a therapeutic
dose of drug to the target site in the body and maintain appropriate concen-
tration over a desired period of time. Thermo/pH-responsive targeted poly-
meric nanocapsules (p(NIPA-co-AAc-co-GAA)) for delivery of anticancer drug
(doxorubicin, DOX) were fabricated by W/O/W double emulsion solvent
evaporation technique. The morphology, hydrodynamic diameter, size distri-
bution, thermo/pH responsiveness, targeted property, anti-tumor efficacy,
encapsulation efficiency, drug loading and controlled release of drug were
systematically investigated. The results demonstrated that p(NIPA-co-AAc-co-
GAA) nanocapsules minimized the drug leakage and reduced the toxic and side
effects on normal tissues, while triggered and accelerated the release of drug in
tumor tissues. It is very interesting for the site-specific release of drug to
improve curative effects and reduce side effects, implying that p(NIPA-co-AAc-
co-GAA) nanocapsule is a attractive candidate for DDS.
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drug concentration eventually drops to a very low
level when they reach the lesions due to the short
half-life and often losing in the non-target tissue as a
result of the uncontrolled release rate in the circula-

Introduction

In recent years, with the advent of new drugs and
deep understanding of the theory of chemotherapy,

the efficacy of chemotherapy for cancer therapy has
been greatly improved. However, drugs are often
distributed all over the body after oral administration
or intravenous injection due to their non-selectivity.
Subsequently, drugs kill tumor cells as well as cause
damages to normal cells and tissues [1]. Moreover,

tory system of human body. In order to maintain or
improve curative effect, increasing the dosage or
repeated dosing must be done [2, 3]. Therefore, it is
an urgent need to develop efficient DDS for cancer
therapy.
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Micro-nano particles have received a significant
amount of attention as drug carriers owing to their
distinct advantages. They can prevent the incorpo-
rated labile drugs from degradation, improve the
bioavailability of drugs, control drug release and
target drug to specific site [4-7]. Among these micro-
nano particles, polymeric capsules with hollow core
and polymeric shell have significant advantages over
other microspheres when using as drugs delivery
carriers. They can accommodate higher dose of drugs
due to the large apartment. Meanwhile, the encap-
sulation efficiency and drug loading can also be
dramatically enhanced [8, 9].

The ideal DDS should be able to deliver a thera-
peutic dose of drug to the target site in the body and
then maintain the appropriate concentration over a
desired period of time. In order to minimize the side
effects and maximize the pharmic efficacy, novel
drug delivery systems with multifunction should be
developed to deliver drugs to the target site in a
sustained or controlled release manner. One effective
approach is to combine the drugs with targeted car-
riers; Therefore, the drugs could be delivered selec-
tively to the target region with the guide of carriers.
At present, many studies have focused on using folic
acid as a target mediating substance in developing
targeted vehicles. For example, Li et al. [10] devel-
oped a folic acid-conjugated multi-stimuli responsive
microsphere for delivery of anticancer drug. Liu et al.
[11] described a dual-responsive targeted drug car-
rier based on mesoporous silica for laryngeal carci-
noma treatment. These targeted drug carriers were
often fabricated by conjugating folic acid molecules
onto the surface of microspheres through the reaction
of NH, groups of folic acid with COOH groups of
microspheres. This method is difficult to be operated,
and only a small amount of folic acid can be grafted
onto the surface of the basement microspheres. In this
study, we developed a novel method to avoid this
disadvantage. On one hand, glycyrrhetic acid (GA),
an effective component in Chinese medicine, has
been found to be a high affinity ligand for hepatic
cell. Covalent binding of GA to the cargos is very
efficient, and the GA-binded cargo can be internal-
ized by hepatocyte via receptor-mediated endocyto-
sis. For example, Tian prepared GA-modified
chitosan/poly(ethylene glycol) nanoparticles for
liver-targeted delivery and the obtained particles
were found to highly enriched in rat liver [12].
Therefore, we synthesized polymeric nanocapsules
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linked with GA as a tumor-targeted drug carrier in
this paper. On the other hand, most solid malignan-
cies show weakly acidic and hyperthermal charac-
teristics inside cells when compared with normal
tissues and bloodstream due to the hypoxia-induced
coordinated upregulation of glycolysis [13, 14]. To
achieve effective and controlled release of drugs, it is
necessary to develop intelligent vehicles with
responsiveness to these tumor-associated biological
stimuli. Stimulus-responsive carriers can respond to
the abnormal changes of temperature and chemical
environment at the disease site and thereby sponta-
neously release the required dose of drugs [15, 16].
When the body is in a normal state, smart carriers
restore the original state to suppress drug release. It is
also known that temperature-sensitive polymer
poly(N-isopropylacrylamide) (pNIPA) has been
widely applied in the field of drug delivery systems,
which exhibits a dramatic phase transition from
expanded to shrunken conformation around its vol-
ume phase transition temperature (VPTT) near 32 °C
in aqueous media. Many temperature-sensitive
micro-nanoparticles based on pNIPA have been
developed and applied in DDS [17-19].

According to above analysis, we designed a mul-
tifunctional intelligent DDS based on smart polymer
combined with targeted GA. First, vinyl was intro-
duced to GA to endow the polymerizable function,
and then vinyl GA was copolymerized with N-iso-
propylacrylamide (NIPA) and acrylic acid (AAc) to
form linear copolymer by free radical polymerization.
At last, the targeted thermo/pH-triggered nanocap-
sules were fabricated with a W/O/W double emul-
sion solvent evaporation technique. The morphology,
particle size, encapsulation efficiency, cytotoxicity
and in vitro release of DOX were investigated. With
this technique, large amount of GA could be conju-
gated onto nanocapsules and consequently improve
the targeting ability of carriers to liver cancer cells.
Furthermore, the double emulsion method is excel-
lent candidate to fabricate the drug delivery vehicles
since it is relatively simple and can be carried out at
room temperature to avoid the damage of high tem-
perature to medicine. To our knowledge, few studies
have reported on introducing GA into smart polymer
to develop thermo/pH-responsive targeted poly-
meric nanocapsules as a drug delivery system. This
research may provide new ideas and practical basis
for developing novel drug carriers with multiple
functions.
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Experimental
Materials

GA was purchased from Fujie Medical Co. (Xi'an,
China). NIPA was obtained from Tokyo Chemical
Industry Co., Ltd. (Tokyo, Japan) and purified by
recrystallization from n-hexane. AAc was provided by
Tianjin Chemical Reagent II Co. (Tianjin, China) and
purified by vacuum distillation. N-hydroxysuccin-
imide (SuOH) and N,N-dicyclohexyl carbodiimide
(DCC) were received by Sinopharm Chemical Reagent
Co. (Shenyang, China). N-(3-dimethylaminopropyl)-
N-ethylcarbodiimide hydrochloride (EDC-HCI) and
N-hydroxysulfosuccinimide sodium salt (sulfo-NHS)
were the products of Shanghai Medpep Co., Ltd.
(Shanghai, China). DOX was purchased from Wuhan
Huamei Bioengineering Co., Ltd. (Wuhan, China).
N,N,N,N-tetramethylenediamine (TEMED), ethylene-
diamine (EDA), azobisisobutyronitrile (AIBN), etc.,
were of analytical grade made in China.

Preparation of thermo/pH-responsive
targeted linear polymer

Thermo/pH-responsive targeted polymer p(NIPA-
co-AAc-co-GAA) was prepared according to the
method of our previous work with some modifica-
tions [20]. Briefly, GA was modified by EDA in the
presence of DCC and SuOH to form glycyrrhetic acid
amine derivatives (GA-NH,). Then, GA-NH, was
reacted with AAc in the presence of sulfo-NHS and
EDC to synthesize vinyl monomer (GAA). Finally,
p(NIPA-co-AAc-co-GAA) linear polymer was syn-
thesized by free radical copolymerization of NIPA,
AAc and GAA using AIBN/TEMED as an initiating
system. The molar ratio of NIPA, AAc and GAA was
13.8:4.6:1.6, and the molecular weight of the p(NIPA-
co-AAc-co-GAA) polymer was measured with gel
permeation chromatography, which was 3.4 x 10%

Preparation of thermo/pH-responsive
targeted polymeric nanocapsules

Thermo/pH-responsive targeted polymeric
nanocapsules containing DOX were prepared by a
modified W1/0/W2 double emulsion technique.
First, 200 pL of PEG with or without DOX aqueous
solution (W1) was emulsified in 4 mL of dichlor-
omethane and acetone solvent (3:1 v/v) containing
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p(NIPA-co-AAc-co-GAA) polymer by mixing with
vortex to form a W1/0 emulsion. Subsequently, this
primary emulsion was poured into 80 mL of PVA
aqueous solution (W2) under stirring at a fast rate for
3 h to produce a W1/0/W2 emulsion. The reaction
temperature was kept constant at room temperature
for 4 h to allow the solvent to evaporate and the
particles to stabilize. Finally, thermo/pH-responsive
targeted polymeric nanocapsules were obtained after
filtration, washing and freeze-drying. The formation
process of p(NIPA-co-AAc-co-GAA) nanocapsules
and controlled release of drugs are summarized
schematically in Fig. 1.

Characterization of thermo/pH-responsive
targeted polymeric nanocapsules

The morphologies of the resultant polymer
nanocapsules were visualized by scanning electron
microscopy (SEM, XL30, Philips, Holland) and
transmission electron microscopy (TEM, H-7650,
Hitachi, Japan). The average hydrodynamic diameter
and size distribution of the polymer nanocapsules
(1.0 mg/mL) were measured by dynamic light scat-
tering (DLS) (Autosize LocFc-963, Malvern Instru-
ment) at different temperature and pH, respectively.

Targeted properties and anti-tumor efficacy
assay

The targeted properties and anti-tumor efficacy were
investigated with 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT) assay. Human
normal hepatocytes (HL-7702), hepatoma cells
(HepG2) and mouse fibroblast cells (L929) were see-
ded in 96-well plates at a density of 10* cells/well
and incubated for 24 h at 37 °C under a humidified
atmosphere of 5% CO,, respectively. Then, the cells
were treated with pNIPA nanocapsules, p(NIPA-co-
AAc-co-GAA) nanocapsules, free DOX, DOX-loaded
PNIPA nanocapsules and DOX-loaded p(INIPA-co-
AAc-co-GAA) nanocapsules at the desired concen-
tration. After incubation for 24 h, cell viabilities were
determined using a standard MTT assay. Data are
presented as the average (SD, n = 3).

Drug loading and encapsulation efficiency

The encapsulation efficiency (EE) and drug loading
(DL) of nanocapsules were determined by extracting
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Figure 1 Schematic illustration of formation process of p(NIPA-co-AAc-co-GAA) nanocapsules and controlled release of drugs.

and quantifying the encapsulated DOX. Briefly,
DOX-loaded microspheres were dissolved in
dichloromethane—ethanol mixture (1:9, v/v) and then
phosphate buffer saline (PBS, pH 7.4) was added into
this solution to extract DOX for several times. The
above suspension was centrifuged at 12000 r.p.m for
10 min to remove the polymeric debris. The concen-
tration of free DOX in the supernatant was analyzed
by ultraviolet absorption at their maximum wave-
length (490 nm) on a UV-Vis spectrophotometer.
Three samples were prepared for each testing. The

EE% and DL% of nanocapsules were calculated
according to the following equations:

EE% = (Wencapsulated drug/winitial drug) x 100%
DL% = (Wencapsulated drug / Wnanoparticles) X 100%

where Wipitar arug 18 the weight of DOX for loading,
Wencapsulated drug 18 the weight of DOX encapsulated
in the nanocapsules, and Whanoparticles is the weight of
the nanocapsules for loading.
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In vitro drug release studies

The in vitro release studies of DOX-loaded
nanocapsules were performed by diffusion tech-
nique. DOX-loaded nanocapsules (20 mg) were
placed into a dialysis bag and immersed in 100 mL
PBS (pH = 3.0 and 7.4) at 37 and 45 °C, respectively,
with gentle shaking. At predetermined time intervals,
3 mL of PBS was withdrawn and replaced with an
equal volume of fresh PBS to maintain the constant
volume. The amount of released DOX in PBS solu-
tions was determined using a UV-Vis spectropho-
tometer at a maximal wavelength of 490 nm. The
cumulative release was expressed as the total per-
centage of drug molecule released through the dial-
ysis membrane over time, which was calculated
according to the following equation:

Cumulative release% = (W;/Wy) x 100%

where W; is the weight of DOX released at time ¢, and
Wy is the weight of DOX encapsulated in the
nanocapsules.

Statistical analysis

Nanocapsules diameters, cytotoxicity and in vitro
release were performed in triplicate. All obtained
data were expressed as the mean value with standard
deviation and analyzed using the T-test and one-way
analysis of variance (ANOVA). In all tests, a p value
of < 0.05 was regarded as statistically significant.

Results and discussion

Morphology and size of polymeric
nanocapsules

The morphological analysis of polymeric nanoparti-
cles was carried out by SEM and TEM. The images in
Fig. 2 demonstrated that most of the nanoparticles
had a uniform spherical shape and smooth surface.
The SEM photographs of broken nanoparticles
shown in Fig. 2b, c exhibited the presence of hollow
structure in the nanoparticles. The large apartment of
the obtained polymeric nanocapsules is beneficial to
the encapsulation of drugs. The morphologies of
p(NIPA-co-AAc-co-GAA) nanocapsules and DOX-
loaded p(NIPA-co-AAc-co-GAA) nanocapsules were
further observed by TEM. As shown in Fig. 2d, e,
DOX-loaded p(NIPA-co-AAc-co-GAA) nanocapsules
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were darker than P(NIPA-co-AAc-co-GAA)
nanocapsules due to the encapsulation of DOX in
nanocapsules.

Dynamic light scattering analysis

The hydrodynamic diameters and size distribution of
the polymeric nanocapsules were measured by DLS
at different temperature and pH as shown in Fig. 3.
Generally speaking, the diameters of p(NIPA-co-
AAc-co-GAA) nanocapsules decreased and their size
distribution became narrow when the environmental
temperature was increased from 25 to 50 °C (Fig. 3a).
It is worth noting that the diameters and size distri-
bution of nanocapsules dramatically changed from 37
to 40 °C, while they exhibited slight change above
40 °C and under 37 °C. For example, the particle size
was about 450 nm and the size distribution was
200-800 nm at 25 and 37 °C. However, they were
approximately 350 nm and 200-500 nm at 40, 45 and
50 °C, respectively. The diameters of nanocapsules
decreased significantly from 450 to 350 nm with the
increase in temperature from 37 to 40 °C. It is well
known that the VPTT of pNIPA in aqueous media is
32 °C [21]. pNIPA chains form extended molecular
conformation by hydration below 32 °C, while they
will undergo a sharp conformational transition from
extended to contractive configuration by dehydration
when the temperature is above 32 °C. The VPTT of
PNIPA can be adjusted by introducing components
with different hydrophilic/hydrophobic properties.
In our study, the VPTT of p(NIPA-co-AAc-co-GAA)
nanocapsules was enhanced to 37-40 °C due to the
copolymerization of hydrophilic AAc monomer. The
presence of massive carboxyl groups in the acrylic
acid molecular resulted in the formation of abundant
hydrogen bonds between macromolecular chains of
nanocapsules and water molecules. The conforma-
tional transition of macromolecular chains required
more energy to destroy these hydrogen bonds.
Therefore, the VPTT of p(NIPA-co-AAc-co-GAA) was
higher than that of pNIPA in aqueous media. Similar
result was also observed in other work [22].

With regard to the effect of pH on particle diameter
and size distribution, as shown in Fig. 3b, the sig-
nificant decrease in particle diameter was related to
the decrease in pH value. The presence of carboxylic
acid units attached to the polymer chains is the main
reason for the response of particle diameter to pH
changes. The carboxylic acid groups of p(NIPA-co-
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Figure 2 SEM micrographs of p(NIPA-co-AAc-co-GAA) nanocapsules (a) and broken p(NIPA-co-AAc-co-GAA) nanocapsules (b,
¢) and TEM micrographs of p(NIPA-co-AAc-co-GAA) nanocapsules (d) and DOX-loaded p(NIPA-co-AAc-co-GAA) nanocapsules (e).

AAc-co-GAA) will be dissociated into carboxylic acid
and hydrogen ions in water to form a ionization
equilibrium. This equilibrium state is influenced by
the pH value of the solution. Under alkaline condi-
tions, the carboxylic acid groups of p(NIPA-co-AAc-
co-GAA) are in the form of a negative COO™ and
produce an electrostatic repulsion in the interior of
nanocapsules, which results in a stretching of the
coiled polymer chains. With the decrease in pH
value, the increase in H" concentration inhibits the
ionization of carboxylic acid groups. The decrease in
COO™ concentration reduces the electrostatic repul-
sion of polymer chains and facilitates the aggregation
of polymer chains [23, 24]. Moreover, the COOH
groups in polymer chains are easy to form hydrogen
bonds with the CONH groups of pNIPA. This
intramolecular hydrogen bond makes the three-
dimensional network structure of nanocapsules
become more tight [25].

Targeted properties and anti-tumor efficacy
assay

As a drug carrier material, the toxicity of p(NIPA-co-
AAc-co-GAA) nanocapsules should be evaluated due
to its potential further application in biomedical
fields. The cell viability of human hepatocytes (HL-

7702), hepatoma cells (HepG2) and mouse fibroblast
cells (L929) treated with PNIPA and p(NIPA-co-AAc-
co-GAA) nanocapsules was determined by MTT
assay, respectively. As shown in Fig. 4a, pNIPA
nanocapsules had no obvious toxicity to three kinds
of cells; however, P(NIPA-co-AAc-co-GAA)
nanocapsules showed different toxicity to them.
Specifically, p(NIPA-co-AAc-co-GAA) nanocapsules
not only had no toxic effects on HL7702 and L929, but
promoted cell activity. Meanwhile, we could clearly
see the reduction of cell viability of HepG2 treated
with p(NIPA-co-AAc-co-GAA) nanocapsules. Gly-
cyrrhetic acid (GA), as one of the effective compo-
nents in Chinese medicine, can inhibit the
proliferation of hepatoma cells and induce its differ-
entiation into benign cells and promote the regener-
ation of normal liver cells. GA has been widely used
in the treatment of liver diseases and liver protection
[26, 27]. Therefore, the cell viability of normal liver
cell HL7702 was much higher than that of hepatoma
cells (HepG2) in our experimental results. It could
also be seen that the cell viability of L929 treated with
p(NIPA-co-AAc-co-GAA) nanocapsules was higher
than that of control but lower than that of HL7702
treated with p(NIPA-co-AAc-co-GAA) nanocapsules.
This result indicated that p(NIPA-co-AAc-co-GAA)
nanocapsules exhibited good biocompatibility to

@ Springer



2332
(a) 30
a:25°C
251 b:37°C
c:40°C
20 d: 45°C
e:50C

Volume(%)
7

0 100 200 300 400 500 600 700 800 900 1000
Size (nm)

(b) 35

Volume(%)

0 100 200 300 400 500 600 700 800 900 1000
Size(nm)

Figure 3 The size distribution of p(NIPA-co-AAc-co-GAA)
nanocapsules under different temperature (a) and pH (b).

normal cells. Furthermore, the presence of strong
affinity between hepatocytes and GA resulted in the
enrichment of HL7702 to p(NIPA-co-AAc-co-GAA)
nanocapsules, which enhanced the cell viability.
These characteristics of GA made it a suitable candi-
date for hepatic targeted drug delivery system
(HTDDS) as carrier materials.

The MTT assay was further used to investigate the
cell viability of Hep2 treated with free DOX, DOX-
loaded pNIPA and DOX-loaded p(NIPA-co-AAc-co-
GAA). As shown in Fig. 4b, all of the three groups
exhibited increasing inhibition against hepatoma
cells with the increasing concentrations of DOX.
Moreover, at the same concentrations of DOX, the cell
viability of HepG2 treated with DOX-loaded p(NIPA-
co-AAc-co-GAA) was lower than that of HepG2
treated with free DOX and DOX-loaded pNIPA. As
discussed above, p(NIPA-co-AAc-co-GAA) nanocap-
sules have thermo/pH-responsive, liver-targeted and
toxic properties to hepatoma cells. On one hand, the
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Figure 4 Relative cell viability treated with a pNIPA and
p(NTPA-co-AAc-co-GAA) nanocapsules, b free DOX, DOX-
loaded pNIPA and DOX-loaded p(NIPA-co-AAc-co-GAA). The
cell viability without any treatment was used as a control and set
to 100%. The concentration of nanocapsules was 500 pg/mL.
Statistical significances between HL-7702 and HepG2 treated with
p(NIPA-co-AAc-co-GAA)  nanocapsules were  evaluated:
p < 0.01. Statistical significances between free DOX and DOX-
pNIPA, free DOX and DOX-p(NIPA-co-AAc-co-GAA) were
evaluated: p > 0.05 and p < 0.01, respectively.

synergistic effects of DOX and GA in p(NIPA-co-
AAc-co-GAA) nanocapsules greatly enhanced the
lethality to HepG2. On the other hand, DOX-loaded
P(NIPA-co-AAc-co-GAA) could be easily taken up by
Hep2 through receptor-mediated endocytosis and
efficiently released DOX in weakly acidic and
hyperthermal characteristics inside cancer cells.
DOX-loaded p(NIPA-co-AAc-co-GAA) nanocapsules
could avoid the damage of free DOX to normal cells
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and significantly improve the therapeutic efficiency
of DOX to tumor cells.

Drug loading and in vitro drug release

The encapsulation efficiency (EE) and drug loading
(DL) of nanocapsules are important parameters to
evaluate the properties of drug carriers. In our
experiment, DOX was encapsulated as a model drug
to evaluate the potential application of p(NIPA-co-
AAc-co-GAA) nanocapsules as a drug delivery vehi-
cle. As shown in Table 1, the EE and DL of DOX in
p(NIPA-co-AAc-co-GAA) nanocapsules were affected
by the initial concentrations of p(NIPA-co-AAc-co-
GAA), DOX and PVA. The EE increased with the
increase in initial concentration of p(INIPA-co-AAc-co-
GAA), DOX and PVA. The higher concentration of
p(NIPA-co-AAc-co-GAA) yielded higher viscosity of
primary W/O emulsion, which accelerated the
solidification rate, prompted the formation of denser
structure and reduced the drug loss during evapo-
ration [28]. Meanwhile, the increase in concentration
of PVA increased the viscosity of outer water phase,
hindered the diffusion of DOX and further improved
the EE [29]. On the other hand, the DL increased with
the increase in initial concentration of DOX and PVA,
but decreased with the increase in initial concentra-
tion of p(NIPA-co-AAc-co-GAA). For example, if all
other parameters were kept constant, the DL was
24.31 and 15.26% when the initial concentrations of
p(NIPA-co-AAc-co-GAA) were 5 and 10 mg/mL,
respectively. Based on the calculating equation of DL,
the increase in polymer content in the feed ratio led to
the decrease of DL. The result also suggested that the
encapsulation of DOX did not reach its saturation.
These results are in agreement with previous work
[29, 30].

Table 1 The effects of the initial concentrations of p(NIPA-co-
AAc-co-GAA), DOX and PVA on the EE and DL of p(NIPA-co-
AAc-co-GAA) nanocapsules

Sample p(NIPA-co-AAc- DOX PVA EE DL

co-GAA) (mg/mL) (%, wiv) (%) (%)
(mg/mL)
1 5 1 1 4894  9.19
2 5 2 1 61.37 24.31
3 10 2 1 78.42 15.26
4 10 2 2 90.38 17.82
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The controlled release properties of DOX-loaded
p(NIPA-co-AAc-co-GAA) nanocapsules were investi-
gated under different temperature and pH values. As
shown in Fig. 5, less than 15% of DOX was released
from p(NIPA-co-AAc-co-GAA) nanocapsules at pH
7.4 and 37 °C after 50 h, which indicated that DOX
was sufficiently stable in this nanocapsules under
normal physiological conditions (i.e., in the blood
circulation). In contrast, the release rate of DOX was
much higher under an acidic pH than that under a
physiological pH. For example, almost 60% of DOX
was released from  p(NIPA-co-AAc-co-GAA)
nanocapsules at pH 3.0 and 37 °C after 30 h, which
was 4 times higher than that at pH 7.4 and 37 °C after
50 h. When the DOX was encapsulated into p(NIPA-
co-AAc-co-GAA) nanocapsules, the ionic pairs of
polymer—-COO~ *DOX were formed between poly-
mer and drug. However, the decrease in pH pro-
moted the ionic exchange, weakened the affinity
between DOX and nanocapsules and consequently
accelerated the release of drug [31, 32]. Meanwhile,
the system showed a more rapidly release behavior at
high temperature. By keeping pH at 7.4, more than
70% of DOX was released within 24 h at 45 °C, which
was much higher than that at 37 °C. Furthermore, the
cumulative release amount of DOX reached up to
90% only within 12 h at an acidic pH (3.0) and high
temperature (45 °C). As discussed above, the intro-
duction of AAc monomer into nanocapsules
enhanced the VPTT of p(NIPA-co-AAc-co-GAA) to

100

[~
>

60
—=-37C pH7.4
—+-37C pH3.0
40 4 45°C pH74
—v—45°C pH3.0

Cumulative Release(%)

[
[—]

gEEE & 5 & & &

0 10 20 30 40 50
Time (h)

Figure 5 The release profiles of DOX-loaded p(NIPA-co-AAc-
c0-GAA) nanocapsules under different temperature and pH.
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Table 2 Kinetic parameters

of the model equations applied No. Temperature (°C) pH n k R? Release mechanism
“’(;I};; fl;asz :Cf 20(;%“1 1 37 74 0413 2885 0921  Fickian diffusion
Eanoca sules 2 37 3.0 0.419 15.178 0.962 Fickian diffusion
psu 3 45 7.4 0.475 19.159 0.959 Non-Fickian diffusion
4 45 3.0 0.526 26.491 0.934 Non-Fickian diffusion

37—40 °C. When the environmental temperature was
above the VPTT of p(NIPA-co-AAc-co-GAA), the
shrinkage of the nanocapsules facilitated the escape
of DOX from the matrix due to the pumping effect
[33]. In addition, higher temperature accelerated the
molecular thermodynamic movement of DOX and
consequently led to a faster diffusion rate of drug
[34]. In order to further understand the drug release
behavior, the cumulative release data were evaluated
on the basis of classical Ritger-Peppas equation to
elucidate the DOX transport mechanism. The model
is valid only for the description of the first 60% of
release curve, i.e., M;/M_, < 60%.

In Wy/Wy =nlnt+Ink

where W, and W,, are the total amount of drug
released at time t and equilibrium time, respectively.
k is the kinetic constant reflecting the drug release
rate. 7 is an exponent characterizing the drug release
mechanism. Generally, n < 0.45 corresponds to a
Fickian diffusion mechanism, 0.45 < n < 0.89 to non-
Fickian diffusion, n = 0.89 to Case II (relaxation)
transport and n > 0.89 to Super Case II transport
[35, 36]. The k and n values are calculated by plotting
the In (W,/W,,) versus In t. Coefficients of correlation
(R?) are used to evaluate the accuracy of the fit. The
linear regression results are summarized in Table 2. It
could be seen that the coefficients of correlation (R?)
were best fit with the Ritger-Peppas models
(0.921-0.962). The obvious increase of k with the
increase in temperature and decrease in pH demon-
strated that the drug release was triggered and
accelerated under the weakly acidic and high-tem-
perature environment. More importantly, the release
exponent n < 0.45 at 37 °C indicated that the release
mechanism of DOX followed Fick’s law. It means that
the diffusion of drug depends on the concentration
gradient of drug at 37 °C. However, the values of
n were higher than 0.45 at 45 °C, which proved that
the release of drug showed a non-Fickian release

@ Springer

mechanism at 45 °C. As discussed above, the
pumping effect of nanocapsules and the intense
thermodynamic movement of DOX facilitated the
release of DOX. In other words, the release of drug
was not only dependent on the concentration gradi-
ent of drug; therefore, the diffusion of DOX deviated
from Fick’s law at high temperature. The kinetic
analysis of drug release further validated the results
of our experiments.

Conclusions

Thermo/pH-responsive targeted polymeric
nanocapsules (p(NIPA-co-AAc-co-GAA)) for delivery
of anticancer drug were successfully synthesized by a
W/O/W double emulsion solvent evaporation tech-
nique. Most of p(NIPA-co-AAc-co-GAA) nanocap-
sules had a uniform spherical shape and hollow
structure, which contributed to the high encapsula-
tion efficiency of drug. The hydrodynamic diameters
of polymeric nanocapsules were about 450 nm at
room temperature. Meanwhile, the particle size could
be responsive to temperature and pH, which would
trigger and accelerate the release of drug encapsu-
lated in nanocapsules at appropriate environment. In
particular, p(NIPA-co-AAc-co-GAA) nanocapsule
could minimize the drug leakage and reduce the toxic
and side effects on normal tissues in the process of
blood circulation. However, the drug could be
rapidly released from nanocapsules in the weakly
acidic and high-temperature environment of tumor
tissues to induce cancer cells death. Moreover, the
introduction of GA with hepatic targeting property
was hopeful to carry drug molecules across biological
barrier and go straight to liver cancer cells, which
avoided damage to the other normal cells and tissue.
These results are very interesting for the site-specific
release of drug to improve curative effects and
reduce side effects, which indicates that p(NIPA-co-
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AAc-co-GAA) nanocapsule is a attractive candidate
for DDS.
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