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bstract

Thermo-responsive poly(N-isopropylacrylamide-co-acrylamide)-block-polyallylamine-conjugated albumin nanospheres (PAN), new thermal
argeting anti-cancer drug carrier, was developed by conjugating poly(N-isopropylacrylamide-co-acrylamide)-block-polyallylamine (PNIPAM-
Am-b-PAA) on the surface of albumin nanospheres (AN). PAN may selectively accumulate onto solid tumors that are maintained above
hysiological temperature due to local hyperthermia. PNIPAM-AAm-b-PAA was synthesized by radical polymerization, and AN was prepared
y ultrasonic emulsification. AN with diameter below 200 nm and narrow size distribution was obtained by optimizing the preparative conditions.
ose Bengal (RB) was used as model drug for entrapment into the AN and PAN during the particle preparation. The release rate of RB from PAN
ompared with AN in trypsin solution was slower, and decreased with the increase of PNIPAM-AAm-b-PAA molecular weight, which suggested
hat the existence of a steric hydrophilic barrier on AN made digestion of AN more difficult. Moreover, the release of RB from PAN above the

loud-point temperature (Tcp) of PNIPAM-AAm-b-PAA became faster. This was because the density of temperature-responsive polymers on AN
as not so high, so that the interspace between the polymer chains increased after they shrunk due to the high temperature. As a result, the
iodegradable AN was attacked more easily by trypsin. The design of PAN overcame the disadvantages of temperature-responsive polymeric
icelles.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The main problems currently associated with systemic drug
dministration are: even biodistribution of pharmaceuticals
hroughout the body; lack of drug specific affinity toward a
athological site; the necessity of a large total dose of drug
o achieve high local concentration; non-specific toxicity and
ther adverse side-effects due to high drug doses. Because of
hese drawbacks of systemic drug administration and the tox-
city of anti-cancer drugs to both tumor and normal cells, the
fficacy of cancerous chemotherapy is often limited by serious

ide-effect. A strategy could be to associate anti-cancer drugs
ith colloidal nanoparticles, with the aim to increase selectiv-

ty of drugs towards cancer cells while reducing their toxicity

∗ Corresponding author. Tel.: +86 1082627072; fax: +86 1082627072.
E-mail address: ghma@home.ipe.ac.cn (G.-H. Ma).

a
1
J
a

s
w

378-5173/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2007.06.004
min nanospheres; Rose Bengal; Entrapment efficiency; Controlled release

owards normal tissues (Brigger et al., 2002). The accumulation
f intravenously injected nanoparticles onto tumor cells relies
n a passive diffusion or convection across the leaky and hyper-
ermeable tumor vasculature (Yuan, 1998), which was called
assive targeting. Indeed, the uptake of nanoparticles can also
esult from active targeting, a specific recognition in the case
f ligand decorated nanoparticles (Moghimi et al., 2001). To
ate, many distinctive active targeting nanoparticles, such as
olate-conjugated albumin nanoparticles (Zhang et al., 2004),
onoclonal antibody conjugated nanoparticles (Sheng et al.,

995), magnetic albumin nanoparticles (Gong et al., 2004), pH-
nd temperature-responsive polymeric micelles (Kwon et al.,
995; Topp et al., 1997; Inoue et al., 1998; Chung et al., 2000;
eong et al., 2003), have been investigated in drug delivery

pplications.

The temperature-responsive polymeric micelles were con-
tructed by hydrophobic interaction, which is weak comparing
ith covalent bond. When it arrived at the heated cancer tissues

mailto:ghma@home.ipe.ac.cn
dx.doi.org/10.1016/j.ijpharm.2007.06.004
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cheme 1. Schematic presentation for difference of (a) temperature-responsive
olymeric micelles and (b) PAN.

nd cells, it could accumulate on the cancer tissues and cells
Kohori et al., 1999). However, the dense hydrophilic polymer
equence on the surface of temperature-responsive polymeric
icelles would shrink and accumulate on the micelles (as shown

n Scheme 1a), resulting in the decrease of the drug release rate
rom the micelles and the curative efficacy.

In this study, we developed a new thermal target-
ng anti-cancer drug carrier: temperature-responsive poly-
er conjugated albumin nanospheres. At first, biodegrad-

ble albumin nanospheres (AN) with Rose Bengal (RB,
odel drug) inside was prepared by ultrasonic emulsifi-

ation combined with chemical cross-linking (glutaralde-
yde), then poly(N-isopropylacrylamide-co-acrylamide)-block-
llylamine (PNIPAM-AAm-b-PAA) (thermo-responsive poly-
ers) was conjugated on AN. This PNIPAM-AAm-b-PAA-

onjugated albumin nanospheres (PAN) was designed by
ollowing strategy.

On intravenous administration, particles are normally rapidly
oated by the adsorption of specific blood components known

s opsonins and then recognized and taken up by the reticuloen-
othelial system (RES). The surface of albumin nanospheres
ith drug inside and thermo-responsive copolymer chains on

he surface is hydrophilic at and below 37 ◦C due to the

t
T
w

Scheme 2. Reaction scheme fo
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ydrophilicity of the copolymer if the cloud-point temperature
Tcp) of the copolymer is about 42 ◦C under local hyperther-
ia. This hydrophilic copolymer layer can dramatically affect

he opsonization of particles by plasma components (Moghimi
t al., 1993; Lin et al., 1999). Therefore, the uptake of PAN
y the RES can be reduced and a significantly longer circu-
ation half-life of the particles in the blood stream will be
btained (Illum and Davis, 1984). PAN will not precipitate on
he healthy tissues and cells because of the hydrophilic sur-
ace, but will precipitate on the heated cancer tissues and cells
round 42 ◦C, because the copolymer will become hydrophobic
t higher temperature due to conformational transition of the
hain. Then, the interspace between the temperature-responsive
olymer chains (as shown in Scheme 1b) will increase after
hey shrink due to the high temperature. So that, the biodegrad-
ble albumin nanospheres will be attacked and degraded more
asily by proteinase, then the drug will release there to attack
he tumor cells. Furthermore, histological analysis of PNIPAM-
rafted gelatin gel elucidated that PNIPAM can be biodegraded
ver time without excessive inflammatory reactions (Ohya et
l., 2004). According to a toxicity test of the PNIPAM, which
as performed in comparison with that of the NIPAM monomer,
NIPAM showed no toxicity in mice (Sheng et al., 2006). There-
ore, although NIPAM, AAm and AA are toxic monomers,
NIPAM-AAm-b-PAA is also biodegradable over time and
on-toxic.

Consequently, PAN, which is constructed by covalent bond
nd whose drug release above Tcp of PNIPAM-AAm-b-PAA is
aster, can be employed as drug carrier due to their targeting
bility to tumor cells by both passive and active targeting.

. Materials and methods

.1. Materials
N-isopropylacrylamide (NIPAM), 2,2′-azobis(isobutyroni-
rile) (AIBN) and Rose Bengal (RB) were purchased from
okyo Chemical Industry Co., Ltd. (TCI, Japan). NIPAM
as purified by recrystallization from n-hexane. Acry-

r PNIPAM-AAm-b-PAA.



al of

l
p
g
u
d
f
m
m

2

y
s
a
2
fl
i
a
a
6
o
P
w
a
M
p
o
T
H
W

t
a
m
n
w

2
n

s
p

3
f
u
7
t
l
s
w
A
(
t
w
fi
c

Z.-Y. Shen et al. / International Journ

amide (AAm) and sorbitan sesquioleate (Arlacel83) were
urchased from SIGMA (USA). Allylamine (AA), 50%
lutaraldehyde (GA) aqueous solution, trypsin (30 USP
nits/mg), N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-
imethylaminopropyl) carbodiimide (EDAC) were purchased
rom Wako Pure Chemicals (Tokyo, Japan). Bovine serum albu-
in (BSA), fraction V (pH 7.0), was purchased from ICN Bio-
aterials.

.2. Synthesis of thermo-sensitive polymers

Poly(N-isopropylacrylamide-co-acrylamide)-block-polyall-
lamine (PNIPAM-AAm-b-PAA) was synthesized from two
teps (Scheme 2) by free radical polymerization using AIBN as
n initiator. First, 39.05 g of NIPAM, 2.95 g of AAm, AIBN and
50 mL of ethanol were added into a three-necked round-bottle
ask with a magnetic stirrer. The round-bottle flask was moved

n an oil bath and stirred at 60 ◦C for 24 h under nitrogen
tmosphere. Second, after 24 h, 2 mL of AA was dropwise
dded into the mixture. The whole mixture was stirred at
0 ◦C for 3.0 h under nitrogen atmosphere. 0.20 and 0.10 g
f AIBN were used to obtain PNIPAM-AAm-b-PAA1 and
NIPAM-AAm-b-PAA2, respectively. The resultant polymers
ere separated and purified by reprecipitation into diethylether

nd then dried in vacuum. The polymers were dissolved in
illiQ water for optical transmittance measurement. Gel

ermeation chromatography (GPC) measurements were made

n PNIPAM-AAm-b-PAA1 and PNIPAM-AAm-b-PAA2 in
HF at 35 ◦C using a Waters GPC equipment (Waters 515
PLC Pump, Waters Styragel Columns [HT2 + HT3 + HT4],
aters 2410 Differential Refractometer). The flow rate and the

j
v
t
o

Scheme 3. Reaction scheme for preparation of cross-linked A
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emperature of the column oven were set to be 1 cm3 min−1

nd 35 ◦C, respectively. Elution times were converted into
olecular weights using a calibration curve constructed with

arrow polydispersity polystyrene standards, whose molecular
eights range from 2500 to 600,000.

.3. Preparation of blank and RB-loaded albumin
anospheres

Albumin nanospheres were prepared by an ultrasonic emul-
ification method combined with chemical cross-linking. The
reparation method is as follows.

0.6 mL of 20% BSA physiological saline was added into
0 mL cyclohexane containing 6.0 wt.% of Arlacel83 and stirred
or 10 min. Then, the solution was emulsified for 10 min by
ltrasonic disruptor (TOMY UD-200) with the output power of
1, 97, 127 and 165 W, respectively. After that, glutaraldehyde
oluene solution (0.85 mg GA/mg BSA) was added to cross-
ink the particles. The cross-linking process was performed by
tirring the suspension over 24 h. 0.5 mL of 2-aminoethanol
as then added to cap free aldehyde groups (Scheme 3a).
fter a 1.0 h reaction time, the suspension was ultracentrifuged

44,900 × g, 20 min) at 10 ◦C (Automatic Preparative Ultracen-
rifuge, HITACHI 70P-72, Japan). The harvested nanospheres
ere washed two times by cyclohexane to remove the emulsi-
er and then acetone was dropwise added into 20 mL of AN
yclohexane solution under stirring until the solution became

ust turbid. After ultracentrifuged, the samples were dried in
acuum for 1.0 h. And then, the nanospheres were cleaned one
ime by pure water to eliminate free albumin and the excess
f the cross-linker. Between each washing, nanospheres were

N and conjugation of PNIPAM-AAm-b-PAA on AN.
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Table 1
DLS results of blank AN

Sample Output powera (W) Mean diameterb

(nm)
CV Yieldc (%)

AN1 71 169 0.26 83
AN2 97 149 0.16 80
AN3 127 134 0.14 88
AN4 165 102 0.14 82
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a The output power of the ultrasonic disruptor for preparing AN.
b Determined by DLS in pure water at room temperature.
c Calculated from the weight ratio of AN to feed weight of BSA.

ltracentrifuged and supernatants were discarded. After that, the
lbumin nanospheres were lyophilized for 48 h. The results are
ummarized in Table 1.

RB-loaded albumin nanospheres (RB-AN) were prepared by
he same method. RB-AN1, RB-AN2, RB-AN3 and RB-AN4
ere prepared with a variable amount of RB (ranging from 0.63

o 5.00 �g/mg BSA) dissolved in 20% BSA physiological saline.
B-AN5, RB-AN6 and RB-AN7 were prepared at 8.0, 4.0 and
.0 wt.% of Arlacel83, respectively. RB-AN8, RB-AN9, RB-
N10 and RB-AN11 were prepared with a variable amount
f glutaraldehyde (ranging from 0.28 to 1.98 mg GA/mg BSA).
he preparative conditions and the results of these samples are
ummarized in Table 2.

.4. Preparation of PNIPAM-AAm-b-PAA-conjugated
lbumin nanospheres

After cleaned by pure water, the harvested AN4 sample was
ispersed in 10 mL of phosphate buffer (pH 4.0, 100 mM).
.25 g of EDAC and 0.30 g of NHS were dissolved in 10 mL
f cold phosphate buffer, and then the buffer was dropwise
dded into the AN suspension. EDAC activation was done for

.0 h at room temperature. The unreacted EDAC and NHS were
emoved by ultracentrifugation and the AN were resuspended
n 10 mL of phosphate buffer. 5.0 mL of PNIPAM-AAm-
-PAA solution (0.10 g/mL) was added into the suspension

5
A
b
d

able 2
reparative conditions and results of RB-AN

ample RB/BSA ratio (�g/mg) CArlacel83 (wt.%) GA/BSA ratio (

B-AN1 5.00 6.0 0.85
B-AN2 2.50 6.0 0.85
B-AN3 1.25 6.0 0.85
B-AN4 0.63 6.0 0.85
B-AN5 2.50 8.0 0.85
B-AN6 2.50 4.0 0.85
B-AN7 2.50 2.0 0.85
B-AN8 2.50 6.0 1.98
B-AN9 2.50 6.0 1.42
B-AN10 2.50 6.0 0.85
B-AN11 2.50 6.0 0.28
B-PAN1 2.50 6.0 0.85
B-PAN2 2.50 6.0 0.85

a Calculated from the weight ratio of AN to feed weight of BSA and drug.
b Determined by UV spectrophotometer and calculated from the standard calibratio
Pharmaceutics 346 (2008) 133–142

nd the mixture was stirred at room temperature for 3.0 h
Scheme 3b). After that, PNIPAM-AAm-b-PAA-conjugated AN
PAN) was ultracentrifuged to remove unreacted PNIPAM-
Am-b-PAA (the supernatant was transferred to a new tube

or further analysis), then were lyophilized and stored at
20 ◦C. PNIPAM-AAm-b-PAA1 and PNIPAM-AAm-b-PAA2
ere used to prepare PAN1 and PAN2, respectively. The unre-

cted PNIPAM-AAm-b-PAA1 and PNIPAM-AAm-b-PAA2 in
he supernatant were quantified by conductometric titration with
.0 × 10−3 M HCl. So that, the amounts of PNIPAM-AAm-b-
AA1 and PNIPAM-AAm-b-PAA2 on the surface of AN can be
alculated.

RB-loaded PAN1 (RB-PAN1) and RB-loaded PAN2 (RB-
AN2) were prepared by the same method, but 2.5 �g RB/mg
SA was dissolved in 20 wt.% BSA physiological saline before
mulsification by ultrasonic disruptor.

.5. Optical transmittance and dynamic light scattering
easurement

Optical transmittance (OT) of aqueous polymer solutions
5.00 mg/mL) was measured from lower to higher temperatures
t 500 nm of wavelength with a visible optical spectrophotome-
er (HITACHI, U-2000 Spectrophotometer). A sample cell with
path length of 10 mm was used. Heating rate was 0.1 ◦C/min.
he cloud-point temperature (Tcp) of a polymer solution was
etermined at a temperature showing an optical transmittance
f 50%.

Particle size and size distribution of AN1, AN2, AN3 and
N4 (before washed by pure water) were measured by dynamic

ight scattering (DLS) at the scattering angle of 90◦ in anhydrous
yclohexane at room temperatures using a laboratory-made light
cattering apparatus (Isojima et al., 1999) with a BI-9000AT
orrelator (Brookhaven). Vertically polarized incident light of

32 nm wavelength (a diode laser, BWT-50, B&W) was used.
N solutions were optically cleaned through a 0.45 �m mem-
rane filter just before measurements. The number-average
iameter (d̄) and size distribution (CV, coefficient of variation)

mg/mg) Yielda (%) Drug loading ratiob

(�g RB/mg AN)
Entrapment
efficiencyb (%)

95.8 2.05 42.0
91.3 1.88 73.3
88.3 1.06 79.8
85.2 0.57 83.0
89.8 1.85 70.9
87.4 1.91 71.4
85.9 1.74 63.7
96.8 1.87 77.4
89.0 1.99 75.7
90.5 1.96 75.6
86.6 1.07 39.7
– 1.08 39.3
– 0.91 36.1

n curve.
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temperature distance �T between 5% transmittance and 95%
transmittance: �T was 0.7 K for PNIPAM-AAm-b-PAA1 and
0.9 K for PNIPAM-AAm-b-PAA2. Tcp was determined as 42.6
and 42.4 ◦C for PNIPAM-AAm-b-PAA1 and PNIPAM-AAm-
Z.-Y. Shen et al. / International Journ

ere defined as follows:

¯ =
n∑

i=1

di

N

V =
(

n∑
i=1

(di − d̄)2

N

)1/2

/d̄

here di is the diameter of each particle, N the total number of
easured particles and d̄ is the number-average diameter.
PAN1 and PAN2 were also measured by DLS from lower

o higher temperatures in pure water. The solutions were
quilibrated at given temperatures for 10 min before each
easurement. Diffusion coefficient was obtained by cumulant
ethod and the hydrodynamic diameter (Dh) was estimated from

he diffusion coefficient by using the Stokes–Einstein equation.

.6. Transmission electron microscopic observation

The AN4 and PAN1 were observed by a JEM-100cx (JEOL,
apan) transmission electron microscope (TEM). Approxi-
ately 2 �L of the diluted nanoparticles were mounted on

opper grids, and then dried at room temperature. After that,
hey were observed by TEM (no coloration).

.7. Determination of drug loading ratio and entrapment
fficiency

The RB content was measured by digesting 24 mg of RB-
N (or RB-PAN) and corresponding blank-AN (or blank-PAN)

n 6 mL of 20 mg/mL trypsin solution in the dark for 4.0 h
t 37 ◦C, respectively. The digested solutions of blank-AN
nd blank-PAN were used to make baseline of absorbance
easurement by UV spectrophotometer (HITACHI, U-2000
pectrophotometer). The absorbance (at 548 nm of wavelength)
f the digested solutions of RB-AN (or RB-PAN) was converted
nto the concentration of RB using a calibration curve con-
tructed with standard RB solutions containing 4.0 mg/mL BSA
nd 20 mg/mL trypsin. The drug loading ratio (DLR, �g RB/mg
N) and entrapment efficiency (EE%) were calculated from the

ollowing formula:

LR = Total amount of RB loaded (�g)

Total amount of nanospheres harvested (mg)
(1)

E(%) = Total amount of RB loaded

Total amount of RB added
× 100 (2)

.8. ‘In vitro’ release studies

Thirty milligrams RB-AN (or RB-PAN) were dispersed in
0 mL of phosphate-buffered saline (PBS, pH 7.4, 10 mM) with
r without 0.20 mg/mL of trypsin. The suspensions were stirred
lowly and incubated in a water bath at 37 ± 1 ◦C. At prede-

ermined time intervals, these samples were ultracentrifuged at
4,900 × g for 20 min and 1.0 mL of these supernatants were
aken and analyzed for concentration of the released RB by spec-
rophotometer. The release of RB from RB-AN9 and RB-AN10

F
(
b

Pharmaceutics 346 (2008) 133–142 137

ithout trypsin, and from RB-AN8, RB-AN9, RB-AN10 and
B-AN11 with 0.20 mg/mL of trypsin were determined. More-
ver, the release of RB from RB-PAN1 and RB-PAN2 with
.20 mg/mL of trypsin was both determined at 37 ± 1 ◦C and
3 ± 1 ◦C.

RB of RB-AN10 was released for 8.0 h in PBS with
.20 mg/mL of trypsin at 37 ± 1 ◦C. Then RB-AN10 was recov-
red and renamed as RB-AN12. The release of RB from
B-AN12 with 0.20 mg/mL of trypsin was determined at
7 ± 1 ◦C.

. Results and discussion

.1. Polymerization results

The yield determined as diethylether insoluble fraction for
NIPAM-AAm-b-PAA1 and PNIPAM-AAm-b-PAA2 was 74
nd 78%, respectively. The molecular weights Mw determined
rom GPC were 1.43 × 104 and 1.59 × 104 for PNIPAM-AAm-
-PAA1 and PNIPAM-AAm-b-PAA2, respectively.

Optical transmittance determined for PNIPAM-AAm-b-
AA1 and PNIPAM-AAm-b-PAA2 are shown as a function
f temperature in Fig. 1. The optical transmittance of aque-
us PNIPAM-AAm-b-PAA1 was almost unity at temperatures
elow 42.4 ◦C, and decreased rapidly with rising temperature
etween 42.4 and 43.1 ◦C, and vanished at higher tempera-
ures. The sharpness of the transition was estimated from the
ig. 1. Temperature dependence of optical transmittance of copolymers in water
c = 5.00 × 10−3 g cm−3) for PNIPAM-AAm-b-PAA1 (�) and PNIPAM-AAm-
-PAA2 (©).
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ig. 2. Size distributions of albumin nanospheres measured by DLS: AN1 (�),
N2 (�), AN3 (�) and AN4 (�).

-PAA2 when the optical transmittance of the solutions crossed
0% as the temperature increased.

In a previous study, we have found that the reciprocals of Tcp
f aqueous solution of PNIPAM-AAm increased linearly against
olume fraction of NIPAM γ (determined from the volume ratio
f NIPAM to the sum of NIPAM and AAm), where the slope was

elated to the interaction energy difference between the solvent-
IPAM and the solvent-AAm (Shen et al., 2006a). Therefore,
cp of PNIPAM-AAm-b-PAA can also be controlled by γ . Tcp
f PNIPAM-AAm-b-PAA1 and PNIPAM-AAm-b-PAA2, which

r

6
t

ig. 3. TEM photo of AN4 observed at 49,000 magnification (a), 61,000 magnificatio
d).
Pharmaceutics 346 (2008) 133–142

an be decreased by decreasing the γ , are slightly higher than
hat of PNIPAM-AAm (41.0 ◦C) with the same γ . This was con-
idered to result from hydration contribution from hydrophilic
A in the polymer.
The copolymers coherent to the current strategy need to

hange from hydrophilic type to hydrophobic type around 42 ◦C,
nd the change must be very sensitive to temperature change
o increase the targeting ability. Here, both PNIPAM-AAm-b-
AA1 and PNIPAM-AAm-b-PAA2 can meet these conditions.

.2. Size control and TEM observation of albumin
anospheres

There are three different preparation methods for AN, based
n desolvation (Langer et al., 2003), coacervation (Lin et al.,
001), or emulsion formation (Muller et al., 1996). In this paper,
e prepared AN based on emulsion formation because the size
f AN prepared by desolvation and coacervation cannot be
ontrolled easily. In order to obtain AN with diameter around
00 nm, which is required for intravenous administration, the
ffect of the output power of ultrasonic disruptor on the particle
ize and size distribution was investigated.

The preparation results of AN1, AN2, AN3 and AN4 are
ummarized in Table 1 and Fig. 2. The yield for each AN sample
as between 80 and 88%. d̄ and CV values both decreased as the
utput power of the ultrasonic disruptor increased, by which the
article size and size distribution of albumin nanospheres can
e controlled. The appropriate output power of the ultrasonic
isruptor was obtained (165 W, AN4 sample) according to the

equirement of the size of AN in drug delivery.

Fig. 3(a–c) was TEM photo of AN4 observed at 49,000,
1,000 and 81,000 magnification, respectively. From these pic-
ures, it was found that the albumin nanospheres were dispersed

n (b) and 81,000 magnification (c) and PAN1 observed at 61,000 magnification
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ell in pure water, the coalescence and aggregation of nanoparti-
les were almost not found, the particles were spherical in shape
nd the surfaces of the particles were smooth. From TEM pic-
ures, the average diameter of AN4, smaller than the result of
LS (102 nm), was estimated to be below 100 nm due to the

welling of AN because TEM was observed at dry state of AN
nd DLS was determined at wet state of AN. Therefore, AN can
e achieved as a long-circulating system with a size range below
00 nm in diameter for the current drug delivery scheme.

.3. Optimization of nanosphere preparation by drug
oading ratio and entrapment efficiency

The ability of AN to carry a model drug RB was evaluated. RB
s a water-soluble reagent (Mw = 1017.6 Da) with a high ability
f protein binding (Lillie, 1977) and widely used as a diagnos-
ic agent due to its high extinction coefficient at 548 nm. In this
aper, RB was used as a model drug, and the influence of the
B/BSA ratio, the emulsifier concentration in the oil phase and

he concentration of glutaraldehyde on the drug loading ratio
nd the entrapment efficiency were investigated. The results
f preparation of RB-loaded AN are summarized in Table 2.
f not specified, the RB/BSA ratio, emulsifier concentration,
lutaraldehyde concentration and output power of the ultra-
onic disruptor were fixed at 2.50 �g RB/mg BSA, 6.0 wt.%,
.85 mg GA/mg BSA and 165 W, respectively, in the following
xperiments.

There are three main factors which are considered to affect the
rug loading ratio and entrapment efficiency of RB in albumin
anospheres: (1) the binding degree between the drug and the
lbumin molecule; (2) coalescence and break-up of emulsion
roplets, leading to leakage of drug; (3) diffusion of drug from
ater phase to oil phase.
Fig. 4(a) shows the capacity of albumin nanospheres for

B loading as a function of the drug/initial albumin ratio
RB/BSA ratio). The high drug entrapment efficiency in AN
as achieved, up to 83.0% at low RB/BSA ratio. With increas-

ng the RB/BSA ratio, the drug loading ratio increased quickly
t RB/BSA ratios lower than 2.50 �g RB/mg BSA, but increased
lowly at RB/BSA ratios higher than 2.50 �g RB/mg BSA. How-
ver, the entrapment efficiency decreased gently at RB/BSA
atios lower than 2.50 �g RB/mg BSA, but decreased rapidly
t higher than 2.50 �g RB/mg BSA. That was because the bind-
ng degree between RB and the albumin molecule increased
ith the increase of initial RB/BSA ratio, attain to maxi-
um at a RB/BSA ratio and the RB leaked out easily when

he binding sites of RB on the albumin molecules have been
xhausted.

Fig. 4(b) shows the effect of oil-soluble emulsifier concen-
ration on the drug loading ratio and entrapment efficiency.
he drug loading ratio and the entrapment efficiency did not
hange apparently when Arlacel83 concentration was higher
han 4 wt.%, but decreased with decrease of Arlacel83 con-

entration from 4 wt.%. Because oil-soluble emulsifier plays an
mportant role in the maintenance of emulsion stability, the coa-
escence and break-up of the emulsion droplets can be avoided
r retarded. Therefore, the drug entrapment efficiency usually

t
H
h
B

b) and concentration of glutaraldehyde (c) on the drug loading ratio (�g RB/mg
N) and the entrapment efficiency (expressed in %) in AN.

an be improved by increasing the concentration of emulsifier
Liu et al., 2005).

Although RB is a water-soluble drug, it also can be dissolved
n cyclohexane appreciably. RB also may be released during the
ashing process by pure water or physiological saline. There-

ore, the effect of the diffusion of RB from water phase to oil
hase or the loss of RB during washing process on the drug load-
ng ratio and entrapment efficiency is not neglectable. Fig. 4(c)
hows the effect of glutaraldehyde concentration on the drug
oading ratio and entrapment efficiency. The drug loading ratio
nd the entrapment efficiency decreased rapidly with decreasing
he glutaraldehyde concentration from 0.85 mg GA/mg BSA.

owever, they were significantly close with various glutaralde-
yde concentrations when it was higher than 0.85 mg GA/mg
SA. The AN with a higher cross-linking degree would be
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Fig. 5. RB release from RB-AN9 (�) and RB-AN10 (�) in pH 7.4 PBS at 37 ◦C
a
(
c

d
t
e
g
o
h

3

A
r
1
A
R
0
t
R
g
f
a
a
R
f
a
c
i

c
r
s
t
t
e
r
3

d
t

3
P

a
o
m
2
m
t
c
s
c

T
1
w
c
p

P
t
t

w
o
5
o
o
A
1
o
s
r

3
P

r
a
d
i
r
p

nd RB release from RB-AN8 (�), RB-AN9 (�), RB-AN10 (�) and RB-AN11
©) in pH 7.4 PBS containing 0.20 mg/mL trypsin at 37 ◦C. Error bars represent
alculations of standard error on the basis of triplicate determinations.

ifficult to swell and break-up, and the RB would be difficult
o be released. Consequently, the drug loading ratio and drug
ntrapment efficiency increased by increasing the amounts of
lutaraldehyde and attained to a maximum value because most
f the amino groups on the surface of the albumin nanospheres
ave reacted with glutaraldehyde.

.4. RB release from albumin nanospheres

Fig. 5 shows that the release of RB from RB-AN9 and RB-
N10 in PBS (pH 7.4, 10 mM) at 37 ◦C was very slow and their

elease behavior was similar. After 93.0 h, only around 14.5 and
3.4% of loaded drug were released from RB-AN9 and RB-
N10, respectively. The release of RB from RB-AN8, RB-AN9,
B-AN10 and RB-AN11 in PBS (pH 7.4, 10 mM) containing
.20 mg/mL of trypsin at 37 ◦C was also shown in Fig. 5. In
he presence of trypsin, the release of RB from RB-AN9 and
B-AN10 were dramatically accelerated. The concentrations of
lutaraldehyde were 1.98, 1.42, 0.85 and 0.28 mg GA/mg BSA
or RB-AN8, RB-AN9, RB-AN10 and RB-AN11. After 2.0 h
bout 4.2, 6.8 and 11.2 ± 1.3% of loaded RB were released and
fter 93.0 h about 25.0, 45.1 and 74.4 ± 3.7% were released from
B-AN8, RB-AN9 and RB-AN10, respectively. The RB release

rom RB-AN11 was fast, after 0.5 h about 45.6% and after 23 h
bout 90.1% of loaded RB was released. Therefore, it can be
oncluded that release rate of RB from albumin nanospheres
ncreased with decrease of glutaraldehyde amount.

For the purpose of using the albumin nanospheres as anti-
ancer drug carrier for tumor targeting, the slower the drug
elease from the particles while during circulation in the blood
tream after intravenous injection, the weaker the side-effect of
he anti-cancer drugs, and release rate should increase at the

arget sites (cancer cells or cancer tissues) which contain more
nzymes than the blood (Muller et al., 1996). The fact that the
elease of RB from the albumin nanospheres in pH 7.4 PBS at
7 ◦C in the absence of the proteinase trypsin was very slow and

t
P
t
a
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ramatically increased in the presence of trypsin indicates that
he AN can be used as an anti-cancer drug carrier.

.5. Preparation result of
NIPAM-AAm-b-PAA-conjugated albumin nanospheres

We have tried to conjugate poly(N-isopropylacrylamide-co-
crylamide)-block-polyacrylic acid (PNIPAM-AAm-b-PAAc)
nto the surface of AN using the carboxyl groups of the poly-
ers to react with the amino groups of the AN (Shen et al.,

006b). However, the cross-linker glutaraldehyde had consumed
ost of amino groups during the cross-linking process, so

hat PNIPAM-AAm-b-PAAc cannot be conjugated on AN suc-
essfully. Therefore, here we used PNIPAM-AAm-b-PAA with
everal amino groups at the end of the polymer chains, which
an react with the carboxyl groups on the surface of AN.

The results of preparation of RB-PAN are summarized in
able 2. The drug loading ratio of RB-PAN1 and RB-PAN2 were
.08 and 0.91 �g RB/mg AN, and the entrapment efficiencies
ere 39.3 and 36.1%, respectively. The low entrapment effi-

iencies were considered due to the loss during the conjugation
rocess.

Furthermore, the amounts of PNIPAM-AAm-b-PAA1 and
NIPAM-AAm-b-PAA2 on the surface of AN were determined

o be 0.68 and 0.75 nmol/mg AN for PAN1 and PAN2, respec-
ively.

Approximating

4

3
π

(
d̄

2

)3
∼= n × 4

3
π

(
d0

2

)3

(3)

here d0 is the mean diameter of BSA, and n is the amount
f BSA molecular in one nanosphere. d0 was determined to be
.1 ± 0.1 nm by DLS at room temperature with the concentration
f 5.0 mg/mL. From Eq. (3), we can obtain that n ∼= 8000 because
f d̄ = 102 nm. So that, we can calculate that the amount of
N is 1.894 × 10−9 mol within 1.0 g AN (approximating that
.0 g AN was consisted of 1.0 g BSA). Therefore, the amounts
f PNIPAM-AAm-b-PAA1 and PNIPAM-AAm-b-PAA2 on the
urface of AN were calculated to be 359 and 396 mol/mol AN,
espectively.

.6. Hydrodynamic diameter of
NIPAM-AAm-b-PAA-conjugated albumin nanospheres

The Dh of PAN1 and PAN2 were 142.9 and 157.0 nm,
espectively at 38.4 ◦C and decreased, respectively to 128.4
nd 145.4 nm at 43.5 ◦C, as shown in Fig. 6. The Dh of PAN
ecreased with increasing temperature because of the change
n comformation of PNIPAM-AAm-b-PAA chains from the
andom coil to compact globule, which indicated the fine tem-
erature sensitivity of PAN prepared in this study.

The size distributions of PAN1 and PAN2 at room tempera-

ure were shown in Fig. 7. It is clear that the size distributions of
AN1 and PAN2 became broader than AN4 (shown in Fig. 2) due
o the molecular weight distributions of PNIPAM-AAm-b-PAA1
nd PNIPAM-AAm-b-PAA2. The CV values of AN4, PAN1 and
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ig. 6. Temperature dependence of Dh of PNIPAM-AAm-b-PAA-conjugated
lbumin nanospheres in water for PAN1 (©) and PAN2 (�).

AN2 were 0.140, 0.226 and 0.234, respectively. From Fig. 3(d),
t is obvious that the morphology of PAN1 was similar to that
f AN4 because the PNIPAM-AAm-AA1 on the surface of AN
as too slender to be visible.

.7. RB release from PNIPAM-AAm-b-PAA-conjugated
lbumin nanospheres

After 8.0 h, 41% of RB was released from RB-AN10 at
7 ± 1 ◦C. Therefore, the drug loading ratio of RB-AN12
renamed sample of RN-AN10 after 8.0 h of drug release) was
alculated to be 1.06 �g RB/mg AN, which was close to the drug
oading ratio of RB-PAN1 and RB-PAN2.

Fig. 8 shows the RB release from RB-AN12, RB-PAN1
nd RB-PAN2 at 37 ◦C and from RB-PAN1 and RB-PAN2 at
3 ◦C in pH 7.4 PBS containing 0.20 mg/mL trypsin. The results
howed that the RB release from RB-AN12 was faster than from
B-PAN1 and RB-PAN2 at 37 ◦C, and that from RB-PAN2 was
lowest. Moreover, the RB release from RB-PAN1 was also
aster than from RN-PAN2 at 43 ◦C. After 14.0 h about 46.7
nd 39.1% of loaded RB were released and after 93.0 h about
5.5 and 53.8% were released from RB-PAN1 and RB-PAN2 at

Fig. 7. Size distributions of PAN1 (�) and PAN2 (�).
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ithin 93 h (a). The RB release behavior within 16 h (b). Error bars represent
alculations of standard error on the basis of triplicate determinations.

7 ◦C, respectively. After 6.0 h about 40.5% of loaded RB was
eleased and after 85.0 h about 65.5% was released from RB-
N12 at 37 ◦C. After 14.0 h about 55.2 and 43.0% of loaded
B were released and after 93.0 h about 68.6 and 55.2% were

eleased from RB-PAN1 and RB-PAN2 at 43 ◦C, respectively.
he RB release from both RB-PAN1 and RB-PAN2 are faster
t 43 ◦C than at 37 ◦C.

The release of RB from RB-PAN compared with RB-AN
n the presence of the enzyme was slower and the release rate
f RB from RB-PAN decreased with increasing the molec-
lar weight of PNIPAM-AAm-b-PAA, which suggested that
he existence of a steric hydrophilic barrier on the surface of
he AN made digestion of the AN more difficult. Moreover,
he release of RB from RB-PAN at the temperature above Tcp
f PNIPAM-AAm-b-PAA was faster than that below the Tcp.
hat was because temperature-responsive polymers on the sur-

ace of RB-PAN were not so dense and the interspace between
he temperature-responsive polymer chains increased after they
hrunk due to the high temperature (as shown in Scheme 1b), so
hat the biodegradable albumin nanospheres were attacked and
egraded easily by trypsin and the drug release rate from the PAN
ncreased.

These results indicated that PAN can circulate in blood
tream after intravenous injection with a longer half-life and
ess drug release, and release the drug fast after accumulated in
umor cells. It can overcome the disadvantages of temperature-
esponsive polymeric micelles, the instability because of being
onstructed by hydrophobic interaction and the decreasing drug

elease rate from the micelles after accumulated in tumor cells.
nimal experiments are being carried out to prove the advantage
f this new drug carrier.
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. Conclusions

Novel thermal targeting anti-cancer drug carrier PAN was
eveloped by conjugating PNIPAM-AAm-b-PAA on the surface
f AN. DLS measurement showed that PAN was temperature
ensitive, which indicated that they can selectively accumulate
n solid tumors that are maintained above physiological tem-
erature due to local hyperthermia. ‘In vitro’ release studies
roved the slow drug release from AN in the absence of the
roteinase and dramatic increase in the presence of proteinase,
nd fast drug release from PAN at the temperature above Tcp of
NIPAM-AAm-b-PAA, which indicated the slow drug release
rom PAN while circulating in the blood stream after intravenous
njection and the increase of drug release rate at the target sites
cancer cells or cancer tissues). The release of drug from PAN
t the temperature above Tcp of PNIPAM-AAm-b-PAA was
aster than that at the temperature blow the Tcp, which implied
hat PAN overcame the disadvantage of temperature-responsive
olymeric micelles. From these results, it is expected that PAN
an be used as thermal targeting anti-cancer drug carrier and
liminate undesirable side effects generated by free drugs for
ancerous chemotherapy.
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