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Simulated graft copolymer of poly(acrylic acid-co-stearyl acylate) [P(AA-co-SA)] and poly(ethylene glycol) (PEG) was synthesized,
where acrylic acid, stearyl acylate and PEG was employed as the pH-sensitive, hydrophobic and hydrophilic segment, respectively.
Polymeric nanoparticles prepared by the dialysis of simulated graft copolymer solution in dimethylformamide against citrate buffer
solution with different pH values were characterized by transmission electron microscopy (TEM), fluorescence technique and
laser light scattering (LLS). TEM image revealed the spherical shape of the self-aggregates, which was further confirmed by LLS
measurements. The critical aggregation concentration increased markedly (10 to 150 mg/L) with increasing pH (4.6 to 7.0), consistent
with the de-protonation of carboxylic groups at higher pH. The hydrodynamic radius of polymeric nanoparticles decreased from
118 nm at pH 3.4 to 90 nm at pH 7.0. The controlled release of indomethacin from those nanoparticles was investigated, and the
self-assembled nanoparticles exhibited improved performance in controlled drug release.
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1 Introduction

Self-assemblies of amphiphilic block, graft and even ran-
dom copolymers in aqueous solution have been extensively
investigated (1–5). The unique amphiphilic character of
the copolymers enables them to self-assemble into versa-
tile nanoparticles (3, 4). The hydrophobic segment of the
copolymer forms the core of the nanoparticles, while the
hydrophilic segment forms the corona or outer shell (5).
This core-shell structure could be used as a drug delivery
system (6–9), and hydrophobic drugs are loaded in the hy-
drophobic core (10–14). In general, the size of the polymeric
nanoparticles is between 10 and 100 nm, which is relatively
small as compared with other colloidal drug carriers, such
as liposomes. Because of the small size and hydrophilic
surface, those polymeric nanoparticles are not easily recog-
nized and captured by the reticuloendothelial systems (15).
Therefore, they have a relatively long circulation time after
intravenous administration, and as a result, may accumu-
late due to the enhanced permeation and retention effect
(16).

∗Address correspondence to: Wei-Dong He, Department of Poly-
mer Science and Engineering, CAS Key Laboratory of Soft Mat-
ter Chemistry, University of Science and Technology of China,
Hefei, Anhui, 230026, China. E-mail: wdhe@ustc.edu.cn

In the past decades, many stimuli-responsive nanoparti-
cles induced by a continuous change in various conditions
such as pH (16–19) and temperature (20, 21) have been
designed for drug delivery. For example, Soppimath et al.
reported a pH-triggered thermally responsive polymer that
might form core-shell nanoparticles in aqueous media for
drug release (21). Stimuli-responsive polymers with graft
structure were also used in the preparation of intelligent
drug delivery systems (22).

In this study, we designed and prepared new polymeric
nanoparticles resulted from the self-assembly of simu-
lated graft copolymer of P(AA-co-SA) and PEG (abbre-
viated as simulated P(AA-co-SA)-g-PEG), in which acrylic
acid, stearyl acylate and PEG was employed as the pH-
sensitive, hydrophobic and hydrophilic segment, respec-
tively. The pH-dependent structural changes of polymeric
nanoparticles and the controlled drug release behavior of
indomethacin-loaded nanoparticles of simulated P(AA-co-
SA)-g-PEG under different pH values were studied.

2 Experimental

2.1 Materials

Indomethacin (IDM, 98%) was purchased from Alfa
Aesar and used as received. Poly(ethylene glycol)
monomethylether (PEG-OH, Mn = 1900) was kindly
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presented from BASF (Germany) and dried by azeotropic
distillation with toluene. Acrylic acid (AA), stearyl acylate
(SA), pyrene, N, N′-azobisisobutyronitrile (AIBN), acry-
loyl chloride, tetrahydrofuran (THF), triethylamine and
dimethylformamide (DMF) were obtained from Shanghai
Chemical Reagent Co. (China). AIBN was used after re-
crystallization with 95% ethanol. AA and acryloyl chloride
were purified by vacuum distillation. Other reagents were
used as received.

2.2 Synthesis of PEG Acrylate (PEG Macromonomer)

In a 50 ml one-neck round-bottom flask equipped with
a magnetic stirring bar, PEG-OH (3.6 g, 1.9 mmol)
was dissolved in a mixing solution of THF (30 mL)
and triethylamine(1.5 mL, 12 mmol). Acryloyl chloride
(1.0 mL, 12 mmol) was added in a dropwise manner un-
der an ice bath. Then, the reaction was performed at 30◦C
for 3 h. The insoluble salt was removed by the filtration.
PEG macromonomer was obtained by precipitation of the
filtrate into excess diethyl ether three times, and then dried
under vacuum at room temperature for 24 h. The function-
ality of PEG macromonomer was 1.00, determined by pro-
ton nuclear magnetic resonance (1H NMR) spectroscopy
(300 MHz, Bruker DMX300) in CDCl3 at 25◦C.

2.3 Synthesis of Simulated P(AA-co-SA)-g-PEG
Copolymer

PEG macromonomer (0.9 g, 0.5 mmol), AA (2.0 g,
28 mmol), SA (1.3 g, 5 mmol) and AIBN (5 mg, 3.0 ×
10−2 mmol) were dissolved in THF (20 mL), and the poly-
merization was performed at 60◦C under nitrogen atmo-
sphere for 24 h. Then, the reaction mixture was poured
into diethyl ether to precipitate the simulated P(AA-co-
SA)-g-PEG. The resulted product was purified by repeated
precipitation in diethyl ether from THF and dried in a vac-
uum oven at room temperature overnight. The polymer
composition was determined by 1H-NMR spectroscopy in
CD3OD at 25◦C.

2.4 Determination of Critical Aggregation Concentration
(CAC) of Simulated P(AA-co-SA)-g- PEG and
Preparation of Polymeric Nanoparticles

CAC of simulated P(AA-co-SA)-g-PEG was determined
by fluorescence with pyrene as a hydrophobic fluores-
cent probe. Fluorescence spectra were recorded on a RF-
5301PC luminescence spectrometer (Sahimadzu). Aliquots
of pyrene solutions (6.18 × 10−6 M in acetone, 1 mL) were
added to the containers, and the acetone was allowed to
evaporate. 10 mL aqueous polymer solutions at different
concentrations were then added to the containers contain-
ing the pyrene residue. It should be noted that all the aque-
ous sample solutions contained excess pyrene residue at
the same concentration of 6.18 × 10−7 M. The solutions

were kept at room temperature for 24 h to reach the sol-
ubilization equilibrium of pyrene in the aqueous phase.
For fluorescence measurement, emission was carried out at
390 nm, and excitation spectra were recorded ranging from
250 to 360 nm. Both excitation and emission bandwidths
were 5 nm. From the pyrene excitation spectra, the intensity
ratio (I339/I336) of the pyrene was analyzed as a function of
the polymer concentration.

Membrane-dialysis method was employed to prepare the
P(AA-co-SA)-g-PEG nanoparticles. Briefly, the simulated
P(AA-co-SA)-g-PEG copolymer was dissolved in DMF at
an initial concentration of 400 mg/L. The solution was put
into a dialysis tube (molecular weight cut-off: 3500 g/mol)
and subjected to dialysis against citrate buffer solutions
with different pH values for 24 h. The transparent solu-
tion turn translucent during the dialysis, which suggested
the formation of simulated P(AA-co-SA)-g-PEG nanopar-
ticles.

2.5 Morphology of Polymeric Nanoparticles by TEM
and LLS

The morphology of simulated P(AA-co-SA)-g-PEG
nanoparticles was observed under transmission electron
microscopy (TEM). A drop of the freshly prepared
nanoparticles dispersion containing 0.01 wt% phospho-
tungstic acid was placed on a copper grid coated with a
polymer film, and was air-dried at room temperature. The
TEM observations were carried out on a JEOL 2010 TEM
instrument at an acceleration voltage of 200 kV.

Laser light scattering (LLS) measurements were per-
formed on a modified commercial laser light scattering
spectrometer (AVL/SP-125) equipped with an ALV-500
multi-τ digital time correlator and a He-Ne laser sys-
tem adjusted to a wavelength of 632 nm. Each sample
(0.3 mg/mL) was filtered through a 0.45 µm filter directly
into a pre-cleaned cylindrical cell with 10 mm diameter.
The scattering angle was varied from 20 to 150◦ and the
temperature was set at 25◦C. In static LLS, the angular
dependence of the excess absolute time-averaged scattered
intensity using vertically polarized incident and scattered
light, also known as the Rayleigh ratio Rvv(q), was mea-
sured. For a solution at low concentrations (C), we can ob-
tain the weight-average molar mass (Mw) and the z-average
root-mean-square radius of gyration (〈R2

g〉1/2 or written as
〈Rg〉) and the second virial coefficient (A2) can be obtained
by the following equation.

KC
Rvv(q)

= 1
Mw

(
1 + 〈R2

g〉q2

3

)
+ 2A2C (1)

Where K = 4π2n2(dn/dc)2/(NAλ4
0) and q = (4πn/λ0)×

sin(θ/2) with NA, n, dn/dC, and λ0 being the Avogadro
constant, the solvent refractive index, the specific refractive
index increment, and the wavelength of light in vacuum,
respectively.
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In dynamic LLS, the Laplace inversion of each measured
intensity-intensity-time correlation function G(2)(q, t) in
the self-beating mode can lead to a line-width distribution
G(Γ ). For a pure diffusive relaxation, Γ is related to the
translational diffusion coefficient D by (Γ/q2)C→0,q→0 →
D, or further to the hydrodynamic radius Rh via the Stokes-
Einstein equation, Rh = kBT/6πη0)/D, wherekB, T, and
η0 are the Boltzmann constant, the absolute temperature,
and the solvent viscosity, respectively.

2.6 Drug Loading and In Vitro Drug Release

Simulated P(AA-co-SA)-g-PEG (10 mg) and IDM (5 mg)
were dissolved in DMF (2.5 mL). The solution was put into
a dialysis tube (molecular weight cut-off: 3500 g/mol) and
subjected to dialysis against 1000 mL of citrate buffer solu-
tion (pH 5.0) for 24 h. After dialysis, the dialysis tube was
directly immersed into 400 mL of citrate buffer solutions
with different pH. Aliquots of 2 mL were withdrawn from
the solution periodically. The solution volume was held
constant by adding 2 mL the same citrate buffer solutions
after each sampling. The amount of IDM released from
nanoparticles was determined based on UV absorbance at
318 nm. The cumulative drug release was calculated as cu-
mulative drug release R(%) = Mt/M0×100, where Mt is the
amount of drug released from nanoparticles at time of t,
and M0 is that loaded in P(AA-co-SA)-g-PEG nanoparti-
cles.

The amount of unloaded drug was analyzed by mea-
suring the absorbance of dialyzate at 318 nm after drug
loading. M0 was estimated by subtracting the amount of un-
loaded drug from the feed drug amount (5 mg). It was found
that around 24.2 wt% of the feed drug, IDM, was loaded
into P(AA-co-SA)-g-PEG nanoparticles (M0 = 1.21 mg)

3 Results and Discussion

3.1 Structural Analysis of Simulated P(AA-co-SA)-g-PEG
Copolymer

Preparation of the simulated P(AA-co-SA)-g-PEG was car-
ried out as follows. Firstly, PEG macromonomer was syn-
thesized via an esterification reaction between the terminal
hydroxy of PEG-OH and acryloyl chloride. Subsequently,
the tercopolymer was obtained by the common radical
copolymerization of PEG macromonomer, AA and SA.
The chemical structure of P(AA-co-SA)-g-PEG is shown
in Fig. 1.

1H-NMR, LLS and acid-base titration were employed
to characterize the structure of the copolymer. Figure 2(a)
shows the 1H-NMR spectrum of simulated P(AA-co-SA)-
g-PEG. The copolymerization is evidenced by the dis-
appearance of NMR signals at 5.8–6.5 ppm, which are
assigned to vinyl protons in monomers. The signals at
0.90 and 1.30 ppm are attributed to methyl protons and

Fig. 1. Chemical structure of simulated P(AA-co-SA)-g-PEG.

methylene protons of SA units, respectively. The signals at
1.40–2.7 ppm are assigned to the methylene and methine
protons in the main chain of copolymer. The signals of
methylene and methyl protons in the PEG segments are lo-
cated at 3.4–4.2 ppm. The composition of simulated P(AA-
co-SA)-g-PEG was determined by comparing the area of
the peaks at 0.90, 2.43 and 3.63 ppm. On the basis of the
1H-NMR spectrum of simulated P(AA-co-SA)-g-PEG, the
weight percent of AA, SA and PEG was calculated to be
46.8%, 19.4% and 33.8%, respectively.

For the estimation of molecular weight, simulated P(AA-
co-SA)-g-PEG was completely converted into poly(sodium
acrylate) by hydrolyzing in 10 wt% NaOH aqueous solu-
tion for three days and dialysis in H2O for 4 days, which was
proved by the disappearance of PEG signals (3.4-4.2 ppm)
and SA (0.90 and 1.30 ppm) signals in 1H-NMR spectrum
(Fig. 2(b)). Static LLS experiments revealed that the ap-
parent weight-averaged molecular weight of poly(sodium
acrylate) was 7.8 × 104 g/mol. Based on static LLS and 1H
NMR results, the weight-averaged molecular weight (Mw)
of simulated P(AA-co-SA)-g-PEG was calculated to be 1.3
× 105 g/mol.

The pKa of copolymer was determined by acid-base titra-
tion. Briefly, 100 mg of copolymer was dissolved in 10 mL
ultrapure water and titrated with 1 N NaOH using phe-
nolphthalein as an indicator (21). The pKa was determined

Fig. 2. 1H-NMR of (a) simulated P(AA-co-SA)-g-PEG in
methanol-d4, (b) poly(sodium acrylate) in D2O.
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by this titration method by continuously measuring the pH
during the addition of base. From the graph of pH ver-
sus the volume of base, the pKa of copolymer (4.8) was
calculated as the pH at half the volume of the base at the
equivalence point.

3.2 Studies of Critical Aggregation Concentration (CAC)
of Copolymer

Simulated P(AA-co-SA)-g-PEG is an amphiphilic copoly-
mer and its self-assembled nanoparticles were prepared
by membrane-dialysis of simulated P(AA-co-SA)-g-PEG
solution in DMF against citrate buffer solution. At low
pH values, the carboxylic acid groups in AA segment
are protonized and become hydrophobic. Thus, the self-
assembled nanoparticles are core-corona particles with the
hydrophobic main chain and SA segment as the core and
the hydrophilic PEG segment as the outer corona in acidic
aqueous medium. The schematic formation of simulated
P(AA-co-SA)-g-PEG nanoparticles is shown in Figure 3.

The CAC of simulated P(AA-co-SA)-g-PEG copolymer
was monitored by fluorescence spectroscopy with pyrene
as a hydrophobic fluorescent probe. Pyrene would prefer-
entially partition into hydrophobic microdomains with a
concurrent change in the molecule’s photophysical prop-
erties (20). From the plots of the intensity ratio (I339/I336)
versus copolymer concentration (23), an abrupt increase in
the intensity ratio (I339/I336) was observed with increasing
copolymer concentrations as shown in Figure 4, indicating
the formation of nanoparticles and the transfer of pyrene
into the hydrophobic core of nanoparticles. The CAC at
pH 4.6 was determined to be approximately 10 mg/L.

Since PAA segment is a polyacid, the effect of pH on
the CAC was examined and the results are presented in
Figure 5. The CAC decreased down to 5 mg/L at pH 3.4
from 150 mg/L at pH 7.0. At pH between 3.4 and 4.8,
the CAC of simulated P(AA-co-SA)-g-PEG nanoparticles
increased slightly with increasing pH. However, the CAC
was significantly elevated above pH 4.8 (pKa). It is evident
that the de-protonation of the carboxylic acid groups in

Fig. 3. Schematic formation of the nanoparticle in acidic aqueous
medium.

Fig. 4. Fluorescence excitation spectra of pyrene at different
copolymer concentrations (pH = 4.6).

the copolymer at higher pH level causes a reduction in
hydrophobicity, leading to an increase in CAC. In addition,
above pH 7.0 the CAC of simulated P(AA-co-SA)-g-PEG
nanoparticles was not detected. This result supports the
general propensity for a more hydrophobic segment or a
longer hydrophobic segment to reduce the CAC (24).

3.3 pH-Sensitivity of Polymeric Nanoparticles

The simulated P(AA-co-SA)-g-PEG nanoparticles shape
was spherical and the average size of the nanoparticles was
approximately 100 nm as visualized in the TEM image
(Fig. 6). LLS results revealed that hydrodynamic radius (<
Rh >) of the simulated P(AA-co-SA)-g-PEG nanoparticles
at pH 5.6 ranges from 15 nm to 96 nm with the peak located
at 40 nm. For the nanoparticles at pH 4.6, < Rh > is in the
range 18–103 nm with the peak located at 49 nm. TheRh of
the nanoparticles at pH 3.4 ranges from 28 nm to 115 nm
with the peak located at 58 nm. The polydispersity index of
the size distributions (PDI) of nanoparticles at pH 5.6, 4.6

Fig. 5. The pH effect on the CAC of simulated P(AA-co-SA)-g-
PEG.
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Fig. 6. TEM image of simulated P(AA-co-SA)-g-PEG nanopar-
ticles (The concentration of copolymer was 500 mg/L, pH =
4.6).

and 3.4 is 0.125, 0.141 and 0.172, respectively. On the basis
of the above results, we conclude that the nanoparticle size
distribution is pH-dependent (25).

The pH dependence of average hydrodynamic radius
< Rh > of simulated P(AA-co-SA)-g-PEG nanoparticles
was further investigated (Fig. 7). < Rh > of the nanopar-
ticles increases from 45 nm at pH 7.0 to 58 nm at pH
3.4. An obvious change in size takes place in the pH
range of 4.8–5.6, which is consistent with the pKa value
known for the copolymers. The results are similar to those
for other pH-responsive polymeric nanoparticles (26). The
pH-sensitivity of nanoparticles originates from protona-
tion and de-protonation of carboxylic acid groups in PAA

Fig. 7. pH-dependence of average hydrodynamic radius < Rh >

of simulated P(AA-co-SA)-g-PEG nanoparticles.

segment. The significantly large size of the nanoparticles
formed at low pH indicates that they contained a high
degree of aggregation due to strong hydrogen bonding be-
tween carboxlic acid groups and the relative hydrophobicity
of carboxlic acid groups at low pH. On the contrary, the
repulsion of negatively charged carboxylic acid groups at
high pH led to a lower degree of aggregation, resulting in
a smaller size. Sant and his coworkers have reported that
the size of poly(ethylene glycol)-b-poly(alkyl acrylate-co-
methacrylic acid) nanoparticles increased with decreasing
pH values (27). This unique property of the nanoparticles
may be utilized to target drugs to tumor tissues or cell
interiors where the environment is characteristically acid.

3.4 pH-Dependent Controlled IDM Release Studies

IDM, a non-steroidal anti-inflammatory drug with a very
low solubility in water, which has been widely used to treat
tendovaginitis, arthritis and muscle pain, was employed
as a model drug to evaluate the effect of drug loading
and controlled release of simulated P(AA-co-SA)-g-PEG
nanoparticles. The entrapment efficiency (EE) of IDM in
the simulated P(AA-co-SA)-g-PEG nanoparticles is rela-
tively high (24.2%). Carboxylic acid groups in IDM have
strong hydrogen-bonding interactions with the carboxylic
acid groups in the PAA segment, which might effectively im-
prove the EE of simulated P(AA-co-SA)-g-PEG nanopar-
ticles.

In vitro drug release studies of the IDM-loaded nanopar-
ticles were performed in citrate buffer solutions with dif-
ferent pH (Fig. 8). The profiles of the drug release show
drastic changes with pH alterations. When the pH (5.6)
was above the pKa, only a small amount of drug was re-
leased from the nanoparticles due to the stability of the
nanoparticles, and about 56% of the drug still remained
in the nanoparticles. However, when the pH (3.4 or 4.6)
was below the pKa, the drug released quickly due to the
pH-induced structure changes of the nanoparticles. In this

Fig. 8. Release profiles of indomethacin from simulated P(AA-
co-SA)-g-PEG nanoparticles at 37◦C, but at varying pH.
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drug release process, carboxylic acid group is responsible
for allowing the penetration of the aqueous acid which
opens the aggregate and releases the drug. At a pH below
pKa, the carboxylic acid groups became hydrophobic rela-
tively, which led to the deformation of the structure of the
nanoparticles. The similar phenomenon is also observed by
Soppimath and co-workers (21).

4 Conclusions

Polymeric nanoparticles self-assembled from the simu-
lated P(AA-co-SA)-g-PEG were prepared, in which AA
was employed as the pH-sensitive segment. Fluorescence
spectroscopy and LLS studies showed that the CAC
(5–150 mg/l) and the size of polymeric nanoparticles (∼100
nm) were pH-dependent. Controlled IDM release results
show drastic changes with pH alterations. The drug re-
leased quickly due to the pH-induced structure changes of
the nanoparticles at pH below the pKa (4.8). Furthermore,
above pH 7.0 polymeric nanoparticles would disassemble.
This property may contribute to the selective accumulation
of the nanoparticles, as well as the selective release of an
encapsulated drug in acidic tissues.
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