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ABSTRACT: pH/ionic strength/temperature multiresponsive hollow
microspheres were successfully prepared by the Ce(IV) initiated grafting
polymerization of N-isopropylacrylamide (NIPAm) onto the multilayered
polyelectrolyte shells encapsulating the polystyrene sulfonate (PSS)
microsphere templates fabricated by the layer-by-layer assembly of chitosan
(CS) and alginate (SAL), after etching the templates by dialysis. The
hollow structure of the obtained multiresponsive hollow microspheres was
characterized by transmission electron microscopy (TEM), which
indicated that the inner diameter of the hollow microspheres was about
200 nm. The environmental responsive properties of the multiresponsive
hollow microspheres were characterized with dynamic light scattering
(DLS) in an aqueous system. The introduction of poly(N-isopropylacry-
lamide) (PNIPAm) brushes onto the pH/ionic strength dual-responsive
hollow microspheres achieved temperature-responsive characteristics. It
also could prevent flocculation among the obtained multiresponsive hollow microspheres in a solution with higher salt
concentration. Their controlled release of drug molecules (a model hydrophobic drug, dipyridamole (DIP)) was also
investigated.
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■ INTRODUCTION
The concept of stepwise deposition of opposite charged
polyelectrolytes (PEs) onto a matrix surface was introduced by
Decher and defined as a layer-by-layer (LBL) technique.1 This
approach was developed on a colloidal spherical core surface
which could be decomposed after coating polyelectrolytes by
electrostatic attraction between the oppositely charged
polyelectrolytes to obtain hollow microspheres or micro-
capsules.2−5 The layer-by-layer adsorption of polyelectrolytes
(PE) is acknowledged as a convenient and versatile method to
obtain polymeric microcapsules or hollow microspheres based
on dissolvable colloidal templates. Compared with other
relevant techniques, the layer-by-layer assembly has two
prominent advantages. First, the loading capacity of the
obtained hollow microspheres and the release kinetics of the
loaded guest molecules could be conveniently and precisely
controlled by tailoring the assembly parameters such as layers
of adsorption, ionic strength, and pH of dipping solution.6,7

Second, the obtained hollow microspheres or microcapsules
have been prepared with controlling over the size ranging from
0.1 to 10 μm as well as controlling over the wall thickness from
10 to 100 nm.8,9 Therefore, the encapsulation of the guest
molecules (pharmaceuticals, protein, and so on) could be
achieved by the assembly of the polyelectrolytes deposited on
the surface of the colloidal particles (silica,10 CaCO3,

11

polystyrene latex,12 and melamine formaldehyde particles13)

or droplets,14 and then the templates were removed to obtain
the hollow shells, which could be refilled with the desired
molecules.
In recent years, “smart” hollow microspheres and micro-

capsules have received increasing attention due to their
potential applications in drug delivery and biomedical fields.
The stimuli-responsive hollow microspheres permit the adjust-
able permeability of the guest molecules with the controllable
release based on a designed mechanism under a given
environmental stimulus. The release rate of the guest molecules
was usually controlled by the diffusion rate of the guest
molecules across the walls of the hollow microspheres.
Therefore, the fast response of the wall structure of the hollow
microspheres to external factors was indispensable. At present,
stimuli-responsive hollow microspheres have been reported in
response to specific stimuli, such as pH,15,16 temperature,17,18

glucose,19 ionic strength,20 and light.21 Among them, pH and
ionic strength dual-responsive hollow microspheres prepared
via the LBL assembly technique have been reported;21,22 and
the temperature-responsive microcapsules were fabricated by
layer-by-layer deposition onto colloid templates of the
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oppositely charged diblock copolymers each containing a
poly(N-isopropylacrylamide) (PNIPAm) block via electrostatic
self-assembly,23 or tannic acid and temperature-responsive
polymer through hydrogen-bonded self-assembly.24 However,
pH/ionic strength/temperature multiresponsive hollow micro-
spheres prepared by LBL were scarcely reported.25

It is well-known that natural polymers such as chitosan,26

sodium alginate,27 carrageenan,28 and konjac,29 could complete
the grafting polymerization of the vinyl monomers with cerium
ammonium nitrate (CAN) as a redox initiator. On this basis,
pH/ionic strength/temperature multiresponsive hollow micro-
spheres with a controllable thermoresponsive PNIPAm layer
were designed and prepared for the first time via the
combination of the layer-by-layer (LBL) assembly of chitosan
and alginate and Ce(IV) initiated grafting polymerization
techniques after etching the templates (polystyrene sulfonate
(PSS) microspheres) by dialysis (Scheme 1). The controlled
release behavior of the obtained pH/ionic strength/temper-
ature multiresponsive hollow microspheres was also inves-
tigated by adjusting the pH and temperature of the aqueous
dispersions of the drug-loaded multiresponsive hollow micro-
spheres, with dipyridamole (DIP) as the model hydrophobic
drug; the molecular structure of the dipyridamole is shown in
Scheme 2.

■ EXPERIMENTAL SECTION

Materials. Chitosan (viscosity-average molecular weight
was 6.0 × 105, and its N-deacetylation degree was 90%) was
purchased from Yuhuan Ocean Biochemical Co. Ltd., Zhejiang,
China. Sodium alginate (viscosity 30−80 cP for a 1 mg/mL
solution and the viscosity-average molecular weight was about
4.5 × 105) was obtained from Xvdong Chemical Plant, Beijing,
China. Styrene (St, analytical reagent, Tianjin Chemicals Co.
Ltd., China) was purified by removing inhibitor by being
filtered through an aluminum oxide column and then stirred
with CaH2 overnight and distilled under reduced pressure
before use. N-Isopropylacrylamide (NIPAm, 99%, J & K
Chemical Ltd.) was purified by recrystallization from a mixture
of toluene and n-hexane (1/2, v/v). Dipyridamole (DIP,
C21H40N8O4, maximum wavelength: 284 nm) was analytical
reagent grade from J & K Chemical Ltd. Methacrylic acid
(MAA), cerium ammonium nitrate (CAN) and other reagents
were all of analytical reagent grade from Tianjin Chemical Co.,
China, and were used without further purification. Deionized
water was used throughout.

Preparation of Uniform PS Particles. The polystyrene
(PS) latex was prepared by the emulsifier-free emulsion
polymerization of styrene (St) with methacrylic acid (MAA)
as the surfmer according to the procedure reported
previously.30 Styrene (St, 10 mL) and 2 mL of methacrylic
acid (MAA) were added into 95 mL of distilled water in a
three-necked round-bottom flask fitted with a condenser and a
magnetic stirrer (500 rps) and purged with nitrogen. A solution
of ammonium persulfate (APS, 0.054 g) predissolved in water
(5 mL) was added to the reaction vessel with vigorous stirring,
bubbling with nitrogen. The polymerization was continued for
24 h at 72 °C. After being cooled to room temperature, the
product was isolated by being centrifuged and washed with
ethanol. A white fine powder (PS, with Mn of 1.18 × 104 by
GPC analysis) was finally obtained after being dried in a
vacuum oven at 50 °C.

Scheme 1. Schematic Illustration of the Preparation of pH/Ionic Strength/Temperature Multiresponsive Hollow Microspheres

Scheme 2. Molecular Structure of the Dipyridamole (DIP)
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Preparation of Polystyrene Sulfonate (PSS) Micro-
spheres. Uniform PS particles (2.0 g) synthesized as
presented above were dispersed in sulfuric acid (60 mL,
98%) with the aid of ultrasonic irridiation. The sulfonation was
allowed to take place at 45 °C under magnetic stirring for 8 h.
After being cooled to the room temperature, the product was
separated by being centrifuged and washed with a large excess
of water after being diluted with distilled water. The
transformation of the sulfonated PS into sodium polystyrene
sulfonate was performed by adding an excess of sodium
bicarbonate after being resuspended in water, and then
separated by being centrifuged and thoroughly rinsed with
water until the neutral pH. The obtained microspheres were
finally dispersed and stored in 50 mL of distilled water.
Preparation of the Chitosan/Sodium Alginate Encap-

sulated Polystyrene Sulfonate Microspheres (PSS@(CS/
SAL)4). The layer-by-layer assembly technique was applied for
the preparation of polyelectrolyte encapsulated polystyrene
sulfonate microspheres by electrostatic interaction between the
amino groups of chitosan (CS) and the carboxyl groups of
sodium alginate (SAL), starting with CS. The adsorption of CS
was conducted in a solution of 500 mL of deionized water
containing 0.5 g of polystyrene sulfonate (PSS) and 0.5 g of
chitosan at pH around 4 for 8 h followed by being centrifuged
and washed three times with water to obtain the chitosan
adsorbed polystyrene sulfonate (PSS-CS1). The aqueous
solution of 200 mL containing 0.5 g of sodium alginate (pH
= 6) was added to 300 mL PSS-CS1 dispersion under magnetic
stirring for 8 h, and then the mixture was centrifuged and
washed three times with water combined with ultrasonic
irradiation to obtain the PSS@(CS/SAL)1. Then chitosan and
sodium alginate were alternately deposited a further three times
onto the PSS microspheres to obtain the CS/SAL multilayer
encapsulated PSS microspheres (PSS@(CS/SAL)4).
Preparation of PNIPAm Grafted onto Polyelectrolyte

Shell To Coat PSS Microspheres (PSS@(CS/SAL)4-g-
PNIPAm). Poly(N-isopropylacrylamide) brushes were grafted
onto the polyelectrolyte shells by the grafting polymerization of
N-isopropylacrylamide (NIPAm) onto the chitosan and sodium
alginate backbones with cerium ammonium nitrate (CAN) as a
redox initiator via the solution radical polymerization technique
under nitrogen atmosphere.27 While bubbling with nitrogen,
NIPAm monomer and cerium ammonium nitrate were added
into a 50 mL aqueous solution containing 0.3 g of PSS@(CS/
SAL)4, and the mixture was stirred at 30 °C for 24 h. The
concentration of NIPAm monomer was varied to modify the
polyelectrolyte shells with different content of the NIPAm
moiety at fixed concentration of initiator CAN as shown in
Table 1. After the grafting polymerization, the products were

washed with excess water and separated by centrifugation until
the homopolymer of NIPAm was completely removed. The
resulting product was then dried under vacuum at 40 °C until a
constant weight was attained.
Preparation of pH/Ionic Strength/Temperature Multi-

responsive Hollow Microspheres. To obtain the pH/ionic
strength/temperature multiresponsive hollow microspheres, the

sacrificial templates (PSS) were removed by dialysis. The
process to etch the templates was illustrated as follows: the
PSS@(CS/SAL)4-g-PNIPAm aqueous dispersion was dialyzed
against N,N- dimethylformamide (DMF) and deionized water
using a dialysis membrane (MWCO = 14000) for 5 days with
several changes of DMF and deionized water, respectively. The
absence of the templates was confirmed by mixing the final
dialysate with three times volume of water ensuring the absence
of any precipitate. The resultant solution was centrifuged,
washed with ethanol, and dried under vacuum at room
temperature for 48 h to obtain the ultimate products ((CS/
SAL)4-g-PNIPAm-1 and (CS/SAL)4-g-PNIPAm-2 hollow
microspheres). Furthermore, PSS@(CS/SAL)4 microspheres
were dialyzed to remove the templates to obtain the pH/ionic
strength dual-responsive hollow microspheres ((CS/SAL)4) in
order to compare with the pH/ionic strength/temperature
multiresponsive hollow microspheres.

Drug Loading. The obtained pH/ionic strength dual-
responsive and pH/ionic strength/temperature multiresponsive
hollow microspheres (50 mg) were added into the DIP solution
(5 mL, 1.0 mg/mL, pH = 4), respectively. After 24 h, the DIP-
loaded hollow microspheres were centrifuged to remove the
free excess DIP molecules. Then the drug concentration in the
supernatant solution was analyzed using a UV spectropho-
tometer at a wavelength of maximum absorbance (284 nm)
after being diluted. The drug loading capacity of the hollow
microspheres was calculated from the drug concentrations in
solutions before and after adsorption.

The Controlled Release of DIP-Loaded Multirespon-
sive Hollow Microspheres. A 10 mL aqueous solution
containing the DIP-loaded pH/ionic strength/temperature
multiresponsive hollow microspheres was transferred into
dialysis tubes with a molecular weight cutoff of 14000 and
immersed into 90 mL of buffer solution at the four different
conditions: pH 1.8 at 25 °C, pH 1.8 at 37 °C, pH 7.4 at 25 °C,
and pH 7.4 at 37 °C, respectively. The pH/ionic strength dual-
responsive hollow microspheres (CS/SAL)4 were separately
placed into pH 1.8 and pH 7.4 buffer media at 25 and 37 °C to
compare with the pH/ionic strength/temperature multi-
responsive hollow microspheres. Aliquots (5.0 mL) of the
solutions were taken at time intervals. The solution was further
diluted, and then the drug molecule concentration in the
dialysate was analyzed for monitoring the 284 nm absorption
peak of DIP using UV−vis spectrometry in order to detect the
rate of drug release. Furthermore, 5.0 mL of fresh solution with
the same pH value was added after each sampling to keep the
total volume of the solution constant. The cumulative release is
expressed as the total percentage of drug molecule released
through the dialysis membrane over time.

Characterizations. A Bruker IFS 66 v/s infrared spec-
trometer (Bruker, Karlsruhe, Germany) was used for the
Fourier transform infrared (FT-IR) spectroscopy analysis in the
range of 400−4000 cm−1 with a resolution of 4 cm−1. The KBr
pellet technique was adopted to prepare the sample for
recording the IR spectra.
The morphologies of the polystyrene sulfonate (PSS)

microspheres, the chitosan/sodium alginate multilayer encap-
sulated polystyrene sulfonate (PSS@(CS/SAL)4), the PNIPAm
grafted chitosan/sodium alginate multilayer encapsulated PSS
microspheres (PSS@(CS/SAL)4-g-PNIPAm), the pH/ionic
strength dual-responsive hollow microspheres (CS/SAL)4, the
pH/ionic strength/temperature multiresponsive microspheres
((CS/SAL)4-g-PNIPAm), and the drug-loaded stimuli-respon-

Table 1. The Graft Polymerizing Conditions

samples NIPAm (mmol) CAN (mmol)

PSS@(CS/SAL)4-g-PNIPAm-1 4.0 0.5
PSS@(CS/SAL)4-g-PNIPAm-2 6.0 0.5
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sive hollow microspheres were characterized with a JEM-1200

EX/S transmission electron microscope (TEM) (JEOL, Tokyo,

Japan). They were dispersed in water and stirred for 30 min,

and then deposited on a copper grid covered with a perforated

carbon film.

The zeta potentials of the polyelectrolyte encapsulated PSS

microspheres and the PNIPAm grafted chitosan/sodium

alginate multilayer encapsulated PSS microspheres in deionized

water were determined with Zetasizer Nano ZS (Malvern

Instruments Ltd., U.K.).

Figure 1. The TEM of (a) polystyrene sulfonate microspheres (PSS), (b) the polyelectrolyte multilayer encapsulated PSS microspheres (PSS@(CS/
SAL)4), (c) the PNIPAm grafted polyelectrolyte multilayer encapsulated PSS microspheres (PSS@(CS/SAL)4-g-PNIPAm), (d) the pH/ionic
strength dual-responsive hollow microspheres ((CS/SAL)4), the pH/ionic strength/temperature multiresponsive hollow microspheres ((CS/SAL)4-
g-PNIPAm-1 (e) and (CS/SAL)4-g-PNIPAm-2 (f)), (g) drug-loaded (CS/SAL)4 hollow microspheres, (h) drug-loaded (CS/SAL)4-g-PNIPAm-1
hollow microspheres, and (i) drug-loaded (CS/SAL)4-g-PNIPAm-2 hollow microspheres.
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The mean particle size and size distributions of the obtained
hollow microspheres were determined by the dynamical mode
(dynamic light scattering (DLS)) on the “Light Scattering
System BI-200SM, Brookhaven Instruments” device equipped
with the BI-200SM goniometer, the BI-9000AT correlator,
temperature controller and the Coherent INOVA 70C argon
ion laser at 20 °C. DLS measurements are performed using 135
mW intense laser excitation at 514.5 nm and at a detection
angle of 90° using the emulsion directly at 25 °C. Particle size
distribution is calculated using the Brookhaven Instruments
Particle sizing software. The details of the laser light scattering
(LLS) instrumentation and theory can be found in the
literature.31

The behavior of drug loading and controlled release of the
pH/ionic strength dual-responsive hollow microspheres (CS/
SAL)4 and the pH/ionic strength/temperature multiresponsive
hollow microspheres ((CS/SAL)4-g-PNIPAm) were detected
by a Perkin-Elmer Lambda 35 UV/vis spectrometer (Perkin-
Elmer Instruments, USA) at room temperature.

■ RESULTS AND DISCUSSION

The PS latex was prepared by emulsifier-free emulsion
polymerization, and then the sulfonic acid groups were
introduced onto the surface of the PS spheres to adsorb the
polycation chitosan (CS). A typical TEM image of the
polystyrene sulfonate (PSS) microspheres obtained is given in
Figure 1a. The microspheres are spherical in shape and
monodisperse in size, with a diameter of about 200 nm.
The layer-by-layer assembly technique was used to prepare

the polyelectrolyte multilayer encapsulated PSS microspheres
with chitosan (CS) and sodium alginate (SAL) alternately
adsorbed onto the PSS templates by the electrostatic
interaction between the amino groups of chitosan and the
carboxyl groups of alginate. Initially, the polycation chitosan
was adsorbed onto the PSS templates by the electrostatic
interaction between the amino groups of CS and the carboxyl
groups and sulfonic acid groups of the PSS templates. Next the
polyanion sodium alginate was added to the aqueous solution
containing PSS-CS1 to achieve the layer-by-layer assembly
between CS and SAL. Repeating this cycle four times, the
chitosan/sodium alginate encapsulated polystyrene sulfonate
microspheres (PSS@(CS/SAL)4) were then obtained. The zeta
potentials of the polyelectrolyte multilayer coated PSS
microspheres were conducted to track the polyelectrolyte
multilayer growth as shown in Figure 2. The odd layer numbers

correspond to the CS deposition except for the ninth layer and
the even layer numbers to SAL adsorption. The zeta potential
was about −32.9 mV when the first layer of chitosan was
deposited on the PSS cores, indicating that the deposition of
chitosan could not completely cover the PSS microsphere
surface. Then the zeta potential changed to a higher negative
value (−80.3 mV) after the adsorption of the polyanion SAL
over the chitosan coated PSS microspheres. The alternating
zeta potential values indicated that the polyelectrolyte multi-
layer films were successfully deposited on the PSS templates.
Furthermore, it also revealed that adsorption of the polycation
(CS) did not lead to a reversal of the zeta potential signs as
reported previously.32 It could be ascribed to the fact that the
adsorbed chitosan could not form a layer dense enough to hide
the influence of the charges from the surface beneath.33

The IR spectrum of the PSS@(CS/SAL)4, as shown in
Figure 3, revealed that the well-defined characteristic

absorbance bands of benzene ring at 3080, 3060, 3020 cm−1

(C−H, stretching vibration), 1601, 1492, 1452 cm−1 (CC,
stretching vibration), 700 cm−1 (out-of-plane blending
vibration, δring), and the two characteristic peaks at 1699 and
1117 cm−1 are attributed to the carbonyl stretching of the
carboxyl groups of MAA and sulfonic acid groups, respectively.
The TEM image of PSS@(CS/SAL)4 is shown in Figure 1b;
the diameter of the PSS@(CS/SAL)4 was around 210 nm with
a core−shell morphology.
To obtain the pH/ionic strength/temperature multirespon-

sive hollow microspheres, the temperature-sensitive PNIPAm
brushes were introduced into the polyelectrolyte multilayers by
the grafting polymerization of N-isopropylacrylamide onto the
CS/SAL shell with cerium ammonium nitrate (CAN) as a
redox initiator in an aqueous medium. Several papers reported
on the grafting polymerization mechanisms of the vinyl
monomer onto the natural polyelectrolyte macromolecules
with cerium ammonium nitrate as a redox initiator.34,35 The
proposed mechanism used in this study was based on the same
principle as reported by Ceresa.36 The first step of the
mechanism was that the cerium ion attacked the polyelectrolyte
macromolecules and formed a polyelectrolyte−ceric complex.
The Ce4+ ion in the complex was then reduced to Ce3+ ion, and
a hydrogen atom was oxidized. Consequently, a free radical was
formed onto polyelectrolytes while the C−C bond was broken.
The polyelectrolyte free radicals (CS macroradical and SAL
macroradical) formed might initiate the grafting polymerization

Figure 2. Zeta potentials of the CS/SAL multilayer coated PSS
microspheres and the PSS@(CS/SAL)4-g-PNIPAm as a function of
the layer number.

Figure 3. The FTIR spectra of the PSS@(CS/SAL)4, PSS@(CS/
SAL)4-g-PNIPAm-2, and (CS/SAL)4-g-PNIPAm-2 hollow micro-
spheres.
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of the monomer to form the natural polyelectrolytes grafted
with PNIPAm (CS-g-PNIPAm and SAL-g-PNIPAm), as
illustrated in Scheme 3.
The zeta potential of the PSS@(CS/SAL)4-g-PNIPAm-2

increased to −20.1 mV, compared with the value of the
PSS@(CS/SAL)4 (−63.0 mV), as shown in Figure 2, which
also indicated that PNIPAm was successfully grafted onto the
polyelectrolyte shells. The diameter of the PSS@(CS/SAL)4-g-
PNIPAm-2 was around 216 nm (Figure 1c), and the
microspheres were monodisperse in size with a typical core−
shell morphology.
The templates were removed by dialysis in DMF to obtain

the ultimate pH/ionic strength dual-responsive hollow micro-
spheres ((CS/SAL)4) and the pH/ionic strength/temperature
multiresponsive hollow microspheres ((CS/SAL)4-g-PNIPAm).
The characteristic absorbance bands of the templates
disappeared after the templates were etched by dialysis as
shown in Figure 3, which indicated that PSS templates were
completely removed, and the stretching vibration of amido
bond was also observed at 1650 cm−1 from the FTIR spectrum
of the (CS/SAL)4-g-PNIPAm hollow microspheres, after the
dissociative PNIPAm homopolymer was completely removed
by washing with water. The hollow structure of the pH/ionic
strength dual-responsive hollow microspheres and the pH/
ionic strength/temperature multiresponsive hollow micro-
spheres could be observed in the TEM analysis (Figure 1d−
f). The inner diameter of the (CS/SAL)4 hollow microspheres
was about 250 nm with irregular spheres, which was larger than
that of the templates (PSS, 200 nm). It might be ascribed to the
swelling due to the lower ionic cross-linking density. However,
the inner diameter of the pH/ionic strength/temperature

multiresponsive hollow microspheres ((CS/SAL)4-g-PNIPAm)
was near 200 nm, which was consistent with that of the
primitive PSS microspheres. Furthermore, it is worth
mentioning that the shape of the obtained hollow microspheres
changed from irregular spheres to regular ones with the
increase in the grafting degree of PNIPAm. It was in agreement
with the fact that the walls of hollow microspheres became rigid
after grafting PNIPAm because chitosan and sodium alginate of
every polyelectrolyte layer could initiate the grafting polymer-
ization of PNIPAm to form denser shells.27

The influence of the ionic strength on the mean diameter of
the pH/ionic strength dual-responsive hollow microspheres
and the pH/ionic strength/temperature multiresponsive hollow
microspheres was researched by dynamic light scattering
(DLS). The results are given in Figure 4. It was found that
introducing small molecule electrolytes (e.g., NaCl) had a
significant influence on the size of the obtained hollow
microspheres; the diameter of the pH/ionic strength dual-
responsive hollow microspheres increased from 395 to 536 nm
with increase of the ionic strength from the range of 0−0.20
mol/L NaCl while that of the pH/ionic strength/temperature
multiresponsive hollow microspheres increased from 627 to
906 nm.
It was well-known that the ionic strength of the solution of

the polyelectrolyte depended on the concentration of the
polyelectrolyte and the small electrolyte molecules. The small
molecule electrolytes could weaken the electrostatic repulsion
and the salt bond between sodium alginate and chitosan among
the shell of the hollow microspheres, hence the chain of the
polyelectrolyte should be stretched and the size of obtained
hollow microspheres would increase because salt usually had a

Scheme 3. The Grafting Polymerization Mechanisms
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shielding effect on the electrostatic force.37 Furthermore, it also
was observed that the polydispersity index (μ2/Γ2) of the pH/
ionic strength dual-responsive hollow microspheres increased
gradually with the increase of ionic strength (from 0.005 to
0.297), which indicated that the hollow microspheres
aggregated during the process of measurement as reported
previously.22 However, the μ2/Γ2 of the pH/ionic strength/
temperature multiresponsive hollow microspheres was a
constant (0.005) with the increase of ionic strength. This
further demonstrated that the grafted PNIPAm layer could
prevent flocculation among the obtained multiresponsive
hollow microspheres in the solution with higher salt
concentration.
The influence of pH on the mean diameter of the pH/ionic

strength/temperature multiresponsive hollow microspheres was
investigated by dynamic light scattering (DLS). It could be seen
from Figure 5 that the diameter of the (CS/SAL)4-g-PNIPAm-

2 hollow microspheres decreased from 1287 to 362 nm with
increase of pH values in the range of 2−10. It is well-known
that the pKa values of the guluronic acid and the mannuronic
acid of sodium alginate as a weak acid are 3.65 and 3.38,
respectively.38 However, the chitosan is a weak polybase and
the pKa value of CS is about 6.5,

39,40 and the charge densities of
sodium alginate and chitosan are mainly controlled by the pH
of solution. At low pH (<4), the ionization of the carboxyl
groups was normally depressed. The size of the obtained pH/

ionic strength/temperature multiresponsive hollow micro-
spheres decreased more significantly because the decrease of
pH weakened the salt bonds between sodium alginate and
chitosan, and resulted in no ionic cross-linking among the shell
of the hollow microspheres. Between pH 4 and 7, the extent of
the decease in size of the hollow microspheres was smaller
compared to pH < 4 and pH > 7 because of the significant
electrostatic attraction between sodium alginate and chitosan
among the shells of the hollow microspheres. The ionization of
the amine groups of chitosan decreased greatly when the
solution pH increased above 6.0 (around the pKa of chitosan
6.5) and at pH higher than 7.5 usually less than 10% of the
amine groups were ionized.41 The salt bonds also weakened
and led to the decrease in size of the obtained multiresponsive
hollow spheres and the increase of pH over 7 due to the
insolubility and shrinkage of the chain of CS under basic
medium. The above phenomenon also indicated that the
polyelectrolyte shells of the obtained multisensitive hollow
microspheres were pH-sensitive.
The PNIPAm homopolymer would experience a coil-to-

globule phase transition in dilute aqueous solution at its lower
critical solution temperature (LCST) about 32 °C.42 The
PNIPAm chains carried out a random-coil conformation at
temperatures below 32 °C, on the contrary, the intramolecular
hydrogen-bonding interactions between the CO and N−H
groups helped the polymer chains to collapse and compact at
above its LCST due to the reducing of their water solubility.
The temperature responsive property of the multiresponsive
hollow microspheres was also investigated by the change of size
of the hollow microspheres in aqueous solution at different
temperatures, characterized with dynamic light scattering
(DLS). Figure 6 showed the influence of temperature on the

mean diameter of the pH/ionic strength/temperature multi-
responsive hollow microspheres. It obviously expressed the
thermal phase transitions of the (CS/SAL)4-g-PNIPAm hollow
microspheres spanning a broad temperature range. As can be
seen from Figure 6, the coil-to-globule phase transition in dilute
aqueous solution took place at around 32 °C. Upon heating,
the average hydrodynamic diameter (Dh) of the (CS/SAL)4-g-
PNIPAm-1 decreased monotonically from 546 to 395 nm in
the temperature range of 25−37 °C. However, the Dh of the
(CS/SAL)4-g-PNIPAm-2 decreased from 596 nm at 25 °C to
259 nm at 37 °C. At the same time, it also could be calculated
that the hydrodynamic volume of the (CS/SAL)4-g-PNIPAm-1

Figure 4. Ionic strength dependence of the average hydrodynamic
diameter (Dh) and polydispersity index (μ2/Γ2) of the pH/ionic
strength/temperature multiresponsive hollow microspheres ((CS/
SAL)4-g-PNIPAm-2) (a and d), and the pH/ionic strength dual-
responsive hollow microspheres (CS/SAL)4) (b and c).

Figure 5. pH dependence of the average hydrodynamic diameter (Dh)
of the pH/ionic strength/temperature multiresponsive hollow micro-
spheres ((CS/SAL)4-g-PNIPAm-2) at 25 °C.

Figure 6. Temeperature dependence of the average hydrodynamic
diameter (Dh) of the pH/ionic strength/temperature multiresponsive
hollow microspheres ((CS/SAL)4-g-PNIPAm).
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hollow microspheres shrank about 2.6 times upon heating from
25 to 37 °C compared with 12.2 times of the (CS/SAL)4-g-
PNIPAm-2 hollow microspheres in the same temperature
range. It also reflected that the proportion of PNIPAm onto the
polymeric shells of the (CS/SAL)4-g-PNIPAm-2 hollow
microspheres was higher than the CS/SAL)4-g-PNIPAm-1
hollow microspheres, which could be attributed to the higher
grafting degree of PNIPAm while the content of monomer
(NIPAm) was increased in the grafting polymerization.
Furthermore, the scattered light intensity also exhibited
appreciable changes at around 32 °C due to the decrease in
the diameter of the hollow microspheres (Figure 7A,B), and the

polydispersity index (μ2/Γ2) was constant (0.005) in the whole
temperature range, which further demonstrated that the hollow
microspheres did not aggregate during the process of
measurement. Therefore, it could be safely concluded that
the obtained hollow microspheres were rapidly responsive to
the external pH and temperature stimuli.
Although various types of hollow microspheres or micro-

capsules have been reported, very few studies concerning the
drug release behavior of the pH/ionic strength/temperature
multiresponsive hollow microspheres prepared by layer-by-layer
assembly have been reported. The obtained multiresponsive
hollow microspheres (CS/SAL)4-g-PNIPAm with pH/ionic
strength/temperature multiresponsive shells are anticipated to
be drug carriers. The structure of the obtained multisensitive
drug carriers was relatively stable compared with the pH/ionic
strength dual-responsive hollow microspheres (CS/SAL)4 due
to the introduction of the PNIPAm brushes, which not only
provided the temperature response but also stabilized the

polyelectrolyte shell free from aggregation. In other words, the
multiresponsive structure was similar to a cross-linking shell so
that the variations of pH, temperature, and ionic strengths, etc.,
will not disintegrate the hollow structure. Therefore, we then
investigated the drug release of the obtained pH/ionic strength
dual-responsive and the pH/ionic strength/temperature multi-
responsive hollow microspheres at different pH values and
temperatures after being loaded with a model hydrophobic
drug (DIP). Dipyidamole could rapidly dissolve at the low pH
stage (pH = 2), but the amount of dissolved drug drastically
decreased at about pH 5. At pH 8, dipyridamole was practically
insoluble. The solubility of dipyridamole was 36.5 mg/mL and
0.02 mg/mL in pH 1.0 and 7.0 at 37 °C, respectively.43,44

The pH/ionic strength dual-responsive and the pH/ionic
strength/temperature multiresponsive hollow microspheres
were mixed with DIP in aqueous solution at pH = 4 and 25
°C. According to the UV−vis result, the drug loading of the
(CS/SAL)4, (CS/SAL)4-g-PNIPAm-1 and (CS/SAL)4-g-PNI-
PAm-2 hollow microspheres was calculated to be about 25.4%,
30.0% and 26.5%, respectively. The TEM images of the above
drug-loading stimulus-responsive hollow microspheres are
shown in Figure 1g−i. It could be seen that the morphologies
of the drug-loading stimulus-responsive hollow microspheres
did not change obviously after loading the DIP molecules.
The pH values of gastric juice, small intestine and colon are

1.2−2.0, 6.8−7.0, and 8.0, respectively.45 Hence we choose pH
values of 1.8 and 7.4 to investigate the pH-responsive
controlled release of the drug-loaded hollow microspheres.
Figures 8 and 9 show the time dependence of the cumulative

dipyridamole (DIP) release from the pH/ionic strength dual-
responsive hollow microspheres and the pH/ionic strength/
temperature multiresponsive hollow microspheres in aqueous
solution pH 1.8 and 7.4 at 25 °C, and 37 °C, respectively.
When the drug-loaded hollow microspheres ((CS/SAL)4 and
(CS/SAL)4-g-PNIPAm) were placed in pH 7.4 at 25 and 37 °C,
respectively, few drug molecules (<28%) were released from
the drug carrier even after 30 h, and the amount of cumulative
release was higher at 37 °C than 25 °C for the pH/ionic
strength/temperature multiresponsive hollow microspheres.
The same results were also observed at pH 1.8 and 37 °C
compared with the ones at 25 °C. Okano46 and Jiang47 also
observed that the release of ADR and DIP could be accelerated
at elevated temperature when the drug molecules were loaded
into the hydrophobic core covered with PNIPAm coronas,
which mainly was attributed to the structural deformation of

Figure 7. Temperature dependence of the scattered intensity and μ2/
Γ2 of the pH/ionic strength/temperature multiresponsive hollow
microspheres (A, (CS/SAL)4-g-PNIPAm-1, and B, (CS/SAL)4-g-
PNIPAm-2).

Figure 8. Cumulative dipyridamole (DIP) release from pH/ionic
strength dual-responsive hollow microspheres (CS/SAL)4 in pH 1.8
and pH 7.4 buffer media at 25 and 37 °C, repectively.
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the core−shell micelles. The obtained pH/ionic strength/
temperature multiresponsive hollow microspheres possessed a
similar structure as the core−shell micelles with PNIPAm
coronas reported. The mean diameter decreased with the
increase of temperature (Figure 6) due to the collapse of the
thermoresponsive PNIPAm chain. Moreover, the collapse of
the PNIPAm layer might also lead to the formation of pores or
channels throughout the thermoresponsive layer.47 This factor
would contribute to the enhanced permeability of the PNIPAm
layer for the guest molecules, resulting in a faster release of DIP
at 37 °C compared with 25 °C. Furthermore, the diffusion rate
and the solubility of DIP are higher at 37 °C than 25 °C, which
would further lead to the faster release of DIP at 37 °C.
Furthermore, it was also found that the releasing ratio and

the cumulative release of dipyridamole from the drug carriers at
pH 1.8 were quicker and higher than pH 7.4 (Figures 8 and 9)
at the same temperature. The release of drug molecules through
the hollow microspheres involved two processes as follows: the
bulk solution diffused into the shell to dissolve the drug
molecules, and the dissolved drugs diffused out of the
polymeric shell. The results of the dipyridamole cumulative
release at different pH media revealed that the release at low
pH could partly be attributed to the fact that the polyelectrolyte
shell was highly permeable at low pH but not at high pH,
because the decrease of pH weakened the ionic cross-linking
salt bonds between CS and SAL due to the decrease in the
charge density of SAL and the cross-linking density, as a
consequence, resulted in no ionic cross-linking among the
shells of the obtained hollow microspheres as shown in Figure
6. Furthermore, the polyelectrolyte multilayer shell was
positively charged at low pH, the shell and DIP molecules
likely charged the same sign because of the decrease in charge
density of alginate and the protonation of CS, which might
make such a configuration unstable so that the DIP molecules
were impelled across the polyelectrolyte shells.48 However, this
interpretation could not well explain the little release in alkaline
medium. It also could be speculated that the little release also
might be ascribed to the solubility of DIP molecules in different
pH media. The DIP molecules became insoluble in water at
high pH because DIP was an alkaline molecule which could
dissolve in the acidic media. In other words, the difference in
release rates also should partly be attributed to the solubility of
the drug molecules in different pH media. The high
concentration of dipyridamole inside or among the polyelec-
trolyte shells could lead to a large concentration gradient across

the walls, and further cause a high osmotic pressure within the
shells to accelerate the diffusion of dipyridamole through the
polyelectrolyte shells.49 On the basis of the above discussion,
we could conclude that the drug release should be governed
simultaneously by the saturation solubility of the drug and the
permeability of the polyelectrolyte shells.

■ CONCLUSIONS

Hollow microspheres with pH/ionic strength/temperature
multiresponsive shells were successfully prepared via the
combination of layer-by-layer assembly techniques and grafting
polymerization of NIPAm with cerium ammonium nitrate as a
redox initiator. The introduction of the PNIPAm brushes in the
pH/ionic strength dual-responsive polyelectrolyte shells not
only achieved the controlled release of drug molecules that
could be dually controlled by solution pH and temperature, but
also prevented flocculation among the obtained multirespon-
sive hollow microspheres in the solution with higher salt
concentration. The multiresponsive hollow microspheres could
act as excellent and smart drug carriers with stable structure and
unique dual control (pH and temperature) in real-world clinical
application compared with the common polyelectrolyte hollow
microspheres or microcapsules prepared by layer-by-layer
assembly.
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