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Abstract Employing polymethacrylic acid (PMAA) as the
template and N-vinyl pyrrolidone (N-VP) as monomer, the
ATRP-template miniemulsion polymerization was carried
out in the aqueous medium by using MBP/CuBr/bpy as initi-
ator. The results were characterized by dynamic light scatter-
ing (DLS), transmission electron microscope (TEM), and gel
permeation chromatography (GPC). It was observed that the
stable particles exhibited amphoteric pH sensitivity, namely
that in the range of pH 3.0 to 5.0, the particles precipitated,
whereas beyond the range the particles were stable and swol-
len as pH varied. Moreover, the pH range was variable ac-
cording to the molecular weight of PVP. The results of GPC
indicated that the molecular weight of template polymer
PMAA was duplicated by the daughter polymer PVP. Being
noncross-linked, unlike the common microgels, the hydrody-
namic diameter dramatically increased in a very narrow pH
range, e.g., pH 5.5 –6 and 2.0–2.5. Finally, the nanoparticles
of PMAA/PVP were applied for the controlled release of ri-
fampicin (RFP) and doxorubicin (DOX).
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Introduction

Particles of sensitive polymer allowing a drastical variation of
physical state, stimulated by the change of external environ-
ment such as temperature [1–5] and pH [6–9], have attracted

great interests in the fields of biomedicine and bioapplications.
These particles are considered as the ideal carriers for the drug
delivery in human body. Therefore, most of sensitive poly-
mers are biocompatible and water-soluble. For example,
poly(N - isopropylacrylamide) (PNiPAm) [1] is a
thermosensitive polymer, exhibiting the change of water sol-
ubility at ca 33 °C, whilst poly(methacrylic acid) (PMAA) [6]
is a pH-sensitive polymer which shows the variation of water
solubility at different pH. Since the loci of bioapplications are
aqueous, the survival of particles consisting of these polymers
prior to the drug delivery is always an important topic in the
design and preparation of particles, especially for the pH-
sensitive particles. A lot of methods have been developed to
prepare the particles sizing from nanometers to micrometers
such as the emulsion polymerization, dispersion/precipitation
polymerization, and self-assembly of block polymers as well
[10]. However, comprehensively reviewing these methods,
methodologically, two strategies have been applied, namely
utilizing the hydrophobic polymer segments or aggregates to
control the dissolution of water-soluble polymer and
crosslinking the water-soluble polymer chains. The latter is
well known as the hydrogel. On the view of metabolism, the
best drug delivery system (DDS) is those metabolizable easily
and quickly soon after the drug is released. Accordingly, the
disadvantages of these two strategies are obvious. For exam-
ple, except for rare hydrophobic polymer like polylactic acid,
most hydrophobic polymers are not degradable. As for the
hydrogel, it is also difficult to be degraded due to cross-
linking structure. Therefore, it is necessary to develop a new
type of DDS that is readily to be metabolized.

On the other hand, since the changes of temperature and pH
in the body are very weak, the sharp response of particles to a
weak stimulus is needed. It is not difficult for the temperature-
sensitive polymer, PNiPAM, because its volume sharply
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expands at the low critical solution temperature [1–3]. How-
ever, for pH-sensitive polymers like polymethacrylic acid, the
volume change is largely dependent to the dissociation of
carboxylic acid. The volume gradually expands as pH in-
creases until pH=4.5 near to pKa of methacrylic acid [4, 8,
9]. Moreover, the low pH such as 4.5 is unrealistic in the body
on the view of application. Therefore, many approaches have
been developed to improve its pH sensitivity [4–12]. A com-
mon approach applied to adjust the pH at which the polymer
exhibits sharp volume change is the addition of polymers car-
rying amide or amino groups. For example, the microspheres
of poly (MAA-co-acrylamide (AAm)) cross-linked by N, N′-
methylene bis (acrylamide) (MBA) exhibit a sharp volume
transition at pH 4.5 [6]. In particular, the amphoteric microgel
of poly (MAA-co-N,N′-dimethylamino ethylenemethacrylate
(DMAEMA)) shows a special pH sensitivity. It shrinks in the
pH range from pH 6.5 to 8, but greatly expands at pH either
less than 6.5 or higher than 8. Additionally, the range of pH
can be adjusted with different ratios of MAA and DEAEMA.
However, these microgels are all prepared in ethanol and,
unfortunately, cross-linked. In aqueous solution, these
microgels cannot be prepared. Therefore, it is necessary to
develop a method to prepare the pH-sensitive microgel with-
out cross-linking and simultaneously adjust the pH to the bio-
environmental pH, i.e., pH 6–7, at which the response takes
place.

It is well known that the insoluble complexes can formwith
two soluble polymers such as polyacrylic acid–polyethylene
oxide (PAAc-PEO) and PAAc-polyvinyl pyrrolidone (PVP) in
the aqueous solution [11, 12]. Inspired by it and combined
with the knowledge of template polymerization [13] and the
mechanism of particle formation [14–16], in this paper, a new
method is proposed to prepare the pH-sensitive particles
consisted of two water-soluble polymers without cross-
linking in the aqueous solution. As shown in Scheme 1, a
template polymer H-bond interacts with a monomer. After
the template polymer saturated adsorbs the monomer, a glob-
ule forms. Selecting an appropriate initiation system that is
able to dominantly partition within the globule, the polymer-
ization of monomer will take place solely in the globule and
create a nanoparticle. Since the saturated concentration of
monomer in the globule is determined by the unit ratio of

template polymer and monomer, the length of daughter poly-
mer is adjustable. Accordingly, if a pH-sensitive polymer such
as PMAA is selected as the template polymer, whilst PVP is
chosen as the daughter polymer, the pH sensitivity of particles
will be variable according to length of PVP. This approach has
been proven to be feasible [17]. In our previous work, the
formation of globule with PVP and MAA was confirmed.
Various initiators were applied for the preparation of stable
latex including the oil-soluble initiator, azobisisobutyronitrile
(AIBN), water-soluble initiator, potassium persulfate (KPS),
and redox initiator. Finally, it was observed that the stable
well-defined nanoparticles of PVP/PMAA (PVP as template)
were prepared only by using the initiation system for atom
transfer radical polymerization (ATRP) [17]. Moreover, the
molecular weight of father polymer, PVP, was duplicated by
the daughter polymer, PMAA. The reasonwas considered that
Cu+ and 2, 2′-bipyridine (bpy) in ATRP initiation systemwere
dominantly partitioned in the globules due to the inter-
action with PMAA, whereas the oil-soluble initiators
such as AIBN could not enter the globules passing
through the aqueous phase. For KPS, most of them
were partitioned in the aqueous phase; thus, only
MAA therein was polymerized. As for the drug loading
and releasing, the H-bond interaction is also utilizable.
As shown in Scheme 1, the drug molecules H-bond
interact with polymers at lower pH. At higher pH, the
H-bond will be destroyed; thereby, the particles will be
disintegrated and the drug is released. Since both of
PMAA and PVP are water-soluble and biocompatible,
they will be easily metabolized soon after the drugs
are released [18, 19]. In addition, the candidates of such
drug are numerous [20–22]. For example, the potential
antitumor drugs, e.g., doxorubicin and paclitaxel, can
form H-bond with both PMAA and PVP.

Therefore, in order to investigate the effects of PVP on the
pH sensitivity of PMAA, in this paper, the pH-sensitive poly-
mer, PMAA, is selected as the template polymer, whilst VP is
used as the monomer. The nanoparticles will be prepared by
using ATRP initiator system. Meanwhile, the DDS behavior
of these nanoparticles will be addressed, in addition to the
effects of salts such as phosphate buffered solution (PBS),
calcium chloride, etc.

Scheme 1 Preparation of PMAA/PVP nanoparticles and drug release
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Experimental

Materials

All the chemical reagents used in this paper were purchased
from Aladdin Chemical Reagent Co. Ltd., Shanghai, China,
except for 2,2′-azobis (2,4-dimethylvaleronitrile) (V-65) from
the J&K Chemical Reagent Co. Ltd., Japan. Methacrylic acid
(MAA) and N-vinyl pyrrolidone (N-VP) were purified by dis-
tillation under the reduced pressure. V-65, rifampicin (RFP),
doxorubicin (DOX), and the ATRP initiator system of methyl
2-bromopropionate (MBP), 2,2′-bipyridine (bpy) except for
CuBr, were used without further purification. CuBr was puri-
fied by stirring and successively washing with acetic acid and
methanol, respectively, then dried for 24 h under vacuum ov-
en. DDI water was used for all experiments.

Polymerization

All polymerizations were performed in a four-necked 100-ml
flask equipped with a thermometer, a condenser (also outlet of
N2), an inlet of N2 gas, and an inlet for charging the chemical
reagents, which settled in a thermostat water bath with mag-
netic stirrer.

Poly (methacrylic acid)

The template polymer polymethacrylic acid (PMAA) was
self-synthesized in ethanol at 70 °C by using 2,2′-azobis(2,4-
dimethylvaleronitrile) (V-65) as initiator [23]. The formulated
reagents except for V-65 were added into the flask and deox-
ygenated by N2 bubbling for 1 h at room temperature. After
the temperature of water bath was reached at 70 °C, V-65 was
added into the system. Polymerization was carried out for 8 h
at nitrogen atmosphere. The polymer was precipitated by
diethyl ether and dried at 60 °C for 12 h under vacuum. The
viscosity average molecular weights of prepared PMAA, Mν

were 30,000 and 48,000, respectively.

Poly (methacrylic acid)/poly (N-vinyl pyrrolidone) composite

For ATRP, the molar ratio of composition was set at N-VP/
bpy/CuBr/MBP=100:4:1:2 [17]. Formulated PMAA and N-
VPwere charged firstly into the flask, and pHwas adjusted by
adding the standard HCl or NaOH solution. Thereafter, the
mixture of the above solution was deoxygenated by bubbling
N2 for 2 h at the ambient temperature. The tin foil was
employed to cover the polymerization system in order to
shade the light. At the temperature of polymerization, bpy
and CuBr were added at first. After all of CuBr dissolved,
i.e., disappeared at the bottom of flask judging by naked eyes,
MBP was charged. This moment was set as the start of
polymerization.

Characterization

The conversion of N-VP was measured gravimetrically. Since
the father polymer PMAA and daughter polymer PVP in
ATRP polymerization systemwere not separable, as described
in our previous paper [17], a special calculation approach was
developed. For the same reason, the molecular weight of PVP
was estimated by an available high-performance liquid chro-
matography (HPLC) (RID-10A Shimazu, Japan) equipped
with a gel permeation column (TSK-GEL SW, Tosoh Co.
Ltd., Japan). PBS was employed as the solvent and elution
phase, and the speed of elution phase was 1 ml/min at 25 °C.

The hydrodynamic diameters were measured by the dynam-
ic light scattering (DLS) (90 plus Particle Sizer/BI-MAS,
Brookhaven, USA) by which the scattering light at 90 was col-
lected; thereby, the diameters were automatically calculated.
The solution (or latex) was directly used for DLS measure-
ments, and all measurements were performed at 25 °C. TEM
(JEM2000EX, JEOL, Japan) images of nanoparticles were also
taken, which the operations were described elsewhere [17].

The behavior of control release was estimated by the
ultraviolet-visible light spectroscopy (UV-Vis) (UV-2450,
Shimazu Co. Ltd., Japan). The drug loading was measured
as following: Dry nanoparticles were redispersed in the aque-
ous solution of drug with formulated concentration and pH
and then centrifuged at 8000 rmp/5 min. The concentration
of drug in serum was measured by UV–Vis for the calculation
of drug loading. The drug releasing was detected as following:
Dry nanoparticles were redispersed in the aqueous solution of
drug with formulated concentration and pH and then centri-
fuged at 8000 rmp/5 min. The concentration of drug in serum
was measured by UV–Vis for the calculation of drug releas-
ing. The equations for calculating the drug loading and releas-
ing are shown as following:

Drug loading %ð Þ ¼ Mass of drug in nanoparticles

Total mass of drug
� 100

ð1Þ

Drug releasing %ð Þ ¼ Mass of drug in serum

Mass of drug in nanoparticles
� 100

ð2Þ

Results and discussion

Concentrations of template PMAA and N-VP

As described in our previous paper [17], the concentrations of
father polymer and the daughter monomer are two key factors
for the preparation of stable latex by the template
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polymerization since they seriously affected the stability of
polymer–monomer globules. In the polymer solution with a
high concentration, the entanglement of chains takes place
[24, 25], which, in turn, evokes the bridge effect among glob-
ules [15]. The bridge effect is one of the reasons for the coag-
ulation of particles [15] and has been widely applied for the
precipitation of nanoparticles [26]. Therefore, an appropriate
concentration of polymer is the first premise for the prepara-
tion of stable latex. On the other hand, the high concentration
of monomer impacts both of the solubility parameter of dis-
persion system and size of globules, especially in case of
MAA that greatly affects the pH of system. The over-sized
globules and unbalanced solubility parameters between poly-
mer and dispersing solution are usually two factors for the
failure of preparation of stable latex [15]. Therefore, in our
previous paper, the concentrations of father polymer PVP and
the daughter monomer MAAwere determined by using con-
ductance meter [17]. As a result, the concentration of PVP
(K-30) should be lower than 10 wt%, whilst the concentration
of MAA should be lower than 5 wt%. Of course, the concen-
tration of PVP is related to its molecular weight. On the basis
of these results, the concentration of father polymer PMAA
was formulated to be lower than 5 wt% and the concentration
of N-VP was lower than 10 wt%.

The number-averaged sizes of PMAA/N-VP particles pre-
pared byATRP-template polymerization are shown in Table 1.
As shown in Table 1, at the same ratio of MAA/N-VP (run 1–
5), the hydrodynamic diameter of particles decreased as pH
increased. For example, as the ratio of MAA/N-VP was equal
to 1:1.5 (3 wt% PMAA and 6 wt% N-VP), corresponding to
the pH that increased from 3.84 to 4.70, the diameters are
about 340, 80, 74, 63, and 32 nm. It confirmed that pH played
a key factor to the formation of globules. The globule was
created by the H-bond interaction of PMAA and N-VP, rather
than the ionic interaction. The higher pH of system indicated
the higher degree of dissociation of PMAA; thus, more H-
bonds of PMAA/N-VP were destroyed. However, at pH
3.84, the particles were unstable due to the high ionic strength,

whilst as pH>4.70 the particles were not prepared because of
the degradation of globules. On the other hand, in order to
increase the solid content of latex, the other ratios of MAA/
N-VP, i.e., 1:1.2 (4 wt% PMAA, 6 wt%N-VP) and 1:2 (3wt%
PMAA, 7.8 wt% N-VP), were tried. It was observed that the
particle size was big (Table 1, run 6 and 7) and unstable. These
results indicated that the solid content of 3 wt% PMAA and
6 wt% N-VP was the highest in this polymerization system.

The typical size distributions of particles at different pHs
and TEM micrograph of particles in stable latex are shown in
Fig. 1. According to DLS diagrams, it is clear that the number
of particles with the bigger size was very small. Moreover, the
peak of smaller size distribution moved to the smaller scale as
pH increased. TEM micrograph indicated that the nanoparti-
cles were successfully prepared.

Conversion of ATRP template miniemulsion polymerization

As we know, in the template polymerization, there exist two
types of monomer molecules, i.e., monomers interacting with
template polymers and the free monomers in the aqueous
phase. The globule is formed by the former type of monomers.
Since most of ATRP initiator is partitioned in the globules, the
conversion of N-VP is dominantly determined by the partition
of N-VP between the globules and the aqueous phase. There
are mainly three factors affecting the partition of monomer,
i.e., pH, the concentrations of monomers, and template poly-
mer. In the previous section, the effects of pH on the stability
and size of particles was described. In fact, as for the conver-
sion of N-VP, it was observed that the conversion was in-
creased with the decrease of pH. This result was normal since
the low pH depressed the dissociation of PMAA, which was
favorable to the H-bond interaction. However, as pHwas low-
er than 4, the particles were unstable. Therefore, in this paper,
pH 4.17 was selected and the conversion of N-VP vs. the
polymerization time of ATRP template miniemulsion is
shown in Fig. 2. It was observed that, with the highest solid
content of PMAA (3 wt%) and N-VP (6 wt%), the highest
conversion of N-VP was only 64 % in 9 h. This result was
ascribed to the partition of N-VP and ATRP initiator in the
globules. Besides, compared with the polymerization by using
thermally degradable initiator such as 2,2′-azobis(isobutyl ni-
trile) (AIBN) and potassium persulfate (KPS), ATRP-template
miniemulsion polymerization exhibited a shorter induction
time. Therefore, these results further confirmed that most of
ATRP initiators partitioned in the globules.

The effects of concentrations of template polymer and the
monomer on the conversion of N-VP are shown in Fig. 3,
respectively. As shown in Fig. 3a (N-VP, 6 wt%), when the
concentration of PMAA (Mν=30,000) was lower than
1.0 wt%, the conversion of N-VP was very low. When the
concentration of PMAA increased from 1.0 to 3 wt%, the
conversion of N-VP increased. These results indicated that

Table 1 Diameters of PMAA/N-VP composite

Run Molar ratioa pHb Dh(nm)c

1 1:1.5 (PMAA3% N-VP6%) 3.84 340±106

2 1:1.5 (PMAA3% N-VP6%) 4.02 80±6

3 1:1.5 (PMAA3% N-VP6%) 4.17 74±18

4 1:1.5 (PMAA3% N-VP6%) 4.40 63±12

5 1:1.5 (PMAA3% N-VP6%) 4.70 32±6

6 1:1.2 (PMAA4% N-VP6%) 4.41 550±20

7 1:2 (PMAA3% N-VP7.8 %) 4.38 350±150

aMolar ratio of MAA/N-VP
b Polymerization system
cAveraged hydrodynamic diameters±deviation determined by DLS
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the conversion of N-VP was greatly dependent to the concen-
tration of template polymer. It is normal because the adsorbed
amount of N-VP on PMAA increased with the increase of
PMAA chains. However, the more important reason should
be attributed to the partition of initiators. In fact, as the con-
centration of PMAAwas less than 1.0 %, the insoluble MBP
was obviously found to float on the top of aqueous phase.
Finally, it should be remarked that when the concentration of
PMAAwas 4 % (N-VP, 6 wt%), the globules of PMAA/N-VP
precipitated.

Figure 3b exhibits the effects of the concentration of N-VP
on the conversion of N-VP (PMAA, 3 wt%). As expected, the
conversion of N-VP increased as the concentration increased
until 4 wt%. It indicated that the saturated adsorption of N-VP
on PMAAwas ca. 4 wt%. As the concentration increased from

4 to 6 wt%, the conversion of N-VP was just increased from
ca. 60 to 64 %.

In conclusion, the optimal condition for the preparation of
particles was considered as pH 4.2, 3 wt% of PMAA, and
6 wt% of N-VP.

Molecular weight of the daughter polymer PVP

Since it was hard to separate the daughter polymer PVP and
mother polymer PMAA in the aqueous solution, the mixture
of two polymers was eluted simultaneously with a gel perme-
ation chromatography (GPC) equipment. As shown in Fig. 4a,
using PMAA with different molecular weights (Mν=48,000
and 30,000) as the template polymers, the daughter polymers
PVP can basically duplicate their father molecular weights by

3% PMAA,6% N-VP,pH=4.17

(d) MAA:N-VP=1:1.5

(PMAA 3%,N-VP6%)

pH=4.70

(b) MAA:N-VP=1:1.5

(PMAA 3%,N-VP6%)

pH=4.17

(c) MAA:N-VP=1:1.5

(PMAA 3%,N-VP6%)

pH=4.40

(a) MAA:N-VP=1:1.5

(PMAA 3%,N-VP6%)

pH=4.02

Fig. 1 Distribution of particles
and TEM photo of particles

Colloid Polym Sci (2015) 293:2035–2044 2039



ATRP template miniemulsion polymerization. Certainly, the
duplication is affected by the ratios of PMAA/N-VP because
the amount of N-VP adsorbed on PMAA is determined by

Fig. 2 Conversion of N-VP vs. ATRP polymerization time ( PMAA/N-
VP=1:1.5, pH=4.17)

Fig. 3 Effects of PMAA/N-VP ratios on the conversions of N-VP
Fig. 4 GPC of PMAA and PMAA/PVP
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both of the concentration of PMAA and N-VP. Figure 4b ex-
hibits the effects of concentrations of PMAA and N-VP on the
duplication of molecular weight. It was observed that as the
concentration of PMAAwas low (Fig. 4b), the peak of elution
time moved to the longer time, whilst the width of peak be-
came narrow. For example, the peak of PMAA was at
10.7 min. However, when MAA/N-VP=0.2/1 and 0.4/1, the
main peak was located at 10.9 min accompanied with several
small peaks with the longer elution time. This result indicated
that a lot of PVP with the small molecular weight were pre-
pared. However, when MAA/N-VP=0.6/1, the curve of
mixed polymers (peak at 10.8 min) almost overlapped with
that of father polymer, PMAA. It indicated that the molecular
weight of PMAA was completely duplicated. These results
were likely ascribed to the partition of initiators. It should be
expected that, at the lower concentration of PMAA, the ad-
sorption of N-VP on PMAA chains should be saturated. How-
ever, the lower concentration of PMAA also implied that the
number of globules should be small. Therefore, the more
ATRP initiators were partitioned in one globules, which
turned out a lot of PVP with the smaller molecular weight.

Figure 4c shows the effects of the concentration of N-VP
on the duplication of molecular weight. It was observed that,
as the concentration of N-VP increased from 3 to 6 wt%, the
peak moved to the shorter elution time; meanwhile, the curve
became broader. This result indicated that the molecular
weight of daughter polymer PVP increased as the concentra-
tion of N-VP increased. Since the concentration of PMAAwas
constant, the number of globules and the partition of ATRP
initiators inside of one globule were constant. Therefore, this
result was attributed to the increase of N-VP in the globules. It
is normal that the concentration of N-VP inside of globules
increased as the concentration of N-VP increased.

pH–volume transition

Utilizing the property of pH–volume transition, PMAA is usually
selected as the main composition of pH-sensitive carriers for
control release of drug. However, the pH–volume transition of
pure PMAA takes place at pH4.5, closed to the pKa of COOH
group. Such pH is far from the pH in body where the drug carrier
works. Therefore, many approaches have been applied to elevate
the pH at which the volume transition occurs, for instance
copolymerizing amide [8, 9, 27] or amine [6, 28] group contain-
ing monomers with MAA. As we know, using the amide-
containing monomers such as acrylamide (AAm) [8, 9] and
N-isopropyl acrylamide (NIPAM) [27], the so far highest pH of
volume transition is about pH 5. Using the amine-containing
monomers [6, 28], the pH of volume is adjustable in a large range
of pH. However, the instability of carriers in the aqueous phase is
always an obstacle for the bio-application due to the existence of
zwitterions in the surface of carrier. Therefore, in this paper,
a new approach was proposed to elevate the pH of volume

transition, namely pairing a PMAA chain with a PVP chain of
different length.

Figure 5 shows the pH–volume transition of PMAA/PVP
particles prepared by ATRP polymerization. It should be
remarked at first that, unlike those common pH-sensitive
microgel (lightly cross-linked chains) [6, 8, 9, 27, 28] which
the hydrodynamic diameter increases with the increase of pH,
until the microgel is over-swollen at high pH (from which the
diameter begins to decrease with the increase of pH), as shown
in Fig. 5, the hydrodynamic diameter of uncross-linked
PMAA/PVP particles directly decreased with the progress of
swollen degree. This feature implies that the degradation of H-
bonded pair of PMAA/PVP chains starts from the outside and
gradually progress to the inside of particle. In other words, the
microgel expands isotropically due to the constrained chains
conducting the osmotic pressure towards the inside of
microgel, whereas in the particle of uncross-linked
PMAA/PVP hereof, as those in microgel, the outer H-bonds
are suffered from the attacks of OH− at first, but the disbanded
segments of PMAA and PVP are free due to the absence of
chemically cross-linking bonds. These free segments with the
dissociated COO− ions on the outer layer of the particle effec-
tively relieves the osmotic pressure created by OH− in the

Fig. 5 pH–volume transition of PMAA (a Mν=30,000; b Mν=48,000)
paired with different lengths of PVP
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aqueous phase and temporally protected the inside H-bonds.
Such a feature was expected to give the more effectively re-
lease of drug directly evoked by the outside pH of particles,
rather than the inside pH as microgels. It was also the specu-
lation of design (Scheme 1).

As shown in Fig. 5, the pH sensitivity of particles is similar
to that of particles copolymerized PMAAwith N,N-dimethyl
amino ethylenemethacrylate (DMAEMA) [6], i.e., in a certain
pH range, the particle precipitated, whereas beyond the range
the particles expanded. For example, in the range of pH 3.8 to
7, the particles precipitated (Fig. 5a, MAA/N-VP=1:1.5).
When pH>7, the diameter decreased as pH increased (particle
expanded). Moreover, the pH range changed as the ratio of
MAA/N-VP changed. For example, in Fig. 5a (Mν=30,000),
corresponding to the ratios of 1:0.75, 1:1, and 1:1.5, the pH
ranges of precipitation were pH 2.5–5.0, 3.0–6.2, and 3.8–7.0.
Similar result was also observed in the case of using PMAA
(Mν=48,000) as the template polymer. It indicated that pH
response range could bemoved to the higher pH by elongating
the length of PVP. Furthermore, in the higher pH range, the
particles expanded slowly as the increase of pH, whereas it

sharply expanded in the lower pH range. However, such a
difference disappeared in PBS. As shown in Fig. 6, there is
no difference. Both of the particles (MAA/N-VP=1:0.75 and
1:1) exhibited the same pH-sensitive behavior, namely that they
precipitated in the same pH range (pH 2.5–5.5), and beyond the
pH range, the particles were abruptly disbanded by a small
variation of pH (pH 2.0–2.5 and 5.5–6.0). It is reminiscent of
effects of ions on the pH sensitivity of microgel [6, 9].

In the practice, the effects of ions on the pH sensitivity of
particles are inevitable, but the composition of PBS is compli-
cated; thus, the simple salts such as NaCl and CaCl2 were
selected. As shown in Fig. 7, the effects of Na+ and Ca2+ are
significant. For example, in the NaCl solution, the particle size
was much bigger than those in water and CaCl2 solution.
Meanwhile, the pH of system was significantly increased as
[CaCl2] increased, in contrast to the almost constant pH in
NaCl solution. It indicated that NaCl just acted as a precipi-
tant, whereas the dissociation of COOH was depressed in the
presence of Ca2+. These results are quite different from those
obtained in the microgels of P(MAA/AAm) [8] and P(MAA/

Fig. 6 pH–volume transition of PMAA (Mν=30,000)/PVP in the
phosphate buffer solution (PBS)

Fig. 7 Effects of [NaCl] and [CaCl2] on the diameters of nanoparticles
and pH of latex (PMAA: Mν=30,000; MAA/N-VP=1:1.5)

Fig. 8 pH sensitivity of PMAA (Mν=30,000)/PVP (MAA/N-VP=1:1.5)
particles in CaCl2 solution

Fig. 9 Profiles of RFP and DOX releasing vs. pH
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DMAEMA) [6]. In those microgels, both of pH and diameter
decreased as the ion concentration increased, irrespective of
Na+ and Ca2+. Reminiscent of the action Ca2+ in the aqueous
solution of gelatin [29], in this paper, the action of Ca2+

seemed similar. The aqueous solution of gelatin interacted
with the groups of protein chains, thereby condensing the
gelatin. In contrast, Na2HPO4 diluted the solution of gelatin
[29]. Accordingly, it implies that the performance of
PMAA/PVP in particles prepared by ATRP miniemulsion po-
lymerization is something like the performance of gelatin. It
interpreted the abnormal pH-sensitive behavior of particles in
PBS (Fig. 6), though the reason was unclear so far.

The pH sensitivity of particles in CaCl2 solution was fur-
ther investigated. As shown in Fig. 8, the hydrodynamic di-
ameter exhibits more sensitive to pH at the higher concentra-
tion of CaCl2. For example, in 0.1 mol/L CaCl2, the diameter
increased from 105 to 190 nm, whereas it varied from 100 to
150 nm in 0.01 mol/L CaCl2. It was coincident with the result
that the pH increased with the increase of CaCl2 concentration
(Fig. 7). This result further proved that Ca2+ could condense
the particle.

Drug delivery by PMAA/PVP particles

As models of application, the particles of PMAA (Mν=30,
000)/PVP (MAA/N-VP=1:1.5) were selected as nanocarriers
for two types of drugs. One was doxorubicin (DOX), a good
candidate for model anticancer drug experiments due to its
consistent reported value of water solubility in acid and
adriamycin metamorphism occurred in base. The other one
was rifampicin (RFP) with very good solubility in PBS at
basic condition. These two drugs, RFP and DOX, were able
to be loaded in the particles, as shown in Scheme 1, by
forming hydrogen bonds with PMAA and PVP.

It should be remarked that the loading of RFP was carried
out at pH 3.6 in PBS. The reason was that the loading effi-
ciency was the highest, about 60 %, at this pH value, whereas
the loading of DOX was conducted at pH 7 and about 57 %
DOX was loaded. It was reported that the structure of DOX
was not stable in alkaline solution; thereby, the release of
DOX was conducted in the acidic solution. For the release
of RFP in PBS, as shown in Fig. 9, at pH 5.6, about 58 % of
RFP was released, whereas at pH 6.0 about 95 % of RFP was
released. The release profile was much closed to the profile of
pH–volume transition of particles in PBS (Fig. 6).

The release profiles of DOX are also shown in Fig. 9. It is
clear that the release of DOX was significantly impacted by
CaCl2. In 0.01 mol/L CaCl2 solution, the release rate of DOX
was slow in the range of pH 3.0–4.0, but abruptly accelerated
in the range of pH 2.0–3.0. In contrast, the release rate was
much higher in the pure water. This result indicated that Ca2+

played a role to seal the drug molecules in the particles. It was

coincident with the above result that Ca2+ fastened the
PMAA-PVP chains by the interactions.

Anyway, the release profiles indicated that the behavior of
drug release by PMAA/PVP particles prepared in this paper
was quite different from those of pH-sensitive microgels. Par-
ticles hereof sustained the release of drug in a large range of
pH, no matter whether the particles precipitate or not. It was
completely controlled by the pH of the surrounding medium.

Conclusions

PMAA/PVP nanoparticles were prepared by ATRP-template
miniemulsion polymerization, where PMAAwas used as tem-
plate and PVP as the daughter polymer. pH was the predom-
inant factor to prepare the stable emulsion. At pH<3.8, the
coagulum was obtained, whereas pH>4.7 the transparent so-
lution was prepared by ATRP-template miniemulsion poly-
merization. Therefore, the optimum condition for the prepara-
tion of stable latex was pH 4.2, 3 wt% PMAA, and 6 wt% N-
VP. The averaged size of particles was around 50 nm.

GPC results indicated that the molecular weight of PMAA
was duplicated by the daughter polymer PVP. Moreover, the
molecular weight of PVP increased as the concentration of N-
VP increased. Being noncross-linked, the pH–volume transi-
tion of PMAA/PVP was particular to the common pH-
sensitive microgels, namely that the particles precipitated in
a certain range of pH, whereas beyond the pH range the par-
ticles were stable and swollen as pH varied. Effects of CaCl2
and NaCl on the particles were quite different. NaCl acted as a
pure precipitant, whereas CaCl2 played the cross-linking role.

DDS behaviors of PMAA/PVP were evaluated with two
drugs, i.e., RFP and DOX. It was observed that, at pH 3.6, the
loaded efficiency of RFP was about 60 %, and in a very nar-
row range of pH 5.6–6.0, there is about 95 % of RFP that was
released in PBS. For DOX, at pH 7, the loaded efficiency was
about 57%. The releasing rate of DOXwas affected byCaCl2.
In the range of pH 3.0–4.0, the rate was slower than that in the
pure water, but when pH<3.0, the releasing rate was acceler-
ated. All the above results indicated that, unlike the lightly
cross-linked microgel wherein the cross-linked chains trans-
ferred the osmotic pressure of OH− from the outer chains into
the inside chains, the noncross-linked PMAA/PVP particles
were directly responded to the change of surrounding medium
without the transfer of osmotic pressure.
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