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Asort of novel stimuli-responsive water-soluble polymer-biomolecule conjugate,
casein-g-poly(N-isopropylacrylamide) (PNIPAAm), was synthesized by free 
radical graft copolymerization of N-isopropylacrylamide (NIPAAm) from casein.

The graft polymerization was induced by a small amount of t-butyl hydroperoxide
(TBHP) in water under general condition. Free radicals on the amino groups of casein
and t-butoxy radicals were generated concurrently, which initiated the graft copolymer-
ization and homopolymerization of NIPAAm, respectively. The graft copolymers and
homopolymer of NIPAAm were isolated and the chemical structure of the graft 
copolymer was characterized by Fourier transform infrared spectroscopy (FTIR) and
differential scanning calorimetry (DSC). The phase-transition behaviours of the graft
copolymers in aqueous solutions were investigated by the turbidity measurements.
Casein-g-PNIPAAm did not precipitate at around the isoelectric pH (IP) of casein at
25°C and the lowest transmittance was changed as the pH changed. These results
suggest that the PNIPAAm offers a greater hindrance to the aggregation of casein at
25°C and the casein offers a hindrance to the aggregation of PNIPAAm at the 
temperature of lower critical solution temperature (LCST) and at the pH apart from the
IP. In addition, casein almost has no effect on LCST. The graft copolymer is stimuli-
sensitive with respect to both temperature and pH in aqueous solutions and the 
polymeric micelles with different structures can be obtained simply by changing the
environmental conditions. It associates into core-shell micelles in aqueous solution with
collapsed PNIPAAm as a core as well as inverse core-hair micelles with expanded
casein as a core on changing temperature or pH, indicated by transmission electron
microscopy (TEM). With the casein being a nature protein and the graft copolymers are
metal ion-free therefore, they may have great potential for biomedical and biomaterial
applications.

INTRODUCTION

Stimuli-responsive polymers are an
interesting class of materials that
undergo relatively large and abrupt,
physical or chemical changes by
the external stimulus, such as 
temperature, pH, ionic strength or
light [1-7]. Such polymers have
been extensively studied for their

wide range of applications in 
controlled/targeted drug delivery
[8-12], chemical and biological 
sensors [13], catalysis carries [14],
Pickering emulsions [15,16], etc.
In recent years, polymer-bio-
molecule conjugates which under
the influence of a given external
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stimulus can self-assemble and form micelles or
nanoparticles have attracted considerable interest as a
result of their widespread utility in various 
applications of medicine, biotechnology and nano-
technology [17-19]. Generally, the polymer-
biomolecule conjugates have been prepared accord-
ing to two approaches: first, post-polymerization 
conjugation of functionalized polymer chains to 
biomolecules through covalent bindings. Such 
post-polymerization conjugation approach has often
involved multiple steps including synthesis, chemical
modification, purification, and conjugation [20-24].
Second, using a modified biomolecule as an initiating
site for atom transfer radical polymerization (ATRP)
[25,26], or reversible addition-fragmentation chain
transfer (RAFT) [27-29]. In situ preparation of 
polymer-biomolecule conjugates through ATRP or
RAFT techniques have the advantage of involving
less number of synthetic steps, and still with some 
drawbacks of very high consumption of organic 
solvents as well as long processing time.

Li et al. [30,31] have described a method to 
prepare well-defined core-shell nanospheres via the
direct graft copolymerization of vinyl monomers
from water-soluble polymers containing amino
groups. Their approach is based on the reaction
between t-butyl hydroperoxide and the amino groups
of a water soluble polymer in water in the presence of
dispersed vinyl monomers. The t-butyl hydro-
peroxide initially interacts with the amino groups on
the polymer backbone, forming amino and t-butoxy
radicals, which then initiate both the graft copolymer-
ization and the homopolymerization of vinyl
monomers concurrently. 

Compared with the post-polymerization conjuga-
tion and in situ controllable/living free radical 
polymerizations, the direct graft copolymerization
does not allow a precise control of the molecular
weight. However, this methodology has some merits,
e.g., it allows a facile and mild grafting poly-
merization in aqueous solutions; it also involves 
inexpensive and commercially available reagents,
and finally the polymer is free from the contamina-
tion of metal catalysts.

In contrast, casein, the major milk protein, is a
very practicable biomaterial with good biocom-
patibility and biodegradability, easily available in

high purity and at low cost [32,33], and therefore it
has been utilized extensively for enzyme engineering,
pharmaceutical and medical applications [34-37]. In a
way, casein can be thought of as amphiphilic block
copolymers consisting of blocks with hydrophobic or
hydrophilic amino acid residues, exhibiting a strong
tendency to self-assemble into casein micelles in
aqueous solution [38-40]. It is a good nature material
for polymer-biomolecule conjugates. However, to the
best of our knowledge, there have been no reports of
the polymer-biomolecule conjugate based on casein
in the literature. 

In this paper, we report a novel type of 
temperature- and pH-responsive copolymer, casein-
g-PNIPAAm, synthesized by graft copoly-merization
of NIPAAm and casein. The phase-transition and
self-assembly behaviour of the copolymer was 
inves-tigated by turbidity and TEM. Notably, this
graft copolymer can self-assemble into three forms of
micelles by tuning pH and temperature, and the size
of the micelles was altered with pH changes and 
temperature of the dispersing medium. It is note 
worthy that the materials used here including casein
and PNIPAAm are environmental-friendly polymers
and have already been used in bio-related research 
for many years; thus, the resultant micelles have 
great potential applications in biotechnology and 
biomedicine.

EXPERIMENTAL

Materials
N-Isopropylacrylamide (NIPAAm) (Tokyo Chemical
Industrial Co., Japan) was purified by recrystalli-
zation in a mixture of toluene and hexane (1:5 v/v)
and dried in a vacuum. Casein (Kelong Chemicals,
China) was stirred in 1% ethylenediaminetetraacetic
acid (EDTA) (Kelong Chemicals, China) aqueous
solution at 50°C for 48 h to remove its metal ions. It
was then filtered and washed with distilled water, 
followed by drying in vacuum at 50°C for 48 h. t-
Butyl hydroperoxide (TBHP) (70% solution in water,
Tianhua Chemicals, China) was used as received and
other chemicals were of AR grades and used without
further purification. Freshly de-ionized and distilled
water was used as a dispersion medium.
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Graft Polymerization of N-Isopropylacrylamide
onto Casein 
For a total solution of 50 mL, casein (0.25 g) and 
sodium carbonate (0.1 g) were first dissolved in water
at 50°C and then mixed with the purified NIPAAm
monomer (1.0 g) in a water-jacketed flask equipped
with a thermometer, condenser, stirrer and nitrogen
inlet. Sodium carbonate was used to adjust pH of the
aqueous solution, because the casein could only be
soluble in alkaline and strong aqueous acid solution.
The stirred mixture was purged with nitrogen for 
30 min at 80°C. Dilute t-butyl hydroperoxide solution
(0.8 mL, 10 mmol.L-1) was added to the mixture, 
and it was allowed to react for 2 h under nitrogen 
atmosphere. After graft polymerization, the products
were adjusted to pH 4.5 by adding 1 mol.L-1 HCl and
then precipitated in excess methanol and separated by
filtration. To remove the NIPAAm homopolymer
formed during the reaction, the grafted casein was
extracted in methanol by Soxhlet extraction method
for 48 h. The resulting pure product was then dried
under vacuum at 40°C until a constant weight was
reached.

The pure product which consisted of casein and
PNIPAAm branches could then be weighed for its
weight estimation. The weight of casein could be
attained by calculating the feed ratio, and the weight
of PNIPAAm branches was the difference of the
weight of casein-g-PNIPAAm and casein itself. The
grafting percentages and the grafting efficiency were
calculated as follows:

Measurements and Characterizations
Fourier transform infrared spectra (FTIR) were
recorded on a ThermoFisher Nicolet 6700 FTIR 
spectrophotometer using KBr disks. Differential 
scanning calorimetry (DSC) was carried out on a
DuPont 9900 Thermogravimetric Analyzer under a
nitrogen atmosphere. The samples were first cooled
from 25°C to -50°C, heated to 190°C (first heating

scan) at a heating rate of 10°C.min-1, and then 
immediately quenched to -50°C. The second heating
scan was run from -50°C to 190°C at a heating rate of
10°C.min-1. We did not employ NMR to confirm the
structure of casein-g-PNIPAAm because 1H NMR of
casein gives too many peaks which overlap with
PNIPAAm peaks. Turbidity measurements were 
carried out on a Hitachi U-2010 UV-vis spectro-
photometer at 500 nm [41]. The lower critical solution
temperature (LCST) was determined by the tem-
perature at the midpoint of the phase-transition profile
[42]. In all the turbidity measurements, the runs were
repeated three times for each sample, and the average
values were taken to plot the figure profiles. The 
pH of the polymer aqueous solution was adjusted 
by addition of 1 mol.L-1 NaOH or HCl. TEM 
Measurements were conducted by using a Hitachi 
H-6100IV electron microscope at an acceleration
voltage of 75 kV. For the observation of the samples,
a small drop from the micelle solution, kept at the
given temperature was deposited onto preheated 
carbon-coated copper grid and then dried at the same
temperature and atmospheric pressure. After drying, it
was negative stained with a small drop of 1% 
phosphotungstic acid (PTA).

RESULTS AND DISCUSSION

Synthesis of the Casein-g-PNIPAAm Graft
Copolymers
The temperature- and pH-responsive graft copolymer
was prepared by direct graft copolymerization of
NIPAAm from casein in aqueous media. The t-butyl
hydroperoxide first interacted with the amino groups
of the casein backbone to form amino and t-butoxy
radicals, which then initiated the graft copoly-
merization and homopolymerization of NIPAAm
simultaneously (Scheme I) [30,43,44]. After remov-
ing the PNIPAAm homopolymer, the graft copolymer
of casein and PNIPAAm segments was obtained. The
percentage of grafting was obtained to be 161.2%
with grafting efficiency of 53.7%.

Figure 1 shows the FTIR absorption spectra of
casein, PNIPAAm homopolymer and casein-g-
PNIPAAm copolymer. The FTIR spectrum of the
casein-g-PNIPAAm copolymer shows absorption
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bands at 1077 cm-1 and 1235 cm-1, characteristic of
C-O stretching vibration and C-O-C asymmetric
stretching vibration of casein as well as those at 1388,
1368 and 1173 cm-1 characteristic of C-H and C-C
stretching vibrations of isopropyl. The presence of
these absorption bands confirms the structure of the
casein-g-PNIPAAm copolymer.

Figure 2 shows the DSC curves of casein (a),
casein-g-PNIPAAm first step of heating (b) and
casein-g-PNIPAAm second step of heating (c). In
Figure 2, the DSC scan of casein (curve a) shows that 

Figure 1. FTIR Spectra of casein (a), PNIPAAm (b), and
casein-g-PNIPAAm (c).

there is an endotherm peak from evaporation of water 
in casein and an exothermic decomposition peak [45]
and no evidence of glass transition was observed.
Whereas, casein-g-PNIPAAm (curve b) exhibited a
glass transition with Tg value being 142°C, which is
consistent with the Tg of PNIPAAm [46,47]. Curve c
shows the second heating scan of casein-g-
PNIPAAm. In curve c, the broad endotherm of casein
disappeared and the glass transition of PNIPAAm
segment has appeared clearly.

Figure 2. DSC Curves of casein (a), casein-g-PNIPAAm
first heating (b), and casein-g-PNIPAAm second 
heating (c).
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Turbidity Measurements and Transmission
Electron Microscopy
The phase-transition behaviours of the graft 
copolymer in aqueous solutions were characterized by
monitoring the turbidity of the polymer solution.
Figure 3 shows the temperature dependency of the
transmittances of polymer aqueous solution. As it is
shown in Figure 3, all the polymer solutions have
turned opaque when the temperature is increased
above LCST. The LCST values of casein-g-
PNIPAAm aqueous solution were approximately
31.6°C for pH 4.5, 32.0°C for pH 3 and 32.4°C for 
pH 8. They were very close to that of the PNIPAAm
homopolymer (32.0°C). In other words, the different
degrees of hydrophilicity of casein backbone have
had little influence on LCSTs of the casein-g-
PNIPAAm. This phenomenon can be attributed to
casein as an amphiphilic polymer. Therefore, casein
almost has made no impact on the LCST of
PNIPAAm.

The light transmittance microscopy examination
of the casein-g-PNIPAAm solution at pH 8 is only
decreased to about 50%, when the temperature is
increased to above LCST; suggesting the presence of
micelles with PNIPAAm as the core and casein as the
shell. For the copolymer solution at pH 3, the light

Figure 3. Transmittance change of polymer aqueous 
solution (concentration: 0.2 wt%) as a function of 
temperature: PNIPAAm (a), casein-g-PNIPAAm (pH 8) (b),
casein-g-PNIPAAm (pH 3) (c), and casein-g-PNIPAAm (pH
4.5) (d).

transmittance decreased to about 30% as the 
temperature was elevated above the LCST.
Obviously, the aqueous copolymer of pH 3 was more
turbid than that at pH 8 as the temperature was 
elevated to above the LCST. This phenomenon could
be attributed to the presence of many carboxyl groups
on casein at pH 3, which can form hydrogen bonds
with PNIPAAm. At pH 4.5, the phase-transition 
tended to be sharper and the light transmittance
almost diminished to 0 after phase-transition, 
suggesting that under this condition the graft 
copolymer was hydrophobic. 

Figure 4 shows the pH dependency of the 
transmittance of casein and casein-g-PNIPAAm 
aqueous solutions at 25°C and 40°C. As shown in
Figure 4, both at 25°C and 40°C, with the increase of
pH, the transmittance of casein solution is first
decreased smoothly at pH lower than 3.0, and starts to
decrease sharply at higher pH 3.0 until the protein
starts to precipitate near the isoelectric pH (IP, pH 
4.1-5.3), while it increased sharply above the IP until
attaining about 80% at pH 6.0, and then increased
smoothly at pH higher than 6.0. 

In contrast, the casein-g-PNIPAAm solution at
25°C turned opaque but not precipitated around the IP,
suggesting the presence of micelles with casein 

Figure 4. Phase-transition curves of casein-g-PNIPAAm
aqueous solutions and casein aqueous solution: casein
aqueous solution at 25°C (a) and 40°C (b) casein-g-
PNIPAAm solution at 25°C (c) and at 40°C (d) ([casein] =
0.04 wt%).
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Figure 5. Macroscopic aspect of casein-g-PNIPAAm 
aqueous solution (concentration: 0.2 wt%) at 25°C (a) and
40°C (b).

forming the core and PNIPAAm as the shell.
However, the casein solution at 40°C precipitated at
pH 3.5-5.5. Such an apparent discrimination clearly
showed the significant role of PNIPAAm chains in the
aggregation of casein-g-PNIPAAm, as PNIPAAm
grafts were of high hydrophilicity at 25°C, they
offered a greater hindrance to the aggregation of
casein, and they were hydophobic at 40°C, which 
promoted casein to aggregate. 

Figures 5a and 5b show the macroscopic aspect of
casein-g-PNIPAAm at different pH values at 25°C
and 40°C, respectively. The polymer solutions at pH 3
and pH 8 were transparent at 25°C. However, the
polymer solution of pH 4.5 turned appreciably
opaque. But when the temperature was elevated to
40°C, polymer solutions turned opaque and for a 
polymer solution of pH 4.5 a precipitate appeared
after several minutes.

Figure 6. Transmittance of casein-g-PNIPAAm aqueous
solution (concentration: 0.2 wt%) as a function of an 
alternately changed temperature at pH 8 (a) and pH 3 (b).

Figures 6a and 6b show the heat induced changes
of transmittance of casein-g-PNIPAAm solution at
two temperatures of 25°C (below LCST) and 40°C
(above LCST). Figure 6a shows that the transmittance
was 87% at 25°C, as the temperature increased to
40°C the transmittance was reduced to 53%. The graft
copolymer formed micelles at pH 8 and 40°C 
which are confirmed by TEM (Figure 7b). When the
temperature dropped from 40°C to 25°C, the solution
became clear again. In addition, the transmittance 
values of the copolymer solution in the heating cycle
(or cooling cycle) were almost equal to each other in
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the multiple-cycle experiments, which indicated that
the phase-transition of the casein-g-PNIPAAm 
solution was reversible.

To further investigate the phase-transition 
behaviours and the microstructures of the graft
copolymer in aqueous solution, TEM was used to
characterize the morphologies and sizes of the 
casein-g-PNIPAAm micelles. Figures 7a to 7c display
the TEM images of casein-g-PNIPAAm self-
assembly aggregate. 

Figure 7a shows that the aggregates at pH 8 and
25°C are well-dispersed, however they are quite poly-
disperse in size. The shapes of the micelles were
observed as spherical. The diameters were 
determined to be in the range of 20-40 nm, which
might correspond to micelles with hydrophobic
amino acid residues of casein as core and hydrophilic
amino acid residues and PNIPAAm grafts as shell.
Figure 7b shows that the micelles of casein-g-
PNIPAAm at pH 8 and 40°C display clear core-shell
structure with diameters of about 80 nm. The light
spherical area indicated the PNIPAAm core, whereas
the dark corona around the light core was the casein
shell. Figure 7c shows that the micelles at pH 4.5 and
25°C are anomalous core-shell structure with 
diameters in the range of 80-130 nm. The cores and
shells of these aggregates were visibly less dense than
those observed in Figure 7b, which had compact
cores and shells. This indicated that the aggregate
microstructures are different from each other. We 
considered that the graft copolymer micelle structure
at pH 3 was similar as in pH 8, and therefore the TEM
image of pH 3 is not provided. These results 
evidently demonstrated that casein-g-PNIPAAm was
temperature and pH-sensitive, and the size and
microstructures of the micelles could be easily altered
with the change of pH and temperature of the 
dispersing medium. 

The mechanism of the phase-transition behaviours
of the graft copolymer was schematically explained
in Scheme II. Four contrasting microstructures were
deduced across the pH and temperature ranges 
examined in the present study. At pH>5.5 or pH<3.5
and 25°C, the casein-g-PNIPAAm micelles formed
with hydrophobic amino acid residues of casein as
core, hydrophilic amino acid residues of casein and
PNIPAAm as shell (Scheme IIa). At pH>5.5 or 

Figure 7. TEM Images of casein-g-PNIPAAm at pH 8 and
25°C (a), at pH 8 and 40°C (b), and at pH 4.5 and 25°C (c).

pH<3.5 and 40°C, the copolymer micelles formed
with hydrophobic PNIPAAm as core and casein 
as shell (Scheme IIc). At pH 4.5 and 25°C, the
copolymers forming micelles with expanded casein

A Novel Temperature- and pH-responsive Polymer ...Cao Z et al.

Iranian Polymer Journal / Volume 19 Number 9 (2010) 695

 

 

 

(a)

(b)

(c)



as core and hydrophilic PNIPAAm as hair (Scheme
IIb). At pH 4.5 and 40°C, the hydrophobic casein-g-
PNIPAAm precipitated from the aqueous solution. 

CONCLUSION

A novel double-responsive water-soluble copolymer
that consists of temperature-sensitive segment and
pH-sensitive segment was successfully synthesized
by the facile method, which was metal ion-free and
organic reagent-free. The copolymer, casein-g-
PNIPAAm, possesses several advantages:
- A convenient self-assembly process in aqueous 
solution; - a biocompatible and biodegradable back-
bone; - it responds to both temperature and pH; - the
LCST can be changed by adjusting the pH of 
casein-g-PNIPAAm solution; and - the size and
microstructures of the micelles can be easily altered
with the change of pH and temperature of the 
dispersing medium. Such advantages make the
copolymer have potential in biotechnological and 
biomedical applications. 
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