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Abstract Solutions of poly(N-isopropylacrylamide) (PNIPA)
with ionic and nonionic surfactants were investigated by light
scattering methods at temperatures 15–45 °C. In contrast to
previous studies, where surfactants were used in excess,
lower concentrations of surfactants were used. The formation
of well-defined nanoparticles of PNIPA was observed on
heating above the lower critical solution temperature. The
effect of PNIPA and surfactant concentrations, and molecular
weight of PNIPA on nanoparticle parameters and on the
phase transition temperature of PNIPA solutions were
investigated. An interpretation based on stabilization of
PNIPA nuclei by surfactants was suggested.
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Introduction

In the past decade, stimuli-responsive polymers that change
their properties in a desired way responding to a small change
in temperature, pH, electric or magnetic field, or other
parameters attracted much attention [1–3]. Probably the
most often studied polymer systems are those based on poly
(N-isopropylacrylamide) (PNIPA) [4–6]. PNIPA undergoes
a coil-to-globule transition at 32 °C (lower critical solution
temperature, LCST [5]) close to physiological temperature,

which makes the polymer an especially good candidate for
applications in biotechnology and in medicine [1, 3, 7].

In our previous paper [8], aqueous solutions of poly
(N-isopropylacrylamide) (PNIPA) and sodium dodecyl
sulfate (SDS) mixtures were investigated by light scattering
methods in the temperature region 15–40 °C. Unlike in
previous studies [9, 10], lower concentrations of SDS were
used. Under such conditions, PNIPA formed well-defined
nanoparticles with molecular weights,Mw, from 1 to 10×107

and hydrodynamic radii, Rh, from 20 to 30 nm at 40 °C.
Higher surfactant concentrations resulted in intermolecular
solubilization of PNIPA above the LCST in agreement with
published results [11–15].

The nanoparticle parameters can be varied by PNIPA and
surfactant concentrations (cPNIPA and cSDS, respectively)
and the viscosity-average molecular weight of PNIPA, Mη,
in a wide range of Mw and Rh values. Mw and Rh of the
resulting thermosensitive nanoparticles (at 40 °C) decreased
with increasing concentration of SDS and of PNIPA, as
well as with increasing viscosity-average molecular weight
of PNIPA, Mη.

The observed formation of well-defined thermosensitive
nanoparticles was qualitatively explained by stabilization of
monodisperse nuclei of PNIPA with SDS in the transition
region of phase separation of PNIPA. The adsorbed SDS
hydrophilizes the nanoparticle surface. If the amount of
adsorbed SDS reached the critical surface concentration, the
nanoparticles are sufficiently solubilized and the growth of
nanoparticles stopped.

In the present paper, the above mentioned investigation
of nanoparticle formation in mixed SDS/PNIPA solutions is
further extended to solutions of PNIPA with several ionic
and nonionic surfactants (SR). Particularly the nanoparticles
covered with block copolymer surfactants with soluble poly
(oxyethylene) (PEG) blocks seem to be good candidates for
applications in biotechnology and in medicine.
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Experimental part

Materials and methods

Linear PNIPA were purchased from Polymer Source Inc.
Polymers with viscosity-average molecular weight Mη=
67,000, 122,000, and 220,000 were used for investigation.

Sodium dodecyl sulfate (SDS), 1-hexadecylpyridinium
chloride monohydrate (HDPC), and Pluronic F-68 (PL)
were obtained from Sigma, hexadecyltrimethylammonium
bromide (CTAB), Brie 97 (B97) and 98 (B98) were from
Aldrich. Q-water was used as a solvent.

Parameters of surfactants are given in Table 1.
We have used three ionic surfactants, two negatively

charged and one positively charged, and three nonionic
surfactants.

Preparation of nanoparticles

Nanoparticles were prepared by heating SR/PNIPA solu-
tions above the LCST up to 40 °C.

Two procedures were used:

(a) The measurement cell with 1 ml of the solution was
immersed into a stirred water bath at 40 °C. The
transition region of PNIPA (32 °C) was reached in 40 s.
The cell was then transferred to a preheated sample
holder for measurements.

(b) Cell with the solution was inserted into Zetasizer at room
temperature and heated (or cooled) in 1 °C steps up/
down. On every temperature change, the measurements
were performed after reaching the steady conditions,
typically after 20 min in the phase separation region. On
cooling, the light scattering data were taken after the
fixed waiting time of 20 min.

Static and dynamic light scattering

Static light scattering (SLS) measurements were carried out
with a home-made instrument equipped with a 30 mW He–
Ne laser in the angular range 30–140° at temperatures from

25 to 40 °C. The SLS data were analyzed using the Zimm
plot procedure. The data analysis based on a fit procedure
by theoretical model curves in a scaled representation
[16, 17] was used to obtain zero-angle values of apparent
weight-average molecular weight Mwa and radius of
gyration Rg. The concentration dependence was neglected,
which seems to be justified because of low concentrations
of the latex solutions (below 5×10−4 g·ml−1). Thus, Mwa is
a good approximation for the weight-average molecular
weight Mw of nanoparticles at infinite dilution. The
refractive index increment, dn/dc, of PNIPA (0.194 ml·g)
was taken from literature [18].

Polarized dynamic light scattering measurements were
made on the same instrument as SLS ones using an ALV
5000 multibit autocorrelator. The time autocorrelation
functions were fitted assuming the Pearson distribution of
characteristic relaxation times, τc [19, 20]:

z τcð Þ ¼ τPo τ
�p�1
c exp �τ c=τoð Þ=Γ pð Þ ð1Þ

where τo and p are parameters, and Γ(p) is the gamma
function of parameter p. The average hydrodynamic radius,
Rh, was calculated from the diffusion coefficient, using the
Stokes-Einstein equation. The experimental error of the Rh

determination was typically about 3%.
Temperature changes of the particle hydrodynamic

radius, Rh, and scattering intensity, Is, were automatically
measured at the scattering angle 173° on a Nano-ZS, Model
ZEN3600 (Malvern Instruments, UK) zetasizer. For evalu-
ation of data, the DTS (Nano) program was used. The
temperature dependences of Is were used only for determi-
nation of the transition temperature, Ttr .

Results

In contrast to previous studies [9–14, 21–23], where the
effect of ionic surfactants on the solubilization and
conformations of PNIPA macromolecules was studied, the
formation and properties of PNIPA nanoparticles stabilized
by ionic and nonionic surfactants are investigated in the
present study. In agreement with our previous paper [8],

Table 1 Parameters of surfactants used in the study

Surfactant Code CMC (mmol·l−1] CMC (mg·ml−1) Mw (g·mol−1) References

Sodium dodecyl sulfate SDS 8.1 2.3 288.38 [15]
Cetyltrimethylammonium bromide CTAB 1.00 0.387 384.44 [28]
Cetylpyridinium chloride CPC 0.11 0.035 320.00 [29]
Pluronic F-68 F68 5.45 45.8 8 400 [30]
Polyoxyethylene(20) oleyl ether Brie 98, B98 – <0.025 1 150 LSa

Polyoxyethylene(10) oleyl ether Brie 97, B97 – <0.025 709 LSa

aLight scattering measurements
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low concentrations of SR (cSR � 5� 10�4g �ml�1) were
used in this investigation. Under such conditions, the
surfactants are not able to prevent intermolecular aggrega-
tion and well-defined nanoparticles of PNIPA are obtained
above the LCST. This is demonstrated in Fig. 1 where the
temperature dependence of the hydrodynamic radius, Rh,
measured at θ=173° is shown for polymer concentration
cPNIPA ¼ 5� 10�4g �ml�1 and B98 concentration cB98 ¼ 5�
10�5g �ml�1. Mη of the PNIPA used was 122,000.

The formation of nanoparticles starts in the vicinity of the
critical solution temperature, 32 °C, which is manifested
itself by an increase in Rh. In this study, we have defined the
transition temperature, Ttr, as a temperature at which the
volume fraction of nanoparticles for the first time exceeded
the volume fraction of free PNIPA molecules upon heating
of the investigated solution. Only Rh of the dominant
component was plotted in Fig. 1. Consequently, Rh values
of single molecules are presented for temperatures below Ttr
while Rh of nanoparticles is used for temperatures above Ttr .
The formation of nanoparticles was also accompanied by a
sharp increase in Is. The increase of Rh stopped above Ttr at
about 100 nm. Rh of particles increases on cooling below the
transition temperature reflecting swelling of particles before
dissolution. Finally, the particles again dissolved. While the
steady values of Rh obtained on heating were used for
plotting Fig. 1, the Rh values measured on cooling were
obtained after a fixed waiting time of 20 min. Since
dissolution of nanoparticles on cooling is a slow process,
20 min was not sufficient for reaching steady conditions.
Therefore, the observed hysteresis in Fig. 1 is partly due to
kinetics of nanoparticle dissolution. The nanoparticles fully
dissolve at 3 °C after 24 h and then the solution can be again
used for further experiments.

The weight-average molecular weight, Mw, hydrody-
namic radius, Rh, radius of gyration, Rg, and polydispersity
of nanoparticles, ΔRh/Rh (ΔRh is the half-width of Rh-
distribution at the half height) obtained at 40 °C (proce
dure a) are shown for all the SR/PNIPA solutions used in
the study in Table 2. Results for SDS/PNIPA solutions
published in the previous paper [8] are used through the
paper for comparison.

Well-defined nanoparticles were obtained in all the cases.
The polydispersity of nanoparticles is low, ca. 0.1. Rh of
nanoparticles in solutions with ionic surfactants is about
30 nm andMw about 1.4×107. Larger particles were observed
in solutions with nonionic surfactants: Rh with about 100 nm
and Mw more than one order of magnitude higher than in
solutions with ionic surfactants. The nanoparticles are stable
for at least 24 h. The parameters are practically the same for
both the preparation methods. The only difference between
the results is the presence of a small amount of large
aggregates in solutions prepared by slow heating. Reproduc-
ibility of preparation of nanoparticles was high in PNIPA

solutions with ionic surfactants. Rh of nanoparticles varied
only in percents. The reproducibility of Rh of nanoparticles
prepared in PNIPA solutions with nonionic surfactants—ca.
10%—was worse than of those with ionic.

In contrast, the PNIPA solutions of the same concentra-
tion used without any surfactants are very turbid and slowly
flocculate after heating above Tr .

The effect of CTAB concentration on the temperature
dependence of Is measured at the scattering angle θ=173° is
shown for CTAB/PNIPA solutions with polymer concen-
tration cPNIPA ¼ 5� 10�4g �ml�1 in Fig. 2.
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Fig. 1 Temperature dependence of the hydrodynamic radius, Rh, at
θ=173°: (filled circle) measured on heating (procedure b), (filled square)
slow stepwise cooling (procedure b) after fast heating of solution
to 40 °C (procedure a). Mη=122,000, cPNIPA=5×10

−4 and cB98 ¼
5� 10�5g �ml�1

Table 2 Characteristics of nanoparticles (procedure a)

Surfactant Mw×10
−6 Rg (nm) Rh (nm) ΔRh/Rh

SDS [8] 13 18 25 0.17
CTAB 14 20 27 0.15
HDPC 14 25 33 0.23
PL 640 78 100 0.09
B98 570 87 112 0.10
B97 880 116 136 0.09

Mη=122,000, cPNIPA ¼ 5� 10�4 and cSR ¼ 5� 10�5 g �ml�1
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The saturated values of Is at temperatures above Ttr are
lower for the solutions with high contents of CTAB (cCTAB/
cPNIPA=1) than those for solutions with lower amounts of
CTAB. Consequently, the Mw and Rh values of the resulting
nanoparticles (at 40 °C) decrease with increasing value of
the cSDS/cPNIPA ratio. Similar behavior was observed in
SDS/PNIPA solutions [8]. The effect can be explained in
accord with previously published results by the solubiliza-
tion of PNIPA by the surfactant, which increases with
increasing content of SDS [9–14, 21–23]. This manifests
itself by suppression of intermolecular aggregation.

While Mw and Rh of nanoparticles decrease with
increasing concentration of ionic surfactants, the opposite
dependence was found for nonionic Brie 98 surfactants.
This is demonstrated for B98/PNIPA solutions in Fig. 3,
where temperature dependence of Rh is plotted for three
cB98/cPMIPA ratios (cPNIPA ¼ 2� 10�4g �ml�1).

Light scattering results are collected in Fig. 4 where
dependences of Mw and Rh values of nanoparticles on the
cSR/cPNIPA (cPNIPA ¼ 5� 10�4g �ml�1) measured at 40 °C
(procedure a) are shown for selected surfactants. SDS
results are given for comparison. Both the particle
parameters are practically independent of surfactant con-
centration for Pluronic F68 copolymer.

Also other parameters of ionic SR/PNIPA solutions are
influenced by the surfactant content (see Fig. 5).

In contrast to nonionic surfactants, where transition
temperature Ttr is practically independent of surfactant
concentration (cf. Fig. 3), Ttr increases upon increasing
the cSDS/cPNIPA ratio for ionic surfactants (Fig. 5). Polydis-
persity ΔRh/Rh of nanoparticles, which is again practically
independent of the surfactant concentration for nonionic
surfactants, changes with SDS and CTAB concentration in
a more complex way (see Fig. 5). The best nanoparticles
with a polydispersity comparable with micelles were
observed at cSR/cPNIPA=0.02 or 1 for both the surfactants.

The effect of PNIPA concentration on nanoparticle
parameters (Mwa and Rh ) is shown for solutions with the
fixed cSDS/cPNIPA=0.1 in Fig. 6.

Again there is a difference in behavior between ionic and
nonionic surfactants. While Mw and Rh decrease with
increasing cPNIPA for ionic surfactants, both the parameters
increase for nonionic ones.

The effect of molecular weight of PNIPA on nanoparticle
parameters is shown in Table 3.

It can be seen that Mw and Rh of particles decrease with
increasing molecular weight of the polymer for three selected
surfactants. This behavior is explained in Discussion.
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Fig. 2 Effect of relative CTAB concentration (cCTAB/cPNIPA) on the
phase transition tested by scattered light intensity, Is (procedure b).
Mη=122,000, cPNIPA ¼ 5� 10�4g �ml�1
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Fig. 3 Effect of relative B98 concentration (cB98/cPNIPA) on the phase
transition tested by the hydrodynamic radius, Rh (procedure b). Mη=
122,000, cPNIPA ¼ 2� 10�4g �ml�1
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Discussion

The observed formation of well-defined thermosensitive
nanoparticles can be qualitatively explained by the model
proposed in our previous paper [8]. The nuclei of a con-
densed phase formed after the polymer solution passes
through the phase transition temperature are monodisperse
at the early stage of phase separation [24, 25]. They are
hydrophobic, and therefore, they attract surfactants mole-
cules. If the adsorbed surfactant reaches a critical surface
concentration, the nanoparticles are sufficiently solubilized,
and the growth of nanoparticles stops.

Now, the effect of molecular weight of surfactants on the
parameters of nanoparticles can be explained (Table 2).
Diffusion of low-molecular-weight ionic surfactants is
faster than that of nonionic ones. Ionic surfactants are able
to stop the growth of nuclei earlier at lower values of Mw

and Rh than nonionic ones.
The effect of molecular weight of the polymer on Mw

and Rh of nanoparticles can be also explained. Note that the
growth rate of nuclei is among others controlled by

polymer diffusion. While the transport of surfactants is
independent of molecular weight of the polymer, the
growth rate of nuclei slows down with increasing molecular
weight of the polymer. As a consequence, the growth of
PNIPA nuclei stops with increasing surfactant sorption at
smaller sizes for high Mη than at low ones. Therefore, Mwa

and Rh of nanoparticles decrease with increasing Mη.
The effect of surfactant concentration can be also

explained, at least for ionic surfactants. The higher is the
concentration of ionic surfactants in solution the faster is
reached their critical concentration on the nuclei surface
and nucleation stops earlier at smaller values of Mwa and
Rh. The problem of nonionic surfactants is more complex.
While the ionic surfactant concentrations used in experi-
ments are below CMC, the concentrations of B98 are still
above the CMC (see Table 1). If we assume that copolymer
micelles of the Brie copolymers are inactive in particle
stabilization, the stabilization of nanoparticles is only
dependent on the free surfactant concentration. The free
surfactant (unimer) concentration increases with decreasing
copolymer concentration on approaching CMC. It is
probably a reason why the opposite behavior was observed.
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a). Mη=122,000, cPNIPA ¼ 5� 10�4g �ml�1
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The Pluronic F68 concentrations used in the study are
well below CMC; therefore, the behavior similar to systems
with ionic surfactants should be observed. Instead, an
intermediate behavior between the ionic and Brie surfac-
tants was observed.

As to the dilution effect of SR/PNIPA solutions (at cSDS/
cPNIPA=0.1) on Mwa and Rh of nanoparticles, the interpre-
tation is more complicated. Both the phase transition
kinetics and transport properties of surfactants slow down
simultaneously on dilution. Therefore, a detailed explana-
tion of the obtained results is impossible on the interpre-
tation level used. Cooperative hydrophobic association of
PNIPA polymer chains with ionic surfactant molecules
[10, 13, 22, 26, 27] and subsequent formation of pearl
necklace-like polymer-ionic surfactant complexes at surfac-
tant concentrations lower than their CMC, which are
formed below polymer phase transition, could be a reason
for the observed decrease in both the Mw and Rh. These
polymer-induced surfactant micelles increase the solubility
of PNIPA on molecular level. Solubilization is more
effective at higher concentrations and, therefore, Mwa and

Rh decrease with increasing concentration. This solubiliza-
tion effect is probably ineffective for nonionic surfactants
having higher molecular weights than ionic ones. This
could be a reason why the opposite behavior was observed.

Conclusion

It was shown that well-defined thermoresponsive nano-
particles can be easily prepared by heating PNIPA solutions
with low surfactant additions above the LCST. The nano-
particles are assumed to be monodisperse PNIPA nuclei
formed at the early stage of phase separation stabilized by
surfactants. A variety of surfactants, both ionic and
nonionic ones, were tested. Varying chemical composition
of surfactants, concentration of surfactants or PNIPA
polymers and the molecular weight of PNIPA can change
nanoparticle parameters in a wide range of Mw and Rh

values.
The structure of particles is supposed to be similar to

block copolymer micelles. Hydrophobic PNIPA molecules
form the insoluble core of particles and their hydrophilic
shell consists of hydrophilic parts of surfactants. An
intermediate shell at the core–shell interface contains both
the hydrophobic parts of surfactants and PNIPA chains. In
our opinion, the nanoparticles covered with biocompatible
poly(oxyethylene) shells seem to be good candidates for
applications in biotechnology and in medicine.
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Table 3 Characteristics of nanoparticles obtained from PNIPA of
different molecular weights at 40 °C (procedure a); cPNIPA ¼
5� 10�4 and cSR ¼ 5� 10�5 g �ml�1

PNIPA
Mh � 10�3

Nanoparticles
Mw � 10�6

Rh (nm) ΔRh/Rh

SDS [8]
67 78 46.0 0.09
122 13 25.2 0.15
220 5.0 21.0 0.13
Pluronic F68
67 1000 116 0.09
122 420 83.9 0.07
220 320 72.0 0.08
Brie 98
67 8800 352 –
122 570 112 0.10
220 105 36.9 0.06
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Fig. 6 Concentration dependence of a molecular weight, Mwa, and b
hydrodynamic radius, Rh, of nanoparticles at 40 °C (procedure a); Mη=
122,000, cSR/cPNIPA=0.1
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