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The  work  includes  the  determination  of  relationships  of  the solubilization  process  of  biodegradable
hyperbranched  polyester  polyols  Boltorn  Hx of  second,  third  and  fourth  generation  by  nonionic  sur-
factants  (TX-100,  Brij-35,  Tween-20).  The  impact  of hyperbranched  polyester  polyols  in  binary  systems
Boltorn  Hx/surfactant  on surface-active  properties  of  surfactants,  dimensions  of  assemblies  and  solubili-
zation capacity  has  been  estimated  with  respect  to Orange  OT  dye.  It has  been  shown  that  solubilization
capacity  rises  by  an  order  of  magnitude  in  binary  system  Boltorn  Hx/TX-100  and  decreases  in binary
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1. Introduction

The polymers self-organization effect presents a profound the-
oretical interest in the field of obtaining materials with various

composition, shape, structure and properties. Polymeric assem-
blies can have various applications: honeycomb structure models,
biosensors, encapsulating agents for drug delivery and effective
patterns for controlled construction of functional materials [1–4].
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rovision of controlled capture and release of a target component
y a polymer is only possible if they are sensitive to external influ-
nces, e.g. pH and temperature [5]. In this respect, pH is one of the
ost commonly used functional parameter of these supramolecu-

ar systems.
Linear polymers, block copolymers [6–10], hyperbranched poly-

ers [7,11–13] and dendrimers [14] are successfully used in the
reation of such self-organizing systems. Among these polymer
ypes, hyperbranched polymers and dendrimers present a number
f benefits for the performance of the abovementioned tasks [15]:
hey have an irregular structure, and can be easily synthesized in a
ne step with a high level of yield. Moreover, hyperbranched poly-
ers are low-toxic, biodegradable, they can be easily modified and

ynthesized, what makes them highly suitable for drug delivery.
he most important hyperbranched polymers today are hyper-
ranched polyester polyols (HPP) [15–18]. A number of research
orks have demonstrated the possibility of their use as self-

rganizing systems [19–22]. However, the research works mostly
escribe the self-assembly process of modified hyperbranched
olymers [7,11–13,23,24]. For instance, the authors of work [25]
ave investigated the self-association of Boltorn H40 modified by
uccinyl oxide in water solutions. The pH dependency of the asso-
iation has been studied using the methods of AFM investigation,
ynamic and static light scattering of water solutions with various
H values. The majority of research works on this topic has been
erformed with the use organic solvents [25,26]. However, self-
rganization of non-toxic biodegradable unmodified HPP in water
olutions is practically unexplored. This is particularly important
or the development of self-organizing systems on the basis of
PP for biomedical applications including medical delivery sys-

ems. Variation of a polymer’s solubility by means of a complex
hemical modification can lead to an increase of the polymer’s
oxicity.

The issue could be solved by the creation of binary systems
olymer/surfactant combining of micellar delivery systems and
ard covalent bonding of the substrate [12,13,22,27,28]. Besides,

n a number of cases synergistic effect can be achieved by means
f surfactant and polymer selection. Similar identified binary
ystems are based on linear polymers, such as: PEI25, PEI50,
VP, PTFE, PMMA, PEG [29–37]. New systems HPP/surfactant
an potentially be used for medical delivery to organs and
ells.

Thus, the purpose of this work is the creation of a method for
PP dissolution using non-toxic surfactants and the definition of
atterns determining the self-assembly and solubilization process

n binary systems HPP/surfactant.

. Experimental

.1. Materials

.1.1. Hyperbranched polymers
The following Boltorn Hx commercial hyperbranched polyester

olyols were used in this work: Boltorn H20 (1), Boltorn H30
2), Boltorn H40 (3) of second, third and fourth generation
Fig. 1), respectively, synthesized on the basis of AB2-type

onomer of 2,2-dihydroxy-methylpropene acid with ethoxy-
ated pentaerythritol as the ring (Polymer Factory Sweden
B, Teknikringen 48 Stockholm, Sweden, SE-114 28). Boltorn
20 contains 16 hydroxyl groups, Mr  = 1749.8 g/mol with
ydroxyl value 212.5 mg  KOH/g (Fig. 1a), Boltorn H30 con-

ains 32 hydroxyl groups, Mr  = 3608 g/mol with hydroxyl value
80–520 mg  KOH/g (Fig. 1b). Boltorn H40 contains 64 hydroxyl
roups, Mr  = 7323 g/mol with hydroxyl value ∼740 mg  KOH/g
Fig. 1c).
sicochem. Eng. Aspects 468 (2015) 40–48 41

2.1.2. Surfactants and dyes
The following commercial surfactants were used in this

work: Brij-35 (Uniqema Americas LLC, Mr  = 1119 g/mol,
CMC  = 1.7 × 10−4 mol/l, Tmelt = 38 ◦C), Triton-X100 (Sigma–Aldrich
GmbH Mr  = 625 g/mol, CMC  = 2 × 10−4, Tboil = 65 ◦C) и Tween-
20 (Sigma–Aldrich GmbH Mr  = 1228 g/mol, CMC  = 2 × 10−5,
Tboil = 65 ◦C) without additional purification. Solubilization
capacity was studied using 1-(o-tolylazo)-2-naphthol (Orange
OT) Sigma–Aldrich GmbH, CAS Number 2646-17-5, molar
extinction coefficient of water solutions of the surfactant is
17,400 L M−1 cm−1.

2.2. Methods

2.2.1. Preparation of the polymer
Initially, Boltorn Hx (x = 20, 30, 40) polyester polyols were heated

to 140 ◦C and extracted by vacuum water vapour in order to dis-
rupt the hydrogen bond network [37]. Then HPP was dissolved in
acetone and deposited using dehydrated diethyl ester with con-
sequent vacuum drying at pressure 1 × 10−2 mm Hg. The obtained
white sediment was  ground into monosize powder using an agate
mortar.

2.2.2. Preparation of test solutions
Boltorn Hx (x = 20, 30, 40) polyester polyols solutions were pre-

pared by dissolution of accurately weighed portions of the required
concentration of HPP prepared in a surfactant solution, and used
within 24 h. Before studying, target substance solutions were sub-
jected to ultrasonic material dispersion. The original surfactant
solutions with concentration above the CMC  point were prepared
by dissolution of their accurately weighed portions in double-
distilled water, subjected to ultrasonic material dispersion and used
for the preparation of solutions with specified concentration. The
research was  performed at 25 ± 0.1 ◦C.

2.2.3. Surface tension measurements
Surface tension measurements were performed using the du

Nouy ring detachment methods with the tensiometer K6 (Kruss).
Each data point represented the average of ca. 15 measurements
of surface tension. Each concentration dependence was  obtained
three times and results were within 2%.

2.2.4. Solubilization of Orange OT
Orange OT was  used as received. The solubilization experi-

ments were performed by adding an excess of crystalline dye
to solutions. These solutions were allowed to equilibrate for
about 48 h at room temperature. They were filtered and their
absorbency was measured at 505 nm (molar extinction coefficient
17,400 L M−1 cm−1). Electronic absorption spectra were taken on a
Lambda 750 (PerkinElmer) spectrophotometer in the wavelength
range 190–900 nm at a temperature of 25 ± 0.01 ◦C with the usage
of a thermostating system including a thermostated cuvette holder
a Julabo MB  5A flow thermostat and a Peltier RTR1 thermostat.
Quartz cuvettes with a thickness of 1 cm were used in measure-
ments.

2.2.5. Dynamic light scattering measurements
Dynamic light scattering (DLS) measurements were performed

by means of Malvern Instrument Zetasizer Nano. The Malvern
DTS software and the second-order cumulant expansion methods
analysed the measured autocorrelation functions. The effec-

tive hydrodynamic radius (RH) was  calculated according to the
Stokes–Einstein relation: DS = kBT/6pg RH, in which DS is the dif-
fusion coefficient, where kB is the Boltzmann constant, T is the
absolute temperature and g is the viscosity.
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Fig. 1. Idealized structures of Boltorn H2

.2.6. Measurements of pH
Measurements of pH were taken at 25 ± 0.05 ◦C on a pH metre

anna with combined pH electrode HI 1330 (“Hanna Instruments”
ermany) with the accuracy of ±0.1 pH units.

.2.7. Measurements of conductivity
Conductivity was estimated on Conductometer WTW  InoLab

ond 720.

. Results and discussions

Hyperbranched polyester polyols series Boltorn Hx (x = 20, 30,
0) (Fig. 1) are practically insoluble in water. Solubility decreases
ith the rise of polymer generation.

The following non-ionic surfactants were used in this work in
rder to increase the solubility of Boltorn Hx (BHx): Brij-35, Tri-
on X-100 and Tween-20. Non-ionic surfactants allow to minimize
he effect of additional charged particles on the self-organization
f hyperbranched polymers in water. These surfactants were cho-

en for the following reasons: firstly, the main factor of HPP
elf-organization in water is electrostatic interaction, secondly,
hese surfactants have various proportions of hydrophobic and
ydrophilic molecule sections (in Brij-35 they are practically equal,
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in Triton-X100 (TX-100) the hydrophobic section is much smaller
than the hydrophilic one, in Tween-20 the hydrophilic section is
much smaller than the hydrophobic one); thirdly, such surfactants
are rather low-toxic which facilitates their use in biological sys-
tems.

3.1. Self-organization and solubilization in binary systems
Boltorn Hx/Brij-35

The first stage of research consisted of a study of Boltorn Hx/Brij-
35 binary systems. According to tensiometric analysis results
(Fig. 2), the reduction of surface tension in BHx/Brij-35 systems
is observed together with the increase of HPP generation, below
and above the CMC  point. Meanwhile, for BH30 and BH40 minimal
values are observed on surface tension curves at Brij-35 concentra-
tion corresponding to the CMC  point (1.7 mM).  This confirms that
cooperative assemblies BHx/Brij-35 reduce surface tension more
effectively than an individual surfactant. The formation of cooper-
ative assemblies in this system is possible when the hydrophobic
portion of Brij-35 molecule penetrates the cavities between the BHx
branches. It is known that an increase of BHx generation causes an
increase of the branching rate, and accordingly, the number of cav-
ities and their availability for guest molecules. Therefore, in the
BH20, BH30, BH40 range the BHx penetration rate of surfactant
molecules increases with the generation of cooperative assemblies,
reaching the limit value at the CMC  point (corresponding to the
minimum value in Fig. 2). The increase of surface tension above the
CMC  point is related to system rearrangement and generation of
Brij-35 micelles which dissolve BHx molecules.
This is confirmed by the decrease of average hydrodynamic
diameter of the particles to 5–8 nm above the CMC  point, which
corresponds to the size of a surfactant micelle (Fig. 3). According
to Fig. 2, the Dh value of cooperative assemblies BHx/Brij-35 (x = 30,
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Fig. 3. Dependence of the hydrodynamic diameter (Dh) of assemblies in binary
systems BHx/Brij-35 on the concentration of Brij-35: c(BH20) = 3.97 × 10−4 M,
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ig. 4. Dependence of electric conductivity in BHx/Brij-35 binary system on Brij-35
oncentration: c(BH20) = 3.97 × 10−4 M,  c(BH30) = 4 × 10−4 M,  c(BH40) = 3 × 10−4 M.

0) reduces from 320 to 90 nm with the increase of surfactant’s con-
entration. Meanwhile, statistical dispersion of the value decreases,
hich clearly indicates stabilization of the system.

It can be assumed that the variation morphology of BH30/Brij-
5 and BH40/Brij-35 cooperative assemblies is similar. Meanwhile,

 curve with maximum Dh value at the CMC  point is observed for
he BH20/Brij-35 system. Presumably, the generation and structur-
ng mechanism of BH20/Brij-35 cooperative assemblies is different
rom that of systems with BH30 and BH40. This assumption is con-
rmed by conductometric analysis (Fig. 4).

The penetration of Brij-35 in the cavities of BH30 and BH40
uring the formation of cooperative assemblies leads to a quan-
ity reduction of electrically conducting particles in the solution
nd an electric conductivity drop in binary systems BHx/Brij-35
x = 30, 40) (Fig. 4). An inverse dependence is observed for system
H20Brij-35. It can be explained by the fact that during the for-

ation of cooperative assemblies with BH20, surfactant molecules

emain in the second sphere. Above the CMC  point, electric con-
uctivity in determined by surfactant’s micelles with solubilized
Hx.
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(BH20) = 3.97 × 10−4 M,  c(BH30) = 4 × 10−4 M,  c(BH40) = 3 × 10−4 M and solubili-
ation capacity equations.
the  concentration of Brij-35 in binary system BHx/Brij-35 in the presence of Orange
OT: c(BH20) = 3.97 × 10−4 M, c(BH30) = 4 × 10−4 M,  c(BH40) = 3 × 10−4 M.

Meanwhile, the pH value of an individual surfactant solution and
the pH value of the solution of BHx/Brij-35 systems are significantly
different.

With the increase of surfactant’s concentration, the pH values
of the solutions shift to a single value regardless of polymer gen-
eration. Abnormally low pH value of the medium for BHx/Brij-35
systems can be explained by the fact that during the formation of
cooperative assemblies, rearrangement of electron density occurs
in the BHx macromolecule, facilitating its deprotonation. pH value
of the BHBH20/Brij-35 binary system is different from the other
values, which confirms different morphology of cooperative assem-
blies.

Solubilization capability of BHx/surfactant binary systems was
evaluated at the example of standardized dye Orange-OT. Solubili-
zation capacity of clear surfactant solution has been compared with
that of its binary systems [38]. Dye solubilization in all systems is
performed in a single stage and starts at concentration 4 × 10−4 M
(Fig. 5), which correlates with the reduction of particle size in all
systems in accordance with dynamic light scattering results (Fig. 6).

Meanwhile, rearrangement of assemblies occurs in clear Brij-
35 at concentration 2 × 10−3 M,  and in system BH30/Brij-35 the
rearrangement point is shifted towards the increase of as surfactant
concentration – 6 × 10−4 M (Fig. 7).

Solubilization capacity was  calculated using the following for-
mula: S = b/ε, where b is an absolute term of an equation of a curve

(Fig. 5), and ε the molecular extinction coefficient of Orange OT,
which equals to 17,400 L M−1 cm−1 [38].

Fig. 7. Comparisons of capacity values of Orange-OT solubilization by binary sys-
tems BHx/Brij-35.
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that terminal hydroxyl groups of polyester polyol are blocked by
surfactant’s molecules.
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On the basis of the equation of curve (Fig. 5), solubilization
apacity was calculated for BHx/Brij-35 systems (Fig. 6). A signif-
cant solubilization capacity increase of Orange-OT is observed in
ow Brij-35 – BH20/Brij-35 – BH30/Brij-35. In system BH40/Brij-
5, solubilization capacity decreases with respect to the system
H30/Brij-35. Presumably, on penetration of the Brij-35 micelle,
olymer Boltorn H40 partially expels Orange OT molecules from it,
educing the system’s solubilization capacity.

.2. Self-organization and solubilization in binary systems
oltorn Hx/Triton X-100

On transition to Triton X-100 (TX-100), a difference in also
bserved in the variation of surface tension between systems
Hx/surfactant (x = 30, 40) and BH20/surfactant. In the presence of
riton X-100, BH20 does not increase, but reduces surface tension
ignificantly better than BH30 and BH40. On the molecular adsorp-
ion curve (Fig. 8) in system BH20/TX-100, maximum is observed
t TX-100 concentration equal to 2 × 10−5 M,  which corresponds
o the CMC  point. It can be assumed that in contrast to the sys-
em with Brij-35, in the presence of TX-100, BH20 develops to

onomolecular micelles.
The difference in behaviour of BH30, BH40 and BH20 in binary

ystems with TX-100 is probable related to the fact that BHx
tructure generation three and four does not allow the hydropho-
ic portion of Triton-X100 molecule to remain inside the cavity
ormed by polymer branches. This causes instability of cooperative
ssemblies at low surfactant concentrations. For the BH20/TX-100
ystem, surface tension of the solution in areas with low surfactant
oncentration is 35 mN/m,  which corresponds to the value of the
urfactant’s micelle solution. With the increase of TX100 concen-
ration, the value of surface tension in the binary solution reaches
ts maximum at the surfactant’s CMC  point, amounting to 45 mN/m.

ith the increase of TX-100 concentration, rearrangement of coop-
rative assemblies is observed, and the surface tension value of all

ystems similar, which corresponds to the solubilization process
f the polymer. Tensiometry results for BHx/TX-100 systems are
onfirmed by the dynamic light scattering data (Fig. 9). For hyper-
ranched polyester polyols BH30 and BH40, with the increase of
binary systems BHx/TX-100 оn Triton X-100 concentration: c(BH20) = 4 × 10−4 M,
c(BH30) = 2 × 10−4 M,  c(BH40) = 3 × 10−4 M.

surfactant concentration, a reduction of the average hydrodynamic
diameter is observed together with a reduction of dispersion of its
values, which corresponds to a rearrangement of unstable cooper-
ative assemblies BHx (x = 30, 40)/TX-100 into micelles.

There are two particle types with sizes 44 and 386 nm in system
BH20/TX-100 in the concentration area up to the CMC  point. With
the increase of TX-100 concentration, the intensity of signals with
Dh = 386 nm reduces with simultaneous intensity increase of the
signal with Dh = 44 nm.

The observed phenomenon can be explained by the existence of
monomolecular micelles BH20 in system BH20/TX-100 at low sur-
factant concentrations, due to the fact that the polyester polyols in
the solution possibly in the monomolecular micelles form [38]. The
hydrophobic portion of TX-100 molecule can penetrate a polymer’s
cavity and complete a monomicelle of a hyperbranched polymer
using the hydrophilic portion of the surfactant’s molecule, thus
increasing its solubility. This “completion” causes an effect of sur-
factant’s concentration around the polyester polyol macromolecule
with formation of assemblies with properties and morphology
close to that of clear surfactant’s micelles. Therefore, above the
CMC  point surface tension values and particle sizes in system
BH20/Triton-X100 are practically the same as in other systems.

Electric conductivity of binary solutions BHx/TX-100 is signifi-
cantly lower than that of clear surfactants (Fig. 10). This can indicate
Fig. 10. Dependence of electric conductivity in binary systems BHx/TX-
100 on Triton X-100 concentration: c(BH20) = 4 × 10−4 M, c(BH30) = 2 × 10−4 M,
c(BH40) = 3 × 10−4 M.
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Cavity size should correspond to the hydrophobic portion of the
surfactant’s molecule, which is observed for BH20.

Solubilization capacity of systems BHx/Triton X-100 is signifi-
cantly higher than that of an individual surfactant solution (Fig. 11).
Dye solubilization by BHx/TX-100 systems progresses in three
stages.

Solubilization stages are accompanied by assemblies dimen-
sions variation (Fig. 12).

The first solubilization stage is observed in TX-100 concentra-
tion range of 1 × 10−6–2 × 10−4 M (Fig. 13a). The rise of cooperative
assemblies size from 285 to 433 nm is observed for Triton X-100,
from 133 to 302 nm for BH20/TX-100 system, from 547 to 835 nm
for BH30/TX-100 system, from 61 to 941 nm from BH40/TX-100
system. It is accompanied by an increase of system dispersiveness.
The second solubilization stage is observed in TX-100 concentra-
tion range 4 × 10−4–1 × 10−3 M (Fig. 13b). In this case the minimum

is observed in all systems at TX-100 concentration of 6 × 10 M,
and particles are formed with the single size of Dh = 225 ± 73 nm.
This suggests that at specified concentration BHx/Triton-X100
binary systems possess a structure, the morphology of which is
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Fig. 15. Comparison of solubilization capacity values of Orange-OT by BHx/Triton
X-100 binary systems.
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This is most probably related to the fact that dye solubili-
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rmed by calculations and the solubilization capacity comparison
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3.3. Self-organization and solubilization in binary systems
Boltorn Hx/Tween-20

The next stage of the work was  studying of the BHx/Tween-20
binary system. According to the tensiometry data (Fig. 16), continu-
ity of surface tension in BHx/Tween-20 binary systems is observed
in surfactant concentration ranges from 1 × 10−8 to 1 × 10−5 M for
BH20, from 1 × 10−8 to 5 × 10−6 M for BH30 and from 1 × 10−8 to
1 × 10−6 M for BH40.

For the BH20/Tween-20 system the shar change of surface ten-
sion in surfactant concentration range 1 × 10−4 M is probable due
to the formation of short-lived vesicular structures which reorga-
nize into micelles with the increase of surfactant concentration,
which is indicated by the subsequent decrease of surface tension.
The dynamic light scattering data (Fig. 17) confirm the formation
of vesicular structures in the BH20/Tween-20 system.

Significant differences are observed between BH40/Tween-20
and BHx/Tween-20 systems (x = 20, 30). With the increase of
erative assembly to micelles is observed in the BH40/Tween-20
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ystem, which correlates with a more abrupt reduction of surface
ension in accordance with tensiometry data (Fig. 16). It can be
ssumed that the generation increase of hyperbranched polyester
olyol leads to stronger preorganization of Tween-20 molecules
or the subsequent formation of micelles, bypassing the vesicular
tage.

According to the data conductometry (Fig. 18), electric conduc-
ivity of BHx/Tween-20 binary systems (x = 20, 30) is practically

atching over the entire range of surfactant concentrations.
Meanwhile in the BH40/Tween-20 system an electric con-

uctivity increase is observed at low concentrations reaching
aximum at c(Tween-20) = 5 × 10−5 M.  According to pH-metry

ata for BHx/Tween-20 systems, BHx solubilization occurs above
he CMC  point of Tween-20 at surfactant’s concentration of 5 mM.

Solubilization of Orange-OT by BHx/Tween-20 binary systems
s different from that of other systems.

According to the dependency of Orange-OT optical density
n the concentration of Tween-20 and its binary systems with
H20, BH30, BH40 (Fig. 19), binary systems BH30/Tween-20 and

H40/Tween-20 practically do not solubilize Orange-OT from the
olution. Dependence of optical density in the BH20/Tween-20
ptical system practically matches than that of the clear surfac-
ant solution. Dependencies of particle size variation on surfactant’s
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Fig. 21. Comparison of Orange-OT solubilization capacity by BHx/Tween binary
systems depending on polymer generation.

concentration (Fig. 20) show that regardless of generation all sys-
tems undergo the same changes of assemblies’ morphology. All
systems have a minimum assembly size at Tween-20 concentration
of 1 × 10−6 M,  at which micelles formation occurs, and a maxi-
mum  size at concentration 1 × 10−4 M,  at which Tween-20 micelles
rearrange to form vesicles. Only vesicular assemblies solubilize
Orange-OT (Fig. 19); thus, hyperbranched polyester polyols gen-
erations three and four occupy practically the entire volume of
vesicular bilayer, and expels dye molecules from it, whereas Boltorn
H20 with smaller size does not impose competition. Presumably, it
can be imposed with further dye concentration increase.

On the basis of the obtained data, solubilization capacity was
obtained for systems BHx/Tween-20 with respect to Orange OT
(Fig. 19), and a diagram for visual comparison was  constructed
(Fig. 21). In BHx/Tween-20 systems, polyester polyol BH20 does
not impose strong competition on the dye. BH30/Tween-20 system
solubilizes the dye slightly better than the BH40/Tween-20 system.

4. Conclusion

It can be concluded that solubilization processes of hyper-
branched polyester polyols of different generations in binary
systems Boltorn Hx/surfactant (Brij-35, Triton X-100, Tween-20)
are determined by hydrophobic interactions. The effectivity of
hydrophobic interactions is determined by structural and dimen-
sional correspondence between the hydrophobic cavity of the
hyperbranched polyester polyol and the hydrophobic portion of
the surfactant.

It has been proved that maximum solubilization capacity with
respect to the standardized dye is possessed by binary systems
Boltorn Hx/surfactant, which contain surfactants with matching
hydrophobic and hydrophilic portions of the molecule. Wit  the
dimensional increase of the hydrophobic portion of the molecule,
solubilization capacity of binary systems Boltorn Hx/surfactant
decreases.
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