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Republic
‡Department of Inorganic Chemistry, Faculty of Science, Charles University, 2030 Hlavova, 128 43 Prague 2, Czech Republic
§Institute of Inorganic Chemistry of the Czech Academy of Sciences, v.v.i., Husinec-Řez ̌ 1001, 250 68 Řez,̌ Czech Republic
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ABSTRACT: The transport of a photosensitizer to target biological
structures followed by the release of singlet oxygen is a critical step in
photodynamic therapy. We compared the (photo)physical properties of
polystyrene nanoparticles (TPP@PS) of different sizes and self-assembled
poly(ethylene glycol)-b-poly(ε-caprolactone) core/shell nanoparticles
(TPP@PEG-PCL) with different lengths of copolymer blocks, both suitable
for the transport of the tetraphenylporphyrin (TPP) photosensitizer. The
singlet oxygen was formed inside both nanoparticles after irradiation with
visible light. Its kinetics was controlled by the size of TPP@PS; its lifetime
(τΔ) increased with increasing nanoparticle size (from 6.5 to 16 μs) because
of hindered diffusion into the external aqueous environment, where it was
quickly deactivated. Accordingly, the prolongation of the singlet oxygen-sensitized delayed fluorescence kinetics was found for
TPP@PS of high size. The TPP@PEG-PCL self-assemblies allowed for enhanced oxygen diffusion, and the estimated low
values of τΔ ≈ 3.7 μs were independent of the size of building blocks. The delayed fluorescence in oxygen-free conditions
originating from triplet−triplet annihilation indicated a high mobility of TPP in the PCL core in comparison with fixed
molecules in the PS matrix. Photooxidation of uric acid revealed the highest efficacy for TPP@PS of small sizes, whereas the
largest TPP@PS exhibited the lowest activity, and the efficacy of TPP@PEG-PCL remained independent of the sizes of the
building blocks.

1. INTRODUCTION

Photodynamic therapy of tumors1,2 and photodynamic
antibacterial treatment3−5 are widely used to treat an extensive
range of diseases and infections. The excitation of a selected
photosensitizer6 leads to the formation of the triplet states and
singlet oxygen, O2(

1Δg), which can efficiently destroy cell
structures and/or kill bacteria and other microorganisms.
Incorporation of a photosensitizer into a nanosystem
represents a powerful and versatile tool for changing/tuning
their properties,7 reduces detrimental aggregation phenom-
ena,8 and improves its transport to the target structure that is
to be destroyed.9 In recent years, much effort has been devoted
to the development of multifunctional theranostic agents in
which a number of diverse diagnostic and therapeutic
functionalities have been incorporated into a single nanoplat-
form.10 These approaches are widely employed for various
biological and medical applications.11−13

We selected two different polymeric nanoparticles (NPs)
with a tetraphenylporphyrin (TPP) photosensitizer: polystyr-
ene NPs (TPP@PS) with properties tuned by their size and
biodegradable core−shell self-assembled poly(ethylene glycol)-
b-poly(ε-caprolactone)-based structures (TPP@PEG-PCL)

with different lengths of copolymer blocks (Figure 1). TPP

is one of the simplest chromophores with a high quantum yield

of singlet oxygen (ΦΔ = 0.62 in CCl4).
14 Both systems were
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Figure 1. Chemical structure of TPP, the PEG-PCL copolymer, and a
simplified profile of glassy TPP@PS NPs and micelles-like TPP@
PEG-PCL self-assemblies with a hydrophilic PEG shell (blue) on a
hydrophobic PCL core (brown).
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expected to generate reactive O2(
1Δg) “on demand”. After

irradiation with visible light of the appropriate wavelength, the
TPP photosensitizer generates O2(

1Δg), which is released into
the environment of the NPs. The photocatalytic mode of
action promises long-term action. These approaches support
theranostic applications because they simultaneously allow for
treatment by generation of O2(

1Δg) and detection associated
with the fluorescent signal of the photosensitizer. The common
feature of polymeric materials with a photoactive photo-
sensitizer is a short diffusion length for O2(

1Δg) (typically tens
to hundreds of nm in aqueous media), which limits the
efficient photooxidation close to the NP surface due to the
short lifetime of O2(

1Δg) (3.5 μs in water).15

Recently, polystyrene NPs with encapsulated TPP and a size
of ∼30 nm were prepared and used for antibacterial
treatment.16−18 The polystyrene matrix exhibits a relatively
high oxygen diffusion coefficient in comparison with that of
other polymers and excellent resistance against bio- and
photodegradation.19 In contrast, PCL and PEG polymers are
well-known, FDA-approved biodegradable materials widely
used in medical and pharmaceutical applications. The
amphiphilic PCL-PEG copolymer forms different structures
depending on the molecular weights of both the hydrophobic
PCL and the hydrophilic PEG blocks.20−22 PEG-PCL can self-
assemble in micelles or vesicles (polymersomes). The vesicles
consist of the hydrophobic PCL core layer and the PEG
shell,23−25 and they are promising candidates as drug delivery
tools characterized by high biocompatibility, biodegradability,
low toxicity, and long-circulating properties.26

In this paper, both systems with the encapsulated hydro-
phobic TPP photosensitizer (TPP@PS and TPP@PEG-PCL)
were characterized by light scattering and microscopic and
photophysical methods to predict their photodynamic activity
for selected biological applications and to obtain additional
information about the location and properties of a dye inside
nanostructures. Molecular interactions between chromophores
within NPs can result in optical properties that are not
observed in solutions and can be utilized to expand the
purview of existing photonic techniques.27 The typical example
is singlet oxygen-sensitized delayed fluorescence (SODF)
(Figure 2),28,29 which can provide information on the

photophysical properties of TPP fixed in the polymeric matrix.
In contrast, SODF of TPP in organic solvents is overlaid by
strong delayed fluorescence originating from triplet−triplet
annihilation. For the characterization of both types of NPs, we
studied the kinetics of the TPP triplet states using triplet−
triplet transient absorption, O2(

1Δg), via its luminescence at
1270 nm and delayed fluorescence of the encapsulated TPP.

2. EXPERIMENTAL SECTION
2.1. Chemicals. 5,10,15,20-Tetraphenylporphyrin (TPP),

5,10,15,20-tetrakis(4-sulfophenyl)porphyrin (TPPS), tetraethylam-
monium bromide, uric acid sodium salt, cyclohexanone, tetrahy-
drofuran (THF), sulfuric acid, poly(ethylene glycol) blocks (PEG)
with average Mn ∼2000 and ∼5000, and poly(ε-caprolactone) methyl
ether blocks (PCL) with average Mn ∼2000, ∼5000, and ∼32 000
were purchased from Sigma-Aldrich. Polystyrene, Synthos PS GP 137,
was purchased from Synthos Kralupy a.s., Czech Republic.

2.2. Preparation of TPP@PS. A mixture of 0.07 wt %
tetraethylammonium bromide and 99.93 wt % polystyrene was
dissolved in cyclohexanone to prepare a 17% solution for the
fabrication of the polystyrene nanofiber membranes produced using
modified Nanospider electrospinning industrial technology.7 Poly-
styrene NPs with encapsulated TPP (TPP@PS) were prepared using
a modified nanoprecipitation method.16 To obtain different sizes of
NPs, we used different amounts of sulfonated and nonsulfonated
membranes (TPP@PS0 resulted from nonsulfonated membranes
only, TPP@PS3 from membrane-sulfonated 54 h, TPP@PS1 from
one part sulfonated and three parts nonsulfonated membranes, and
TPP@PS2 from two parts sulfonated and two parts nonsulfonated
membranes. Typically, membranes (total amount of ≈125 cm2, 75
mg) were washed with deionized water until a neutral pH was
achieved. Then, wet membranes were immersed in 8 mL of dry THF
enriched by 0.35 mg TPP for 60 s with stirring before deionized water
(40 mL) was added. THF was removed by evaporation under
vacuum. Larger microparticles were separated from the NP dispersion
by centrifugation (10 min at 4700g). Finally, the NP dispersion was
dialyzed for 3 days at room temperature against water to remove
traces of sulfuric acid and THF. Based on gravimetric and absorption
spectra analysis, the estimated concentration of TPP is ca. 0.5 ± 0.1%
w/w in TPP@PS.

2.3. Preparation of TPP@PEG-PCL. The PEG-PCL copolymer
(10 mg) with different block lengths of PCL and PEG and 0.1 mg of
TPP were dissolved in 1 mL of 90% THF with 10% H2O.
Alternatively, 80% dioxane with 20% H2O was used instead of 90%
THF. The prepared solution was slowly added dropwise into 10 mL
deionized water under vigorous stirring. Finally, the dispersion was
dialyzed for 7 days at room temperature against water to remove
traces of THF or dioxane. The resulting volume was adjusted to 10
mL using evaporation under vacuum. The corresponding abbreviation
was TPP@PEGnk-PCLmk, where the copolymer of PEG withMn = n
kDa and PCL with Mn = m kDa was used for preparation. Based on
absorption spectra analysis, the estimated concentration of TPP is ca.
1.0 ± 0.1% w/w in TPP@PEG-PCL.

2.4. Static and Dynamic Light Scattering. The light scattering
photometer (ALV, Germany) consisted of a CGS-3 automatic
goniometer, a 7004 multitau multibit autocorrelator, two high-QE
APD pseudo cross-correlation detectors, and a 100 mW, 660 nm
diode-pumped solid-state laser. Combined static light scattering
(SLS) and dynamic light scattering (DLS) measurements were
performed at 25 °C and polymer concentrations 1 mg/mL for TPP@
PEG-PCL and 0.01 mg/mL for TPP@PS in sealed cylindrical cells
with 10 mm outer diameters immersed in a thermostatted vat
containing toluene at scattering angles from 50 to 150° in 10° steps
over a time interval of 10 s. Obtained time-averaged scattering
intensities, I(q) = ⟨I(q,t)⟩, recalculated to the absolute scale (the
Rayleigh ratio) by means of a toluene standard, and normalized
intensity autocorrelation functions, g(2)(q,τ) = ⟨I(q,t)I(q,t + τ)⟩/
⟨I(q,t)⟩2, were used to calculate the molar mass, gyration radius, and
hydrodynamic radius of the NPs. Details on the data evaluation are
provided in the Supporting Information.

2.5. Electrophoretic Light Scattering. Electrophoretic mobi-
lities (μ) of the NPs were measured using a Nano ZS Zetasizer
(Malvern, UK). The ζ-potential values were calculated using the
Henry equation in the Smoluchowski approximation, μ = εζ/η, where
η is the solvent viscosity and ε is the dielectric constant of the solvent.

2.6. Transmission Electron Microscopy. Transmission electron
microscopy (TEM) micrographs were obtained with a JEOL

Figure 2. Simplified diagram of the basic photophysical processes
after excitation of TPP.
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NEOARM transmission electron microscope operating at an
acceleration voltage of 200 kV and equipped with a TemCam-
XF416R 4k × 4k CMOS camera (TVIPS, Germany). Ten microliters
of the NP dispersion (1 mg/mL) was dropped onto a copper TEM
grid coated with an electron-transparent carbon film, which was
treated by a glow discharge for 30 s prior to dropping the dispersion.
After 1 min, the solution was removed by touching the bottom of the
TEM grid with filter paper. The image analysis (particle size
measurements) was conducted using ImageJ 1.52 software.
2.7. UV−Vis Absorption and Emission Spectroscopy. UV−

vis absorption spectra were recorded on Unicam 340 and Varian 4000
spectrometers. Steady-state fluorescence spectra were monitored on
an FLS 980 spectrofluorometer (Edinburgh Instruments).
2.8. Photophysical Measurements. For photophysical measure-

ments [TPP triplet states, O2(
1Δg), and delayed fluorescence], the

samples were excited by a Quantel Q-smart Nd:YAG laser (λexc = 532
nm, pulse length ≈ 5 ns). This excitation wavelength matches the
absorption of the Q band of TPP. The blank samples (without TPP
photosensitizer) and experiments with excitation using different
wavelengths were also carried out to verify that all photophysical
processes were due to photoexcitation of the TPP photosensitizer.
2.9. Singlet Oxygen O2(

1Δg). Time-resolved, near-infrared
luminescence of O2(

1Δg) at 1270 nm was observed at a right angle
relative to the excitation light using a homemade detector unit (Ge
diode Judson J16-8SP-R05M-HS with an amplifier) and averaged to
increase the signal-to-noise ratio. A longpass filter (λ > 1000 nm) and
bandpass interference filter (λ ≈ 1270 nm) were placed between the
sample and the detector. The luminescence of O2(

1Δg) was corrected
to the background luminescence in an argon-saturated dispersion,
where no O2(

1Δg) was formed. The temporal profiles of the
luminescence were fitted to a single-exponential decay function with
the exclusion of the initial portion of the plot, which was affected by
light scattering, TPP fluorescence, and kinetics of the TPP triplet state
deactivation.
2.10. Triplet States of TPP. The kinetics of the triplet states were

measured by transient absorption spectroscopy from the changes of
absorbance at the triplet−triplet absorption band of TPP (460 and
480 nm) after excitation using an LKS 20 laser kinetic spectrometer
(Applied Photophysics, UK) equipped with an R928 photomultiplier
(Hamamatsu). Where appropriate, the samples were saturated by
oxygen and argon. The kinetic traces were fitted by a single and
double exponential function to calculate the lifetime of the triplet
states (τT). For double exponential decay, the average lifetime of the
triplet states at a given concentration of oxygen was calculated as τT =
∑Aiτi/∑Ai, where Ai and τi are the amplitudes and lifetimes of
individual processes, respectively. The fraction of the TPP triplet
states quenched by oxygen in air-saturated dispersions was calculated
as FT

air = 1 − τTair
/τTAr

, where τTair
and τTAr

are the lifetimes of the triplet

states in air- and argon-saturated dispersions, respectively.
2.11. Delayed Fluorescence. The kinetics of delayed fluo-

rescence was measured on an LKS 20 laser kinetic spectrometer
(Applied Photophysics, UK). SODF was calculated as the difference
of the signals in air/oxygen-saturated dispersions and the signal of the
argon-saturated dispersion.
2.12. Photooxidation of Uric Acid. A 200 μL stock solution of a

NP dispersion with or without encapsulated TPP was placed in a
thermostatted 10 mm quartz cell (25 °C) that contained 2.8 mL of 2
× 10−4 M uric acid in 0.02 M phosphate buffer (pH = 7.4). The cell
was irradiated with a Toptica-Beam Smart 200 mW laser (λ = 402
nm) equipped with a diffusing lens under continuous stirring. The
changes in UV−vis absorbance at 291 nm (attributed to the
photodegradation of uric acid)30 were recorded at regular intervals
during irradiation. To compare the relative photooxidation efficacy of
NP dispersions, the absorbance changes at 291 nm of uric acid were
corrected to the absorbance of the dispersion at an excitation
wavelength of 402 nm.

3. RESULTS AND DISCUSSION

3.1. Characterization of NPs. The polymeric NPs were
characterized by TEM, ζ-potential measurements, and SLS and
DLS. NPs radii obtained from the image analysis of TEM
micrographs of the NPs on the holey carbon film (Figure 3)
are shown in Table 1 together with ζ potential values.

The radii obtained from TEM can be compared with
hydrodynamic and gyration radii of the NPs obtained from
DLS and SLS measurements, summarized in Table S1 together
with molar masses of the NPs from SLS. It is necessary to keep
in mind that while the radii from TEM images are number-
averaged, the gyration radii are obtained from the z-average of
Rg

2 and the hydrodynamic radii from the z-average of RH
−1,

which, in case of broad size distributions, can lead to significant
differences in the mean values. In general, both Rg and RH from
LS are higher than the radius from TEM micrographs.

3.1.1. TPP@PS. The radii of TPP@PS calculated from the
TEM measurements (Figure 3) decreased with the degree of
sulfonation of the pristine polystyrene nanofiber membranes
used as precursors for the preparation of the NPs from ca. 160
to ca. 7 nm (Table 1).
The negative ζ-potential of TPP@PS1−TPP@PS3 mainly

originates from the sulfonation of polystyrene membranes used
for the preparation of the NPs (see the Experimental Section).
For the nonsulfonated TPP@PS0, the negative ζ-potential also
corresponds with the terminal sulfate groups of the PS chains,
originating from ammonium persulfate used as an initiator of
PS radical polymerization.31 Similar values of the ζ-potential
(∼40−50 mV) were measured previously for bare and
functionalized PS NPs in an aqueous solution.32,33

DLS measurements of the highly sulfonated TPP@PS3
revealed bimodal distributions of the NP hydrodynamic radii

Figure 3. TEM images of TPP@PS and TPP@PEG-PCL.
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(Figure S2). The dispersions contained two populations of
NPs differing by more than an order of magnitude in size,
which was visible on the TEM micrographs (see Figure 3,
TPP@PS3). Very low average densities of TPP@PS1 and
TPP@PS2 suggest that they also consisted of two populations,
but small particles scattered light too weakly to provide a
significant contribution to the intensity autocorrelation
functions, so the average size of the particles was over-
estimated.
3.1.2. TPP@PEG-PCL. In contrast to TPP@PS, the radii of

TPP@PEG-PCL calculated from TEM were about 20 nm and
did not change significantly with the lengths of the building
PEG-PCL copolymer blocks (Table 1), even though both the
hydrodynamic radius and the molar mass from DLS and SLS
depended on the lengths of the blocks (Table S1). The size of
the self-assembled TPP@PCL-PEG can be affected by
deformation of the NPs after deposition on the carbon film
and evaporation of the water, unlike the glassy TPP@PS. DLS
measurements also revealed bimodal distributions of the NP
hydrodynamic radii (Figure S2). The slow mode probably
originated from trace amounts of large aggregates. As PEG-
PCL copolymers are not directly soluble in water because of
the insolubility of the PCL block, nanoprecipitation from the
solutions of PEG-PCL and TPP in THF/water mixtures with
an excess of water was used to obtain kinetically frozen self-
assembled TPP@PEG-PCL in aqueous dispersions (Figure 1).
TPP@PEG-PCL are stabilized by the hydrated PEG shell,

but they are also slightly negatively charged due to the terminal
carboxylate groups of PCL.34 Similar PEG-PCL nanostruc-
tures were synthesized recently from hematoporphyrin
derivatives covalently bound to PCL and PEG chains.35

Modification of the sizes of both blocks had only a slight
influence on the resulting size of the polymeric structures, as

evidenced by the data in Table 1. The TPP@PEG-PCL
structures were less stable than those of the TPP@PS, and
they tended to disintegrate in the environment at pH values
below 6.8 and above 7.6 (Figure S6 in the Supporting
Information).36,37

The TPP@PEG-PCL was stable in water dispersions for
several days at neutral pH (Figure S5 in the Supporting
Information) and could be used as transport vehicles for TPP.
Biological media, such as cell culture medium or blood, can
affect the self-assembled NP stability38,39 and allow for their
dissociation and transport of the TPP sensitizer directly to the
targets.

3.2. UV−Vis Spectra. The absorption spectra of TPP were
characterized by the Soret band, which is very sensitive to
changes in the environment of TPP molecules, and four less
intense Q absorption bands.8 The sharp TPP Soret bands for
TPP@PS0-TPP@PS3 did not indicate the formation of
aggregates in the NP interior (Figure 4, panel A). The
tendency of porphyrins to aggregate is not desirable because
photodynamic efficiency decreases as a result of the poor or
absent ability of the aggregates to produce O2(

1Δg).
A blueshift of the Soret band by 3 nm was observed between

nonsulfonate (TPP@PS0) and fully sulfonated NPs (TPP@
PS3) and can be assigned to changes in the TPP environment
due to the presence of sulfonate groups. Despite careful
washing with deionized water to a neutral pH, some of the
TPP in TPP@PS3 prepared from membranes with the highest
degree of sulfonation remained in the acidic form of H2

2+TPP
(Soret band at 445 nm and only two Q band due to higher
symmetry). The protonation of the porphyrins influenced the
UV−vis spectra; nevertheless, the quantum yields of the
porphyrin triplet states and singlet oxygen were not
significantly influenced.40

Table 1. Parameters of NPs Obtained from TEM, ζ-Potential, and Photophysical Measurements

τT (μs)b

system TEM radius (nm)a ζ-potential (mV) oxygen air argon FT
airc τΔ

d

TPP@PS0 (nonsulfonated) 162 ± 45 −43 ± 1 6.1 21 3000 >0.99 16
TPP@PS1 52 ± 17 −51 ± 2 5.5 20 3100 >0.99 8.5
TPP@PS2 31 ± 13 −45 ± 3 5.0 18 2800 >0.99 7.9
TPP@PS3 (sulfonated) 7 ± 1e −46 ± 4 0.63 2.3 3200 >0.99 6.4
TPP@PEG2k-PCL2k 19 ± 4 −7 ± 1 0.77 3.4 45 >0.93 3.6
TPP@PEG5k-PCL5k 20 ± 4 −25 ± 1 0.88 3.5 50 >0.93 3.8
TPP@PEG5k-PCL32k 22 ± 4 −14 ± 2 0.83 3.5 48 >0.93 3.8
TPPS in water 0.39 1.8 330 >0.99 3.5f

aMean ± s.d. bThe lifetime of the triplet states in oxygen-, air-, and argon-saturated dispersions/solutions. cFraction of the triplet states quenched
by oxygen in air-saturated dispersions/solutions. dCalculated singlet oxygen lifetime from luminescence kinetics at 1270 nm. eAverage for small
NPs only. fLiterature value.15

Figure 4. Soret band of TPP in TPP@PS (panel A) and in TPP@PEG-PCL (panel B). Spectra are offset.
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In contrast to TPP@PS, the UV−vis spectra of TPP@PEG-
PCL did not change with the size of the copolymeric building
blocks (Figure 4, panel B). This reflects the localization of TPP
inside the PCL core, with similar properties exhibited for all
three TPP@PEG-PCL self-assembled structures.
3.3. Photophysical Properties. The basic photophysical

processes after excitation of TPP (Figure 2) include the
formation of the triplet states by intersystem crossing from the
excited singlet states followed by energy transfer to the oxygen
molecule and formation of O2(

1Δg). We also evaluated delayed
fluorescence, which is a parasitic process that competes with
photodynamic actions at biological target structures; however,
it can be used for diagnostic purposes.28,29 Photophysical
properties of both types of NPs are discussed below using
TPP@PS0 (Figure 5) and TPP@PEG5K-PCL32K (Figure 6)
as model NPs; the properties of the other NPs are evaluated in
the Supporting Information (Figures S7−S17) and summar-
ized in Table 1.
3.3.1. Kinetics of the TPP Triplet States. The lifetime of the

TPP triplet states is controlled by oxygen diffusion to the
chromophore.
3.3.1.1. TPP@PS. Kinetics of the TPP triplet states were

measured by transient absorption at 460 nm (maximum of the
triplet−triplet absorption band) (Figure 5, panel A). The
lifetime of the TPP triplet states decreases with the size of the
NPs in both oxygen- and air-saturated water. This indicates
that the diffusion of oxygen to TPP sensitizers is hindered in
TPP@PS with larger size, which is controlled by the lower
oxygen diffusion coefficient of polystyrene in comparison to
that of water. The high values of FT

air indicate efficient
generation of O2(

1Δg). The triplet states of TPP in TPP@
PS were extremely stable in the argon-saturated water
dispersion, with lifetimes of a few ms, approximately ten
times higher than that of water-soluble TPPS, a model
photosensitizer molecule, in water.
3.3.1.2. TPP@PEG-PCL. In contrast, the lifetime of the TPP

triplet states in TPP@PEG-PCL did not change with the size

of the PEG and PCL building blocks (Table 1), and its kinetics
were faster than those of the polystyrene NPs (TPP@PS0-
TPP@PS3) (Figure 6, panel A). The TPP@PEG-PCL triplet
lifetimes in air- and oxygen-saturated dispersion were about
two times higher in comparison to those of TPPS dissolved in
water (Table 1). Thus, the oxygen diffusion process to the
TPP chromophore in TPP@PEG-PCL is only slightly
hindered in comparison to water, and it was similar to oxygen
diffusion through bulky substituents to the chromophore in
water solution.41 The less effective quenching of TPP triplets
in glassy PS (high values of the triplet lifetimes, Table 1) and
reported value for PCL42 also indicate that the PCL core of the
self-assembled TPP@PEG-PCL was more permeable to
oxygen than in glassy polymeric matrices. At least double
exponential decays of the TPP triplet states in argon saturated
TPP@PEG-PCL dispersions indicate the different environ-
ments of individual TPP molecules (Figure S16 in the
Supporting Information).

3.3.2. Kinetics of O2(
1Δg). 3.3.2.1. TPP@PS. The kinetics of

O2(
1Δg) were measured using its luminescence at 1270 nm

(Figure 5, panel B). The value of singlet oxygen lifetime (τΔ) is
controlled by the environment of the TPP. The calculated
lifetime of singlet oxygen, τΔ, strongly depended on the size of
the NPs (from 16 μs with NPs of the average size of 162 nm to
6.4 μs for the smallest one) (Table 1) and included
contributions from both the polystyrene matrix and the
aqueous environment. For the largest polystyrene particles,
τΔ ≈ 16 μs corresponds with that measured for the polystyrene
bulk (τΔ ≈ 20 μs).43 In the polystyrene matrix, where D(O2) =
2.8 × 10−7 cm2 s−1 (ref 42), the mean diffusion length of
O2(

1Δg) calculated as lr = (6D(O2)τΔ)
1/2 is ∼58 nm. In

contrast, the diffusion of singlet oxygen molecules to the water
environment (τΔ = 3.5 μs) was dominant for smaller NPs, and
the measured value of τΔ decreased to 6.4 μs (Table 1).
The literature data do not indicate any significant quenching

of O2(
1Δg) by sulfo groups.44 It can be expected that the

diffusion of oxygen and the value of τΔ can be only slightly

Figure 5. TPP@PS0: kinetics of the TPP triplet states (panel A), singlet oxygen luminescence (panel B), and corresponding delayed fluorescence
(panel C). Red lines are single exponential fitting lines to the experimental data.

Figure 6. TPP@PEG5K-PCL32K: kinetics of TPP triplet states (panel A), singlet oxygen luminescence (panel B), and corresponding delayed
fluorescence (panel C). Red lines are single exponential fitting lines to the experimental data.
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influenced by sulfo groups, predominantly in TPP@PS3, in
NPs with a high degree of sulfonation. The sulfonated polymer
also consisted of chains of lower Mw than that of the pristine
polystyrene polymer (Table S1 in the Supporting Informa-
tion), which may also influence the diffusion process.
3.3.2.2. TPP@PEG-PCL. In contrast, τΔ for O2(

1Δg)
photogenerated from the TPP incorporated in TPP@PEG-
PCL (3.6−3.8 μs) (Figure 6, panel B and Table 1) was nearly
independent of the size of NPs, and it was similar to that in
water (3.5 μs). It is expected that the hydrophobic TPP was
located in the hydrophobic PCL polymeric core without access
to water molecules.24 The flexible PEG corona was hydrated
and had sufficient mobility. Its thickness increases with
molecular weight and makes it decreasingly permeable to
oxygen.45 The hindered oxygen diffusion in TPP@PEG-PCL
led to a slightly longer value of τΔ (within experimental error of
∼10%) due to the less efficient quenching of the TPP triplets
in comparison to that in water. Thus, molecules of O2(

1Δg)
could easily diffuse into the water located inside the cavities of
TPP@PEG-PCL, where it was effectively quenched. Alter-
natively, O2(

1Δg) could have also been quenched by the OH
groups of PEG.
3.3.3. Delayed Fluorescence. The origin of delayed

fluorescence of TPP is in the interaction of O2(
1Δg) with

TPP triplets (SODF)28,46 and/or in TPP triplet−triplet
annihilation.29 Both processes led to the formation of the
fluorescent S1 state of TPP (Figure 2). The thermally activated
delay fluorescence typical for fullerenes47 was not expected
because of the high gap between the S1 and T1 states of TPP.
The contribution of TPP from the water phase to delayed
fluorescence can also be excluded because of the insolubility of
TPP in water and/or extended aggregation.8

3.3.3.1. TPP@PS. We did not find any delay fluorescence of
TPP in TPP@PS in the argon-saturated water (Figure 5, panel
C). The strong delayed fluorescence appeared after the
addition of oxygen. This behavior is typical for SODF, where
the kinetics and intensity of the SODF signal reflected both
TPP triplet and O2(

1Δg) kinetics and corresponded to the
fixed TPP molecules that were quenched by the O2(

1Δg) that
diffused through the polystyrene matrix.46 The kinetics of
SODF are complex and do not allow for the exact estimation of
τT and τΔ by a simple fitting process. The amplitudes of the
SODF signal strongly decreased with the decreasing size of the
NPs, which corresponded with the increased release of
O2(

1Δg) into the aqueous environment. The kinetics of
SODF in oxygen-saturated water were shorter than those in

the air-saturated water due to the lower lifetime of the TPP
triplet states and O2(

1Δg).
3.3.3.2. TPP@PEG-PCL. In contrast to TPP@PS, the delayed

fluorescence of TPP originating from TPP@PEG-PCL in
oxygen saturated water could not be fully separated from the
prompt fluorescence (Figure 6, panel C) due to the fast
kinetics of both the TPP triplet states and O2(

1Δg) decay. This
observation and the multiexponential kinetics of delayed
fluorescence (Figure S17 in the Supporting Information)
indicate a slightly different environment for individual TPP
molecules. Delayed fluorescence was observed even in the
argon-saturated dispersion (Figure 6, panel C). We proposed
that the hydrophobic self-assembled PCL chains allowed for
the diffusion of not only small oxygen molecules but also of
TPP. This observation is in contrast to that of the glassy
structure of TPP@PS, in which the TPP molecules were fixed.
The high TPP loading and diffusion of the TPP triplets
through the PCL core could lead to triplet−triplet
annihilation, which may significantly contribute to the overall
delayed fluorescence (Figure 2).

3.4. Photooxidation of Uric Acid. Both near-infrared
luminescence of O2(

1Δg) and SODF of the TPP@PS and
TPP@PEG-PCL dispersions revealed the efficient generation
of O2(

1Δg) (see above), which can be sufficient for oxidizing
external substrates in the aqueous media. To prove this
hypothesis, we used uric acid, a known specific acceptor of
O2(

1Δg), as the model substrate. Irradiation of the TPP@PS
and TPP@PEG-PCL dispersions with added uric acid led to
photobleaching of the substrate, as demonstrated by the
gradually decreasing absorbance at 291 nm during irradiation.
This behavior was in contrast to the results of the experiments
with NPs without the TPP photosensitizer and minimal
absorption at an excitation wavelength of 402 nm, where no
decomposition of uric acid was observed (not shown).
The results indicate that the efficacy of uric acid photo-

oxidation sensitized by TPP@PS significantly increased for
NPs of the smallest size (Figure 7, panel B), photooxidation
efficacy using TPP@PEG-PCL did not change with the size of
PCL and PEG building blocks within the experimental error
(Figure 7, panel A), and the lowest activity was exhibited with
large TPP@PS NPs.
The mean radial diffusion length of O2(

1Δg) to the substrate
(uric acid) lr = (6D(O2)τΔ)

1/2 is approximately ∼200 nm in
water16 for both the TPP@PS and TPP@PEG-PCL
dispersions. The TPP@PS gradually released O2(

1Δg) into
the aqueous environment for a long time (τΔ ≈ 20 μs and lr ≈
58 nm in TPP@PS interior) in comparison with its lifetime in

Figure 7. Relative photooxidation efficacy of uric acid by O2(
1Δg): relative changes of the absorbance of uric acid at 291 nm after irradiation by a

402 nm laser, corrected to the absorbance at the excitation wavelength for the reaction that was photosensitized by TPP@PEG-PCL self-
assemblies (panel A) and TPP@PS (panel B); error bars represent standard deviations, and measurements were repeated four times.
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the water environment. The fraction of O2(
1Δg), which

deactivated inside the polymeric matrix, increased with the
size of NPs (∼7−162 nm). The high photooxidation efficacy
of TPP@PS of small size corresponded with their larger
surface area and shorter diffusion lengths of O2(

1Δg) from the
polystyrene matrix to an aqueous environment in comparison
with that of TPP@PS of larger size. The constant photo-
oxidation efficacy of TPP@PEG-PCL formed from building
blocks of different sizes could correspond with the high
mobility of PEG chains in water and the TPP molecules inside
the PCL core. This could have allowed for the uric acid to
move into close proximity of the TPP photosensitizer and thus
minimize the diffusion length of O2(

1Δg).

4. CONCLUSIONS

We prepared a series of polystyrene NPs (TPP@PS) and
poly(ethylene glycol)-b-poly(ε-caprolactone) self-assembled
nanostructures (TPP@PEG-PCL), both encapsulating the
tetraphenylporphyrin photosensitizer and demonstrated the
size and structure effects on their photophysical and photo-
chemical behaviors. TPP@PS can serve as a vessel for singlet
oxygen, allowing for its gradual release into the environment,
and the glassy structure of the NPs does not allow for the
release of the TPP sensitizer into their environment directly,
which allows for targeting of the structure to be oxidized. The
lifetime of singlet oxygen photosensitized by small TPP@PS
decreased significantly from the value of ∼20 μs typical for the
PS bulk due to the release of singlet oxygen to the aqueous
environment (lifetime of 3.5 μs), where it was quickly
deactivated. In contrast to TPP@PS nanostructures, which
were extremely stable in environments with different pH
values, TPP@PEG-PCL self-assemblies were stable only in
neutral aqueous dispersions for several days. The TPP
photosensitizer can be released in close proximity to biological
targets using external triggers, for example, by changing the pH
or the NP environment. Singlet oxygen formed by irradiation
of TPP in TPP@PEG-PCL deactivated faster (with a lifetime
of 3.6−3.8 μs) than that photogenerated by TPP@PS. The
value was close to the lifetime of singlet oxygen in water
despite the expected location of TPP in the hydrophobic PCL
core of NPs. The reason may be the high mobility of TPP and
oxygen molecules inside the self-assembled PCL core, which is
in contrast to that of TPP and oxygen in the glassy TPP@PS,
in which TPP is fixed. Irradiation experiments demonstrated
higher photooxidation activity of small TPP@PS with a large
surface and shorter diffusion length of O2(

1Δg) through the
polymer in comparison with that of NPs of larger size. The
photooxidation activity of self-assembled TPP@PEG-PCL did
not change with the size of the PEG-PCL building blocks and
remained comparable with that of TPP@PS despite the short
singlet oxygen lifetime.
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Evaluation of light scattering measurements 

 

    DLS measurements (Fig. S1, S2) were evaluated using the CONTIN method, calculating 

the relaxation time distributions A(q,R) from g(2)(q,) functions using the inverse Laplace 

transform 
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where  is the coherence factor. Translational diffusion coefficients, from which 

hydrodynamic radii were calculated using the Stokes-Einstein formula, were obtained as 

D=1/Rq2. 

Some NP dispersions showed bimodal CONTIN distributions of hydrodynamic radii 

(Fig. S2) due to trace amounts of strongly scattering aggregates. In such instances, scattering 

intensities I(q) were corrected by multiplying the total scattering intensities of the dispersion, 

Itotal(q), with weights of the fast mode of the bimodal distribution, afast(q) corresponding to 

diffusion of single particles, I(q) = afast(q)Itotal(q) (Fig. S3). For NPs with hydrodynamic radii 
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S2 
 

RH<20 nm, I(q) was basically independent of scattering angle, so that molar masses could be 

calculated from angular averaged I values as  

 
Kc
I

M w ,          (2) 

where K=[2n0(dn/dc)/2]2/NA  is the optical constant. (Here n0 is the solvent refractive 

index, dn/dc is the refractive index increment of the polymer with respect to the solvent, is 

the wavelength of the scattered light, c is the concentration of the polymer and NA is the 

Avogadro constant.)  

Molar masses, Mw, and gyration radii, Rg, of NPs with hydrodynamic radii RH>20 nm 

(Fig. S4) were calculated using the Guiner equation:  

22
gw 3

1
ln

)(
ln qRM

Kc
qI

  .        (3) 

The dn/dc values for PEO and PS in water 0.113 and 0.270 mL/g, respectively, were 

taken from ref.1 For PCL, the dn/dc of 0.154 mL/g was estimated from the value in 

chloroform,2 0.060 mL/g, using the Gladstone-Dale equation,3 assuming the specific volume 

of PCL 1 mL/g in both solvents. For PCL-PEO copolymers, dn/dc values were calculated as 

mass weighted averages of dn/dc for PCL and PEO homopolymers.4  

Since RH>20 nm were generally angle-dependent, RH values were calculated from 

diffusion coefficients extrapolated to q→0. 

  

Tables 

 

Table S1. Parameters of NPs obtained from static and dynamic light scattering measurements 

System Mw,  
106 g mol-1 

Rg, nm RH, nm Rg/RH da, g cm-3 

TPP@PS0(non sulfonated) 1.43×104 171 217 0.79 0.56 
TPP@PS1 505 91 99 0.92 0.21 
TPP@PS2 211 125 172 0.73 0.02 
TPP@PS3 (sulfonated) 2 – 18  0.14 
TPP@PEG2k-PCL2k 1 – 11 – 0.30 
TPP@PEG5k-PCL5k 1 – 15 – 0.12 
TPP@PEG5k-PCL32k 15 33 38 0.87 0.11 

aNanoparticle density, d = 3Mw/4RH
3NA 
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Figure S1. DLS CONTIN distributions of hydrodynamic radii for TPP@PS0, TPP@PS1. 
and TPP@PS2 at scattering angle =90°. 
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Figure S2. DLS CONTIN distributions of hydrodynamic radii for TPP@PS, TPP@PEG2k-
PCL2k, TPP@PEG5k-PCL5k, and TPP@PEG5k-PCL32k at scattering angles =50°, 
90°, and 130°. 
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Figure S3. Guinier plots of angular dependences of corrected scattering intensities 
(subtracted scattering from large aggregates) for TPP@PEG2k-PCL2k, TPP@PEG5k-
PCL5k, TPP@PEG5k-PCL32k, and TPP@PS3. Inset: Uncorrected (total) scattering 
intensities. 
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Figure S5. Stability of TPP@PEG-PCL in aqueous dispersion: Dependence of DLS size on 

time after preparation. 
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Figure S6. Stability of TPP@PEG-PCL self-assemblies at different pH: changes of the 

absorbance at 421 nm (Soret band of monomeric TPP) indicate the amount of TPP, which 

released to the aqueous environment due to disintegration of TPP@PEG-PC, where 

extensively aggregated. 
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Figure S7. Luminescence of singlet oxygen at 1270 nm after irradiation of TPP@PS in oxygen-
saturated dispersion calculated as difference between luminescence at 1270 nm in oxygen-saturated 
and argon- saturated H2O. Traces are offset, red lines are single exponential fitting lines to the 
experimental data 
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Figure S8. Kinetics of the TPP triplet states in TPP@PS0 measured as changes in absorbance at 480 
nm in oxygen-, air- and argon- saturated H2O, excitation wavelength of 308 nm. Red lines are single 
exponential fitting lines to the experimental data.    
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Figure S9. Kinetics of the TPP triplet states in TPP@PS1 measured as changes in absorbance at 480 
nm in oxygen-, air- and argon- saturated H2O. Red lines are single exponential fitting lines to the 
experimental data.    
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Figure S10. Kinetics of the TPP triplet states in TPP@PS2 measured as changes in absorbance at 480 
nm in oxygen-, air- and argon- saturated H2O. Red lines are single exponential fitting lines to the 
experimental data.    
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Figure S11. Kinetics of the TPP triplet states in TPP@PS3 measured as changes in absorbance at 480 
nm in oxygen-, air- and argon- saturated H2O. Red lines are single exponential fitting lines to the 
experimental data.    
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Figure S12. Kinetics of the TPPS (standard) triplet states measured as changes in absorbance at 480 
nm in oxygen-, air- and argon- saturated H2O. Red lines are single exponential fitting lines to the 
experimental data.    
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Figure S15. Kinetics of triplet-triplet absorption of TPP for individual TPP@PEG-PCL in oxygen- 
(green line), air (black line) and argon- (green) line saturated water, red lines are single exponential 
fitting lines to the experimental data. 
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Figure S16. Kinetics of the TPP triplets in TPP@PEG-PCL measured using transient absorption at 
460 nm in the argon saturated dispersion (green lines), red lines are double-exponential fit into 
experimental data. It indicates different quenching of TPP triplet states located in a different part of 
NPs.  
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Figure S17. Fluorescence kinetics of individual TPP@PEG-PCL NPs in oxygen-, air- and argon- 
saturated water, the amplitude of prompt fluorescence was set to 100 %. It indicates T-T annihilation 
mechanism in oxygen-free conditions. 
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Abstract It was recently reported that poly(N-isopropyl ac-
rylamide) (PNIPAm) polymers synthesized by RAFT poly-
merization using S-1-dodecyl-S′-(α,α′-dimethyl-α′′-acetic
acid)trithiocarbonate as a chain transfer agent form micelles
in aqueous solutions with the core of hydrophobic terminal
dodecyl groups and the corona of PNIPAm chains with car-
boxylic groups at the periphery, the ionization of which pre-
vents the micelles from phase separation above the lower crit-
ical solution temperature of PNIPAm in water (Langmuir
30:7986–7992). In this paper, we study the pH- and ionic
strength-dependence of the aggregation behavior of two
HOOC-PNIPAm-C12 polymers, differing in the degree of po-
lymerization, in aqueous solutions. We show that the cloud
point temperature (CPT) of HOOC-PNIPAm-C12 can be
shifted up to several tens of K by changing pH of the solution.
The aggregation of the PNIPAms above the CPT can be effi-
ciently accelerated by screening electrostatic repulsion be-
tween PNIPAm micelles by changing ionic strength of the
solution.

Keywords Thermoresponsive polymers . Aggregation .

Self-assembly . Small-angle scattering .Micelles

Introduction

Poly(N-isopropyl acrylamide) (PNIPAm) is one of the most
frequently studied thermosensitive polymers, both as a subject
of fundamental research and with respect to its potential ap-
plications in thermoresponsive systems for controlled drug
release, due to its biocompatibility and due to its application-
suitable lower critical solution temperature (LCST) in water at
32 °C [1–3]. Above the LCST, microphase separation rather
than macroscopic phase separation occurs resulting in the for-
mation of nanoaggregates of the polymer [4, 5]. Therefore, the
phase transition temperature at a given PNIPAm concentration
is usually detected by the increase in the solution turbidity as
the cloud point temperature, TCP.

The LCST of PNIPAm increases with its decreasing molar
mass [6] and can also be affected by terminal groups and the
architecture of the polymer. Hydrophobic terminal groups de-
crease the LCST, while the hydrophilic ones cause its increase,
and star PNIPAms have lower LCST in comparison with the
LCST of the single arm [6, 7]. It was reported that multiarm
stars exhibit a two-step LCST transition with the inner corona
collapsing at lower temperature that the outer part [8].

Even though PNIPAm multiarm stars resemble hairy mi-
celles with PNIPAm coronas, the thermoresponsive behavior
of micelles formed by amphiphilic block copolymers with
PNIPAm hydrophilic blocks differs from that of PNIPAm
stars. PNIPAm-corona micelles exhibit the collapse of the
dehydrated PNIPAm blocks above the LCST but the aggrega-
tion of the micelles is slower than in the case of PNIPAm
homopolymer or does not occur at all [9]. It was proposed that
the high density of PNIPAm chains prevents the coronas of
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collidingmicelles from interpenetration and hinders the aggre-
gation [10, 11]. The chain density of the PNIPAm corona
controlled by the lengths of the PNIPAm blocks affects am-
phiphilic nonequilibrium thermoresponsive behavior of the
micelles resulting in the hysteresis of the cloud point [12].
The kinetics of the growth of aggregates formed by micelles
with PNIPAm coronas is affected by structural rearrangement
of the aggregates [13–15]. Recently, it was reported that mi-
celles formed by PNIPAm polymers with dodecyl and carbox-
ylic terminal groups (HOOC-PNIPAm-C12) do not undergo
phase separation above the LCST of PNIPAm if carboxylic
groups in the peripheral part of the micellar corona are ion-
ized. Instead, the sphere-to-rod transition of the micelles was
observed by SANS [16].

In this article, we report on the association behavior of
HOOC-PNIPAm-C12 polymers in aqueous solutions
(Scheme 1) by scattering techniques (light scattering, SAXS)
and isothermal titration calorimetry. We show that the synergy
of hydrophobic association of PNIPAm induced by the C12
terminal group and of the pH-dependent ionization of the car-
boxylate groups affects the thermoresponsive behavior of the
polymers and the kinetics of their aggregation above the cloud
point temperature TCP.

Experimental section

Materials

N-isopropylacrylamide (NIPAM, Aldrich) was recrystallized
tw i c e f r om benzene /n - h ex ane (1 : 4 v / v ) . 4 , 4 ′ -
Azobis(isobutyronitrile) (AIBN), from Fluka, was purified
by recrystallization from ethanol and subsequently used as a
solution in dioxane. 1,4-Dioxane (Aldrich) was dried over
molecular sieves. S-1-dodecyl-S′-(α,α′-dimethyl-α′′-acetic
acid)trithiocarbonate (DTTC), HOOC-terminated PNIPAm
(P5), and deuterated chloroform (99% D) were obtained from
Aldrich and used as received.

C12P2 and C12P6 synthesis and characterization

DTTC solid as the CTA, AIBN as a dioxane solution (moles
AIBN: moles CTA = 1:10), and NIPAm monomer were

dissolved in dioxane (ca. 5 mL) and placed in a 25 mL round
flask with a magnetic stir bar and fitted with a septum. The
ampoule was degassed under a stream of N2 for 20 min and
placed in an oil bath at 70 °C, for 6 h. After the end of poly-
merization, the polymer was precipitated in hexane and dried
in a vacuum oven, at room temperature (yield, 95%). The
CTA utilized incorporates a C12H25 hydrophobic group
at one end of the PNIPAm polymer and a –COOH at
the other.

The sample characterization was performed by 1H NMR
spectroscopy and size exclusion chromatography. NMR spec-
tra (see Supporting Information) were recorded at 25 °C on a
Varian Unity Inova 400 spectrometer. SEC measurements
were performed on a Waters system equipped with a Waters
1515 pump, a Waters 2414 differential refractive index detec-
tor, and Waters HR1, HR4, and HR5E Styragel columns,
using THF, containing 3% v/v triethylamine, as the mobile
phase at a flow rate of 1.0 mL/min at 40 °C. The system
was calibrated using a series of monodisperse linear polysty-
rene standards. Typically, 15 μL of 0.1% w/v solution of the
polymers in the carrier solvent was injected in the chromato-
graph for analysis. The SEC chromatograms are shown in
Supporting Information. Molar masses of the used polymers
are summarized in Table 1.

Methods

Light scattering measurements were carried out with an ALV
photometer (ALV, Langen, Germany) consisting of a 22 mW
He-Ne laser, operating at the wavelength λ = 632.8 nm, an
ALV CGS/8F goniometer, an ALV High QE APD detector,
and an ALV 5000/EPP multibit, multitau autocorrelator. The
cell housing was connected to an external circulation thermo-
stat keeping the constant temperature with the accuracy of
±0.1 °C. The temperature dependences were measured at the
heating rate of 0.5 °C/min. The measurements were carried
out at the scattering angle, θ = 90°, corresponding to the scat-
tering vector magnitude, q = 18.7 μm−1.

Dynamic light scattering (DLS) data were evaluated by
fitting the electric field autocorrelation function, g(1)(t,q), re-
lated to the measured normalized time autocorrelation func-
tion of the scattered light intensity, g(2)(t), by the Siegert rela-
tion, g(2)(t) = 1 + β|g(1)(t)|2, where β is the coherence factor.

Scheme 1 Structure of C12P6 and C12P2 polymers

Table 1 Characteristics of studied PNIPAm polymers

Label Block composition Mw × 10−3 (g mol−1)a Mw/Mn
a

C12P6 HOOC-PNIPAm60-C12H25 6.2 1.2

C12P2 HOOC-PNIPAm25-C12H25 2.3 1.2

P5 PNIPAm40-COOH 11.1 6.7

a Determined by SEC
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The g(1)(t) functions were fitted using the inverse Laplace
transform by means of a CONTIN method

g 1ð Þ tð Þ ¼ ∫
∞

0
A τð Þexp −

t
τ

� �
dτ ; ð1Þ

Hydrodynamic radius, RH, can be calculated from τ using
the Stokes-Einstein formula,RH = kBTτq

2/6πη, where kB is the
Boltzmann constant, T is temperature, and η is the solvent
viscosity.

Small-angle X-ray scattering (SAXS) experiments were
carried out on the P12 BioSAXS beamline at the PETRA III
storage ring (EMBL/DESY, Hamburg, Germany) at 20 °C.
The beamline was equipped with a Pilatus 2 M detector and
synchrotron radiation with a wavelength of λ = 0.1 nm. The
sample-detector distance was 3 m, allowing for covering the
q-range interval from 0.03 to 4.4 nm−1. The automatic sample
changer for sample volume of 20 μL and cleaning-filling cy-
cle of 1 min was used. The q range was calibrated using the
diffraction patterns of silver behenate. The experimental data
were normalized to the transmitted beam intensity and
corrected for nonhomogeneous detector response, and the
background scattering of the solvent was subtracted. The sol-
vent scattering was measured before and after the sample scat-
tering to control for possible sample holder contamination.
Twenty consecutive frames with 0.05-s exposures comprising
the measurement of the solvent, sample, and solvent were
performed. Data have been checked for radiation damage.
The final scattering curves were processed by automated data
acquisition software and recalculated to absolute scattering
intensities using the forward scattering of 3.6 mgmL−1 bovine
serum albumin in 50 mM HEPES pH 7.5 buffer, assuming
(I(0)/c)BSA = 4.84 × 10−2 cm−2 mg−1 [17]. The data were fitted
using the SASfit 0.94.7 software [18].

ζ-Potential measurements were carried out with a Nano-ZS
Zetasizer (Malvern Instruments, UK). ζ-Potential values were
calculated from electrophoretic mobilities (average of three
subsequent measurements, each of which consisted of 15
runs) using the Henry equation in the Smoluchowski approx-
imation, μ = εζ/η, where μ is the electrophoretic mobility and
ε is the dielectric constant of the solvent.

Isothermal titration calorimetry (ITC) measurements were
performed with a Nano ITC Isothermal Titration Calorimeter
(TA Instruments—Waters LLC, New Castle, DE). The micro-
calorimeter consists of a reference cell and a 24 K gold sample
cell. The sample cell is connected to a 50-μL syringe. The
syringe needle is equipped with a flattened, twisted paddle at
the tip, which ensures continuous mixing of the solutions in
the cell rotating at 250 rpm. Titrations were carried out by
consecutive 1.01 μL injections of 5 mg mL−1 polymer aque-
ous solutions in water from the syringe into the sample cell
filled with 183 μL of water. This method allows for determin-
ing the differential heat of mixing for discrete changes of

composition. The raw heat changes were analyzed by the
NITPIC software [19] in order to obtain ITC thermograms.
All experiments were carried out at 25 °C.

The pH was adjusted by titration of aqueous solutions of
the polymers (the pH of 1 mg mL−1 carboxylated PNIPAm
solution was ca. 5) with HCl or NaOH solutions so that the
total concentration of HCl ranged from 10−4 to 10−2 M and of
NaOH from 10−5 to 10−2 M. The pH measurements were
carried out with a Thermo Scientific Orion Star A211 pH
meter equipped with a 8302B glass electrode.

Results and discussion

C12Px self-assembly in aqueous solution

Scattering measurements confirm that C12Px polymers un-
dergo micellization in aqueous media as reported previously
[16]. The SAXS curves of C12P6 and C12P2 in weakly basic
(pH 8) aqueous solutions curves are shown in Fig. 1. The
CONTIN distributions of hydrodynamic radii of the polymers
in the insert of Fig. 1 are bimodal, revealing that all three
polymer solutions contain fractions of large aggregates. The
aggregation manifests itself also in the SAXS behavior in the
low q region (q < 0.1 nm−1) so that the scattering intensities do
not reach the Rayleigh regime and rise with decreasing q fol-
lowing the power law, which indicates the presence of
aggregates.

In the case of the P5 polymer, the Guinier regime in mid-q
region is followed by a power law behavior with the exponent
α = ~ − 1.5 which indicates that P5 dissolves as individual
polymer coils. In contrast to the P5 polymer, C12-terminated
PNIPAms exhibit much more pronounced Guinier regimes in
the mid q-range followed by the power law scattering behav-
ior with the exponent close to −4 which accords with the
assumption that these polymers form compact spherical mi-
celles with the core of the C12 terminal groups and the corona
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of the PNIPAm chains. The Guinier regime of both C12P2 and
C12P6 is preceded by a shallow minimum in the scattering
intensity caused by the interparticle correlation due to electro-
static repulsion between carboxylate groups located on the
periphery of the micellar corona.

Taking these considerations into account, the P5 scattering,
IP5(q), was treated by the form factor of polydisperse Gaussian
coils, with the fixed value of the dispersity index, d = Mw/
Mn = 6.7, obtained from SEC, while the micellar scattering,
IC12Px(q), was fitted by a simplified model of homogeneous
spheres interacting with the screened electrostatic potential.
The P5 scattering is thus described by the equation

IP5 qð Þ ¼ N c Δbcð Þ2Pgc q;Rg; d
� �þ I1q−α þ I0 ð2Þ

where I1, I0, α are the parameters describing the background
and the power-law scattering from the aggregates, Nc is the
number of polymer coils in the unit volume, bc is the excess
scattering lengths of the coils, and PGC(q, Rg, d) is the form
factor of polydisperse Gaussian coils with the dispersity index
d and the mean radius of gyration Rg.

The C12Px scattering is fitted to the equation

IC12Px qð Þ ¼ Nm Δbmð Þ2SHS q;Rint;ϕð ÞPsph q;Rð Þ
þ I1mqαm þ I0m ð3Þ

where I1, I0, and α have the same meaning as in Eq. 2; Nm and
Δbm, respectively, are the number density and the scattering
length of the micelles; Psph(q,R) = [3sin(qR)-qRcos(qR)]2/
(qR)6 is the form factor for the homogeneous sphere with the
radius R; and SHS(q,Rint,φ) is the structure factor for hard
sphere interaction potential. Here, Rint is the interaction radius
of the spheres and φ is the volume fraction of the spheres.

The simplification applied for the treatment of the micellar
scattering can be justified by the fact that the core volume is
much smaller than that of the corona, so that the scattering
behavior of the micelles is close enough to that of a homoge-
neous sphere. Since the mass concentrations and scattering
length densities of the polymers are equal, the molar mass of
the micelles can be estimated from forward scattering intensi-
ties as

Mw;C12Px ¼ IC12Px 0ð Þ
IP5 0ð Þ Mw;P5 ð4Þ

The results of the SAXS data evaluation are summarized in
Table 2 and fits shown in Fig. 1. The sphere radii obtained
from SAXS are in good accordance both with the hydrody-
namic radii obtained by DLS and with the previously reported
micellar radii of C12-terminated PNIPAms of comparablemo-
lar masses obtained by SANS [16]. The hard sphere

interaction radii, however, are almost twice larger than the
micelle radii due to electrostatic repulsion between micelles.

We carried out ITC measurements in order to follow ther-
mal processes connected with association of C12-termimated
PNIPAms. ITC measurements (Fig. 2) revealed that the dilu-
tion of C12P2 and C12P6 in water is an exothermic process
with the corresponding enthalpy about −5 kJ mol−1 for both
polymers. The observed exotherm reflects the demicellization
of C12-terminated PNIPAms and subsequent hydration of the
dodecyl groups.

C12Px thermoresponsive and pH-responsive behavior

Light scattering measurements reveal that the cloud point tem-
peratures, TCP, of C12-terminated PNIPAms, as well as the
hydrodynamic radii, RH, of C12-terminated PNIPAm aggre-
gates formed after reaching TCP, are strongly pH-dependent
(Fig. 3), unlike the TCP and RH of P5. Such large shifts in
the PNIPAm transition temperature induced only by the ter-
minal carboxyl group are surprising because so far similar
effects were reported only for block copolymers [20] or
heteroram star copolymers [21] containing both PNIPAm
and polyelectrolyte chains. Figure 4 shows the Tcp and ζ po-
tential as functions of pH for all three studied PNIPAms. The ζ
potential becomes negative in the alkaline region due to the
ionization of the terminal COOH group. While for C12P2 and
C12P6, the ζ potential dependences correlate with those of
TCP, the TCP of P5 is pH-independent (Fig. 4a) unlike its ζ
potential. This fact indicates that the ionization state of the
terminal carboxylate group affects the hydration of the
PNIPAm chain in the micellar corona but not that of the free

Table 2 Parameters of studied PNIPAms obtained by SAXS and DLS

Polymer R, nm Rg, nm RH, nm Nagg, nm α Rint, nm φ

P5 – 7.3 5.9 – 1.90 –

C12P2 5.4 – 5.4 19.4 2.05 11.5 0.13

C12P6 7.7 – 7.8 13.8 1.26 14.8 0.13
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PNIPAm chain. Moreover, the pH dependence of hydrody-
namic radii of the aggregates in the case of C12-terminated
PNIPAms suggests that the phase separation is affected also
by kinetic effects and the rate of aggregation is influenced by
the electrostatic repulsion between charged micellar coronas.

In order to assess the influence of electrostatic screening on
the thermoresponsive behavior, we studied temperature de-
pendences of light scattering from the PNIPAm solution at
various ionic strengths. The ionic strength was adjusted by
sodium iodide, which is known to have almost no influence
(unlike many other salts) on the LCST behavior of PNIPAm
due to hydration effects [22].

Surprisingly, while C12P2 exhibits a strong decrease in the
TCP in alkaline solutions with the increasing NaI

concentration, the TCP of C12P6 decreases only slightly and
the TCP of P5 remains unaffected by NaI (Fig. 4a Insert) which
suggests that the observed shifts in TCP are connected rather
with the changes of the solvation of the micellar corona. Since
C12P6 micelles are larger and have a lower association num-
ber than C12P2 micelles, the resulting lower density of
PNIPAm segments in the corona makes them less sensitive
to changes in hydration induced by the ionization of the ter-
minal carboxylic groups, which explains why the observed
shifts in TCP for C12P6 are lower than for C12P2 and are less
affected by ionic strength. Moreover, the terminal COOH
group represents a higher weight fraction of the C12P2 poly-
mer chain due to its lower molecular weight.

On the other hand, both C12P2 and C12P6 exhibit a strong
increase in the rate of the growth of the size of the aggregates
after reaching Tcp. The time dependences of RH of C12Px
aggregates in alkaline solutions (pH 8) at temperatures ex-
ceeding Tcp (T = 328 K) and various ionic strengths are shown
in Fig. 5. Insert in Fig. 5b shows the hydrodynamic radii of the
aggregates after 5000 s at 328 K as functions of the NaI con-
centration, indicating that the aggregation is accelerated at
high ionic strength. The fastest step of the phase separation
process is the formation of aggregates which occur on the
timescales comparable with the time required for thermal
equilibration of the sample (t < 102 s). At the later stage of
the process, the radius of the aggregates grows with time as
RH(t) ~ log t which is typical for systems in which the activa-
tion energy of coagulation is proportional to the size of the
aggregates and in which the aggregates easily rearrange so
that they adopt compact spherical structures [23]. The latter
condition is fulfilled due to the high fluidity of the small core
of C12Px micelles. A similar behavior was reported for the
aggregation of soft PS–PNIPAm block copolymer micelles in
water–methanol mixtures [13].
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Conclusions

We have studied the association behavior of two PNIPAm
polymers, C12P2 and C12P6, each with dodecyl and carbox-
ylate terminal groups (Scheme 2), in aqueous solutions as a
function of temperature, pH, and ionic strength. As the hydra-
tion state of PNIPAm chains in the micelles is affected by
ionization/protonation of the carboxylate group, changing
pH of the solution allows for tuning the temperature of the
phase separation of the system (detected by light scattering as
the cloud point temperature, TCP). The observed dual
responsivity (pH, temperature) was reported previously for
PNIPAm stars or PNIPAm block copolymers with weak poly-
electrolyte blocks [20, 21] but is unusual for linear PNIPAm
with a ionizable terminal group. The effect of pH on TCP is
more pronounced for C12P2 due to the higher association
number and smaller size of C12P2 micelles, which result in
a denser micellar corona compared to C12P6. The rate of
aggregation of both C12P2 and C12P6 in alkaline solutions
above TCP can be decreased by increasing the ionic strength of
the solution which proves that the aggregation kinetics of
these polymers can be controlled by screening the electrostatic
repulsion between the carboxylate end groups in the micellar
coronas.
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ABSTRACT: The paper describes the successful preparation of onion micelles by
sequential combination of self-assembly of amphiphilic polyelectrolytes (PEs) in
aqueous media and electrostatic coassembly of core−shell micelles formed in the first
step with the oppositely charged double-hydrophilic copolymer. Experimental study
and computer modeling (dissipative particle dynamics with explicit electrostatics)
aimed at important features and trends of the assembly process were motivated by the
controversy between the ease of the process deduced from thermodynamic
considerations and the low number of successful literature reports. The results
show that onion micelles can be prepared if the studied system fulfills certain
thermodynamic criteria and avoids kinetic obstacles. Nevertheless, the formation of well-developed onion micelles requires some
hydrophobicity of PE backbones and their incompatibility with the soluble block. Otherwise, irregular low-density gel-like associates
are formed. The increase in PE hydrophobicity and incompatibility promotes the assembly and improves the uniformity and
spherical shape of onion micelles.

■ INTRODUCTION

Amphiphilic block copolymers are theoretically interesting and
application-attractive materials1−4 and consequently their
behavior and properties have been extensively studied for
several decades by experimentalists5−11 and theoreticians.12−14

High-molar-mass copolymers containing, e.g., polystyrene,
poly(methyl methacrylate), or polyisoprene as a water-
insoluble hydrophobic block and, e.g., poly(ethylene oxide),
polyoxazoline, or poly(methacrylic acid) (PMA) as a water-
soluble block are usually insoluble in aqueous media. However,
various long-term stable aqueous dispersions of their self-
assembled nanoparticles can be prepared indirectly by their
dissolution in aqueous mixtures with organic solvents and by
(i) subsequent dialysis against aqueous buffers, (ii) selective
evaporation of the organic solvent, or (iii) “quenching”, which
consists in fast injection of the copolymer dissolved in an
organic-solvent-rich mixture into an excess of the aqueous
phase under vigorous stirring.7,15,16 The simplest and the most
frequently studied self-assembled nanoparticles are spherical
micelles composed of compact insoluble cores and relatively
expanded coronas (shells), but other structures, e.g., rodlike
micelles, Janus micelles, or vesicles, have also been extensively
studied.17−21 A decisive contribution to minimization of the
Gibbs free energy accompanying the formation of copolymer
micelles comes from the decrease in enthalpy due to the
restriction of unfavorable interactions of insoluble blocks with
the solvent. As shown by a classical theoretical analysis 3
decades ago,22−25 this contribution does not control the
structural characteristics of the associates (association number,

shape, and inner structure). Entropy variations aiming at a
maximum number of possible conformations of blocks in cores
and in shells restrict the sizes of associates and play the role of
a stop-growth factor. Rigorously, the entropy-to-enthalpy
interplay controls the association number, size, and shape of
associates and their inner structure, and the self-assembly can
be classified as an enthalpy-driven and entropy-controlled
process.
Another class of materials that offer promising applications

in medicine, in various nanotechnologies, and in a number of
other fields26−31 comprises double-hydrophilic block copoly-
mers composed of polyelectrolyte (PE) and neutral water-
soluble blocks. Upon mixing two aqueous solutions of
oppositely charged double-hydrophilic copolymers, or one
double-hydrophilic copolymer with an oppositely charged
homopolymer, electrostatic coassembly takes place and stable
dispersions of nanoparticles are formed with insoluble
interpolyelectrolyte complex (IPEC) domains stabilized by
the water-soluble blocks.32−37 Electrostatic coassembly re-
quires a number of opposite charges on coassembling
polyelectrolyte chains, but the electrostatic forces do not act
as driving forces in the coassembly process. The electrostatic
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force between two charges kept at a certain distance from each
other does not depend on whether the charged species are
counterions or pendant groups on the PE chain and hence the
change in the electrostatic interaction energy due to
coassembly is small. Even though the cooperative effect of
multiple interactions between oppositely charged PE chains
promotes the association process, the decisive driving force is
derived from a considerable increase in entropy.38 The overall
entropy increases upon the formation of IPEC domains thanks
to the release of mobile counterions into the bulk solvent.
Interestingly, the association number, size, shape, and inner
structure of coassembled associates are not controlled either by
electrostatics or by the entropy of the counterions but depend
on a number of other factors, mainly on the hydrophobicity/
hydrophilicity of the PE blocks and on their compatibility with
neutral water-soluble blocks, on their lengths, flexibility, and on
interactions with small ions.39−43

A simultaneous or sequential application of several self- and/
or coassembling steps discussed above offers interesting
possibilities for the preparation of multicompartment asso-
ciates. Several complex systems based on the combination of
both processes, leading to multicompartment micelles or to
micelles with mixed corona, have been already studied.44−53

This paper focuses on one specific type of complex
nanoparticle, namely, on multilayer onion micelles consisting
of three (or more) chemically different layers: an insoluble
inner core, an insoluble middle layer/layers, and a stabilizing
soluble shell at the periphery of the nanoparticle. The three-
layer micelles can be prepared by the amphiphilic self-assembly
in systems of ABC copolymers54−57 or in mixtures of AB and
BC copolymers46,48−51,53 and by the electrostatic coassembly
of AB+ and C−D copolymers, where A, B, C, and D represent
neutral blocks differing in solvophobicity/solvophilicity and B+

and C− represent the oppositely charged PE blocks. A slightly
simpler variant of the last method consists in mixing AB+

micelles with long C− chains differing in length or in charge
ratios of negative-to-positive charges appreciably differing from
one. In spite of vast numbers of studies on electrostatic
polyelectrolyte coassembly, to the best of our knowledge, the
last two variants have been only rarely exploited (and only the
variant of AB+ micelles with long C− chains).47,58−62

Therefore, we decided to investigate this process both
experimentally and by computer simulations.
In the experimental part, we studied the coassembly of

core−shell micelles formed of poly(lauryl acrylate-b-quater-
nized (2-dimethylamino)ethyl acrylate), PLA-b-QPDMAEA
(modified by the attachment of a dodecyl group at the
QPDMAEA free end) with a double-hydrophilic copolymer
poly(acrylic acid)-b-poly(ethylene oxide), and PAA-b-PEO by
a combination of several experimental methods, and we then
performed extensive computer modeling in the second part. As
a result of systematic experimental studies on the formation
and properties of onion micelles (static light scattering (SLS),
dynamic light scattering (DLS), isothermal titration calorim-
etry (ITC), small-angle neutron scattering (SANS), two-
dimensional (2D) NMR, etc.) for the fairly similar system of
PLA-b-QPDMAEA-C12 with a slightly more hydrophobic
PMA to be published in a separate paper, here we describe
only a brief outline of scattering and microscopy results, which
clearly demonstrate the formation of onion micelles. The
experimental part thus serves as a motivation for an extensive
simulation study aimed at proving the proposed association
scheme.

■ EXPERIMENTAL SECTION
Materials and Experimental Techniques. Polymers, Chem-

icals, and Buffers. Deionized water, 0.01−0.05 M aqueous solutions
of NaCl (Aldrich), 0.01 M aqueous solution of sodium tetraborate
(Aldrich), and an aqueous mixture of 0.05 M 2-(cyclohehylamino)-
ethanesulfonic acid (CHES) (Aldrich) and 0.05 M LiOH (Aldrich)
were used as buffers with pH ca. 9.2 for preparation and studies of
parent and onion micelles. Poly(acrylic acid)-b-poly(ethylene oxide),
PAA104−PEO511, dispersity index D = 1.3, was purchased from
Polymer Source, Inc., Dorval, Canada.

The cationic amphiphilic diblock poly(lauryl acrylate-b-quaternized
(2-dimethylamino)ethyl acrylate) copolymer, PLA26-b-QPDMAEA18,
was prepared by quaternization of the tertiary amine groups of the
PDMAEA block of the PLA-b-PDMAEA diblock copolymer precursor
with methyl iodide. The precursor amine diblock copolymer was
synthesized by reversible addition−fragmentation chain-transfer
(RAFT) polymerization using azobisisobutyronitrile (AIBN) as the
radical initiator, 2-(dodecylthiocarbonothioylthio)-2-methylpropionic
acid as the chain-transfer agent, and 1,4-dioxane as the polymerization
solvent. The chemical structure of the PLA-b-QPDMAEA diblock
copolymer is presented in Scheme 1. Details on the synthesis and the
characterization of the PLA-b-QPDMAEA63 are described in the
Supporting Information.

Light Scattering (LS). The light-scattering setup (ALV, Langen,
Germany) consisted of a 22 mW He−Ne laser, operating at
wavelength λ = 632.8 nm, an ALV CGS/8F goniometer, an ALV
high-quantum-efficiency (QE) avalanche photodiode (APD) detector,
and an ALV 5000/EPP multibit, multitau autocorrelator. The
measurements were carried out at 25 °C for the scattering angles,
θ, ranging from 30 to 150°, corresponding to the scattering vector
magnitudes, q = (4πn0/λ) sin(θ/2) (here, n0 is the refractive index of
the solvent), from 6 to 25 μm−1. Dynamic light scattering (DLS)
measurements were performed by fitting the measured normalized
time autocorrelation function of the scattered light intensity, g(2)(t,q),
related to the electric field autocorrelation function, g(1)(t,q), by the
Siegert relation, g(2)(t,q) = 1 + β|g(1)(t,q)|2. The data were fitted either
(i) with the aid of the constrained regularization algorithm
(CONTIN), which provides the distribution of relaxation times τ,
A(τ,q), as the inverse Laplace transform of the g(1)(t,q) function or
(ii) using the cumulant method.

Electrophoretic Light Scattering. ζ-Potential measurements were
carried out with a Nano-ZS zetasizer (Malvern Instruments, U.K.). ζ-
Potential values were calculated from electrophoretic mobilities
(average of three subsequent measurements, each of which consisted
of 15 runs) using the Henry equation in the Smoluchowski

Scheme 1. Chemical Structure of the PLA-b-QPDMAEA
Diblock Copolymer
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approximation, μ = εζ/η, where μ is the electrophoretic mobility and
ε is the dielectric constant of the solvent.
Cryogenic Transmission Electron Microscopy (Cryo-TEM). Cryo-

TEM micrographs were obtained with a Tecnai G2 Spirit Twin 12
transmission electron microscope (FEI, Czech Republic) equipped
with a cryo-specimen holder (Gatan, CA). Sample preparation
consisted of dropping 4 μL of the sample solution on a TEM grid
covered with a holey carbon supporting film. Before the experiment,
the film was rendered hydrophilic by glow discharge (expanded
plasma cleaner; Harrick Plasma, Ithaca, NY). The excess of the
solution was removed by blotting (blotting time 1 s; Whatman no. 1
filter paper), and the grid was immediately plunged into liquid ethane
at −181 °C. The frozen sample was transferred into the microscope
and observed at −173 °C using bright-field imaging at 120 kV.

■ RESULTS AND DISCUSSION

Experimental Section. Before we start discussing the
experimental results, it is useful to roughly estimate the sizes of
ideal parent and onion micelles. This can be done on the basis
of simple geometrical considerations. The cationic copolymer
starts with a hydrophilic −COOH group and continues with
26 PLA monomeric units and later with 18 QPDMAEA units.
Each PLA unit bears a relatively long pendant group consisting
of one ester group and a dodecyl chain. This means that a 52-
carbon-long backbone bears 26 side chains, each of them
consisting of 14 atoms. The side chains, which are only 3.7
times shorter than the whole block, are relatively crowded.
Even though they are flexible, the PLA blocks behave in
nonpolar media as a polymer brush64 and adopt a fairly
stretched, ca. 7−8 nm long, conformation. In the studied
system, PLA blocks are sterically restricted because they form
dense micellar cores to prevent unfavorable interaction with
water and are actually “tethered” to the core−shell interface. As
the PLA chains have to fill a relatively large area close to the
core−shell interface created by the connection of PLA and
QPDMAEA blocks and moreover the carboxylic groups at the
free end of the PLA block also tend to come close to the core−
shell interface, their backbones adopt partially coiled
conformations with flexible side chains arranged so as to fill
the space and minimize the backbone stress. A simple estimate
yields the maximum radius of the core RC as ca. 8 nm.
The QPDMAEA block is shorter than the PLA block and

consists of 18 monomeric units, each bearing one elementary
charge, i.e., its backbone is composed of 36 carbon atoms and
every second C bears a four-atom-long linker terminated by a
bulky and electrically charged trimethylamonium group. The
QPDMAEA chains in micellar shells are expected to be
stretched (up to 6 nm length), which means that the middle
and periphery parts of the shell are relatively dilute. In the case
of totally dehydrated cores, we estimated the geometrical
radius of micelles as ca. 15 nm.
The PAA-b-PEO copolymer contains 104 PAA and 511

PEO units. The formation of ideal stoichiometric onion
micelles with neutralized charges thus requires 5.8 fewer PAA
chains than QPDMAEA chains in the shells of the parent
micelles. This means that the “tethering density” of the PEO
chains is low, but the number of PEO units stabilizing the
onion micelles is high. The PEO blocks are long, flexible, and
stretched much less than the PE blocks. The ratio of PEO
shell-forming units to PLA units in ideal stoichiometric
micelles is ca. 3.4, and their ratio to the sum of PLA and
IPEC-engaged PE units is ca. 1.5. It turns out that the onion
micelles are, most probably, better stabilized by soluble blocks
than the original parent micelles. Note that the ratio of soluble

PE units in the shell of the original parent micelles to insoluble
PLA units in the core is only ca. 0.7. Even though the
stabilization of the parent micelles by the ionized shell is
efficient, the QPDMAEA backbone is relatively short and quite
hydrophobic, which restricts the solubility of the original
micelles.
As PE chains in the IPEC layer collapse, the middle layer is

thin (1−2 nm). Based on classical description of the
minimization of the core surface area exposed to the solvent,65

we assume that, in spite of the low “grafting density” of PEO
blocks, the average shell density is similar to that of other PEO-
stabilized micelles46,49,66 because some PEO chains recoil back
toward the core or their inner “tethered” parts partially
collapse, thus increasing the density of the inner shell, which is
necessary to protect the IPEC layer against interaction with
water. This consideration leads to the conclusion that the size
of the onion micelles (with respect to the parent micelles with
the same association number of PLA chains) does not need to
increase appreciably. As the studied system is not kinetically
frozen and the stabilization of the onions seems to be very
good, a reorganization of chains and decrease in the association
number upon formation of the onions cannot be precluded. It
this case, the onion micelles could be even smaller than the
parent micelles.
Thermodynamic analysis suggests that the coassembly of

parent amphiphilic core−shell micelles with PE blocks with
oppositely charged double-hydrophilic (PE-neutral) diblock
copolymer chains is a favorable process. As the number of ionic
groups on the PE shell of parent micelles is high, the
electrostatic interaction is strong. The cooperative effect of
multiple charges on micellar shells and the massive release of
counterions in the bulk solvent upon the formation of the
IPEC middle layer generate a strong driving force toward
coassembly. A mean-field investigation performed so far
confirms the above assumption.37 However, to the best of
our knowledge, the number of experimental studies that
describes successful preparation of IPEC-stabilized onion
micelles or related micellar associates based on amphiphilic
core−shell micelles is surprisingly low,44,47,59 which we think
indicates severe experimental difficulties. The complications
presumably ensue from the following facts. The formation of
an insoluble IPEC layer requires not only suitable lengths and
flexibility of oppositely charged PE blocks but also their
reasonable compatibility and some hydrophobicity of their
(nonionized) backbones as it was recently shown by computer
simulations.41,43 As most PEs are derived from fairly
hydrophobic backbones (e.g., nonprotonated poly(2-vinyl
pyridine) is strongly hydrophobic) and the presence of
pendant ionic groups generally increases the compatibility of
different PEs, these thermodynamic requirements seem to be
fulfilled. In our opinion, severe experimental obstacles follow
from the high kinetic barrier of the process. In contrast to the
spontaneous (sterically nonconstrained) formation of IPEC
complexes from nonassociated soluble components in bulk or
to the preparation of PE layer-by-layer films,67−70 when the
charged PE chains approach the oppositely charged PE layer
without obstacles, the formation of onion micelles assumes the
creation of a fairly thick insoluble IPEC layer (several
nanometers) and requires efficient penetration of PE blocks
of the soluble component deep into the relatively dense shells
of parent micelles. As soon as the PE blocks of the soluble
component approach the oppositely charged PE shell, compact
IPEC domains (insoluble in aqueous media) start to form at
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the shell periphery, which subsequently hinders further
penetration of the PE chains into the inner shell. Our
preliminary studies indicated that the formation of IPEC-
stabilized onion micelles is relatively difficult. For example, we
did not succeed in preparing onion micelles based on parent
micelles with kinetically frozen cores (polystyrene cores,
unpublished data). Further, we observed that, in systems
with dense shells, even the penetration of C12 surfactants is
problematic and highly restricted.71 In the former case, rigid
cores restrict the mobility of the shell-forming PE chains,
which hinders the penetration of oppositely charged PE chains
toward the core. In the latter case, the strong steric constraints
in the inner shell prevent the formation of surfactant micelles,
and we found that, in contrast to common PE−surfactant
systems, single surfactant molecules interact with PE chains.
To corroborate and exploit the concept of complex micelles

with IPEC middle layers, which has so far not been greatly
supported by experimental data,44,47,59 we performed an
experimental study of the coassembly in a mixture of
copolymers for which we expected a surmountable kinetic
barrier. To minimize problems with difficult diffusion of PE
blocks of the second component into oppositely charged PE
shells of preassembled micelles, we chose the strong polycation
poly[lauryl acrylate-b-quaternized (2-dimethylamino)ethyl
acrylate], PLA-b-QPDMAEA, with a short PLA block and
even shorter QPDMAEA as the first component. This
copolymer is expected to form small micelles with expanded
shells. The hydrophobic PLA block contains pendant lauryl
sequences (very flexible) in each repeating unit. PLA has a very
low glass-transition temperature, TG ca. −55°C,72 and the
micelles with PLA cores formed by relatively short PLA chains,
each of which starts with a hydrophilic carboxyl group, do not
seem to be kinetically frozen. This is demonstrated by the fact
that micelles form spontaneously upon dissolution of the
sample in aqueous buffers and reorganize according to
experimental conditions. Reversible association of the studied
sample is a favorable condition for the study, but the PE block
bears the C12 group from the chain-transfer agent at its free
end, which modifies and complicates the association behavior.
We studied the behavior of hydrophobically modified chains in
micellar shells some time ago66,73−81 and found that a fraction
of the modified shell-forming chains recoils back toward the
core, but the other PE chains remain highly stretched with
hydrophobic groups localized in the outermost part of the
shell. At finite polymer concentrations, when the micelles are
relatively close to each other, C12 groups behave as stickers
and form bridges, which temporarily interconnect several
core−shell micelles. Another complication stems from the fact
that the PE blocks are apt to hydrolyze. The hydrolysis is slow
in neutral solutions around pH 7 but accelerates in alkaline
media, particularly at high pH values. During hydrolysis, the
ester groups break and the shell-forming chains gradually lose
their positively charged quaternary amino groups and form
negatively charged carboxylic groups, which increase the
tendency of the core−shell micelles toward secondary
aggregation. The experimental study described in the next
part shows that the PLA-b-QPDMAEA-C12 solutions contain
mixtures of small core−shell micelles with low fractions of
fairly large micellar aggregates interconnected by hydrophobic
bridges.
Parent Amphiphilic Core−Shell Micelles with a Cationic

PE Shell. Characterization of Parent PLA-b-QPDMAEA-C12
Micelles. Water and aqueous buffers are good solvents for the

permanently charged QPDMAEA polyelectrolyte block and
strong nonsolvents for the hydrophobic PLA block. As already
mentioned, the copolymer contains a short (low TG) PLA
block and a slightly shorter QPDMAEA block. The sample is
water-soluble, and the core−shell micelles form spontaneously
upon its dissolution in aqueous media in a broad pH range.
The formation of onion micelles in mixtures with PAA-b-PEO
requires sufficient dissociation and ionization of the carboxylic
groups in the PAA blocks, i.e., in the alkaline aqueous
solutions. Because the ester groups in linkers attaching the
quaternary nitrogen atoms can undergo hydrolysis at high pHs,
we studied and characterized the parent micelles in pure water
and in moderately alkaline buffers with pH ca. 9.2. Never-
theless, we found that the self-assembling behavior in both
neutral and alkaline solutions is non-negligibly affected by the
presence of hydrophobic C12 groups and by electrostatic
interactions.

Light-Scattering Measurements. The aqueous solutions of
PLA-b-QPDMAEA-C12 micelles in water and in slightly
alkaline media were first studied by wide-angle static (SLS)
and dynamic light scattering (DLS). Figure 1 shows the Berry

plot of SLS measurements of parent micelles in 0.01 M sodium
tetraborate buffer. The angular dependences of the plotted
data are strongly down-curved at low angles (low scattering
vectors q) and do not yield realistic molar masses and radii of
gyration of single core−shell micelles but values that
correspond to micellar aggregates. The measurements in
pure water, salted water (0.01, 0.02, and 0.05 M NaCl), and
in a 0.05 M 2-(cyclohehylamino) ethanesulfonic acid
(CHES)/Li buffer with pH 9.23 provide similar down-curved
shapes of both Berry and Zimm plots. All of the results suggest
that the presence of C12 sequences on the periphery on
micellar shells induces some secondary aggregation of micelles.
The extrapolation of data from the angular region 90−150°,
where the scattering from large aggregates is suppressed, yields
RG ca. 60 nm. The only differences between measurements in
different buffers are the appreciably diverse values at low
angles, which correspond to aggregates and depend strongly on
the ionic strength of the solution. The lower the ionic strength,
the lower are the extrapolated apparent molar masses and radii
of gyration, which is understandable because the nonscreened
electrostatic repulsion hinders the secondary aggregation of the
core−shell micelles. The average density of the associates
based on extrapolated values from Figure 1 (Mw ca. 8.3 × 106

Figure 1. Berry plot of parent PLA-b-QPDMAEA-C12 micelles in
0.01 M sodium tetraborate buffer. The curves with squares (from the
left to the right) correspond to polymer concentrations 0.125, 0.25,
and 0.5 mg/mL, and the curves with circles depict data extrapolated
to the zero concentration and the zero angle.
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g/mol and RG ca. 150 nm) is unrealistically low ρ ca. 10−2 g/
cm3 due to unwarranted extrapolation of wide-angle data
through a broad angular region from 30 to 0°. Moreover, the z-
average RG is affected more by large aggregates than the
weight-average Mw. Nevertheless, the extrapolated values
indicate without any doubt that the micellar aggregates are
very diffuse, low-density (presumably gel-like) associates. Even
though the classical wide-angle SLS measurements (treated as
Zimm or Berry plots) do not provide information on single
core−shell micelles, the SLS study and careful analysis of SLS
data provide a useful overview on the self-assembling behavior.
Further information on the size distribution of the scattering

particles was obtained by DLS. The distributions of the
relaxation times are broad, and the angular dependences of z-
average RH (evaluated by the method of cumulants developed
by Koppel82 and recalculated from the diffusion coefficients
under the assumption of unhindered diffusion of particles) do
not yield constant values in the whole region of measured
scattering angles (30−150°). At large angles (high q), they are
relatively constant (close to 55 nm), but they strongly increase
in the region of small angles (low q), reflecting the presence of
large particles. The dependence of RH on q for a relatively low
polymer concentration, c = 0.125 mg/mL, in the 0.01 M
sodium tetraborate buffer is shown in Figure 2 as a typical
example.

It is interesting to compare the distributions of RH for
solutions with the same polymer concentration at low and high
q. The comparison for the system in 0.1 M sodium tetraborate
is shown in Figure 3. While the distributions at low scattering
angles are broad and show a pronounced tail toward high RH
caused by almost unattenuated scattering from large
aggregates, a bimodal distribution is obtained at high q (for
the same damping constant). We assume that the relatively
narrow peak with average RH ca. 30 nm corresponds to single
core−shell micelles and the relatively broad peak spanning
from 60 to 200 nm corresponds to micellar aggregates, and, in
the next part, we tried to corroborate this assumption by
microscopy measurements.
Microscopy Imaging. The cryogenic transmission electron

microscopy (cryo-TEM) images of parent micelles are shown
in Figure 4a together with onion micelles (Figure 4b; for their
description and discussion, see the later part). The side-by-side
presentation of both objects was included for the comfort of

readers because it facilitates the comparison of their sizes. The
cryo-TEM technique allows for direct imaging of nanoparticles
in aqueous dispersions. The technique is based on rapid
cooling (cooling rate of ∼105 K/s) of a thin layer of dispersion
embedded in holes in an amorphous carbon film by liquid
ethane at a temperature of ca. 95 K. Rapidly cooled water
forms electron-transparent amorphous ice, which enables
observation of trapped nanoparticles under high-vacuum
conditions. However, it was reported that the imaged
nanostructures can be segregated according to their size as
those that are too large to be accommodated in the layer
cannot be trapped.83 This explains why only small particles
with diameters of ca. 30 ± 4 nm (mean ± standard deviation
(s.d.)) were observed (Figure 4). Moreover, when comparing
micelle size distributions obtained by cryo-TEM and DLS, it is
necessary to keep in mind that (i) the contribution from larger
particles is overestimated in DLS intensity-weighted distribu-
tions even at high scattering angles and (ii) the outer hydrated
layers of the micellar corona, which already contribute to
hydrodynamic size, might not have sufficient contrast in
vitreous ice to be visible by cryo-TEM. The small size of
spherical micelles agrees with a geometrical estimate based on
the length of the core and shell-forming blocks of the PLA-b-

Figure 2. RH of parent PLA-b-QPDMAEA-C12 micelles in 0.01 M
sodium tetraborate buffer recalculated from diffusion coefficients on
the basis of the Stokes−Einstein formula as a function of q2. Diffusion
coefficients were obtained from the second-order cumulant fit from
DLS measurements of the solution with the concentration 0.125 mg/
mL at the scattering angle 90°. Inset shows the corresponding SLS
data.

Figure 3. Intensity-weighted DLS distributions (and the number-
weighted DLS distributions shown in the inset) of hydrodynamic radii
for parent PLA-b-QPDMAEA-C12 micelles with concentration 0.125
mg/mL in 0.01 M sodium tetraborate buffer measured at scattering
angles 130 and 30°.

Figure 4. (a, b) Cryo-TEM images and (c, d) histograms of micelle
diameters obtained from the analysis of the images of (a, c) parent
PLA-b-QPDMAEA micelles and (b, d) onion micelles formed in a
stoichiometric mixture of the components.
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QPDMAEA copolymer under the assumption that the strongly
hydrophobic core is densely filled by PLA blocks and the PE
shell is relatively stretched.
Preparation and Studies of Onion Micelles. In the second

part of the experimental study, we investigated the formation
of onion micelles composed of inner PLA cores, mixed
interpolyelectrolyte QPDMAEA-PAA middle layers, and
stabilizing PEO shells in alkaline aqueous mixtures of parent
PLA-b-QPDMAEA micelles with PAA-b-PEO solutions at
different ratios, Z, of positive-to-negative charges on
QPDMAEA and PAA chains. Because alkaline media are
required for efficient ionization of PAA-b-PEO, but PLA-b-
QPDMAEA-C12 undergoes slow hydrolysis at elevated pH
values, we used moderately alkaline buffers with pH ≅ 9 and
tried to minimize the time before mixing the components. The
core−shell PLA-b-QPDMAEA-C12 micelles were first pre-
pared in water. Then, an aliquot of a relatively concentrated
sodium tetraborate solution was added to achieve a copolymer
concentration of 0.5 mg/mL in 0.01 M sodium tetraborate
solution (pH 9.2). This solution was mixed under vigorous
stirring with the PAA-b-PEO solution in 0.01 M sodium
tetraborate. A series of mixtures with different volume ratios
(i.e., different charge ratios Z) were prepared. The stability of
the onion micelles is expected to be better than that of the
parent core−shell micelles because the chemically labile ester
groups are embedded in insoluble IPEC domains and
protected against hydrolysis. The mixtures were left overnight
with stirring and subsequently studied by scattering and
microscopy techniques.
Based on the study of parent core−shell micelles, we cannot

preclude that the solutions of onion micelles also contain the
admixture of large aggregates, and therefore the coassembly of
core−shell micelles with the second copolymer was monitored
by light-scattering measurements at 90°. The assumption that
onion micelles are accompanied by a low fraction of large
micellar aggregates was checked and confirmed by LS
measurements, which provide the down-curved Berry plots
and bimodal distributions of hydrodynamic radii (see the next
part, inset in Figure 6). The results of DLS and electrophoretic
LS measurements are shown in Figure 5. Curve 1 shows the ζ-

potential vs Z measured by electrophoretic light scattering for
mixtures of PLA-b-QPDMAEA parent micelles (0.5 mg/mL in
0.01 M sodium tetraborate) with increasing volumes of sodium
tetraborate solutions of the double-hydrophilic PAA-b-PEO
copolymer. The ζ-potential of pure parent micelles is positive
(ca. 50 mV), and the curve decreases to negative values with
increase in Z, which indicates the formation of complex

nanoparticles with decrease in positive surface charge.
According to expectations, the potential reaches ζ = 0 for Z
ca. 1, i.e., the measurement indicates the formation of strongly
scattering nanoparticles with matched charges in the 1:1
interpolyelectrolyte layer and zero charge at their outermost
periphery. As ζ < 0 at Z > 1, we can conclude that negatively
overcharged particles form in the region of high Z. Even
though the location of the Stern and shear layers in systems of
polymeric micelles and the definition of the ζ-potential are not
as clear as in the case of compact colloidal particles, the
measurement indicates gradual compensation of the fixed
charge on micellar shells by the added copolymer and the
buildup of an IPEC layer with mutually neutralized electric
charges around the inner hydrophobic PLA core.
Curve 2 shows the z-average RH vs Z curve. At first glance,

the decrease in the RH values with the increase in Z may seem
surprising, but this shape can be explained. When the onion
micelles are formed, the stretched shell-forming QPDMAEA
chains associate with the PAA chains, collapse, and form a thin,
compact IPEC layer. As already explained, the lengths of the
cationic and anionic PE blocks differ appreciably and therefore
the anchoring density of the PEO blocks is low and their
number in the shells of the onion micelles is lower than in the
parent micelles. To protect the IPAC layer against the aqueous
medium, the inner parts of the PEO chains partially collapse
and form a relatively dense inner layer, decreasing the total
thickness of the shell.46,49,66

For the reasons outlined above, we could not evaluate the
molar masses of the onion micelles, and therefore we tried to
monitor the coassembly process by measuring the intensity of
light scattered from solutions with a constant concentration of
the first component (parent core−shell micelles, c = 0.5 mg/
mL) at 90° vs Z (Figure 6). The monitoring provided valuable

information, and in combination with data shown in the
previous figure, it enabled us to draw a picture of the studied
process. The SLS intensity slightly increases (ca. twice) on
increasing Z in the 0−1 region, and for Z > 1, it decreases. The
increase in scattering intensity reflects the fact that the overall
molar mass of onion micelles slightly increases. However, the
increase is only moderate because the lengths of both PAA-b-
PEO blocks are appreciably longer than those of PLA-b-
QPDMAEA blocks and consequently the number of soluble
units in onion micelles is higher than that in parent micelles.
Because the 1:1 onion micelles are better stabilized than parent

Figure 5. Hydrodynamic radii RH (curve 1) and ζ-potential (curve 2)
of onion-shaped micelles formed in mixtures with constant
concentration of the parent micelle-forming component, c = 0.5
mg/mL and an increasing charge ratio, Z.

Figure 6. Normalized light-scattering intensity of onion-shaped
micelles formed in mixtures with increasing negative-to-positive
charge ratio, Z, monitored at the scattering angle 90°. Inset: the
intensity-weighted (solid line) and number-weighted (dashed line)
DLS distributions of hydrodynamic radii of onion-shaped micelles at
Z = 1 and scattering angles 30 and 130°.
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micelles (i.e., they contain a higher ratio of soluble-to-insoluble
units), the numbers of PLA-b-QPDMAEA chains, which
participate in the formation of insoluble domains (central
core and IPEC layer), decrease. As the inner core and the
collapsed IPAC layer are very compact, i.e., relatively small, the
overall size of onion micelles decreases.
In this paper, we did not study the structure and properties

of nonstoichiometric micelles in detail and therefore we
abstain from drawing definite conclusions concerning the
decreasing part of the curve. Tentative explanation of the
decrease at Z > 1 can be outlined as follows. The measurement
of ζ-potentials at high Z indicates that the shells of onion
micelles are slightly negatively overcharged. This means that
only parts of PAA blocks participate in the IPEC complex and
other parts intermix with compatible PEO blocks and form a
slightly ionized shell, analogous to onion micelles formed in
mixtures of amphiphilic core−shell micelles with cationic shells
and long anionic homopolyelectrolytes.47 In short, the increase
in the number of long negatively charged PAA chains leads to
the formation of a mixed and partly ionized PAA-b-PEO
shell,49 which increases the stability of dispersions. The
increased electrostatic stabilization leads to the decrease in
the number of PLA-b-QPDMAEA chains in the central core of
onion micelles, but the size remains approximately constant
because the number of long PAA and PEO chains in the shell
slightly increases and compensates the decrease in the number
of PLA-b-QPDMAEA chains. The observed shape is consistent
with experimental observations and simulation studies on
simpler core−shell micelles with IPEC cores, which shows that
the fractions and molar masses of coassembled particles in
nonstoichiometric mixtures with Z ≠ 1 are lower than those in
stoichiometric mixtures.36,41 In the studied system, the
decrease in scattered light intensity for Z > 1 is amplified
because the refractive index increment of onion micelles
changes with Z as the increment of the second component is
lower than that of the first component, i.e., (dn/
dc)PLA‑b‑QPDMAEA = 0.230 and (dn/dc)PAA‑b‑PEO = 0.151.84

Relatively low negative ζ-potentials at high Z indicate that a
major part of excess PAA-b-PEO chains remains dissolved in
the solution in the form of nonassociate chains, analogous to
electrostatically stabilized core−shell micelles.43

The unambiguous interpretation of the observed depend-
ence is almost impossible because the scattering intensity at
constant finite angle and finite concentration reflects several
contributions. (i) Molar mass of studied particles changes
during the monitored process. (ii) As the systems (particularly
the parent micelles) are not kinetically frozen, the number of
PLA-b-QPDMAEA chains in onions differs from that in parent
micelles, and in contrast to systems with kinetically frozen
parent micelles, which serve as growth centers, the
concentration of scattering particles changes. (iii) Refractive
increments of components differ. (iv) The scattering intensity
at 90° is affected by the change of the particle form factor as
the size of the particles changes. (v) However, the main
complications unreel from potential changes in the size and/or
in the number of large aggregates, which cannot be a priori
precluded. Micellar aggregates dominate the scattering at finite
angles in spite of the fact that their number fraction is
negligible and their changes could affect the shape of the
monitored curve considerably. The inset in Figure 6 shows the
distribution of RH in the system of stoichiometric onion
micelles measured at 30 and 130°and at finite concentration, c
= 0.5 mg/mL. The distributions are bimodal and contain two

well-separated peaks (at the baseline level). The first peaks
correspond to single onion micelles and the second peaks to
micellar aggregates. At 130° when the contribution of large
particles is more suppressed by interference than at 30°, the
first peak attains a maximum at ca. 15 nm, which shows that RH
of single onion micelles is smaller than that of parent micelles.
This observation is consistent with other measurements.
However, the size of aggregates also differs from that in the
system of parent micelles, which suggests some changes in
their size due to their interaction with PAA-b-PEO. This is why
we did not attempt to interpret the whole shape of the SLS
curve in detail.
The observation that the size of spherical onion micelles is

smaller than that of the parent micelles was corroborated by
cryo-TEM imaging. The sample for imaging was prepared as
described in the part on parent micelles. The image (Figure
4b) shows a number of relatively uniform spherical particles.
The diameter of spherical particles of ca. 14 ± 2 nm (mean ±
s.d.) is unambiguously smaller than that of the parent core−
shell micelles shown in Figure 4b.

Computer Modeling Section. To demonstrate that the
coassembling scheme proposed in the experimental part is
sound from the thermodynamic point of view, we performed
extensive computer modeling using dissipative particle
dynamics (DPD) as originally proposed by Hoogerbrugge
and Koelman85 and later modified by Groot and Warren.86−88

DPD is a coarse-grained variant of molecular dynamics suitable
for studying large complex systems, e.g., for complex polymer
solutions and blends.41,43,89−105 We explicitly included electro-
static interactions between charged DPD beads employing the
Slater (exponential) charge smearing along with the relative
permittivity of water εr = 80.97 The principle of the DPD
method together with all of the simulation details has been
described in our recent papers41,90,97,106 and is also
summarized in the Supporting Information. The choice of
interaction parameters is elucidated below. It should be
mentioned that the simulation study was not aimed at a
faithful reproduction of the relatively complicated behavior of
the experimentally studied system. The simulations are
concerned with the general features and trends of complex
coassembly, which combine amphiphilic and electrostatic
mechanisms and lead to onion micelles with hydrophobic
cores, IPEC middle layers, and hydrophilic shells.

Simulation Results. We performed several series of
simulations for systems differing in numbers of chains, in the
length of blocks, and in the amphiphilicity of the individual
components. Interaction parameters used in simulations and
their ranges are summarized in Table 1. Note that we present
and discuss our results in terms of Δaij = aij − (aii + ajj)/2,
which is proportional to the Flory−Huggins interaction
parameter. Specification of individual systems and other
pertinent details are given in Table 2.
Beads A are always strongly hydrophobic, while beads C are

hydrophilic and compatible with the counterions. Beads B+ and
B− are readily soluble in water because they bear electric
charges +1e and −1e, respectively. To investigate how the
hydrophilicity/hydrophobicity of uncharged PE backbones and
their compatibility with counterions influence the coassembly
and the structure of onion micelles, we varied interaction
parameters ΔaBS, ΔaBC, and ΔaBI in a relatively broad range.
The same variation of all three parameters minimizes the
number of time-consuming simulations and can be supported
by the following arguments. When the hydrophobicity of the
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PE backbone, ΔaBS, increases, not only the solubility of
charged PE blocks in water but also their miscibility with polar
water-soluble block C decreases, which is reflected in
increasing ΔaBC. Simultaneously, the interactions of the
counterions with the PE blocks and particularly with IPEC
worsen. The main restriction that hinders the penetration of
ions into IPEC is of entropic origin and stems from the
severely hindered motion of counterions in the dense IPEC
domain. The second contribution is derived from the
hydrophobicity of the IPEC domain with compensated
charges. The nonassociated PE blocks (nonengaged in IPEC
formation) contain ionized groups and interact favorably with
counterions both in solutions and in the dry solid state, where
they form polymeric salts, but the hydrophobic IPEC domain
represents a fairly hostile medium for small ions. While the
former effect is directly accounted for in DPD simulations with
explicit electrostatics, the latter effect is modeled by changes in
ΔaBI.
To simplify the discussion, if we say that we study PEs

differing in their hydrophobicity, this means that all three
parameters, ΔaBS = ΔaBI = ΔaBC, vary. We investigated mobile
(not kinetically frozen) systems and therefore we began all of
the simulations from a random mixture of dispersed copolymer
chains. However, we also performed a few simulations starting
from the final configuration of a system with lower hydro-
phobicity to prove that the equilibrium state of the self-
assembled system is independent of initial configurations. We
used the reduced system density ρ = 3 and employed 240
A5B5

+ and 240 or 400 CmBn
− chains in cubic simulation boxes

ranging from 323 to 33.53; see Table 2. The systems were
typically equilibrated depending on the hydrophobicity for a
few 106 time steps with the time step equal to 0.05 DPD

reduced units. The time step in reduced units is defined as

Δ =t kT
m rS c

2 , where mS is the mass of a solvent bead. Data

production runs spanned from 10 × 106 to 100 × 106 time
steps depending on the hydrophobicity of the backbone.

System I. In the first series of simulations, we studied
stoichiometric systems consisting of 240 amphiphilic copoly-
mer chains A5B5

+ and 240 double-hydrophilic C5B5
−

copolymer chains differing in the hydrophobicity of PE blocks
B+ and B−. The simulation results for a system with readily
soluble PE backbones (ΔaBS = 0) are depicted in Figure 7.

Table 1. Interaction Parameters aij (the Upper Number)
and Their Difference against the a-Parameters Describing
the Interaction between Like Particles, Δaij = aij-(aii + ajj)/2
(the Bottom Number), Which Is Proportional to the Flory−
Huggins Interaction Parametera

aij

Δaij = aij − aii A B+, B− C S, I+, I−

A 25 40 40 40
0 15 15 15

B+, B− 25 25−32.5 25−32.5
0 0−7.5 0−7.5

C 25 25
0 0

S, I+, I− 25
0

aSymbols A and C represent beads A and C, respectively. B+ and B−

denote charged beads B. S corresponds to the solvent and I+ and I− to
the positively and negatively charged counterions, respectively.

Table 2. Description of Individual Systems and Their
Parameters

system I system II system III

composition 240 A5B5
+ 240 A5B5

+ 240 A5B5
+

240 C5B5
− 240 C7B5

− 400 C5B3
−

box size 32 33 33.5
ΔaBS = ΔaBC = ΔaBI 0; 2.5; 3.5; 5 0; 2.5; 3.5; 5 0; 3.5; 5; 7.5
ΔaBI 0 0 0

7.5

Figure 7. (a) Weight distributions functions, Fw(As), of association
numbers As in a system containing 240 copolymer chains A5B5

+

(dashed curve with circles, parent system) and in the system
containing 240 copolymer chains A5B5

+ and 240 double-hydrophilic
C5B5

− copolymer chains (solid curve with filled circles, system I) with
parameters ΔaAS = ΔaAB = ΔaAI = ΔaAC = 15 and ΔaBS = ΔaBC =
ΔaBI = ΔaCI = 0. The inset in (a) shows a typical snapshot for systems
containing both A5B5

+ and C5B5
− chains. The red color corresponds

to A segments, the blue color to both B+ and B− segments, and the
green color to C segments. (b) Radial density profiles of bead i from
the gravity center, ρi

rel(r), for the associate with the weight-average
association number, ⟨As⟩w = 11; ρi

rel(r) = ρi(r)/ρ and ρ = 3. The red
curve (left axis) describes the ensemble- and angular-average density
profile of hydrophobic beads A; the full and dashed blue curves (right
axis) show the densities of the positively and negatively charged PE
blocks, respectively; and the green curve (right axis) represents the
density profile of the C beads. The full and dashed black curves (right
axis) correspond to the positively and negatively charged counterions,
respectively. The black dotted curve (left axis) corresponds to the
solvent. The inset in (b) depicts the difference between the density of
the positive and negative charges on the PE chains (dashed curve)
and the total charge density profile including small ions (solid curve).

Macromolecules pubs.acs.org/Macromolecules Article

https://dx.doi.org/10.1021/acs.macromol.0c00560
Macromolecules 2020, 53, 6780−6795

6787

37



Figure 7a compares the weight-average distributions of the
association numbers of the parent and the corresponding
onion micelles. The inset in Figure 7a shows a typical
simulation snapshot. A pure system of parent micelles formed
by A5B5

+ with ΔaAS = ΔaAB = 15 and ΔaBS = ΔaBC = 0 was
studied in our recent paper.96 The study showed that the
highly soluble copolymer with ΔaBS = 0 forms micelles, but the
association number, As, is low and the fraction of free unimers
is quite high. The relatively narrow peak of the core−shell
micelles, reproduced in Figure 7a, which spans from As = 5 to
15 and attains a maximum at As = 7, is only slightly separated
from those of the unimers, dimers, and trimers. The fraction of
associates with As = 7 is only 66% of that of the unimers, but
the cumulative fraction of associates ranging from As = 5 to 15,
∑ =

= F A( )A
A

15
5

w ss

s , exceeds ca. 3.7 times that of the unimer. In our

recent computer studies,43 we found that the stoichiometric
coassembly of CnBn

+ and CnBn
−, where Cn is the neutral water-

soluble block and Bn
+ and Bn

− are the PE blocks, leads to the
formation of multichain associates only if the PE backbones are
at least moderately hydrophobic, i.e., if ΔaBS > 0. If the B
chains (without being charged) are water soluble, only dimers
are formed because minimization of the number of interactions
of B beads with water is not required. The formation of onion
micelles is more complex than that of core−shell micelles, and
our present study shows that the electrostatic coassembly takes
place in systems with ΔaBS = ΔaBC = 0 (i.e., in systems with
soluble PE chains that are compatible with C). However, the
association process is restricted and the association number of
multichain associates is relatively low. The fractions of unimer
and of small associates are important, and the peak of larger
associates is not fully separated from that of unimers. It attains
a flat maximum between As = 10 and 13. The fractions of
associates close to the peak maximum are significantly lower
than that of the unimer, but the peak of associates is relatively
broad and comprises As from 7 to 27 and their cumulative
fraction, ∑ =

= F A( )A
A

27
7

w ss

s , exceeds that of the unimer by ca. 2.8

times.
Figure 7b depicts the radial density profiles of components

from the gravity center for the associate corresponding to the
weight-average association number, ⟨As⟩w = 11. In this paper
and in the Supporting Information, the local density of the
DPD beads is generally depicted as density relative to the
system density ρi

rel(r) = ρi(r)/ρ. The angularly averaged radial
density profiles provide a comprehensive picture of the
structure of spherical particles, but it could impoverish
information on the shape of nonspherical particles. Therefore,
we evaluated also the components of the gyration tensor of all
micellar systems studied. They are presented in the Supporting
Information (see the description of individual figures in Results
and Discussion, together with corresponding figures in the
Supporting Information). The comparison of principal
components of the gyration tensor proves that the studied
onion micelles are on average spherical particles, even though
instantaneous fluctuations in their size exist depending on the
solubility, flexibility, and consequent mobility of individual
chains.
The red curve (left axis), which describes the ensemble-

average and angular-average density profile of hydrophobic
beads A in associates with ⟨As⟩w = 11, demonstrates the
formation of dense insoluble cores in the central part of
associates. The cores are small because the associates contain a
relatively small number of copolymer chains. The full and

dashed blue curves (right axis) show the densities of the
positively and negatively charged PE blocks, respectively. Both
PE densities are low (the scale on the right axis is amplified
almost 10 times with respect to the right axis) because the
IPEC complex is highly solvatedsee the dotted black curve,
which depicts the water profile. The dashed curve (B‑ beads) is
lower than the full one (B+ beads), showing that the
composition of the associates, formed in a 1:1 mixture of
components, is not strictly stoichiometric and the charges on
the PE chains do not fully compensate each other. The excess
positive charge in the solvated IPEC layer is partially
compensated by the counterions (see the blue dashed curve,
right axis). This observation is consistent with the experimental
measurement of the ζ-potential (see Figure 5). The slight
overlap of A and B profiles is mainly the artifact of the
ensemble and angular averaging because the shapes of a
number of instantaneous associates deviate from ideal
spheres.41 If the associate is, e.g., a prolong ellipsoid, one
finds in the intermediate range of r (at the interface between A
and B domains) either A or B beads depending on the
direction one follows. The averaging thus artificially augments
the apparent overlap of A and B profiles. The green curve
(right axis) representing the density profile of C beads is low,
very broad, and strongly overlaps with the blue PE curves
because the mutually compatible B and C blocks intermix. The
inset in Figure 7b depicts the difference between the densities
of the positive and negative charges on PE chains (dashed
curve), and the full curve shows the total charge density profile
(including small ions). The differences between the densities
of the opposite charges on the PE chains in the middle layer
are larger than the overall deviations from electroneutrality
because some small counterions penetrate into this layer, but
the imbalance of electric charges is very small. The integration
of the positive peak on the full curve in the r region from 2 to 4
yields the total charge smaller than +0.2e. The oscillations are
simulation artifacts and do not have any physical meaning. The
charge density, ρq, is evaluated from differences between the
numbers of positive and negative charges in narrow spherical
layers of thickness Δr. The numbers are fairly low and vary by
±1. The maximum charge density is only 0.2, and hence the
ensemble average curve is subject to high fluctuations.
In summary, the study of the system with soluble PE

backbones shows that complex electrostatically stabilized
associates are formed in stoichiometric mixtures of compo-
nents in aqueous media. The associates have a small
association number and coexist in equilibrium with non-
negligible fractions of the free unimer. Their irregular and fast
fluctuating IPEC domains surrounding insoluble A cores are
highly hydrated and intermix with the C blocks. The outermost
micellar periphery contains predominantly C beads, but, as is
documented by a typical snapshot of the simulation box (inset
in Figure 7a), the overall shape of the associates and their
structure do not correspond to onion micelles with segregated
domains. The density of the soluble shells is very low and the
associates are reminiscent of irregular nanogel particles.
The main goal of the first series of simulation is investigation

of the PE backbone hydrophobicity effect. The results of
simulations for ΔaBS = ΔaBC = ΔaBI = 0, 2.5, 3.5, and 5 are
compared in the Supporting Information (Figures S3−S6).
Here we reproduce only the results for the most hydrophobic
system with ΔaBS = 5 in Figure 8. The structures of the figures
and all of the parameters of the studied systems, except ΔaBS =
ΔaBC = ΔaB−CI, are the same as in Figure 7.
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Comparison of the curves in Figures 7a and 8a and a more
detailed comparison in Figures S3−S6 reveal the following
trends. The association numbers of the parent micelles (see the
dashed curves with circles in Figures 7a, 8a, and S3a−S6a)
change only slightly with an increase of the hydrophobicity of
the PE backbone (in the range of studied ΔaBS values). The
negligible effect of ΔaBS is understandable because the highly
ionized shell-forming PE chains are able to stabilize the core−
shell micelle well even if the backbone is moderately
hydrophobic. As the hydrophobicity of block A and the length
of both blocks are constant in all of the systems and the theory
predicts that the association number is controlled mainly by
the properties of block A,107 the association number of parent
micelles remains almost constant. While the hydrophobicity of
the PE backbone does not almost affect the amphiphilic self-
assembly of the parent A5B5

+ copolymers, it strongly influences
the electrostatic coassembly of core−shell A5B5

+ micelles with
C5B5

− chains. The increase in the PE hydrophobicity strongly
promotes the coassembly. The distribution functions of the
association numbers of the onion micelles shift toward higher
As and become narrower (see the solid curve with filled circles
in Figures 8a and S3a−S6a). In contrast to the system with

ΔaBS = 0, typical snapshots for ΔaBS = 2.5, 3.5, and 5 reveal the
formation of distinct compact nanoparticles with a three-layer
structure, which develops and improves along with the increase
in ΔaBS.
Figures 8b and S3b−S6b show the ensemble-average radial

density profiles of individual components (including water and
ions) as functions of the distance r from the gravity center of
the associate. The comparison of the red curves corresponding
to hydrophobic blocks A in Figures 7b and 8b (and in Figures
S3b−S6b in the Supporting Information) reveals that the size
of the hydrophobic cores grows with increasing ΔaBS. This
means that the numbers of A5B5

+ chains that form compact
inner cores of composed associates increase in contrast to
parent micelles, whose association number almost does not
depend on ΔaBS. The changes in the blue curves (for charged
B blocks) and in their overlap with the green curves for the C
blocks show that the density of the PE beads in the middle
layer and the segregation of B and C increase and the IPEC
hydration decreases with ΔaBS. Simultaneously, the difference
between the numbers of B+ and B− beads in the middle layer
and the concentration of counterions in the IPEC layer
diminishes. The inset shows low charge density of the IPEC
layer.
As already mentioned, in Figure S7 of the Supporting

Information, we present the principal components of the
gyration tensor, Rg,α

2 (α = 1−3), of associates for system I with
low and high B hydrophobicity. We see that Rg,1

2 ≅ Rg,2
2 ≅

Rg,3
2, which indicates that the associates are effectively

spherical. To show how the expansion of PE chains differs in
parent micelles and in the compact middle IPEC layer, in
Figure S8 of the Supporting Information, we compare the
square end-to-end distances of B+ blocks, Re,B

2 , in associates and
in parent A5B5 systems. In parent micelles, the ionized B+

blocks are fairly stretched and the expansion is promoted by
the hydrophilicity of the PE backbone. The Re,B

2 values
generally increase with As due to increasing crowding and
electrostatic repulsion of the PE chains in micellar shells. Some
“oscillation-like” fluctuations (mainly for high As) are due to
low fractions of high aggregates and consequent low statistics.
As expected, the expansion of B+ blocks in free unimer chains
(As = 1) depends on the hydrophobicity of the PE backbone.
The comparison shows that the chains in dense IPEC layers
are generally less expanded than those in soluble shells of
parent micelles and that Re,B

2 values decrease with the increase
in aBS, which means that the middle layer formed by a more
hydrophobic PE is narrower than that formed by a hydrophilic
PE. However, critical comparison of relevant structural
parameters reveals that the high density of IPEC layers in
systems with fairly hydrophobic PE backbones is mainly the
result of the important interpenetration of B+ and B− blocks
and their low hydration.
In summary, the most important feature of the behavior of

stoichiometric systems with the same lengths of all of the
blocks is the promotion of coassembly with worsening
solubility of the PE blocks. Both the association numbers
and fraction of large associates appreciably increase. In systems
with slightly increased hydrophobicity of PE blocks, the
associates adopt the onion structure. If the lengths of blocks
are equal or comparable and B blocks are at least slightly
hydrophobic, the layered associates contain higher numbers of
A5B5

+ (and consequently also of C5B5
−) chains compared with

the parent core−shell A5B5
+ micelles formed under the same

conditions. The increase in the total As of onion micelles and

Figure 8. (a) Weight distribution functions, Fw(As), of association
numbers As in system I with low hydrophilicity of the PE backbone
and low compatibility with blocks C and with counterions for ΔaBS =
ΔaBC = ΔaBI = 5. The insets in (a) show typical snapshots of
associates formed in the simulation box. (b) Radial density profiles of
components from the gravity center for the associate with the weight-
average association number ⟨As⟩w = 79 in systems with ΔaBS = ΔaBC =
ΔaBI = 5. The inset in (b) depicts the difference between the density
of the positive and negative charges on PE chains and the total charge
density profile including small ions. The colors and notation are the
same as in Figure 7.
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in the number of A5B5
+ can be easily explained. The

stabilization of micelles containing not only the insoluble A
core but also an insoluble IPEC layer requires increased
numbers of soluble shell-forming chains. The simulation shows
that the ratio of components in stoichiometric onion micelles
corresponds roughly to that in the solution (ca. 1:1), which
means that the ratio of soluble to insoluble beads, rS−I,
decreases from 1.0 in parent micelles to 0.33 in onion micelles,
and in this case, the theory of amphiphilic block copolymer
association predicts larger As than that of the parent micelles.22

As the numbers of B+ and B− (i.e., numbers of AB+ and B−C
components) are equal, the increase in As requires an increase
in the number of AB+ chains. This observation is very
important from the experimental point of view because it
shows that in reversible (kinetically nonfrozen) systems, a non-
negligible reorganization and fairly massive redistribution of
chains of both types among associates occur upon mixing the
solution of parent micelles with the oppositely charged
copolymer.
Systems II and III. In the last part, we addressed the effect of

the length of the blocks. As the simulations are very time
consuming, we selected two systems only: system II and
system III (see Table 2), which, as we believe, demonstrate
important trends in the behavior. In system II consisting of 240
A5B5

+ and 240 C7B5
− chains, we expect better stabilization of

associates because the neutral water-soluble block C is longer,
while the lengths of the insoluble block A and of both PE
blocks B+ and B− are the same as in the previous system, i.e.,
these blocks are shorter than the C block. Hence, we assume
that the association numbers will be lower compared to the
previous system, but the formation of the IPEC layer
(including the ratio of oppositely charged components and
the concentration of counterions) will be similar. The weight
distribution functions of association numbers of onion micelles
are presented in Figure 9. They confirm our expectations

concerning As. Compared with the previously discussed
systems, the peaks of the associates are broad and their
positions shift to lower As. The micellar peak in the system
with ΔaBS = 0 is only insignificantly separated from the peak of
unimers and low associates (dimers and trimers). It is broader
than that in the corresponding parent system and extends to
higher As, but the maxima of the peaks of onion and parent
micelles are close to each other on the As scale, which indicates
that the number of A5B5

+ chains in the onion micelles is lower
than their number in the parent micelles. Better solubility, i.e.,

higher mobility of copolymer chains, facilitates the simulations,
and the curves depicting the weight fractions of associates as a
function of As are smoother and more symmetrical as
compared with system I.
Radial density profiles for two systems with ΔaBS = 3.5 and 5

are shown in the Supporting Information (Figures S9 and
S10). As the C7 blocks are longer than the B5 blocks, they are
more expanded and reach longer distances from the gravity
centers of the associates than the C5 blocks in the previous
systems, which promotes their segregation from the IPEC layer
even for the relatively hydrophilic PE block (ΔaBS = 3.5) when
the IPEC layer is strongly hydrated and can relatively easily
intermix with C. Soluble chains C try to maximize the number
of their conformations (entropy) and exploit the dilute
periphery of the associates. This is demonstrated by the fairly
segregated density profiles of associates with nonzero, albeit
still low, ΔaBS and also by snapshots of the simulation box. A
typical snapshot (l.h.s. inset in Figure 9) depicts well-
developed onion micelles formed in the system with only
few hydrophobic PE blocks with ΔaBS = 3.5. The r.h.s. inset
shows a snapshot for ΔaBS = 5. In this case, the three-layer
structure is better developed, but both snapshots confirm the
formation of onion micelles.
The last studied system III is composed of 240 A5B5

+ and
400 C5B3

− chains, i.e., the numbers of chains differ, but the
numbers of positively and negatively charged beads are the
same (Z = 1). Based on a simple electrostatic consideration
and on the results of the previous simulations, it is not
surprising that roughly neutral (in fact, slightly charged)
associates formed in mixtures with Z = 1 contain an excess of
C5B3

− chains and their shells are formed by fairly large
numbers of water-soluble C5 blocks. Such onion micelles are,
of course, readily soluble. The distribution functions of the
association numbers shown in Figure 10 are lower than those

in system I. As the radial density profiles for nonzero ΔaBS are
qualitatively very similar to each, we present them only in the
Supporting Information (Figure S9 for system II and Figure
S10 for system III). The shapes of the curves indicate a three-
layer onion structure with three segregated domains. Insoluble
cores A are smaller than those of micelles in corresponding
system I, but the C shells are relatively crowded and therefore
quite expanded. Blocks C extend to distances comparable to
system I (with large cores) and in only slightly shorter
distances than in system II (with longer C7 chains). The insets
in Figure 10 show typical associates for ΔaBS = 3.5 and 5. As As

Figure 9. Weight distribution functions, Fw(As), of association
numbers As for parent micelles A5B5

+ with ΔaBS = 0 (black dashed
curve) and in system II for ΔaBS = ΔaBC = ΔaBI = 0 (red curve), 3.5
(blue curve), and 5 (green curve). The left-hand-side (l.h.s.) inset
shows a typical snapshot of associates with ΔaBS = ΔaBC = ΔaBI = 3.5,
and the right-hand-side (r.h.s.) one shows a snapshot for a value of 5.

Figure 10. Weight distributions functions, Fw(As), of association
numbers As for parent micelles A5B5

+ with ΔaBS = 0 (black dashed
curve) and in system III for ΔaBS = ΔaBC = ΔaBI = 0 (red curve), 3.5
(blue curve), 5 (green curve), and 7.5 (cyan curve). The l.h.s. inset
shows a typical snapshot of associates with ΔaBS = ΔaBC = ΔaBI = 3.5,
and the r.h.s. one shows a snapshot for a value of 5.
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values for given ΔaBS are lower than those in system I and
system II, the number of onion micelles is higher and the
snapshots are fairly crowded and slightly less comprehensive.
Finally, we analyzed the shape of onion micelles formed by

components with different lengths of blocks. In Figures S11
and S12 of the Supporting Information, we show the principal
components of the gyration tensor, Rg,α

2 (α = 1−3), as a
function of As for system II and system III with low and high
values of hydrophobicity. The inspection of curves shows that
Rg,1

2 ≅ Rg,2
2 ≅ Rg,3

2 and confirms that these associates have a
spherical shape.

■ SUMMARY AND CONCLUSIONS
We used a combination of several experimental methods
(scattering and imaging techniques) to study the formation of
three-layer (onion) polymeric micelles in aqueous media by
sequential application of an amphiphilic self-assembly of a
copolymer containing one hydrophobic block and one
polyelectrolyte block and the electrostatic coassembly of
core−shell micelles with a polyelectrolyte shell (prepared in
the first step) with a double-hydrophilic copolymer composed
of a neutral water-soluble block and an oppositely charged PE
block. The study was motivated by the following controversy.
Despite the fact that thermodynamic analysis predicts the
formation of onion micelles as a favorable process, there exist
very few publications reporting successful attempts at their
preparation.44,47,59 Because we are of the opinion that the
experimental difficulties are of a kinetic origin, we analyzed
potential obstacles and selected a system in which we did not
expect insurmountable kinetic barriers (relatively short and
flexible chains, low TG, moderate hydrophobicity of PE
backbones, etc.). The experimental study confirmed that stable
aqueous dispersion of onion micelles can be prepared by a
combination of polymer self- and coassembly.
The extensive simulation study (DPD with explicit electro-

statics) was aimed at decisive trends of the self- and
coassembling behavior under the assumption that the kinetic
barriers are low and do not hinder the equilibration. As DPD
simulations with explicit electrostatics are time-consuming, we
focused on stoichiometric systems with matched positive and
negative charges of PE chains and investigated mainly the
effects of (i) the length of different blocks and (ii) the
hydrophobicity of the polyelectrolyte backbones on the
association number, fraction of associates, and their structure.
To prove that in the systems under consideration, the

equilibrium (minimum energy) polymeric species are fully
equilibrated associates composed of A5B5

+ and Bn
−Cm chains,

we did not simulate the sequential assembly but started the
simulations from different initial conditions: mostly from a
random mixture of nonassociated chains of both types, but also
from equilibrated conformations formed in systems with
different hydrophobicities of B blocks. The simulations from
different initial conditions converged to the same final state
and confirmed our working hypothesis. The modeling
performed for a set of interaction parameters emulating
polymers with different hydrophobicities of the PE backbones
unambiguously showed that the fully equilibrated states are
dispersions of layered spherical associates containing both
copolymer components.
The simulation results show that the formation of onion

micelles with reasonably segregated layers requires, similar to
the electrostatic coassembly of simpler CmBn

+ and CmBn
−

core−shell micelles, which we studied earlier,41,43 some

hydrophobicity of PE backbones and some incompatibility of
the B and C blocks. The hydrophobicity of B and
incompatibility of B and C do not have to be large; values
of ΔaBS = ΔaBS = 2.5 are sufficient, but the IPEC layer is in this
case strongly solvated and has a fairly low density. The increase
in ΔaBS and ΔaBC promotes the formation of well-defined
onion structures with dense and reasonably segregated layers.
The associates formed in systems with ΔaBS = ΔaBS = 0 are
nano-gel-like particles containing dense A domains and
irregular low-density IPEC domains, which are strongly
hydrated and intermixed with C blocks.
The comparison of association numbers of AnBn

+ and AnBn
+/

CmBn
− (onion) micelles96 formed under the same conditions

shows that the numbers of AB chains in both types of micelles
differ, which is important from the experimental point of view:
it indicates that, during the sequential preparation of onion
micelles in kinetically nonfrozen systems, a considerable
redistribution of the AB chains among the micelles takes
place. This could be the reason why we did not succeed in
preparing stable dispersions of onion micelles based on parent
micelles with kinetically frozen polystyrene cores (unpublished
data).
Simulations also confirm the theoretical prediction that the

total association number (sum of both types of chains) is
controlled by the ratio of insoluble-to-soluble beads, rS−I.
Parent micelles contain insoluble beads A only, but the number
of insoluble beads in onion micelles is the sum of A, B+, and B−

beads. Depending on relative lengths of A, B+, B−, and C
blocks, the ratio rS−I in electrically neutral 1:1 onion micelles
can be either higher or lower than that in parent micelles. The
increase in rS−I (under the condition of particle electro-
neutrality) provokes the decrease in the number of AB+ chains
in central cores of onion micelles and vice versa. The total
association number generally increases during onion micelle
formation, but much less in the former case than in the latter
case. Even though the simulations were performed in a limited
range of relative lengths of blocks, they help understand the
slightly surprising observation that onion micelles in the
experimentally studied system are smaller than the parent
micelles.
In the experimental part, we studied a special case, in which

the lengths of both blocks B− and C in the second copolymer
are appreciably longer than both blocks A and B+ in the first
(parent micelle-forming) copolymer. In this case, the onions
with 1:1 matched electric charges contain 5.8 times lower
number of chains of the second copolymer; however, rS−I
increases from 0.7 (parent micelles) to 1.5 (onion micelles). As
a consequence, micelles with a small central core formed by a
small number of A blocks (strongly hydrophobic PLA) covered
by a thin and compact IPEC layer of moderately hydrophobic
PEs and stabilized by a shell of soluble C blocks formed in
aqueous media. As the “tethering” density of C blocks (water-
soluble PEO) to the IPEC surface is low, inner parts of PEO
chains recoil back toward the insoluble IPEC shell to create a
relatively dense inner shell protecting the IPEC/shell interface
from interacting with the solvent (water). The extrapolation of
coassembling trends observed in simulations indicates that in
this special case, the size of the onion micelles can be smaller
than that of parent micelles with expanded PE shells. Even
though the changes in numbers of chains forming the inner
core are a general feature of studied systems, the decrease in
the size of onion micelles with respect to parent micelles is a
specific property of the experimentally studied system only.
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Tuzar, Z.; Brown, W. Hybrid polymeric micelles with hydrophobic
cores and mixed polyelectrolyte/nonelectrolyte shells in aqueous
media. 1. Preparation and basic characterization. Langmuir 2001, 17,
4240−4244.
(51) Tsitsilianis, C.; Voulgaris, D.; Štep̌ańek, M.; Podhaj́ecka,́ K.;
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1. Synthesis and characterization of used polymers

Materials

The monomers lauryl acrylate (LA, 90%) and 2-(dimethylamino) ethyl acrylate (DMAEA, 

98%) were purchased from Sigma-Aldrich and purified by passing through inhibitor removing 

columns prior to use. Methyl iodide (CH3I), 1,4-dioxane (99.8%), tetrahydrofuran (THF, 

99.9%), n-hexane, 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT) and 

other reagents were purchased from Sigma-Aldrich and used as received. 2,2′-

Azobis(isobutyronitrile) (AIBN) was purified by recrystallization from ethanol and used as a 

solution in dioxane.

PLA-b-PDMAEA diblock copolymer precursor synthesis

The initial PLA-b-PDMAEA diblock copolymer was synthesized by RAFT polymerization 

using AIBN as the radical initiator, DDMAT as the chain transfer agent and 1,4-dioxane as 

the polymerization solvent. The polymerization procedure is described as follows. The first 

step was the preparation of the PLA homopolymer. LA (1 g, 4,16 mmol), DDMAT (0.061 g 

0,166 mmol), AIBN (0.0137 g, 0.083 mmol as a solution in dioxane) and dioxane (4 mL) 

were added in a round bottom flask with a magnetic stirrer and sealed with a rubber septum. 

The solution was then degassed by high purity N2 gas bubbling for 15 min and placed in a 

thermostated oil bath at 70oC for 18 h. After the termination of the polymerization reaction, 

by cooling the solution at −20 °C and exposure to air, the PLA macro-CTA was isolated by 

precipitation in methanol twice. The product was dried in vacuum at room temperature for 

48 h (yield: 85%) before being used for the polymerization of DMAEA.

For the polymerization of DMAEA1 and the targeted PLA-b-PDMAEA diblock copolymer, 

PLA macro-CTA (0.8g, 0.138 mmol), DMAEA (0.25g), AIBN (0.00226 g, 0.0138 mmol as a 

solution in dioxane) and 4.5 mL dioxane were added in a round bottom flask with a magnetic 

stirrer and sealed with a rubber septum. The solution was then degassed by high purity N2 gas 

bubbling for 15 min and placed in a thermostated oil bath at 60oC for 7 h. After the 

termination of the polymerization reaction, by cooling the solution at −20 °C and exposure to 

air, the PLA-b-PDMAEA diblock copolymer was isolated by using a rotary evaporator. The 

product was dried in vacuum at room temperature for 48 h (overall yield: 65%) and 

subsequently stored in the fridge.

47



3

Preparation of PLA-b-QPDMAEA cationic diblock copolymer 

PLA-b-QPDMAEA cationic diblock copolymer was prepared by quaternization of the 

PDMAEA block of the PLA-b-PDMAEA precursor using methyl iodide. For the 

quaternization procedure, excess of CH3I (moles CH3I / moles PDMAEA = 2) was added to a 

solution of PLA-b-PDMAEA diblock copolymer in THF (2% w/v). The reaction takes place 

for 24 h under stirring at room temperature. After that time, THF is evaporated by using a 

rotary evaporator and the product is placed in a vacuum oven for 24 h for complete drying.

Scheme S1. Synthetic route to PLA-b-PDMAEA diblock copolymers using RAFT 
polymerization and PLA-b-QPDMAEA cationic diblock copolymers by quaternization of the 
tertiary amine groups of the PDMAEA block.

Characterization of PLA, PLA-b-PDMAEA and PLA-b-QPDMAEA

The used polymers were characterized by SEC and 1H NMR. For SEC analysis, 

tetrahydrofuran, (containing 5% v/v triethylamine) was the eluent, the flow rate was 1.0 

mL/min and temperature was set at 30°C. The setup was calibrated with linear polystyrene 

standards having narrow polydispersities and weight average molecular weights in the range 

of 1200 to 152,000 g/mol. The samples were readily soluble in the mobile phase. 

Concentrations in the range 2–4 mg/mL were used for analysis.
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Sample Mw
a ×104, g mol-1 Mw/Mn

a wt%  PLAb

PLA 0.58 1.15 -

PLA-b-PDMAEA 0.87 1.41 70

PLA-b-QPDMAEA 1.13c - 54

Table S1. Molecular characteristics of PLA-b-(Q)PDMAEA diblock copolymers.a 

Determined by SEC, bDetermined by 1H-NMR, cCalculated for 100% conversion of the 
quaternization reaction. 

18 20 22 24 26

PLA-b-PDMAEA

Elution volume (mL)

PLA

Figure S1. SEC chromatogram of PLA homopolymer and PLA-b-PDMAEA precursor.
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Figure S2. 1H-NMR spectrum of PLA-b-PDMAEA precursor in CDCl3.
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2. Principles of dissipative particle dynamics

In Dissipative Particle Dynamics (DPD), the equations of motion are numerically solved for a 

system of soft coarse-grained beads which represent neither atoms nor molecules, but larger 

lumps of interacting matter, e.g., in studies of polymer systems they typically represent the 

Kuhn segments.2 The equation of motion reads

                                                                   (S1)
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where mi are the masses, ri and vi the position vectors and velocities, respectively, and Fi are 

total forces acting on DPD particles. The pairwise forces, acting between pairs of DPD 

particles take both the thermodynamic and hydrodynamic effects into account. They comprise 

the conservative forces Fij
C derived from interaction potentials, hydrodynamic forces Fij

D 

emulating friction and random forces Fij
R emulating thermal motion and collisions of particles 

with each other. The last two contributions have to be mutually well balanced to preserve the 

Maxwell-Boltzmann distribution of velocities for a given temperature during the whole 

simulation run. Warren and Español derived an appropriate relationship (fluctuation-

dissipation theorem) which serves as a thermostat3.

The non-electrostatic forces between DPD beads were described by soft repulsion 

derived from the following commonly used interaction potential
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where rc is a cut-off distance restricting the interaction range. The constants aij reflecting 

relative repulsion between individual components of the systems (note that attraction is 

treated as weaker repulsion than that between the like particles) can be evaluated from the 

dependence of solvent compressibility on density. Groot and Warren4 mapped the DPD-

simulated behavior of non-charged polymers onto data calculated by means of the Flory-

Huggins model and established a unique relationship between parameters aij and the Flory 

interaction parameter2, ij,
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c ij2 aij

rr
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where  is the system density,  is the density-dependent proportionality constant, k is the 

Boltzmann constant, aij=aij-(aii+ajj)/2 and T is the temperature.

The harmonic spring potential

                                                            (S4)  2
, 1 , 1 02
hs
i i i i

Ku r r  

was used within DPD polymer chains where K=4kT and r0=0 were employed to describe the 

covalent bonds between DPD beads in polymer chains.

Electrostatic interactions in systems of PE chains are described by the potential acting 

between slightly delocalized charges which obey Slater (exponential) smearing5

                           (S5)     1 1 exp 2
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where qi and qj are the charges on DPD beads,  is the smearing length, β=5/(8) and Γ is the 

coupling constant for the reference medium given by6

                                                        (S6) 
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where B is the Bjerrum length , e the elementary charge and 0 and r are  kTe r 0
2

B 4/

the dielectric permittivity of vacuum and the relative permittivity of the solvent, respectively.

Simulations were performed in a fairly large simulation box with dimensions 

from (32rc)3 to (33.5rc)3 and  and  serve as natural length, mass, , ,cr m kT  2
c /mr kT 

energy and time units, respectively. Since we employed the large simulation boxes one may 

expect that the finite size effects become rather small. Note that in DPD simulations with 

explicit electrostatics reported in literature, simulation boxes from (20rc)3 to (25rc)3 have been 

typically used. We used the system density =3 and employed 240 A5B5
+ and 240 or 400 

CmBn
- chains. A chain  formed an associate if a distance between its A bead and an A A5B +

5

bead of another chain  is less than the cut-off . The coarse-grained chains are A5B +
5 𝑟𝑐

relatively short as compared with real systems, but this is a common case of all computer 

simulations of polymer systems because otherwise, the memory demands and time heftiness 

would exceed the capabilities of up-to-date computers. The behavior of parent core/shell 

micelles is described by parameters used in our recent paper on amphiphilic micelles with PE 

shells and hence we use the already published data for comparison with onion micelles.7
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DPD simulations started either from a random configuration or from a final 

configuration of a system with a lower hydrophobicity. We typically monitored a time 

evolution of the weight-average association number, <As>, to see that a system reached 

equilibrium. In a few cases, we started from both a random configuration and a final 

configuration of a system with a lower hydrophobicity and we observed that both simulations 

reached the same equilibrium state. In runs which started from the random configurations, it 

took longer to reach equilibrium in comparison with runs started from the equilibrated state of 

more soluble (less hydrophobic) systems. Time required for systems to reach equilibrium, 

monitored via a time evolution of <As>, depends on the hydrophobicity. Fig. S13 shows a 

typical time evolution of <As> for System I with the lowest hydrophobicity, started from a 

random configuration. We generally observed that for systems with low hydrophobicity of the 

PE backbones, equilibrium was reached within a few thousands time steps while for systems 

with high hydrophobicity, it took up to about a million time steps to arrive to equilibrium 

states. To properly sample system equilibria and obtain sufficiently smooth distributions of 

associates from 10•106 to 100•106 time steps were required when going from systems with 

low hydrophobicity to systems with high hydrophobicity.

The DPD simulations were performed using DL_MESO open source simulation 

software and post-processing by in-house codes. Examples of DL_MESO input files for all 

systems studied are included in Supporting Information; see DL_MESOinput.zip.

aij

aij=aij-aii

A B+, B- C S, I+, I-

A
25
0

40
15

40
15

40
15

B+, B- 25
0

25–32.5
0–7.5

25–32.5
0–7.5

C 25
0

25
0

S, I+, I- 25
0
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Table S2. Interaction parameters aij recalculated from the Flory-Huggins interaction 
parameters (the upper row) and their differences from the parameters describing the 
interaction between the pairs of chemically identical particles aii=25, aij=aij-(aii+ajj)/2 
(the bottom row). Symbols A and C represent hydrophobic and hydrophilic beads, 
respectively. B+ and B- denote the oppositely charged PE beads, S the solvent and I+ and I- 

are positively and negatively charged counterions, respectively.

SYSTEM I SYSTEM II SYSTEM III

Composition
240 A5B +

5
240 C5B ―

5

240 A5B +
5

240 C7B ―
5

240 A5B +
5

400 C5B ―
3

Box size 32 33 33.5

aBS=aBC=aBI 0; 2.5; 3.5; 5 0; 2.5; 3.5; 5 0; 3.5; 5; 7.5

aBI 0; 7.5 0 0

Table S3. Description of individual systems and their parameters.
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3. Supplementary data on the studied system
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Figure S3. (a) Weight-average distributions functions, Fw(As), of association numbers As in 
the parent system composed of 240 copolymer chains A5B5

+ (dashed curve with open circles) 

(a)
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and in System I composed of 240 copolymer chains A5B5
+ and 240 double-hydrophilic C5B5

-
 

copolymer chains (solid curve with filled circles) with a hydrophobic A block and hydrophilic 
PE (and compatible) blocks described by parameters aAS=aAB=aAI=aAC=15 and 
aBS=aBC=aBI=aCI=0. The insert in Figure S3a shows a typical snapshot of System I. 
Read color corresponds to A segments, blue color to both B+ and B- segments and green color 
to C segments. (b) Radial density profiles of beads i from the gravity center, i

rel(r), for the 
associate with the weight-average association number, =11; i

rel(r)=i(r)/ and =3. 〈𝐴𝑠,𝑤〉
Red curve (left axis) describes the ensemble- and angular-average density profile of 
hydrophobic beads A, the full and dashed blue curves (right axis) show densities of positively 
and negatively charged PE blocks, respectively, and the green curve (right axis) represents 
density profile of C beads. The full and dashed black curves (right axis) correspond to the 
positively and negatively charged counterions, respectively. The black dotted curve (left axis) 
corresponds to solvent. The Insert in Figure S3b depicts the difference between the density of 
positive and negative charge on PE chains (dashed curve) and the total charge density profile 
including small ions (solid curve). Note the appreciable difference in scales of the right and 
left vertical axes.
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Figure S4. (a) Weight distributions functions, Fw(As), of association numbers As and (b) radial 
density profiles of beads/charges for the associate with the weight-average association 
number, =33, in System I with slightly incompatible and hydrophobic beads B, 〈𝐴𝑠,𝑤〉
aBS=aBC=aBI=aCI=2.5. All other parameters, the structure of the figure and the meaning 
of all symbols are the same as in Fig. S3. Note the difference in scales of the right and left 
vertical axes.
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Figure S5. (a) Weight distributions functions, Fw(As), of association numbers As and (b) radial 
density profiles of beads/charges for the associate with the weight-average association 
number, =46, in System I with medium incompatible and hydrophobic beads B, 〈𝐴𝑠,𝑤〉
aBS=aBC=aBI=aCI=3.5. All other parameters, the structure of the figure and the meaning 
of all symbols are the same as in Fig. S3. Note the difference in scales of the right and left 
vertical axes.

(a)
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Figure S6. (a) Weight distributions functions, Fw(As), of association numbers As and (b) radial 
density profiles of beads/charges for the associate with the weight-average association 
number, =79, in System I with medium incompatible and hydrophobic beads B, 〈𝐴𝑠,𝑤〉
aBS=aBC=aBI=aCI=5. All other parameters, the structure of the figure and the meaning of 
all symbols are the same as in Fig. S3. Note the difference in scales of the right and left 
vertical axes.
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(a)

(b)

Figure S7. The principal components of the square radius-of-gyration tensor,  (=1,2,3), 𝑅2
𝑔,𝛼

together with weight distributions function, Fw(As), of association numbers As in System I 
with (a) low hydrophobicity: aBS=aBC=aBI=aCI=0 and (b) high hydrophobicity: 
aBS=aBC=aBI=aCI=5.
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(a)

(b)

Figure S8. The square end-to-end distance of B+ blocks, , together with weight 𝑅2
𝑒,B

distributions function, Fw(As), of association numbers As in System I and the parent system 
with (a) low hydrophobicity: aBS=aBC=aBI=aCI=0 and (b) high hydrophobicity: 
aBS=aBC=aBI=aCI=5.
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Figure S9. (a) Radial density profiles of bead i from the gravity center, i
rel(r)=i(r)/ and 

=3 in the associate with the weight-average association number =45 in System II 〈𝐴𝑠,𝑤〉
composed of 240 copolymer chains A5B5

+ and 240 double-hydrophilic C7B5
-
 copolymer 

chains with parameters aAS=aAB=aAI=aAC=15 and aBS=aBC=aBI=aCI=3.5 and (b) 
for the associate with the weight-average association number =61 formed in System II 〈𝐴𝑠,𝑤〉
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with aAS=aAB=aAI=aAC=15 and aBS=aBC=aBI=aCI=5. Red curve (left axis) 
describes the ensemble- and angular-average density profile of hydrophobic beads A, the full 
and dashed blue curves (right axis) show densities of positively and negatively charged PE 
blocks, respectively and the green curve (right axis) represents density profile of C beads. The 
full and dashed black curves (right axis) correspond to the positively and negatively charged 
counterions, respectively. The black dotted curve (left axis) corresponds to solvent. Note the 
difference in scales of the right and left vertical axes.

Figure S10. Radial density profiles of bead i from the gravity center, i
rel(r)=i(r)/ and =3 

for the associate with the weight-average association number =23 in System III 〈𝐴𝑠,𝑤〉
composed of 240 copolymer chains A5B5

+ and 400 double-hydrophilic C5B3
-
 copolymer 

chains with parameters aAS=aAB=aAI=aAC=15 and aBS=aBC=aBI=aCI=5. Red curve 
(left axis) describes the ensemble- and angular-average density profile of hydrophobic beads 
A, the full and dashed blue curves (right axis) show densities of positively and negatively 
charged PE blocks, respectively and the green curve (right axis) represents density profile of 
C beads. The full and dashed black curves (right axis) correspond to the positively and 
negatively charged counterions, respectively. The black dotted curve (left axis) corresponds to 
solvent. Note the difference in scales of the right and left vertical axes.
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(a)

(b)

Figure S11. The principal components of the square radius-of-gyration tensor,  (=1,2,3), 𝑅2
𝑔,𝛼

together with weight distributions function, Fw(As), of association numbers As in System II 
with (a) low hydrophobicity: aBS=aBC=aBI=aCI=0 and (b) high hydrophobicity: 
aBS=aBC=aBI=aCI=5.
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(a)

(b)

Figure S12. The principal components of the square radius-of-gyration tensor,  (=1,2,3), 𝑅2
𝑔,𝛼

together with weight distributions function, Fw(As), of association numbers As in System II 
with (a) low hydrophobicity: aBS=aBC=aBI=aCI=3.5 and (b) high hydrophobicity: 
aBS=aBC=aBI=aCI=7.5.
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Figure S13. An example of the time evolution of the weight-average association number, 
<As>, in System I with low hydrophobicity: aBS=aBC=aBI=aCI=0, started from a random 
configuration.
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