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Preface to “Polymer Micelles” 
We are pleased to present this Special Issue entitled “Polymer Micelles”. Block and graft 

copolymers show microdomain formation in solid state and self-assemble to core–shell nanoaggregates in 
selective solvents. Classically, amphiphilic polymers form polymer micelles and vesicular structures in 
aqueous solution, primarily due to the hydrophobic interaction in analogy to surfactants. Practically, 
polymer micelles have been applied as nanocarriers in drug delivery systems, solubilizers, associative 
thickeners, and so on. In recent years, various other interactions such as electrostatic, hydrogen bonds, 
coordination bonds, and so on have been found to play a role in polymer self-assembly. Additionally, 
unimolecular micelles may form by intramolecular association within a single polymer chain. Micelles 
from non-surface active polymers, stimuli-responsive block polymers and from mixtures of oppositely 
charged copolymers have been of interest in recent years. Due to the advances in polymerization 
techniques leading to tailormade copolymers from a variety of monomers, characterization/solution 
behavior using a variety of modern instrumental techniques, theoretical approaches, and emerging areas 
of applications, polymer self-assembly has gained a great deal of interest in recent years and we need to 
constantly update the information and knowledge on polymer micelles.  

This Special Issue, “Polymer Micelles” covers the synthesis, characterization, solution properties, 
association behavior, theory, and application of polymer micelles, as well as polymer aggregates. The aim 
of this Special Issue is to expand our knowledge of polymer micelles by accumulating the latest basic and 
applicable information. The Special Issue as well as the book contains 14 contributions in the form of two 
reviews and 12 original articles. Please enjoy reading this collection.  

We would like to thank all the authors for their contribution to this issue and the editors of 
Polymers for their kind help and co-operation. 

Shin-ichi Yusa, Pratap Bahadur, Hideki Matsuoka and Takahiro Sato 
Special Issue Editors 
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Abstract: An amphoteric random copolymer (P(SA)91) composed of anionic sodium
2-acrylamido-2-methylpropanesulfonate (AMPS, S) and cationic 3-acrylamidopropyl
trimethylammonium chloride (APTAC, A) was prepared via reversible addition-fragmentation
chain transfer (RAFT) radical polymerization. The subscripts in the abbreviations indicate the
degree of polymerization (DP). Furthermore, AMPS and APTAC were polymerized using a P(SA)91

macro-chain transfer agent to prepare an anionic diblock copolymer (P(SA)91S67) and a cationic
diblock copolymer (P(SA)91A88), respectively. The DP was estimated from quantitative 13C NMR
measurements. A stoichiometrically charge neutralized mixture of the aqueous P(SA)91S67 and
P(SA)91A88 formed water-soluble polyion complex (PIC) micelles comprising PIC cores and
amphoteric random copolymer shells. The PIC micelles were in a dynamic equilibrium state between
PIC micelles and charge neutralized small aggregates composed of a P(SA)91S67/P(SA)91A88 pair.
Interactions between PIC micelles and fetal bovine serum (FBS) in phosphate buffered saline (PBS)
were evaluated by changing the hydrodynamic radius (Rh) and light scattering intensity (LSI).
Increases in Rh and LSI were not observed for the mixture of PIC micelles and FBS in PBS for one day.
This observation suggests that there is no interaction between PIC micelles and proteins, because
the PIC micelle surfaces were covered with amphoteric random copolymer shells. However, with
increasing time, the diblock copolymer chains that were dissociated from PIC micelles interacted
with proteins.

Keywords: amphoteric random copolymer; polyelectrolyte; polyion complex; block copolymer;
polymer micelle; electrostatic interaction; protein antifouling

1. Introduction

A mixture of oppositely charged polyelectrolytes in water forms a water-insoluble polyion
complex (PIC) due to attractive electrostatic interactions between the polymer chains [1].
Many researchers study polymer aggregates formed by electrostatic interactions. When oppositely
charged diblock copolymers containing nonionic water-soluble poly(ethylene glycol) (PEG) and
polyelectrolyte blocks are mixed in water, the polymers spontaneously form water-soluble
PIC micelles covered with hydrophilic PEG shells [2,3]. PIC micelles can encapsulate charged
compounds such as metal ions, proteins, and nucleic acid in the PIC core via electrostatic
interactions [4–11]. Recently, water-soluble PIC micelles were prepared with hydrophilic
poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) coronas without net charge [12–14].
PMPC has pendant phosphorylcholine groups with the same chemical structure as the hydrophilic

Polymers 2018, 10, 205 1 www.mdpi.com/journal/polymers
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part of phospholipids comprising cell membranes. The phosphorylcholine group comprises an
anionic phosphonium anion and cationic quaternary amino groups. The charges in PMPC are
neutralized within a single polymer chain. PMPC is a betaine polymer with good biocompatibility and
antithrombogenicity [15–17].

Protein fouling on the surfaces of medical devices due to hydrophobic, electrostatic, and hydrogen
bonding interactions causes deterioration of the functionality. Therefore, much attention has been given
to the surface modification of medical devices using polymer coatings with antifouling properties.
In general, protein antifouling polymers can bind water molecules strongly and are electrically neutral.
When an antifouling polymer is coated on a substrate, proteins have minimal contact with the polymer
on the substrate due to the presence of water molecules between the proteins and the polymers [18].
In particular, zwitterionic polymers can suppress protein adsorption, because they contain many bound
water molecules [19]. Among these, betaine polymers effectively suppress protein adsorption [20–22].
Nanoparticles that are surface-modified with betaine polymers have an increased circulation time in
the body compared to bare nanoparticles [23]. Shih et al. reported that amphoteric random copolymers
with pendant anionic sulfonate and cationic quaternary amino groups inhibit protein adsorption
for stoichiometrically charge neutralized compositions [24]. It is expected that amphoteric random
copolymers can be applied to the surface modification of medical devices.

In the present study, we prepared an amphoteric random copolymer (P(SA)91)
macro chain transfer agent (CTA) composed of the same amounts of anionic sodium
2-acrylamido-2-methylpropanesulfonate (AMPS, S) and cationic 3-acrylamidopropyl
trimethylammonium chloride (APTAC, A) via reversible addition-fragmentation chain transfer (RAFT)
radical polymerization [25]. AMPS and APTAC were polymerized using P(SA)91 macro-CTA to
prepare an anionic diblock copolymer (P(SA)91S67) and a cationic diblock copolymer (P(SA)91A88),
respectively (Figure 1). The subscripts in the abbreviations indicate the degree of polymerization
(DP). Water-soluble PIC micelles were prepared by stoichiometrically charge neutralized mixing of
the oppositely charged diblock copolymers, P(SA)91S67 and P(SA)91A88, in water. To the best of our
knowledge, this is the first report on such micelles. The PIC micelles inhibit interactions with proteins,
because their surface is covered with amphoteric random P(SA)91 copolymer shells.

Figure 1. (a) Chemical structures of P(SA)91S67 and P(SA)91A88. (b) Schematic representation of
water-soluble polyion complex (PIC) micelle formed from a mixture of P(SA)91S67 and P(SA)91A88;
the PIC micelle shows protein antifouling properties because of its amphoteric random copolymer shell.

2. Materials and Methods

2.1. Materials

2-Acrylamido-2-methylpropanesulfonic acid (AMPS, 98%) from Tokyo Chemical Industry
(Tokyo, Japan) and 4,4’-azobis(4-cyanopentanoic acid) (V-501, 98%) from Wako Pure Chemical
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(Osaka, Japan) were used as received without further purification, and 3-acrylamidopropyl
trimethylammonium chloride (APTAC, 75 wt % in water) from Tokyo Chemical Industry was passed
through an Aldrich (St Louis, MO, USA) disposable inhibitor removal column. Methanol was dried
with molecular sieves 3A and purified by distillation. Phosphate buffered saline (PBS) was prepared
by dissolving one PBS tablet (Aldrich) in predetermined amounts of water, while 4-cyanopentanoic
acid dithiobenzoate (CPD) was synthesized according to a reported method [26]. Bovine serum
albumin (BSA, pH 5.0–5.6 solution) from Wako Pure Chemical and fetal bovine serum (FBS) from GE
Healthcare Life Sciences HyClone were used without further purification. Water was purified using an
ion-exchange column. Other reagents were used as received.

2.2. Preparation of P(SA)91

AMPS (10.0 g, 48.3 mmol) was neutralized with 6 M aqueous NaOH (10.9 mL) to adjust the pH
to 6.0. APTAC (9.98 g, 48.3 mmol), V-501 (135 mg, 0.482 mmol), and CPD (270 mg, 0.965 mmol) were
dissolved in a mixed solvent of MeOH (5 mL) and water (32 mL), which was added to the aqueous
AMPS. The solution was degassed by purging with Ar for 30 min. Polymerization was carried out
at 70 ◦C for 24 h. After the reaction, the total conversion of AMPS and APTAC estimated from 1H
NMR was 90.9%. The reaction mixture was dialyzed against 1.5 M aqueous NaCl for one day, and then
pure water for one day using a dialysis membrane with a molecular weight cutoff of 14 kDa (EIDIA
Co. Ltd, Tokyo, Japan). The polymer (P(SA)91) was recovered by a freeze-drying technique (15.3 g,
71.8%). The theoretical degree of polymerization (DP(theory)) and number-average molecular weight
(Mn(theory)) were 91 and 1.91 × 104 g/mol, respectively, estimated from the conversion and molar
ratio of monomer to CPD (Formulars 1 and 2). The number-average molecular weight (Mn(GPC)) and
molecular weight distribution (Mw/Mn) were 1.54 × 104 g/mol and 1.27, respectively, estimated from
gel-permeation chromatography (GPC). The APTAC content was 50 mol%, estimated from quantitative
13C NMR measurements. The synthesis route of P(SA)91 is shown in Figure S1.

2.3. Preparation of P(SA)91S67

AMPS (771 mg, 3.72 mmol) was neutralized with 6 M aqueous NaOH (6.2 mL) to adjust the pH to
6.0. P(SA)91 (703 mg, 3.68 × 10−2 mmol, Mn(theory) = 1.91 × 104 g/mol, Mw/Mn = 1.27) and V−501
(4.15 mg, 1.48 × 10−2 mmol) were added to the aqueous solution. The solution was degassed by
purging with Ar for 30 min. Polymerization was carried out at 70 ◦C for 24 h (conversion = 90.9%).
The reaction mixture was dialyzed against 1.5 M aqueous NaCl for one day, and then pure water
for one day. The polymer (P(SA)91S67) was recovered by a freeze-drying technique (1.23 g, 67.6%).
The degree of polymerization (DP(NMR)) of the PAMPS block was 67, estimated from quantitative 13C
NMR measurements. Mn(GPC) and Mw/Mn were 2.38 × 104 g/mol and 1.04, respectively, estimated
from GPC. The synthesis route of P(SA)91S67 is shown in Figure S1.

2.4. Preparation of P(SA)91A88

APTAC (765 mg, 3.69 mmol), P(SA)91 (703 mg, 3.68 × 10−2 mmol, Mn(theory) = 1.91 × 104 g/mol,
Mw/Mn = 1.27), and V-501 (4.14 mg, 1.48 × 10−2 mmol) were dissolved in water (7.1 mL). The solution
was degassed by purging with Ar for 30 min. Polymerization was carried out at 70 ◦C for 24 h
(conversion = 87.7%). The reaction mixture was dialyzed against 1.5 M aqueous NaCl for one day,
and then pure water for one day. The polymer (P(SA)91A88) was recovered by a freeze-drying technique
(1.10 g, 74.9%). The DP(NMR) of the PAPTAC block was 88, estimated from quantitative 13C NMR
measurements. Mn(GPC) and Mw/Mn were 1.87 × 104 g/mol and 1.14, respectively, estimated from
GPC. The synthesis route of P(SA)91A88 is shown in Figure S1.

2.5. Preparation of PIC micelles

P(SA)91S67 and P(SA)91A88 were dissolved separately in 0.1 M aqueous NaCl. The aqueous
P(SA)91A88 was added to the P(SA)91S67 solution over a period of 5 min with stirring to prepare the
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PIC micelles. The mixing ratio of the polymers was represented by the molar fraction of cationic charge
(f + = [APTAC]/([AMPS] + [APTAC])). The PIC micelles were prepared at f + = 0.5 unless otherwise
noted, which represents complete charge neutralization.

2.6. Measurements

The 1H NMR and inverse-gated decoupling 13C NMR spectra were obtained in D2O using a
Bruker (Yokohma, Japan) DRX-500 spectrometer. GPC measurements were performed using a Jasco
(Tokyo, Japan)UV-2075 detector equipped with a Shodex (Tokyo, Japan) OHpak SB-804 HQ column
working at 40 ◦C with a flow rate of 0.6 mL/min. An acetic acid (0.5 M) solution containing sodium
sulfate (0.3 M) was used as the eluent. Sample solutions were filtered with a 0.2 μm pore size membrane
filter. Mn and Mw/Mn for the polymers were calibrated using standard poly(2-vinylpyridine) (P2VP)
samples. Dynamic light scattering (DLS) measurements were obtained using a Malvern (Worcestershire,
UK) Zetasizer Nano ZS with a He-Ne laser (4 mW at 633 nm) at 25 ◦C. The hydrodynamic radius
(Rh) was calculated using the Stokes-Einstein equation, Rh = kBT/(6πηD), where kB is the Boltzmann
constant, T is the absolute temperature, and η is the solvent viscosity. The DLS data was analyzed
using Malvern Zetasizer software version 7.11. The angular dependence of DLS and static light
scattering (SLS) was measured using an Otsuka Electronics Photal (Osaka, Japan) DLS-7000HL light
scattering spectrometer equipped with a multi-τ digital time correlator (ALV-5000E), at 25 ◦C. A He-Ne
laser (10 mW at 633 nm) was used as the light source [27–29]. The weight-average molecular weight
(Mw), z-average radius of gyration (Rg), and second virial coefficient (A2) were estimated from SLS
measurements [30]. Sample solutions for light scattering measurements were filtered using a membrane
filter with 0.2 μm pores. The known Rayleigh ratio of toluene was used to calibrate the instrument.
Plots of the refractive index increments against polymer concentration (dn/dCp) at 633 nm were
obtained with an Otsuka Electronics Photal DRM-3000 differential refractometer at 25 ◦C. The zeta
potential was measured using a Malvern Zetasizer Nano-ZS equipped with a He-Ne laser light source
(4 mW, at 632.8 nm) at 25 ◦C. The zeta potential (ζ) was calculated from the electrophoretic mobility
(μ) using the Smoluchowski relationship, ζ = ημ/ε (κa >> 1), where η is the viscosity of the solvent,
ε is the dielectric constant of the solvent, and κ and a are the Debye-Hückel parameter and particle
radius, respectively [31]. TEM was performed with a JEOL (Tokyo, Japan) JEM-2100 microscope at an
accelerating voltage of 200 kV. A sample for TEM was prepared by placing one drop of the aqueous
solution on a copper grid coated with a thin film of Formvar. Excess water was blotted using filter
paper. The sample was stained with sodium phosphotungstate and dried under vacuum for one day.

3. Results and Discussion

3.1. Preparation of P(SA)91S67 and P(SA)91A88

The monomer conversions (p) of AMPS and APTAC could not be determined individually from
1H NMR measurements, because the peaks of vinyl groups in the monomers completely overlapped
around 5.5–6.5 ppm. The sum of p for the AMPS and APTAC monomers was estimated from the
integral intensity ratio of the vinyl groups compared to the sum of AMPS and APTAC pendant
methylene protons at 3.0–3.5 ppm after polymerization. The monomer reactivity ratios for AMPS and
APTAC are assumed to be one, because the polymerizable functional groups had the same chemical
structure, i.e., acrylamide-type. When random copolymerization was performed to prepare P(SA)91

with equal concentrations of AMPS ([MAMPS]0) and APTAC ([MAPTAC]0), DP(theory) and Mn(theory)
were calculated from the following formulas:

DP(theory) =
2[MAMPS]0
[CTA]0

× p
100

(1)

Mn(theory) = DP(theory)× MWMAV + MWCTA (2)

4
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where [CTA]0 is the initial concentration of CTA, MWMAV is the average molecular weight of AMPS
and APTAC, and MWCTA is the molecular weight of CTA. When [MAMPS]0 = [MAPTAC]0, the total
monomer concentration becomes 2[MAMPS]0. The values of DP(theory) and Mn(theory) are listed
in Table 1.

Table 1. Degree of polymerization (DP), number-average molecular weight (Mn), and molecular weight
distribution (Mn/Mn).

Sample
DP

(theory) a
Mn(theory) b × 104

(g/mol)

DP
(NMR) c

Mn(NMR) × 104

(g/mol)
Mn(GPC) × 104

(g/mol)
Mw/Mn

P(SA)91 91 1.91 - d - d 1.54 1.27
P(SA)91S67 61 3.30 67 3.27 2.38 1.04
P(SA)91A88 90 3.73 88 3.70 1.87 1.15

a Theoretical degree of polymerization estimated from Formula 1. b Theoretical number-average molecular weight
estimated from Formula 2. c Estimated from quantitative inverse-gated decoupling 13C NMR spectra in D2O. d The
values could not be determined from 1H NMR, because the terminal phenyl protons overlapped with the pendant
amino protons.

The composition of P(SA)91 could not be determined from 1H NMR, because the peaks of
the AMPS and APTAC units overlapped (Figure S2). To determine the compositions of P(SA)91,
quantitative inverse gated decoupling 13C NMR measurements were performed in D2O (Figure 2a).
The contents of AMPS and APTAC in the amphoteric random copolymer were determined from
the integral intensity ratio of the peaks at 57.6 and 64.2 ppm, attributed to the pendant methylene
carbons in AMPS and APTAC, respectively. The compositions of AMPS and APTAC in P(SA)91

were both 50 mol %. The DP(NMR) values for the PAMPS and PAPTAC blocks in P(SA)91S67 and
P(SA)91A88 were found to be 67 and 88, respectively, using quantitative 13C NMR measurements
(Figure 2b,c). The Mn(NMR) values for P(SA)91S67 and P(SA)91A88 were close to the Mn(theory)
values. However, the Mn(GPC) values for P(SA)91S67 and P(SA)91A88 deviated from the theoretical
values, which indicates that there are interactions between the sample polymers and that the GPC
column or the GPC standard sample (P2VP) was unsuitable for determining Mn(GPC) (Figure S3).
The Mw/Mn values for P(SA)91S67 and P(SA)91A88 were relatively small (1.04–1.15), which suggests
that the obtained polymers have well-controlled structures.

Figure 2. Inverse gated decoupling 13C NMR spectra of (a) P(SA)91, (b) P(SA)91S67, and (c) P(SA)91A88

in D2O.
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3.2. Preparation and Characterization of PIC Micelles

The Rh values for P(SA)91S67 and P(SA)91A88 in 0.1 M aqueous NaCl were 5.7 and 6.0 nm,
respectively (Figure 3). These had unimodal distributions. The polydispersity indices (PDI) for
P(SA)91S67 and P(SA)91A88 were 0.147–0.169. The Rh for the stoichiometrically charge neutralized
mixture of P(SA)91S67 and P(SA)91A88 increased to 29.0 nm, which suggests the formation of PIC
micelles. Assuming that the polymer main chain has a planar zig-zag structure, the expanded chain
lengths of P(SA)91S67 and P(SA)91A88 are 39.5 and 44.8 nm, respectively. These are longer than the
Rh of the PIC micelles (= 29.0 nm). This suggests that a PIC micelle has a simple spherical core-shell
structure composed of a core formed from the anionic PAMPS and cationic PAPTAC blocks and an
amphoteric P(SA)91 shell. The PDI for PIC micelles was narrower than for P(SA)91S67 and P(SA)91A88,
which indicates that the PIC micelles have a uniform size.

Figure 3. Hydrodynamic radius (Rh) distributions with polydispersity indices (PDI) for (a) P(SA)91S67;
(b) P(SA)91A88; and (c) PIC micelles in 0.1 M aqueous NaCl.

The relationship between the relaxation rate (Γ) and light scattering angle (θ) was measured
for PIC micelles in 0.1 M aqueous NaCl (Figure S4). The scattering vector (q) was calculated using
q = (4πn/λ)sin(θ/2), where n is the refractive index of the solvent and λ is the wavelength of the light
source (= 632.8 nm). The Γ-q2 plot was a straight line passing through the origin. Therefore, Rh was
determined at θ = 90◦, because the diffusion coefficient (D) was independent of θ.

The Rh, LSI, and zeta potential for the mixture of P(SA)91S67 and P(SA)91A88 at various f +

were measured in 0.1 M aqueous NaCl (Figure 4). The total polymer concentration in the solution
was maintained at 1.0 g/L. We performed the LSI and zeta-potential experiments at f + = 0 and
1 were performed at Cp = 10.0 g/L, because LSIs were too low to measure Rh and zeta-potential.
The compensated LSIs at f + = 0 and 1 are plotted in Figure 4a. At f + = 0, the values indicated for
aqueous P(SA)91S67, and the zeta potential was –11.4 mV due to the negative charge of the PAMPS
block. At f + = 1, the zeta potential for P(SA)91A88 was 8.40 mV due to the positive charge of the
PAPTAC block. The zeta potential of the stoichiometrically charge neutralized mixture of P(SA)91S67

and P(SA)91A88 at f + = 0.5 was close to 0 mV. At f + = 0.5, the Rh and LSI had the highest values for PIC
micelles. We will discuss the structure of PIC micelles in more detail, together with the results of the
DLS, SLS, and TEM measurements, later in this paper.
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Figure 4. (a) Hydrodynamic radius (Rh, �) and light scattering intensity (LSI, �) of PIC micelles as a
function of f + (= [APTAC]/([APTAC] + [AMPS])) in 0.1 M aqueous NaCl; (b) Zeta potential of PIC
micelles as a function of f + in 0.1 M aqueous NaCl.

The Rh and LSI of PC micelles were plotted against Cp (Figure S5). Rh remained almost constant
at about 30 nm and was independent of Cp in the range 0.02 ≤ Cp ≤ 1.0 g/L. LSI increased linearly
with Cp. These observations suggest that the shape and aggregation number (Nagg), which is the
number of polymer chains that form one PIC micelle, may be constant and independent of Cp in this
region (0.02–1.0 g/L). At Cp ≤ 0.02 g/L, the LSI for PIC micelles was too low to obtain Rh. We studied
the time dependence on Rh and LSI for PIC micelles. The Rh and LSI values remained constant until at
least 41 h (Figure S6).

Table 2. Dynamic light scattering (DLS) and static light scattering (SLS) data for P(SA)91S67, P(SA)91A88,
and PIC micelles in 0.1 M NaCl.

Samples
Mw × 104

(g/mol)
Nagg

Rg

(nm)
Rh

(nm)
Rg/Rh

A2 × 10−4

(cm3·mol/g2)
d a

(g/cm3)
dn/dCp

(mL/g)

P(SA)91S67 5.41 1 7.3 5.7 1.28 3.73 0.116 0.118
P(SA)91A88 4.98 1 6.7 6.0 1.12 3.77 0.0914 0.138
PIC micelles 752 218 26.5 29.0 0.91 0.0127 0.122 0.128

a Estimated from the values of Mw and Rh using Formula 3.

SLS measurements for P(SA)91S67, P(SA)91A88, and PIC micelles were performed in 0.1 M aqueous
NaCl (Table 2). Mw was estimated by extrapolating Cp and θ to zero in Zimm plots (Figure S7). Rg

was estimated from the slope of θ at Cp → 0. A2 was estimated from the slope of Cp at θ → 0. The
Nagg of the PIC micelles was 218, as calculated from the Mw ratio of the PIC micelles and the unimer
states of P(SA)91S67 and P(SA)91A88. The Mw values of the unimer states of the block copolymers
estimated from SLS were close to the weight-average molecular weight calculated from Mn(NMR)
and Mw/Mn (Table 1). Rg/Rh is useful for determining the shape of molecular aggregates. The
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theoretical value of Rg/Rh for a homogeneous hard sphere is 0.778, while that of a random coil is
about 1, and this increases substantially for a structure with a lower density and polydispersity, e.g.,
Rg/Rh = 1.5–1.7 for flexible linear chains, and Rg/Rh ≥ 2 for a rod [32]. The PIC micelles may be
spherical, because Rg/Rh = 0.91, which is close to 1. The Rg/Rh ratios for P(SA)91S67 and P(SA)91A88

were above 1, which suggests that the block copolymer chains were relatively expanded due to
electrostatic repulsions in the polyelectrolyte blocks in 0.1 M aqueous NaCl. In general, A2 relates to
the interactions between a polymer chain and solvent. A large value of A2 indicates a good solvent;
however, a small or negative value of A2 indicates a poor solvent [33,34]. For the PIC micelles, A2 was
1.27 × 10−6 cm3·mol/g, which was less than the corresponding values for P(SA)91S67 and P(SA)91A88

(3.73 × 10−4 and 3.77 × 10−4 cm3·mol/g). This indicates that the solubility of PIC micelles in 0.1 M
NaCl decreased compared with those of the unimer states of the block copolymers because of the
insoluble PIC core in the PIC micelles. The density (d) for P(SA)91S67, P(SA)91A88, and PIC micelles
was calculated using the following formula:

d =
Mw

NA × V
(2)

where V is the volume of the block copolymers or PIC micelles calculated from 4/3πRh
3. The d values

for P(SA)91S67 and P(SA)91A88 were 0.116 and 0.0914 g/cm3, respectively, while d was 0.122 g/cm3

for the PIC micelles, which was slightly larger than for the diblock copolymers in the unimer states.
This suggests that the polymer chains in the PIC micelles were more densely packed than those in the
unimer states, because the PIC micelle core was formed by strong electrostatic interactions.

TEM was performed on PIC micelles in 0.1 M aqueous NaCl (Figure 5). The average radius of
a PIC micelle was 20.3 nm, estimated from TEM, which was smaller than Rh (= 29.0 nm) estimated
from DLS, because the TEM sample was in the dry state. Recently, we have reported the solution
properties of amphoteric random copolymers in aqueous solutions [25]. We found out that there are no
interpolymer interactions of amphoteric random copolymers in 0.1 M NaCl aqueous solutions. Also,
we confirmed that there are on interactions between P(SA)91 and anionic and cationic homopolymers
using DLS measurements. From these findings, there are no interactions between amphoteric random
copolymer shells in PIC micelles. Moreover, there are no interactions between amphoteric random
copolymer shells and the PIC core. The PIC micelle system has the same chemical structure in the core
and corona, as both domains have the same composition [35].

Figure 5. TEM image of PIC micelles with f + = 0.5 at Cp = 1.0 g/L in 0.1 M aqueous NaCl.

The critical micelle concentration (cmc) for PIC micelles in 0.1 M aqueous NaCl was determined
from the relationship between the LSI ratio (I/I0) and Cp (Figure 6). I and I0 are the LSIs of the solution
and solvent, respectively. Although Rh for the PIC micelles cannot be measured for Cp ≤ 0.02 g/L,
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I/I0 can be measured below 0.02 g/L. The crossing point of the linear portions in the low and high Cp

regions was 0.002 g/L, as the cmc. Below the cmc, PIC micelles may dissociate into charge neutralized
small aggregates composed of a P(SA)91S67/P(SA)91A88 pair [36]. PIC micelles thus have a cmc,
suggesting that they are in a dynamic equilibrium state.

Figure 6. Light scattering intensity ratio (I/I0) for the aqueous PIC micelles containing 0.1 M NaCl as a
function of polymer concentration (Cp). I and I0 are the light scattering intensities of the solution and
solvent, respectively.

PIC micelles formed due to electrostatic interactions of the anionic and cationic blocks. When a low
molecular weight salt such as NaCl is added to aqueous PIC micelles, their shape may change because
of a screening effect [37,38]. Rh and LSI for the aqueous PIC micelles were plotted as a function of the
NaCl concentration ([NaCl]) (Figure 7). At [NaCl] ≤ 0.7 M, Rh gradually decreased with increasing
[NaCl], and Rh was 25.8 nm at [NaCl] = 0.7 M. Rh decreased rapidly at 0.7 M < [NaCl] ≤ 0.8 M, and Rh
was about 12 nm at [NaCl] = 0.8 M. The LSI decreased almost monotonously with increasing [NaCl]
until [NaCl] = 0.8 M. At [NaCl] > 0.8 M, the LSI was almost constant and independent of [NaCl].
This observation indicates that the PIC micelles partially dissociated due to the screening effect of NaCl.
Rh was almost constant at 9–12 nm at [NaCl] > 0.8 M. The Rh values for the unimer states of P(SA)91S67

and P(SA)91A88 were 5.7–6.0 nm (Figure 3). The Rh values for PIC micelles at [NaCl] > 0.8 M were
larger than those for the unimer states. These observations suggest that PIC micelles cannot dissociate
into their unimer states at [NaCl] > 0.8 M, presumably because of salting out effects.

Figure 7. Hydrodynamic radius (Rh, �) and light scattering intensity (LSI, �) of PIC micelles with
f + = 0.5 at Cp = 1.0 g/L as a function of NaCl concentration ([NaCl]).
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3.3. Interactions between PIC Micelles and Proteins

We evaluated the interactions between PIC micelles (0.1 g/L) and BSA (5.0 g/L) in PBS using DLS
(Figure 8). Before mixing, the Rh distributions were unimodal, and the Rh values for PIC micelles and
BSA were 29.0 and 4.9 nm, respectively. A mixed solution of PIC micelles and BSA was prepared in
PBS, and then DLS was performed on the solution within 1 h. After mixing, the distribution became
bimodal, with Rh = 5.1 and 31.5 nm. The Rh value of the large size distribution was close to the
Rh (= 29.0 nm) of the PIC micelles. Before mixing, the LSI values for the PIC micelles and BSA were 1.9
and 2.0 Mcps, respectively. The LSI for the mixture of PIC micelles and BSA was 2.1 Mcps, which was
close to the values before mixing. This indicates that the PIC micelles do not interact considerably
with BSA.

Figure 8. Rh distributions of (a) PIC micelles; (b) BSA; and (c) a mixture of PIC micelles with BSA in
PBS at 25 ◦C.

The time dependences of Rh and LSI for the mixture of PIC micelles and BSA were determined
(Figure S8). The Rh distributions and LSI remained almost constant for one day. After two days,
the distribution became trimodal. A small third distribution peak with an Rh of about 200 nm was
observed after two days. The large aggregates with Rh ≥ 200 nm may be formed from BSA and
unit PIC of a pair of P(SA)91S67/P(SA)91A88 dissociated from the PIC micelles. After four days,
the area of the third distribution peak increased, and Rh increased to 281 nm. The average Rh and
LSI for the mixture were almost constant for three days; however, these increased after four days.
These observations suggest that the interaction between PIC micelles and proteins increased with
time. The block copolymer chains can dissociate from the PIC micelles because these are in a dynamic
equilibrium state. The unit PICs of P(SA)91S67/P(SA)91A88 detached from the PIC micelles may
interact with proteins due to electrostatic attractions. The total charges in the unit PIC are compensated.
However, dangling charge loops may be formed in the complex of cationic PAMPTAC and anionic
PAMSP blocks in the unit PIC (Figure S9). In the case of PIC micelles, the surface of the PIC core
was completely covered with amphoteric random copolymer shells which have protein antifouling
properties. On the other hand, in the case of the unit PIC, the dangling charge loops may be exposed.
The dangling charge groups in the unit PIC strongly interacted with proteins to form large aggregates.

The interactions between PIC micelles (0.1 g/L) and FBS (40 g/L) in PBS were evaluated by DLS
(Figure 9). While BSA is a negatively charged protein, FBS is a mixture of negatively and positively
charged proteins. The Rh distribution for FBS was bimodal with Rh = 5.3 and 31.8 nm. Mixed PBS
solutions of PIC micelles and FBS were prepared, and then DLS was performed within 1 h. The Rh
values for the mixture of PIC micelles and FBS were similar to those for FBS. The LSI of the mixed
solution was 2.1 Mcps, which was similar to the values for the PIC micelles (1.9 Mcps) and FBS
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(2.1 Mcps) before mixing. This indicates that there is no interaction between PIC micelles and FBS.
The time dependences of Rh distributions for the mixture of PIC micelles and FBS were measured
(Figure S10). After two days, the distribution became trimodal. A small third distribution peak with
an Rh of about 200 nm was observed after two days, which suggests that the large aggregates were
formed from FBS and unit PIC formed.

Figure 9. (a) Rh distributions for (a) PIC micelles, (b) FBS, and (c) a mixture of PIC micelles with FBS in
PBS buffer at 25 ◦C.

4. Conclusions

Oppositely charged diblock copolymers of anionic P(SA)91S67 and cationic P(SA)91A88 were
prepared via RAFT using P(SA)91 macro-CTA. Water-soluble PIC micelles were formed from a
stoichiometrically charge neutralized mixture of 0.1 M aqueous NaCl solutions of P(SA)91S67 and
P(SA)91A88. The maximum values of Rh and LSI were observed when f + was 0.5, and the zeta potential
was close to 0 mV. The PIC micelles were in a dynamic equilibrium state with PIC micelles and
charge neutralized small aggregates composed of a P(SA)91S67/P(SA)91A88 pair. The particle sizes
in the mixture of PIC micelles and proteins in PBS remained almost constant for at least one day,
which suggests that there is no interaction between PIC micelles and proteins. The PIC micelles were
covered with amphoteric P(SA)91 shells that suppressed their interaction with proteins. However, the
interactions of the diblock copolymer chains dissociated from PIC micelles and proteins increased with
time. If the lengths of the PAMPS block in P(SA)91S67 and the PAPTSC block in P(SA)91A88 increased,
the dynamic equilibrium may shift to form PIC micelles. Therefore, it is expected that the interaction
of PIC micelles with long polyelectrolyte chains and proteins can be suppressed for a long time.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/10/2/205/
s1; Figure S1: Synthesis routes of P(SA)91S67 and P(SA)91A88; Figure S2: 1H NMR spectra for (a) P(SA)91,
(b) P(SA)91S67, and (c) P(SA)91A88 in D2O; Figure S3: GPC elution curves for (a) P(SA)91S67 and (b) P(SA)91A88
using an acetic acid (0.5 M) solution containing sodium sulfate (0.3 M) as an eluent; Figure S4: Relationship
between the relaxation rate (Γ) and the square of the magnitude of the scattering intensity vector (q2) for PIC
micelles at Cp = 1 g/L in 0.1 M aqueous NaCl at 25 ◦C; Figure S5: Hydrodynamic radius (Rh, �) and light
scattering intensity (LSI, �) of PIC micelles as a function of polymer concentration (Cp) in 0.1 M aqueous NaCl.
Figure S6: Relationship between Rh (�) and light scattering intensity (LSI, �) as a function of time for PIC
micelle with f + = 0.5 at Cp = 1.0 g/L in 0.1 M NaCl aqueous solution; Figure S7: A typical Zimm plot for PIC
micelles in 0.1 M aqueous NaCl at 25 ◦C; Figure S8: (a) Relationship between Rh (�) and light scattering intensity
(LSI, �) as a function of time, and (b) Rh distributions for a mixture of PIC micelles/BSA at Cp = 0.1 g/L and
[BSA] = 5.0 g/L in PBS at 25 ◦C; Figure S9: Conceptual illustration of dangling charge groups in the unit PIC
of P(SA)91S67/P(SA)91A88; Figure S10: Rh distributions for mixture of PIC micelle/FBS at Cp = 0.1 g/L and
[FBS] = 40 g/L in PBS at 25 ◦C.
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Abstract: Poly(sodium styrenesulfonate)–block–poly(acrylic acid) (PNaSS–b–PAA) and poly(sodium
styrenesulfonate)–block–poly(N-isopropylacrylamide) (PNaSS–b–PNIPAM) were prepared via
reversible addition–fragmentation chain transfer (RAFT) radical polymerization using a PNaSS-based
macro-chain transfer agent. The molecular weight distributions (Mw/Mn) of PNaSS–b–PAA and
PNaSS–b–PNIPAM were 1.18 and 1.39, respectively, suggesting that these polymers have controlled
structures. When aqueous solutions of PNaSS–b–PAA and PNaSS–b–PNIPAM were mixed under
acidic conditions, water-soluble PNaSS–b–PAA/PNaSS–b–PNIPAM complexes were formed as
a result of hydrogen bonding interactions between the pendant carboxylic acids in the PAA block
and the pendant amide groups in the PNIPAM block. The complex was characterized by 1H NMR,
dynamic light scattering, static light scattering, and transmission electron microscope measurements.
The light scattering intensity of the complex depended on the mixing ratio of PNaSS–b–PAA and
PNaSS–b–PNIPAM. When the molar ratio of the N-isopropylacrylamide (NIPAM) and acrylic acid
(AA) units was near unity, the light scattering intensity reached a maximum, indicating stoichiometric
complex formation. The complex dissociated at a pH higher than 4.0 because the hydrogen bonding
interactions disappeared due to deprotonation of the pendant carboxylic acids in the PAA block.

Keywords: block copolymers; RAFT polymerization; complex; hydrogen bonding interactions;
pH-responsive

1. Introduction

Non-covalent interactions, such as hydrophobic [1], electrostatic [2,3], van der Waals [4],
and hydrogen bonding interactions [5,6], can be a driving force for the complex formation of polymers.
In particular, hydrogen bonding interactions are an important driving force for the self-organization of
natural polymers such as polysaccharides, proteins, and deoxyribonucleic acid (DNA).

It is known that hydrogen bonding interactions between amide groups or poly(ethylene glycol) (PEG)
and carboxylic acid groups promote self-association or complex formation in water [7–9]. Shieh et al. [10]
prepared a series of poly(N-isopropylacrylamide-random-acrylic acid) (P(NIPAM–r–AA)) copolymers
and examined their glass transition behavior. They found that the incorporation of acrylic acid
units into the PNIPAM polymer enhances the glass transition temperature (Tg) due to intermolecular
hydrogen bonding between the pendant isopropyl amide groups and the carboxylic acid groups
using 1H NMR and Fourier-transform infrared analyses. As an example of such complex formation,
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Bian et al. [11] investigated the interaction between poly(N,N-diethylacrylamide) (PDEA), which is
an analog of PNIPAM, and poly(acrylic acid) (PAA). The complex is formed between the two polymers
through hydrogen bonding interactions with a stoichiometry of r = 0.6 (r is the unit molar ratio of
PAA/PDEA), and the complex formation depends on pH values. We lately reported [12] the complex
formation behavior of poly(sodium stylenesulfonate)–block–PEG–block–poly(sodium stylenesulfonate)
(PNaSS–b–PEG–b–PNaSS) with poly(methacrylic acid) (PMA). Both PNaSS–b–PEG–b–PNaSS and PMA
were synthesized via reversible addition–fragmentation chain transfer (RAFT) radical polymerization.
Below pH 5, water-soluble complexes were formed owing to the hydrogen bonding interactions
between the PEG block in PNaSS–b–PEG–b–PNaSS and the carboxylic acids in PMA. The experimental
data indicated that the PNaSS–b–PEG–b–PNaSS/PMA complex was spherical in shape. At pH
greater than 5, the complex dissociated because the hydrogen bonding interaction disappeared due to
deprotonation of the pendant carboxylic acids in PMA.

In the present study, we focused on the complex formation behavior owing to the hydrogen
bonding interactions as a function of the solution temperature instead of the solution pH.
Two species of diblock copolymers (Figure 1a), PNaSS–block–poly(acrylic acid) (PNaSS–b–PAA) and
PNaSS–block–PNIPAM (PNaSS–b–PNIPAM), were synthesized via RAFT radical polymerization [13].
The PNIPAM blocks of PNaSS-b-PNIPAM are also assumed to associate above the lower critical solution
temperature (LCST) to form core–corona-type multi-polymer micelles [14]. When PNaSS–b–PAA
and PNaSS–b–PNIPAM were mixed in a 0.1 M NaCl aqueous solution at 20 ◦C, water-soluble
PNaSS–b–PAA/PNaSS–b–PNIPAM complexes were formed through hydrogen bonding interactions
between the PAA and PNIPAM blocks below pH 3.9 (Figure 1b). The complexes were maintained
above the LCST of PNaSS–b–PNIPAM. The complexes dissociated under basic conditions when the
hydrogen bonding interactions disappeared due to deprotonation of the pendant carboxylic acids in
the PAA block.

 

Figure 1. (a) Chemical structures of diblock copolymers used in this study: Poly(sodium
styrenesulfonate)58–block–poly(acrylic acid)125 (PNaSS58–b–PAA125) and poly(sodium styrenesulfonate)58–
block–poly(N-isopropylacrylamide)115 (PNaSS58–b–PNIPAM115), and (b) schematic representation
of polymer chain mixing in the core and corona micelles comprising PNaSS58–b–PAA125 and
PNaSS58–b–PNIPAM115.

2. Experimental Section

2.1. Materials

Acrylic acid (AA) from Kanto Chemical (Tokyo, Japan) was dried over 4 Å molecular
sieves and distilled under reduced pressure. N-isopropylacrylamide (NIPAM) from Aldrich
(St. Louis, MO, USA) was purified by recrystallization from a mixed solvent of benzene and
n-hexane. α-Methyltrithiocarbonate-S-phenylaceticacid (MTPA) was synthesized as previously
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reported [15]. Sodium styrenesulfonate (NaSS) from Tokyo Chemical Industry (Tokyo, Japan) and
4,4′-azobis(4-cyanopentanoic acid) (V-501) from Aldrich were used as received. Methanol was dried
using molecular sieves and distilled. Deionized water was used.

2.2. Synthesis of PNaSS Macro-Chain Transfer Agent (PNaSS Macro–CTA)

NaSS (20.6 g, 100 mmol) and MTPA (0.26 g, 1.0 mmol) were dissolved in 180 mL of water,
and V-501 (5.6 mg, 0.2 mmol) was added to the aqueous solution. Polymerization was carried out at
70 ◦C for 3 h under Ar atmosphere. After the polymerization, the mixture was dialyzed against pure
water for a week and recovered by a freeze-drying technique (yield 14.8 g, number-average molecular
weight (Mn) = 1.22 × 104 (gel permeation chromatography (GPC)), molecular weight distribution
(Mw/Mn) = 1.19, and degree of polymerization (DP) = 58). The obtained PNaSS could be used as
a macro-CTA (PNaSS58 macro–CTA).

2.3. Preparation of PNaSS58–b–PAA125

AA (0.86 g, 12 mmol) was dissolved in 15 mL of water, and PNaSS58 macro–CTA (1.05 g,
0.087 mmol) and V-501 (5.0 mg, 0.018 mmol) were added to this solution. The mixture was
deoxygenated by purging with Ar gas for 30 min. Block copolymerization was carried out at 70 ◦C for
2 h. The diblock copolymer was purified by dialysis against pure water for a week and then recovered
using a freeze-drying technique. The diblock copolymer, PNaSS58–b–PAA125, was obtained (yield
1.79 g, Mn = 2.12 × 104 (1H NMR), Mw/Mn = 1.18, and DP of the PAA block = 125).

2.4. Preparation of PNaSS58–b–PNIPAM115

NIPAM (2.26 g, 10.2 mmol) was dissolved in a mixed solvent of water and methanol (12.4 mL, 1/1,
v/v), and PNaSS58 macro–CTA (0.96 g, 0.079 mmol) and V-501 (4.6 mg, 0.016 mmol) were added to this
solution. The mixture was deoxygenated by purging with Ar gas for 30 min. Block copolymerization
was carried out at 60 ◦C for 5 h. The diblock copolymer was purified by reprecipitation from
a methanol solution into excess ether twice and then recovered using a freeze-drying technique.
The diblock copolymer PNaSS58–b–PNIPAM115 was obtained (yield 1.79 g, Mn = 2.52 × 104 (1H NMR),
Mw/Mn = 1.39, and DP of the PNIPAM block = 115).

2.5. Preparation of the Water-Soluble Complex

Stock solutions of PNaSS58–b–PAA125 and PNaSS58–b–PNIPAM115 were prepared by dissolving
each polymer in 0.1 M NaCl aqueous solutions of pH 3 and 10, respectively. To prepare the complex,
the PNaSS58–b–PNIPAM115 aqueous solution was added to the PNaSS58–b–PAA125 aqueous solution
over a period of five min, and the mixture was allowed to stand still for one day. The mixing
ratio of the two diblock copolymers was adjusted based on the molar fraction of NIPAM units
(f NIPAM = (NIPAM)/((NIPAM) + (AA)), where (NIPAM) and (AA) are the molar concentrations of
NIPAM and AA units, respectively). The complex was prepared at f NIPAM = 0.5 unless otherwise noted.

2.6. Measurements

GPC measurements were performed with a Shodex 7.0 μm bead size GF-7F HQ column.
A phosphate buffer at pH 9, containing 10 vol % acetonitrile was used as an eluent at a flow rate of
0.6 mL/min at 40 ◦C. Mn and Mw/Mn were calibrated with standard PNaSS samples of 11 different
molecular weights ranging from 1.37 × 103 to 2.61 × 106. 1H NMR spectra were obtained with
a Bruker DRX-500 spectrometer (Buick Rica, MA, USA) operating at 500 MHz. Light scattering
measurements were performed using an Otsuka Electronics Photal DLS-7000DL equipped with
a digital time correlator (ALV-5000E, Osaka, Japan). Sample solutions were filtered with a 0.2-μm
membrane filter. For dynamic light scattering (DLS) measurements, the data obtained were analyzed
with ALV software version 3.0 [16,17]. For static light scattering (SLS) measurements, weight-average
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molecular weight (Mw), and radius of gyration (Rg) were estimated from Zimm plots [18]. Values
of dn/dCP were determined with an Otsuka Electronics Photal DRM-1020 differential refractometer.
Transmission electron microscopy (TEM) measurements were carried out using a JEOL JEM-2100
(Tokyo, Japan) at an accelerating voltage of 200 kV. The TEM sample was prepared by placing one
droplet of the solution on a copper grid coated with Formvar. The sample was stained by sodium
phosphotungstate and dried under reduced pressure. Percent transmittance (%T) measurements were
performed using a JASCO V-630 BIO UV–Vis spectrometer (Tokyo, Japan) with a 10 mm path length
quartz cell. The temperature was increased from 20 to 80 ◦C with a heating rate of 1.0 ◦C·min−1 using
a JASCO ETC-717 thermostat system.

3. Results and Discussion

We prepared the diblock copolymers, PNaSS58–b–PAA125 and PNaSS58–b–PNIPAM115, via a RAFT
technique using PNaSS58 macro–CTA. The DP of PNaSS58 macro–CTA, which was determined by
GPC, was 58 (PNaSS58–macro–CTA). The DPs of the PAA and PNIPAM blocks were 125 and 115,
respectively. These values were calculated from 1H NMR peak area intensities derived from the PAA or
PNIPAM block and an area derived from the PNaSS block. Mn and Mw/Mn of the diblock copolymers
were estimated from GPC. The results for the characteristics of the diblock copolymers are listed in
Table 1. The Mw/Mn values are relatively small (Mw/Mn < 1.4), indicating that the controlled/living
polymerizations proceeded successfully [13].

Table 1. Degrees of polymerization (DP) of PNaSS, PAA, and PNIPAM blocks, and number-average
molecular weights (Mn), and molecular weight distributions (Mw/Mn) of the diblock copolymers.

Samples
DP of

PNaSS a
DP of
PAA b

DP of
PNIPAM b

Mn(theo) c

× 10−4
Mn(NMR) b

× 10−4
Mn(GPC) a

× 10−4 Mw/Mn
a

PNaSS58–b–PAA125 58 125 2.07 2.12 3.51 1.18
PNaSS58–b–PNIPAM115 58 115 2.27 2.52 1.21 1.39

a Estimated from gel permeation chromatography (GPC) eluted with a phosphate buffer solution at pH 9 containing
10 vol % acetonitrile; b Estimated from 1H NMR; c Calculated from Equation (4).

When the polymerization is assumed an ideally living process, then the theoretical
number-average molecular weight (Mn(theo)) can be estimated as

Mn(theo) =
[M]0 xm

[CTA]0 100
Mm + MCTA (1)

where [M]0 is the initial monomer concentration, [CTA]0 is the initial PNaSS58 macro–CTA
concentration, xm is the conversion of the monomer, Mm is the molecular weight of the
monomer, and MCTA is the molecular weight of PNaSS58 macro–CTA. The Mn(NMR) values for
PNaSS58–b–PAA125 and PNaSS58–b–PNIPAM115 were calculated from the 1H NMR data. As shown in
Table 1, the Mn(NMR) values for PNaSS58–b–PAA125 and PNaSS58–b–PNIPAM115 were in reasonable
agreement with the Mn(theo) values. However, the Mn(theo) and Mn(GPC) values for both diblock
copolymers were found to be slightly different. This may be because the volume-to-mass ratio for
PNaSS is different from those for SS58–b–PAA125 and PNaSS58–b–PNIPAM115 [19,20].

We attempted to monitor complex formation between PNaSS58–b–PAA125 and PNaSS58–b–
PNIPAM115 induced by the solution pH using 1H NMR spectra measured in D2O containing 0.1 M
NaCl at pH 10 and 3. Figure 2 compares the 1H NMR spectra of mixed solutions at pH 10 and 3.
In Figure 2a, the resonance peaks at 1.16 (f ) and 3.91 ppm (c) are attributed to the methyl and methine
protons, respectively, in the pendant isopropyl group of the PNIPAM block are observed. Moreover,
the resonance bands owing to the pendant phenyl protons in the PNaSS block are also detected at
6.1–7.9 ppm (a and b). The resonance bands in the 1.28–2.38 ppm region (d and e) are attributed to the
sum of the main chain of the diblock copolymers. At pH 3, the intensities of the resonance peaks f and
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c derived from the PNIPAM block remarkably decreased, whereas those of a and b remained intact,
as shown in Figure 2b. Besides this result, the resonance bands in the 1.28–2.38 ppm region (d and e)
became broad. From the significant reduction of the motional freedom for the PNIPAM block at pH 3,
one can predict that the complexes are formed from PNaSS58–b–PAA125 and PNaSS58–b–PNIPAM115

owing to the hydrogen bonding interactions between the pendant carboxylic acids in the PAA block
and the amide groups in the PNIPAM block. At pH 10, however, the complexes dissociated owing to
the disappearance of the hydrogen bonding interactions as a result of deprotonation of the carboxylic
acids in the PAA block.

 

Figure 2. 1H NMR spectra and peak assignment of the mixture of PNaSS58–b–PAA125 and
PNaSS58–b–PNIPAM115 in D2O containing 0.1 M NaCl at (a) pH 10 and (b) pH 3.

Figure 3 shows the light scattering intensities for a mixture of PNaSS58–b–PAA125 and
PNaSS58–b–PNIPAM115 in 0.1 M NaCl at pH 3 as a function of f NIPAM. The total polymer concentration
was kept constant at 4.4 g/L. An increase in the scattering intensity suggests an increase in the size of
the complex. The maximum scattering intensity was observed at f NIPAM = 0.5. This result indicates
that a stoichiometric interaction in the mixture of PNaSS58–b–PAA125 and PNaSS58–b–PNIPAM115

led to form a complex with largest aggregation number. The complex with f NIPAM = 0.5 was studied
unless otherwise stated.

 

Figure 3. Light scattering intensities of the PNaSS58–b–PAA125/PNaSS58–b–PNIPAM115 complexes
as a function of f NIPAM (= (NIPAM)/((NIPAM) + (AA))) in 0.1 M NaCl at pH 3. The total polymer
concentration was fixed at 4.4 g/L.

Figure 4 shows the hydrodynamic radius (Rh) distributions for each diblock copolymer
and the PNaSS58–b–PAA125/PNaSS58–b–PNIPAM115 complex at pH 3 and 10. The values of Rh
were determined by DLS in 0.1 M NaCl and are indicated in the figure. The Rh values for
PNaSS58–b–PAA125 and PNaSS58–b–PNIPAM115 were 3.5 and 3.7 nm, respectively, which are reasonable
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for a unimer state. The Rh values of the complex at pH 3 and 10 were 15.0 and 3.7 nm, respectively.
When PNaSS58–b–PAA125 and PNaSS58–b–PNIPAM115 were mixed at pH 3, a water-soluble complex
was formed due to hydrogen bonding interactions. On the other hand, at pH 10 the complex dissociated
because the hydrogen bonding interactions disappeared as a result of deprotonation of the pendant
carboxylic acids.

 

Figure 4. Hydrodynamic radius (Rh) distributions for (a) PNaSS58–b–PAA125 and (b) PNaSS58–
b–PNIPAM115 in 0.1 M NaCl at pH 3, and the PNaSS58–b–PAA125/PNaSS58–b–PNIPAM115 complex at
(c) pH 3 and (d) pH 10.

The relaxation rates (Γ) measured at different scattering angles (θ) are plotted as a function of
the square of the magnitude of the scattering vector (q2) for the mixture of PNaSS58–b–PAA125 and
PNaSS58–b–PNIPAM115 in 0.1 M NaCl at pH 3 in Figure 5. A linear plot passing through the origin
suggests that the relaxation modes are virtually diffusive [21]. Thus, the Rh values can be estimated at
a fixed θ of 90◦ as the angular dependence is negligible.

 

Figure 5. The relaxation rate (Γ) plotted as a function of the square of the magnitude of the scattering
vector (q2) for the PNaSS58–b–PAA125/PNaSS58–b–PNIPAM115 complex at Cp = 4.4 g/L in 0.1 M NaCl
at pH 3.

Figure 6 shows the light scattering intensities and Rh values for the mixture of PNaSS58–b–PAA125

and PNaSS58–b–PNIPAM115 in 0.1 M NaCl at pH 3 as a function of the concentration of the mixture.
In Figure 6a, the scattering intensity increases sharply with increases in the concentration above
a threshold of 0.9 g/L. Figure 6b indicates that the Rh values for the complex are practically constant
(Rh is approximately 15 nm) in the concentration range from 0.9 to 4.4 g/L. The results suggest that
the formation of the complex between PNaSS58–b–PAA125 and PNaSS58–b–PNIPAM115 starts to occur
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above a critical concentration of 0.9 g/L. The apparent critical aggregate concentration (CAC) value for
the complex, estimated from the plots, is 0.9 g/L.

 

×

Figure 6. (a) Light scattering intensity and (b) hydrodynamic radius (Rh) of the PNaSS58–b–
PAA125/PNaSS58–b–PNIPAM115 complex as a function of the concentration of the mixture in 0.1
M NaCl at pH 3.

The apparent values of Mw and Rg, determined by SLS measurements, are listed in Table 2.
Figure 7 shows a Zimm plot for the PNaSS58–b–PAA125/PNaSS58–b–PNIPAM115 complex, which
is formed from a mixture of PNaSS58–b–PAA125 and PNaSS58–b–PNIPAM115 in 0.1 M NaCl at
pH 3. The aggregation number (Nagg) was defined as the number of polymer chains forming one
complex, which can be estimated from the Mw values of the complex and unimer. The result of
this calculation gives an Nagg of 46 for the complex. The chain numbers of PNaSS58–b–PAA125 and
PNaSS58–b–PNIPAM115 for single complex are 22 and 24, respectively, as calculated from f NIPAM = 0.5
and the DP values of PAA and PNIPAM.

Table 2. Light scattering data for the PNaSS58–b–PAA125/PNaSS58–b–PNIPAM115 complex.

pH Rh
a (nm) Mw(SLS) b × 10−5 Rg

b (nm) Rg/Rh Nagg
c

3 15.0 9.23 12.9 0.86 46
10 3.7 0.20 13.6 3.7 1

a Estimated from dynamic light scattering (DLS); b Estimated from static light scattering (SLS); c Aggregation
number calculated from Mw of the aggregate determined at pH 3 and Mw of the corresponding unimer at pH 10
determined from SLS.
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×

 
Figure 7. Zimm plot for the PNaSS58–b–PAA125/PNaSS58–b–PNIPAM115 complex with f NIPAM = 0.5 in
0.1 M NaCl at pH 3. Scattering angles (θ) range from 30◦ to 130◦ in 20◦ increments.

The Rg/Rh value indicates the shape of the molecular assemblies. The theoretical Rg/Rh value of
a homogeneous hard sphere is 0.778 but this value increases substantially for less dense structures and
polydisperse mixtures; for example, Rg/Rh = 1.5–1.7 for flexible linear chains in good solvents, whereas
Rg/Rh ≥ 2 for a rigid rod [22–24]. The Rg/Rh ratio for the complex (Table 2) was 0.86, suggesting that
the shape of the complex may be spherical. The Rg/Rh ratio for the unimer was 3.7, which indicates
that the unimer was in a relatively expanded conformation with polydispersity.

To confirm the shape and size of the PNaSS58–b–PAA125/PNaSS58–b–PNIPAM115 complex at
pH 3, TEM measurements were performed (Figure 8). The complex formed spherical objects with
almost uniform contrast, suggesting that it comprises micelles with PAA/PNIPAM cores and PNaSS
shells. The average radius estimated from the TEM images for the complex was 13.4 nm, which is
similar to the Rh value estimated from DLS.

 

Figure 8. Transmission electron microscopy (TEM) image of the PNaSS58–b–PAA125/
PNaSS58–b–PNIPAM115 complex at pH 3.

Figure 9a shows the light scattering intensities for the complex of PNaSS58–b–PAA125 and
PNaSS58–b–PNIPAM115 in 0.1 M NaCl as a function of pH. The light scattering intensity increased
rapidly as the pH decreased from 4.0 to 3.5, which suggests that the complex was formed below pH 3.5.
The light scattering intensity was nearly constant between pH 3.5 and 2.5 suggests that Nagg was
constant in this pH region because the light scattering intensity is proportional to the molecular mass.
Figure 9b shows Rh values for the complex as a function of pH. Above pH 4.0, the Rh values were of the
order of 3 nm, suggesting that PNaSS58–b–PAA125 and PNaSS58–b–PNIPAM115 were in a unimer state.
As the pH decreased, Rh started to increase at around pH 4.0, reaching a maximum value of 15.0 nm at
pH 3.5. As the pH continued to decrease, Rh was nearly constant between pH 3.5 and 2.5, suggesting
that not the aggregation number but the compactness of the complex was practically constant.

When the pH value was increased from 3 to 10 and subsequently decreased back to 3, pH-induced
Rh changes were found to be completely reversible. Figure 10 shows the pH-induced changes of the
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Rh value of the PNaSS58–b–PAA125/PNaSS58–b–PNIPAM115 complex in 0.1 M NaCl cycled between
pH 3 and 10 with 20 min intervals. The changes in Rh between the two pH values were completely
reproducible, indicating that the association and dissociation of the complex caused by pH changes
was reversible over many cycles. This result suggests that the complex may find applications as
a pH-responsive controlled association–dissociation system.

 

Figure 9. (a) Scattering intensity and (b) hydrodynamic radius (Rh) of the PNaSS58–
b–PAA125/PNaSS58–b–PNIPAM115 complex at Cp = 4.4 g/L in 0.1 M NaCl as a function of pH.

Figure 10. The hydrodynamic radius (Rh) of the PNaSS58–b–PAA125/PNaSS58–b–PNIPAM115 complex
at Cp = 4.4 g/L in 0.1 M NaCl at pH 3 (�) and pH 10 (�).

To confirm the formation of the PNaSS58–b–PAA125/PNaSS58–b–PNIPAM115 complex via
hydrogen bonding interactions, urea was added to the mixture of PNaSS58–b–PAA125 and PNaSS58–b–
PNIPAM115 in 0.1 M NaCl at pH 3. It is known that urea disturbs hydrogen bonding interactions [25].
Figure 11 shows the light scattering intensity for the PNaSS58–b–PAA125/PNaSS58–b–PNIPAM115

complex as a function of the concentration of urea. The light scattering intensity decreased as the
concentration of urea increased from 0 to 3.0 mol/L, and the scattering intensity dropped below
0.1 MHz at 3.0 mol/L urea concentration. These observations are indicative of the complete dissociation
of the complex caused by an excess amount of urea. Thus, the complex was confirmed to be formed
via hydrogen bonding interactions.
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Figure 11. The scattering intensity of the PNaSS58–b–PAA125/PNaSS58–b–PNIPAM115 complex at
Cp = 4.4 g/L in 0.1 M NaCl as a function of the urea concentration.

The NIPAM block in the PNaSS58–b–PNIPAM115 diblock copolymer dissolves in water at room
temperature, but it separates from aqueous solutions when heated above the lower critical solution
temperature (LCST). Figure 12 shows the percent transmittance (%T) values monitored at 600 nm for
0.1 M NaCl aqueous solutions of PNaSS58–b–PNIPAM115 and a mixture of PNaSS58–b–PAA125 and
PNaSS58–b–PNIPAM115 at pH 3 and 10, as a function of solution temperature. The diblock copolymer,
PNaSS58–b–PNIPAM115, exhibited a significant %T change at 35–37 ◦C, which indicates the LCST.
The mixture at pH 10 also exhibited a slight %T change at 35–37 ◦C. On the other hand, the mixture at
pH 3 did not show any %T change in the temperature range from 20 to 80 ◦C. Ordinarily, the mechanism
of LCST for PNIPAM can be explained as follows [26,27]. Below LCST, the PNIPAM chains are hydrated
because the pendant amide groups form hydrogen bonding with water molecules, whereas above
LCST, molecular motions prevail over the hydrogen bonding interactions resulting in the dehydration
of the PNIPAM chains, thus leading to phase separation. Therefore, the PNIPAM chains dehydrated
causing phase separation. In the case of the PNaSS58–b–PAA125/PNaSS58–b–PNIPAM115 complex at
pH 3, the pendant amide groups in the PNIPAM block interact with the pendant carboxylic acid in the
PAA block irrespective of the temperature. Hence, the pendant amide groups in the PNIPAM block are
prevented from forming hydrogen bonds with water molecules. Therefore, the LCST of the complex
at pH 3 cannot be observed. However, at pH 10, the mixture dissociated and hydrogen bonding
interactions between the pendant amide groups in PNaSS58–b–PNIPAM115 and water molecules were
formed at low temperature. Hence, the LCST can be observed for the mixture of PNaSS58–b–PAA125

and PNaSS58–b–PNIPAM115 at pH 10, although the decrease in %T at the LCST was small comparing
to the PNaSS58–b–PNIPAM115 case. This is simply because the concentration of the NIPAM units in
the former solution is lower than that in the latter solution.

 

Figure 12. Percent transmittance (%T) at 600 nm for 0.1 M NaCl aqueous solutions of
PNaSS58–b–PNIPAM115 (�) and a mixture of PNaSS58–b–PAA125 and PNaSS58–b–PNIPAM115 at pH 3
(�) and pH 10 (�) as a function of solution temperature.
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4. Conclusions

The diblock copolymers PNaSS58–b–PAA125 and PNaSS58–b–PNIPAM115 were prepared via
RAFT-controlled radical polymerization using a PNaSS58 macro–CTA. Both polymerizations proceeded
by a controlled mechanism. A mixture of PNaSS58–b–PAA125 and PNaSS58–b–PNIPAM115 formed
a water-soluble complex under acidic conditions. The formation of the complex was confirmed by
various measurement techniques. The 1H NMR data indicated restricted motion of the PNIPAM block
at pH 3 in the complex owing to hydrogen bonding interactions between the pendant carboxylic
acids in the PAA block and the pendant amide groups in the PNIPAM block. The DLS and SLS
data suggested that the PNaSS58–b–PAA125/PNaSS58–b–PNIPAM115 complex was spherical in shape.
When urea was added to the complex aqueous solution, the complex dissociated. This observation
indicates that the driving force for the formation of the complex is hydrogen bonding interactions.
The %T data indicated that the LCST of the complex was not observed at pH 3, owing to the complex
formation. However, the complex dissociated to a unimer above pH 4.0.

Acknowledgments: This work was financially supported by a Grant-in-Aid for Scientific Research (17H03071
and 16K14008) from the Japan Society for the Promotion of Science (JSPS), JSPS Bilateral Joint Research Projects,
and the Cooperative Research Program of “Network Joint Research Center for Materials and Devices (20174031)”.

Author Contributions: Masanobu Mizusaki and Shin-ichi Yusa designed the specific experiments and were
responsible for the writing ideas, experimental data analysis; Tatsuya Endo performed the specific experiments,
samples preparation; Rina Nakahata TEM observations and data collection; Yotaro Morishima was responsible for
the data analysis and manuscript’s grammar proofreading.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Xu, R.; Winnik, M.A.; Riess, G.; Croucher, M.D. Micellization of polystylene-poly(ethylene oxide) block
copolymers in water. 5. A test of the star and mean-field models. Macromolecules 1992, 25, 644–652. [CrossRef]

2. Harada, A.; Kataoka, K. Formation of polyion complex micelles in an aqueous milieu from a pair of
oppositely-charged block copolymers with poly(ethylene glycol) segments. Macromolecules 1995, 28,
5294–5299. [CrossRef]

3. Kabanov, V.A.; Zezin, A.B.; Kasaikin, V.A.; Zakharova, J.A.; Litmanovich, E.A.; Ivleva, E.M. Self-assembly of
ionic amphiphiles on polyelectrolyte chains. Polym. Int. 2003, 52, 1566–1572. [CrossRef]

4. Foreman, M.B.; Coffman, J.P.; Murcia, M.J.; Naumann, C.A.; Cesana, S.; Jordan, R.; Smith, G.S.;
Naumann, C.A. Gelation of amphiphilic lipopolymers at the air-water interface: 2D analogue to 3D gelation
of colloidal systems with grafted polymer chains. Langmuir 2003, 19, 326–332. [CrossRef]

5. Jeon, S.H.; Ree, T. Characterization of poly(carboxylic acid)/(poly(ethylene oxide) blends formed through
hydrogen bonding by spectroscopic and calorimetric analyses. J. Polym. Sci. A 1999, 26, 1419–1428. [CrossRef]

6. Lee, W.; Chang, J.; Ju, S. Hydrogen-bond structure at the interfaces between water/poly(methyl
methacrylate), water/poly(methacrylic acid), and water/poly(2-aminoethyl-methacrylate). Langmuir 2010,
26, 12640–12647. [CrossRef] [PubMed]

7. Abe, K.; Koide, M.; Tsuchida, E. Selective complexation of macromolecules. Macromolecules 1977, 10,
1259–1264. [CrossRef]

8. Velda, J.L.; Liu, Y.; Huglin, M.B. Effect of pH on the swelling behaviour of hydrogels based on
N-isopropylacrylamide with acidic comonomers. Macromol. Chem. Phys. 1998, 199, 1127–1134. [CrossRef]

9. Erbil, C.; Akpinar, F.D.; Uyanik, N. Investigation of the thermal aggregation in aqueous poly(N-
isopropylacrylamide-co-itaconic acid) solutions. Macromol. Chem. Phys. 1999, 200, 2448–2453. [CrossRef]

10. Shieh, Y.-T.; Lin, P.-Y.; Chen, T.; Kuo, S.-W. Temperature, pH- and CO2-sensitive poly(N-isopropylacryl
amide-co-acrylic acid) copolymers with high glass transition temperatures. Polymers 2016, 8, 434–449.
[CrossRef]

11. Bian, F.; Liu, M. Complexation between poly(N,N-diethylacrylamide) and poly(acrylic acid) in aqueous
solution. Euro. Polym. J. 2003, 39, 1867–1874. [CrossRef]

24



Polymers 2017, 9, 367

12. Yokoyama, Y.; Yusa, S. Water-soluble complexes formed from hydrogen bonding interactions between a
poly(ethylene glycol)-containing triblock copolymer and poly(methacrylic acid). Polym. J. 2013, 45, 985–992.
[CrossRef]

13. Yusa, S.; Shimada, Y.; Mitsukami, Y.; Yamamoto, T.; Morishima, Y. pH-Responsive micellization
of amphiphilic diblock copolymers synthesized via reversible addition-fragmentation chain transfer
polymerization. Macromolecules 2003, 36, 4208–4215. [CrossRef]

14. Yusa, S.; Shimada, Y.; Mitsukami, Y.; Yamamoto, T.; Morishima, Y. Heat-induced association and dissociation
behavior of amphiphilic diblock copolymers synthesized via reversible addition-fragmentation chain transfer
radical polymerization. Macromolecules 2004, 37, 7507–7513. [CrossRef]

15. Yusa, S.; Endo, T.; Ito, M. Synthesis of thermo-responsive 4-arm star-shaped porphyrin-centered
poly(N,N-diethylacrylamide) via reversible addition-fragmentation chain transfer radical polymerization.
J. Poly. Sci. A 2009, 47, 6827–6838. [CrossRef]

16. Jakeš, J. Testing of the constrained regularization method of inverting Laplace transform on simulated very
wide quasielastic light scattering autocorrelation functions. Czech. J. Phys. B 1988, 38, 1305–1316. [CrossRef]

17. Brown, W.; Nicolai, T.; Hvidt, S.; Stepanek, P. Relaxation time distributions of entangled polymer solutions from
dynamic light scattering and dynamic mechanical measurements. Macromolecules 1990, 23, 357–359. [CrossRef]

18. Zimm, B.H. Apparatus and methods for measurement and interpretation of the angular variation of light
scattering; preliminary results on polystyrene solutions. J. Chem. Phys. 1948, 16, 1099–1116. [CrossRef]

19. Yusa, S.; Fukuda, K.; Yamamoto, T.; Ishihara, K.; Morishima, Y. Synthesis of well-defined amphiphilic block
copolymers having phospholipid polymer sequences as a novel biocompatible polymer micelle reagent.
Biomacromolecules 2005, 6, 663–670. [CrossRef] [PubMed]

20. Yusa, S.; Konishi, Y.; Mitsukami, Y.; Yamamoto, T.; Morishima, Y. pH-responsive micellization of
amine-containing cationic diblock copolymers prepared by reversible addition-fragmentation chain transfer
(RAFT) radical polymerization. Polym. J. 2005, 37, 480–488. [CrossRef]

21. Xu, R.; Winnik, M.A.; Hallet, F.R.; Riess, G.; Croucher, M.D. Light-scattering study of the association behavior
of styrene-ethylene oxide block copolymers in aqueous solution. Macromolecules 1991, 24, 87–93. [CrossRef]

22. Huber, K.; Bantle, S.; Lutz, P.; Burchard, W. Hydrodynamic and thermodynamic behavior of short-chain
polystyrene in toluene and cyclohexane at 34.5 ◦C. Macromolecules 1985, 18, 1461–1467. [CrossRef]

23. Akcasu, A.Z.; Han, C.C. Molecular weight and temperature dependence of polymer dimensions in solution.
Macromolecules 1979, 12, 276–280. [CrossRef]

24. Konishi, T.; Yoshizaki, T.; Yamakawa, H. On the “universal constants” ρ and Φ of flexible polymers.
Macromolecules 1991, 24, 5614–5622. [CrossRef]

25. Yin, X.; Stöver, H.D.H. Thermosensitive and pH-sensitive polymers based on maleic anhydride copolymers.
Macromolecules 2002, 35, 10178–10181. [CrossRef]

26. Heskins, M.; Guillet, J.E. Solution properties of poly(N-isopropylacrylamide). J. Macromol. Sci. A 1968, 2,
1441–1455. [CrossRef]

27. Winnik, F.M. Fluorescence studies of aqueous solutions of poly(N-isopropylacrylamide) below and above
their LCST. Macromolecules 1990, 23, 233–242. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

25



polymers

Review

Micellization of Photo-Responsive Block Copolymers

Oliver Grimm 1,†, Felix Wendler 1,† and Felix H. Schacher 1,2,*
1 Institute of Organic Chemistry and Macromolecular Chemistry (IOMC), Friedrich-Schiller-University Jena,

Humboldtstraße 10, D-07743 Jena, Germany; oliver.grimm@uni-jena.de (O.G.);
felix.wendler@uni-jena.de (F.W.)

2 Jena Center for Soft Matter (JCSM), Friedrich-Schiller-University Jena, Philosophenweg 7,
D-07743 Jena, Germany

* Correspondence: felix.schacher@uni-jena.de; Tel.: +49-3641-948-250
† Both authors contributed equally to this work.

Received: 24 July 2017; Accepted: 22 August 2017; Published: 26 August 2017

Abstract: This review focuses on block copolymers featuring different photo-responsive building
blocks and self-assembly of such materials in different selective solvents. We have subdivided
the specific examples we selected: (1) according to the wavelength at which the irradiation
has to be carried out to achieve photo-response; and (2) according to whether irradiation with
light of a suitable wavelength leads to reversible or irreversible changes in material properties
(e.g., solubility, charge, or polarity). Exemplarily, an irreversible change could be the photo-cleavage
of a nitrobenzyl, pyrenyl or coumarinyl ester, whereas the photo-mediated transition between
spiropyran and merocyanin form as well as the isomerization of azobenzenes would represent
reversible response to light. The examples presented cover applications including drug delivery
(controllable release rates), controlled aggregation/disaggregation, sensing, and the preparation of
photochromic hybrid materials.

Keywords: block copolymers; photo-responsive; self-assembly; micellization

1. Introduction and Scope

Stimuli-responsive materials are capable of undergoing (reversible) changes with regard to
physico-chemical properties such as solubility, polarity, charge, charge density, size or shape.
Often, this is exploited in applications, where either response is translated into a certain action
or where changes in environmental conditions are reported as or transformed into an optical or
chemical readout. Examples are diagnostics, drug delivery, tissue engineering, or even triboelectric
materials [1]. Among the different stimuli available, light is attracting more and more attention as it
can be controlled both spatially and temporally with utmost precision. Moreover, careful adjustment of
the used wavelength allows precisely controlling the amount of energy introduced into the system that
is exposed to light. This can be crucial to allow certain processes to occur or to avoid irreversible photo
damage to the material. The latter case has to be especially considered if biomedical applications are in
focus and tissue integrity or cell viability has to be maintained. Here, the Near infra-red (NIR) window
(λ = 650–900 nm) is highly attractive as it allows penetration depths of up to 10 mm through human
skin and subcutaneous regions. Absorption by blood constituents is reduced and tissue damage or
phototoxic effects are minimized [2,3].

Whereas examples for polymeric materials that respond to changes in pH (e.g., polyelectrolytes) [4]
or temperature (e.g., poly(N-isopropylacrylamide)) [5] are manifold, fewer reports deal with
photo-responsive polymers and block copolymers. Nevertheless, the last decade has shown that
more and more research groups are working on strategies to implement such properties using different
approaches; for a general overview, we direct the reader to recent review articles by Zhao, Gohy and
Bertrand [6–8].

Polymers 2017, 9, 396 26 www.mdpi.com/journal/polymers
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This review focuses on photo-responsive block copolymers and nanostructured materials
generated thereof via self-assembly in selective solvents, whereby most examples report on processes
in aqueous media using amphiphilic block copolymers. For bulk applications, the reader is referred
to a recent review by Gohy and Bertrand dealing with photo-responsive surfaces, thin films,
and gels/hydrogels [8] and an earlier book chapter discussing specifically azo-functionalized block
copolymers in the solid state [9]. During this review, we have subdivided the specific examples:
(1) according to the wavelength at which the irradiation has to be carried out; and (2) according to
whether irradiation with light of a suitable wavelength leads to reversible or irreversible changes
in material properties. Thereby, an irreversible change could be the photo-cleavage of a nitrobenzyl
ester [10], whereas the photo-mediated transition between spiropyran and merocyanin [11] form
would represent reversible response to light. The examples presented cover applications including
drug delivery (controllable release rates), controlled aggregation, sensing, and the preparation of
photochromic hybrid materials.

2. Block Copolymers in General

Block copolymers represent a class of materials where at least two different monomers are
arranged in a sequential manner. As a result, one single material can combine the properties of all
involved monomer units. One further peculiarity of block copolymers is that, contrary to statistic,
random, or gradient copolymers, the intrinsic immiscibility of unlike polymeric segments leads to
microphase separation and thereby a straightforward access to nanostructured materials. This holds
true for different (micro) environments, i.e., in the bulk or in solution [12,13].

The synthesis and the even today steadily increasing availability of block copolymers originates
in the discovery of living polymerization techniques by Michael Szwarc, more specifically the
possibility to produce segmented polymeric materials in a sequential manner and, even more
important, without unwanted termination or transfer reactions during the polymerization [14,15].
Whereas ionic (anionic, cationic, and anionic/cationic ring-opening polymerization) techniques are
still rather demanding in terms of monomer choice, purification procedures, or the tolerance towards
functional groups, another huge step forward in the variety of block copolymer compositions and
functionalities occurred after the development of reversible deactivation radical polymerization
(RDRP) techniques. Here, the most prominent examples are atom transfer radical polymerization
(ATRP) [16–18], nitroxide mediated polymerization (NMP) [19], and reversible addition fragmentation
chain transfer polymerization (RAFT) [20,21]. With constant evolution of these techniques, monomers
or monomer combinations previously not being accessible could be realized, and a large variety of
functional groups were incorporated into polymeric materials and block copolymers of different
architecture. Today, polymer and material chemists can rely on a versatile toolbox of reliable
polymerization techniques to prepare materials of defined composition, controllable architecture,
and narrow dispersity.

Initially, block copolymers were regarded as rather exotic materials, mainly due to (still) increasing
synthetic demand, but, during the last 20 years, more and more research groups developed interest
in block copolymers. This can be mainly assigned to the straightforward control over both domain
size and morphology of block copolymer-based nanostructured materials in the bulk and in solution.
Both can be precisely adjusted by molecular parameters such as molar mass, volume fraction of the
respective segments, overall architecture, and also segment rigidity (this also includes the presence of
crystallizable blocks). Additional elements of control include strategies to influence the self-assembly
process itself (“pathway”) [22], or to exploit suitable chemical tools to specifically address individual
domains or even the block junction [23,24] between two adjacent segments in block copolymer
nanostructures [25,26].
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3. λ-Dependent Photo-Response in Block Copolymer Nanostructures in Solution

In the following sections, we try to give an overview over relevant photo-responsive
chromophores that have been incorporated into block copolymers. We decided to distinguish
between examples that refer to reversible or irreversible response upon irradiation with light,
as well as with reference to other review articles in this field [6–8]. Furthermore, we have grouped
the respective articles according to the wavelength at which the irradiation has to be carried out.
Thereby, three wavelength regimes have been defined, Far UV (200–400 nm), Vis (400–700 nm) and
Near IR (700–1000 nm), and the most relevant chromophores are depicted in Figure 1.

Figure 1. Schematic representation of relevant chromophores that have been incorporated into
block copolymers; we distinguish between reversible/irreversible photo-response as well as different
excitation regimes: Far UV (200–400 nm), Vis (400–700 nm) and Near IR (700–1000 nm); the grey
part depicts different functional groups that are capable of influencing the wavelength at which
chromophores respond.

3.1. Far UV (200–400 nm)

3.1.1. Reversible

In general, UV light within the range of 200–400 nm provides enough energy to break bonds,
induce cis–trans isomerizations, and enable cycloaddition reactions. The most important molecule
classes discussed within this section as chromophores are azobenzenes [27,28], spiropyrans [29],
cinnamoyl esters [30], and diarylethenes [31].
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The photochromism of heterocyclic 1,2-diarylethenes as a subclass of fulgides has been known
since 1905 [32], and the substitution pattern of these photochromic systems was considerably extended
in 1988 by Irie and Mohri [33]. The ring closure of single molecule diarylethenes is typically triggered at
325 nm (the back reaction to the cis-form often occurs upon irradiation at 488 nm) [34], but depending
on the substitution pattern this wavelength can vary from 313 to 405 nm (correspondingly, the back
reaction is triggered from 405 to 546 nm) [33,35]. These photo-responsive diarylethenes can be
incorporated into polymers either in the main chain or in the side chain. Some of them could be
polymerized, as shown by Stellacci et al. [36] and a redshift of the absorption spectra was observed if
compared to the monomer. The modification of a suitable diarylethene with a polymerizable styrene
group enabled Nishi et al. to synthesize poly(diarylethene)-block-polystyrene diblock copolymers via
reversible addition fragmentation chain transfer polymerization (RAFT) [37]. The RAFT endgroup
was cleaved off and the thiol was attached to a gold nanoparticle to form photochromic hybrid
nanoparticles in toluene (Figure 2). The same technique and also photo-responsive monomer was used
by Kobatake [38] to prepare poly(diarylethene)-block-PNIPAAm using surface-initiated polymerization
from silica nanoparticles. These nanoparticles were investigated both in water and in THF.

Figure 2. Synthetic scheme for the preparation of Au-poly(diarylethene) and
Au-polystyrene-block-poly(diarylethene) hybrid nanoparticles. Reprinted with Permission from
Ref. [37]. Copyright 2008 American Chemical Society.

The first azo-dye was synthesized by Martius in 1863, and, in the following year, Griess reported
the coupling reaction of related diazonium compounds [39]. Nevertheless, it took until 1937 for
the reversible cis–trans-isomerization of azobenzene to be proven by Hartley [40]. After irradiation
of a sample with blue light in benzene, they observed different dipole moments compared to a
non-irradiated sample. This led to a different explanation for this behavior, as up to now the light
response of azobenzene was ascribed to some oxidation of the compound [41]. Single molecule
azobenzenes have been prepared with a great variety of substituents and exhibit excitation wavelengths
starting in the far UV range [27,28] (here, the back isomerization is often mediated by thermal
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relaxation) to 410 nm [42] (here, the back isomerization occurs upon irradiation at 500 nm). The first
polymer containing azobenzene as photo-responsive group was synthesized by Ringsdorf et al.
in 1984 [43]. They first prepared the monomer 6-[4-(4-cyano-phenylazo)phenoxyhexyl acrylate and
afterwards performed free radical copolymerization with the corresponding benzoate, resulting in
a liquid crystalline copolymer. Some years later in 1989, Angeloni et al. compared the spectroscopic
properties of main chain and side chain azobenzene polymers with the corresponding monomers and
found that the substitution pattern has the largest effect on the excitation maximum [44]. This effect is
also shown for block copolymers consisting of a polystyrene (PS), poly(methyl methacrylate) (PMMA),
poly(β-acetyl galactose ethyl methacrylate) or poly(ethylene glycol) (PEG) block in combination
with various polymeric azobenzenes [45–49]. In that regard, the first block copolymer containing
a photo-responsive azobenzene segment was synthesized by Se et al. in 1997 using side chain
modification of a polystyrene-block-N,N-dimethyl-4-vinylphenethylamine block copolymer prepared
by sequential anionic polymerization with p,p’-Bis(chloromethyl)azobenzene [50]. In another example,
the copolymerisation of methacrylate-based azobenzenes (AzoMA) with N-isopropyl acrylamide
(NIPAAm) with various amounts of NIPAAm was shown by Ueki et al. and this significantly
affected the thermal response characteristics of the resulting copolymers upon irradiation [51].
The change of the dipole moment of azobenzene was used by Concellón et al. to reversibly load
aqueous block copolymer micelles (Figure 3) [52]. Here, RAFT techniques were used to prepare
poly(ethylene glycol)-block-poly(2,6-diacylaminopyridine) (PEG-b-PDAP), and load these structures
with N(1)-[12-(4-(4′-isobutyloxyphenyldiazo)phenoxy)dodecyloxy)] thymine (tAZOi). Afterwards,
the loading could be reversibly released upon irradiation with UV-light [53].

The thermally induced color change of spiropyrane-based compounds in solution has been
known since the 1920s [54,55]. The origin of this color change is the light induced breakage of a bond
between a tertiary carbon and a cyclic heteroatom, thereby switching between a bicyclic spiropyrane
form and a zwitterionic merocyanine. Since then, a multitude of substitution patterns have been
synthesized [11,56], whereas the first detailed report on the photo-response of this class of molecules
was published by Fischer et al. in 1954 [57]. Benzospiropyrane molecules mainly switch to the open
form upon irradiation at 365 nm and close the ring typically triggered by irradiation at 560 nm [58–60].
Copolymers containing a spiropyrane moiety were intensively studied by Smets in 1972, including a
copolymer with MMA synthesized via free radical polymerization [61]. The first copolymer containing
spiropyrane was synthesized by Krongauz et al. in 1981 by modifying benzospiropyrane with an
acrylate group, followed by free radical polymerization [62]. The first reported block copolymer was of
ABA-type and was prepared by De Los Santos et al. in 1999 [63]. They modified PMMA-b-PU-b-PMMA
in the B segment with different spiropyrane molecules. Since then, various examples were found
for amphiphilic diblock terpolymers [64,65], mainly consisting of a PEG block, and various
poly(benzospiropyrane) segments with different comonomers. In general, their absorption maxima
did not differ significantly from the values previously reported for the monomeric compounds [66].
The synthesis of amphiphilic block copolymers leads to many different applications from polymeric
liquid crystals to photo-responsive block copolymer micelles [67–71]. Thereby, the formation of
micelles can be triggered by addressing the spiropyrane as shown by Guragain et al. [70] or the
release rate of encapsulated cargo in case of core-crosslinked micelles can be controlled as shown
by Wang et al. [68]. Menon et al. [71] synthesized an amphiphilic block copolymer consisting
of poly(spiropyrane methacrylate)-block-poly(3-O-4-vinylbenzoyl-D-glucopyranose), which forms
200 nm micelles in aqueous solution that can be loaded in the dark with coumarin, and release
their loading upon irradiation with UV light (360 nm). They could further demonstrate that
the micelles can be formed again upon irradiation with green light (560 nm). In that respect,
the coupling of a thermo-responsive block to the spiropyrane-containing segment enables to
control the formation of micelles also by temperature [72]. Very recently, Zhang and coworkers
used RAFT polymerization to prepare P(NIPAAm)-b-poly(N-acryloylglycine) diblock copolymers,
and subsequently functionalized those with benzospiropyrane ((PNIPAAm94-b-P(NAG19-co-NAGSP30,
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Figure 4). These multiple stimuli-responsive block copolymers formed spherical or worm-like micelles
in water, depending on the temperature (above or below the LCST of PNIPAAm) or the irradiation
with light (switching between merocyanine and spiropyrane form) [67].

Figure 3. The top row highlights the characteristics of dual stimuli-responsive block copolymer
micelles; below, turbidity measurements for: (a) p(AzoMA1.9-r-NIPAAm); (b) p(AzoMA5.4-r-NIPAAm);
and (c) P(AzoMA8.6-r-NIPAAm) in [C4mim]PF6 solution are shown upon irradiation with UV light
(366 nm, open circles) or in the dark (closed diamonds); the subscript denotes the respective content
(mol %) of AzoMA in the random copolymers. Adapted with permission from Ref. [51]. Copyright 2012
American Chemical Society.

Further reversible photo-responsive moieties that can be triggered in the UV region include,
e.g., coumarines or anthracenes—Both being capable of undergoing cycloaddition reactions. In 1996,
Liu et al. [73] synthesized polystyrene-block-poly(2-cinnamoylethyl methacrylate), and prepared
nanofibers which were afterwards stabilized via crosslinking. The reversibility of the crosslinking
process was first shown by Lendlein and coworkers in 2005, where cinnamic acid was crosslinked upon
irradiation at 310 nm via (2 + 2) cycloaddition (de-crosslinking can be triggered by excitation below
260 nm) and they employed such materials in shape memory polymers [74] or reversibly cross-linkable
shells in block copolymer micelles [75,76]. This can also be achieved using coumarine moieties in
the side chain [77–79] and Zhang et al. reported on amphiphilic block copolymers of poly(ethylene
oxide)-block-poly((N-methacryloxyphthalimide)-co-(7-(4-vinyl-benzyloxyl)-4-methylcoumarin)) and
the formation of micelles thereof in aqueous media. The core can now be reversibly photo-crosslinked
upon irradiation at 365 nm and this enables loading or release of various drugs such as doxorubicin [80].
Anthracene on the other hand can be crosslinked by (4 + 4) cycloadditions and Xie and coworkers used
anionic ring-opening polymerization to form poly(L-lactide)-block-poly(ethylene glycol) functionalized
with anthracene moieties in the side chain—These materials could then be used as light-responsive
shape memory block copolymers [81].
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Figure 4. 1H NMR spectra of 1 wt % PNIPAAm94-b-P(NAG19-co-NAGSP30) micelles dispersed in
D2O at different temperatures (A); and the temperature-dependent signals of three typical protons of
PNIPAAm94-b-P(NAG19-co-NAGSP30) micelles (B). Reproduced from Ref. [67] with permission from
The Royal Society of Chemistry.

3.1.2. Irreversible

Most irreversible photoreactions that have been reported showed response to far UV light
and include photo cleavage of side groups as well as the introduction of irreversible crosslinks
via photocycloadditions or photo rearrangement reactions. The former approach was essentially
inspired by photo-labile protecting groups, e.g., pyrenylmethyl esters [82], o-nitrobenzyl esters [83],
coumarinyl esters [84], and p-methoxy-phenacyl esters [85]—All of these have been investigated
during the second half of the last century [86]. In this regard, the group of Zhao introduced two
fundamental examples both presenting a block copolymer consisting of a hydrophilic PEO block
and a hydrophobic and photo-responsive polymethacrylate-based segment [87,88]. The respective
cleavage of either the pyrenylmethyl or o-nitrobenzyl groups upon UV irradiation (365 nm) shifted
the hydrophilic/hydrophobic balance of the amphiphilic block copolymer through the generation
of hydrophilic poly(methacrylic acid) (Figure 5). This then led to swelling or even dissociation
of the micellar aggregates in aqueous media and a release of encapsulated Nile Red as model
drug. Especially o-nitrobenzyl chromophores are discussed as promising candidates for biological
applications since even stimulation with NIR light is possible (see Section 3.3). Consequently,
several block copolymers bearing o-nitrobenzyl ester groups in the side chain in combination
with blocks of PEO/PEG or POEGMA [89–97], polystyrene [98–100], poly(methyl acrylate) [101],
poly(2-ethyl-2-oxazoline) [102], or polydimethylacrylamide [103] have been synthesized and
investigated towards their response upon irradiation with far UV light. Exemplarily, Liu and
Dong showed the photo-controlled release of the anticancer drug doxorubicin from a biodegradable
polypeptide-based poly(S-(o-nitrobenzyl)-L-cysteine)-block-poly(ethylene oxide) block copolymer.
The materials formed spherical micelles in aqueous media and exhibited a significant reduction
in size after irradiation [104]. In particular, the combination of any photo-responsiveness with
other stimuli, e.g., temperature, seems very favorable in that regard because inspired by natural
examples a conceivable release mechanism could be initiated more effectively and thus more
controlled. In that regard, dual [105–118], triple [119,120], and even quadruple responsive systems
have already been presented [121]. For example, Cao et al. prepared a quadruple-responsive
(light, temperature, pH and redox) poly(2-nitrobenzyl methacrylate)-block-poly(dimethylaminoethyl
methacrylate) diblock copolymer where both blocks have been connected through a disulfide
linker [122]. UV irradiation led to photo-cleavage of the o-nitrobenzyl groups whereas addition
of the reducing agent dithiothreitol separated the blocks at the block junction, resulting in
disruption of the nanoparticles (spherical structures with diameters of 80 to 140 nm) in both cases.
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The poly(dimethylaminoethyl methacrylate) block responded to temperature (shrinkage, diameter
decreased to 20–50 nm) and to changes in pH (shrinkage to 40–60 nm at pH 9, swelling at pH 3).
Furthermore, the incorporation of o-nitrobenzyl esters in the main chain [123,124] or as a block
junction synthesized via divergent polymerization [125–129], convergent coupling [129–136], or even as
combination of both strategies [137–139] represents another option to prepare photolytically cleavable
amphiphilic block copolymers.

Figure 5. Schematic representation of UV light triggered photo-cleavage of pyrenylmethyl,
o-nitrobenzyl, coumarinyl and p-methoxy-phenacyl esters within block copolymer materials.

In 2009, again Zhao and coworkers demonstrated a similar concept, however they employed
coumarinyl moieties instead of pyrenylmethyl and o-nitrobenzyl esters as photo-cleavable entities [140].
In analogy to previous studies, a PEO block was combined with a polymethacrylate-based segment
containing coumarin functionalities. As another example for the controlled release of therapeutic cargo,
Jin et al. reported on the release of the previously covalently bound anticancer drug 5-fluorouracil from
a coumarin-functionalized polymer block under irradiation at 254 nm [141]. Quite recently, a block
copolymer consisting of a PEO block and a hydrophobic segment containing both phthalimide and
coumarin functional groups in the side chain was designed by Zhang et al. [80]. Irradiation with light
of 365 and 254 nm wavelength led to both photo-cleavage of the phthalimide esters and simultaneous
crosslinking via the coumarin groups. This approach enables the regulation of the amphiphilic
imbalance and the crosslinking density of block polymer micelles simultaneously. The afore-mentioned
p-methoxy-phenacyl esters are also the subject of more recent works by Bertrand et al. [98,142].
Thereby, the absence of a nitro group facilitates controlled polymerization procedures of the respective
monomers rendering these compounds favorable if compared to the previously discussed nitrobenzyl
esters. Compared to examples involving coumarin groups, photocycloadditions of cinnamic esters
can be considered as a different case since most examples have been shown to be reversible.
Two early studies reported about (2-cinnamoylethyl methacrylate) based block copolymers and
their nanoaggregate formation in organic solvent mixtures, followed by (at least according to these
descriptions) irreversible photo-crosslinking experiments [143]. In 2012 the same group demonstrated
a dual light-responsive triblock terpolymer consisting of a o-nitrobenzyl ester block junction as well
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as a crosslinkable poly(2-cinnamoylethyl methacrylate) (PCEMA) block [144,145]. Photolysis of
THF/water mixtures (80% water, particle sizes: 20–50 nm in diameter) led to both cleavage of the
hydrophilic PEO block and a precipitation of the now core-crosslinked nanoparticles. Another example
by Yang et al. presented the use of the cinnamic acid (2 + 2) cycloadduct, truxillic acid, as a block
junction and demonstrated its use for the photo cleavage of a poly(ethylene glycol)-block-poly(acrylate)
diblock copolymers [146]. In that context, light induced rearrangement reactions open up another
strategy to induce a sudden shift in the hydrophilic/hydrophobic balance of block copolymers.
Among others, two different examples, i.e., the Wolff rearrangement of diazonaphtoquinones [147]
and the photo-Claisen rearrangement of allylphenyl ethers [148], have been applied to the field of
block copolymers. Other irreversible UV light induced photo-responsive block copolymers include the
application of photo-decomposable polyurethanes [149,150] and photoacid generators [151]. In the
latter case, a PMMA block was combined via sequential RAFT polymerization with a segment
containing photoacid-generating sulfonium groups. The self-assembly in the bulk and the lithographic
properties in the course of the photochemical reaction were investigated.

3.2. Vis (400–600 nm)

3.2.1. Reversible

The Donor–Acceptor Stenhouse Adduct (DASA) is relatively new to the class of photochromic
molecules (Figure 6) [152], whereas the underlying Stenhouse adduct itself is already known since
1850 [153]. Helmy et al. first functionalized a PEG segment with this group and afterwards
showed that the resulting materials reversibly respond to irradiation with visible light (570 nm)
in toluene, which can also be used for cargo release upon incorporation into micellar systems
(Figure 6). DASA was first used in polymeric form by Balamurugan in 2016 by copolymerizing
glycidyl methacrylate (GMA) and dimethylacrylamide (DMA) via RAFT polymerization to yield
poly(glycidyl methacrylate-co-dimethylacrylamide) [P(GMA-co-DMA)] [154]. This was then modified
with DASA and showed excellent photochromic performance upon irradiation with a crystal clear
halogen lamp. It was also shown by Sinawang et al. that it is possible to introduce DASA into
the side chain by post polymerization functionalization of poly(styrene-co-4-vinylbenzyl chloride)
copolymers [155].

Figure 6. (A) Photo-switching of a DASA-functionalized polymeric amphiphile; (B) schematic of
micelle formation and hydrophobic cargo encapsulation by a photo-responsive amphiphile and micelle
disruption and cargo release upon irradiation with visible light; (C) fluorescence intensity (emission at
588 nm) vs. log concentration (mg/mL) of the polymeric amphiphile; and (D) fluorescence emission
spectra of Nile Red in 0.50 mg/mL of the polymeric amphiphile in water at various times of irradiation.
Reprinted with permission from Ref. [152]. Copyright 2014 American Chemical Society.
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Photo-responsive molecules that can be addressed by irradiation with visible light are of
great interest, therefore a redshift by varying the substitution pattern for different chromophores
has been discussed in a review by Bleger et al. [156], although only few examples have been
incorporated into block copolymers so far. By modification of the linkage from the benzospiropyrane
side chain functionality to the block copolymer backbone it was possible for Wang [68] and
coworkers to synthesize poly(ethylene glycol)-block-poly(spiropyranemethacrylate) (PEG-b-PSPMA)
diblock copolymers. These amphiphilic materials self-assembled in aqueous media into vesicles,
which could be loaded with doxorubicin, gold nanoparticles, or various fluorescence markers.
The microstructures of both spiropyrane and merocyanine polymersomes are synergistically
stabilized due to hydrophobic interactions, hydrogen bonding, π−π stacking, and electrostatic
(zwitterionic) interactions, with the latter two types being exclusively found for MC polymersomes.
Moreover, the reversible photo-triggered SP/MC polymersome transition is accompanied by changes
in membrane permeability—Thereby shifting from being non-permeable (450 nm) to selectively
permeable (420 nm) towards non-charged, charged, and zwitterionic small molecule species below a
critical molar mass (Figure 7) [68].

Figure 7. Amphiphilic PEO-b-PSPA diblock copolymers self-assemble into polymersomes with
hydrophobic bilayers containing carbamate-based hydrogen-bonding motifs; the spiropyran moieties
within the polymersome bilayers undergo reversible photo-triggered isomerization between
hydrophobic spiropyran (SP, λ2 > 450 nm) and zwitterionic merocyanine (MC, λ1 < 420 nm) states.
Reprinted with permission from Ref. [68]. Copyright 2015 American Chemical Society.

Although not focusing on solution structures, it was further shown by Yu et al. in 2006 that a
linearly polarized laser beam (488 nm) can be used to control the self-assembly of nanocylinders from
an amphiphilic liquid-crystalline diblock copolymer consisting of flexible poly(ethylene oxide) as
hydrophilic block and a poly(methacrylate) containing an azobenzene moiety in the side chain as a
hydrophobic liquid-crystalline segment (PEO114-b-PMAAz60) [157]. Upon irradiation at 488 nm, these
PEO cylinders could be reoriented in perpendicular direction.

3.2.2. Irreversible

Only few examples have been developed where photo-responsive block copolymers have been
activated within the visible light regime. Besides, a classification concerning the actually used
chromophores similar to that seen for the above-mentioned systems is not equally straightforward.
However, two different general strategies can be identified so far. First, photo-cleavage mechanisms
have to be discussed and, in that regard, Sun et al. reported the red-light mediated (520 nm) cleavage
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from block copolymers consisting of a PEG block and a 6-(4-cyanophenoxy) hexyl methacrylate block
that in certain amounts coordinates ruthenium complexes which in turn are potential anticancer
metallodrugs [158]. Another example by Zhou and coworkers presented similarly an ABA triblock
copolymer with water soluble PEG as A segment and hydrophobic polyurethane having a Pt(IV)
prodrug linked to the backbone as the middle block B [159]. Under irradiation with UV or visible light
a conversion to Pt(II) occurred which in vivo (demonstrated with BALB/c nude mice) enabled binding
to DNA, finally resulting in cell death.

Figure 8. Schematic representation of a poly(ethylene glycol)-block-poly(caprolactone) amphiphilic
block copolymer featuring a dialkoxyanthracene block junction, its self-assembly and visible
light-triggered disassembly via photo-cleavage of the block junction. Reproduced from Ref. [160]
with permission from the Royal Society of Chemistry.

The second approach represents in principle also a cleavage reaction, although here the
process is mediated by the presence of singlet oxygen. For instance, by using an eosin sensitizer
that responds to visible light sources and produces singlet oxygen, dialkoxyanthracenes can
be converted to 9,10-anthraquinones by cleavage of the alkoxy moieties. This principle was
demonstrated for a poly(ethylene glycol)-block-poly(caprolactone) PEG-b-PCL amphiphilic block
copolymer consisting of a dialkoxyanthracene block junction in 2012 (Figure 8) [160]. Alternatively,
porphyrin derivatives can be used as sensitizers for a subsequent cleavage like shown for an ABA-type
triblock copolymer with a singlet oxygen sensitive diselenide-containing polyurethane B middle
block surrounded by PEG segments [161]. Saravanakuma et al. presented a similar approach for a
poly(ethylene glycol)-block-poly(caprolactone) diblock copolymer with a cleavable vinyldithioether
block junction [162]. In both cases, the visible light mediated release of doxorubicin as a hydrophobic
model drug was tested. Quite recently, also amphiphilic diblock copolymers with one block featuring
a diselenide linkage in the side-chain were reported [163]. Visible light exposure induced diselenide
exchange and, thereby, crosslinking of these drug-loaded nanocarriers which then in turn are capable
of undergoing redox-responsive release in close vicinity to a tumor.
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3.3. Near IR (700–1000 nm)

Near infra-red (NIR) light-responsive block copolymers are becoming more and more popular
since they represent a promising opportunity to overcome issues that are combined especially with
UV light irradiation (poor tissue penetration and toxic side effects) [2,3]. Recently, a review article
focusing on photo-responsive materials for NIR stimulation has been published by Cho et al. [164].
Besides photo-induced heating strategies, NIR-triggered photoreactions have also been outlined
and discussed. The respective examples and some recent work will be discussed in the following
section. Here, we decided to focus on irreversible approaches because reversible NIR-responsive block
copolymers have not been reported yet. Instead, the general concept using nanoparticles capable of
light upconversion addressing photo-responsive block copolymers (mainly after micellization) will
shortly be presented as well.

3.3.1. Irreversible

Most examples for irreversible photoreactions in the NIR range are closely connected to the
above mentioned studies for far UV light responsive block copolymers since o-nitrobenzyl and
coumarinyl esters show also photo-cleavage in the NIR window in terms of two-photon absorption
occurring [165,166]. This has been already discussed in the early reports by the group of Zhao where
they investigated the stimulation via NIR irradiation [88,140]. Cao et al. presented the preparation
of polysaccharide-based N-succinyl-N′-4-(2-nitrobenzyloxy)-succinyl-chitosan amphiphilic block
copolymer micelles containing o-nitrobenzyl ester groups and further demonstrated the conjugation
with a tumor targeting ligand and an encapsulated antitumor drug [167,168]. It is noteworthy
that, in addition to the fact that potentially toxic side-products (nitrosobenzaldehyde) are formed,
the NIR-triggered reaction of o-nitrobenzyl esters usually exhibits rather long reaction times [169].
One proposed solution that was presented by Zhao and coworkers is the application of more
efficient NIR two-photon-absorbing chromophores [170]. Accordingly, they synthesized biocompatible
poly(ethylene oxide)-block-poly(L-glutamic acid) bearing 6-bromo-7-hydroxycoumarin-4-ylmethyl
groups and showed the release of two different drug molecules upon irradiation with 794 nm.
Another example by Ji et al. showed a block copolymer containing a coumarin functionalized block
and another block of poly(hydroxyethylacrylate) which was successfully conjugated with folic acid as
a selective cancer target compound [171]. Through hydrophobic interactions, the block copolymer was
adsorbed onto hollow silica nanoparticles modified with hydrophobic octadecyl chains. The resulting
nanocontainers were pre-loaded with doxorubicin and subsequently controlled NIR light triggered
drug release was performed. Very recently, the same group which reported in 2013 on singlet oxygen
mediated cleavage of a diselenide-bridged polyurethane middle block surrounded by PEG segments
triggered by visible light (mentioned in Section 3.2.2) presented a similar system but containing
tellurium as responsive junction point [163]. Here, the tellurium is coordinating cisplatin and a
co-loaded FDA approved NIR dye for photodynamic therapy (indocyanine green (ICG)) which is
acting as a sensitizer to generate singlet oxygen. Oxidation of tellurium led to both the release of
cisplatin and the ICG in turn which in sum increased the anti-tumor efficacy when compared with the
treatment of cisplatin alone (Figure 9).
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Figure 9. NIR light-triggered release of cisplatin (here abbreviated with CDDP) and indocyanine green
(ICG) from an amphiphilic block copolymer micelle; stimulation of ICG leads to the formation of 1O2

and the oxidation of tellurium, thereby drastically weakening the tellurium-cisplatin coordination.
Reprinted from Ref. [172] with permission from Elsevier.

3.3.2. Upconversion

Upconverting nanoparticles (UPNP) efficiently absorb NIR light and convert it to lower
wavelengths but, even more important, they can be used to assist photochemistry in the UV/Vis
range [173]. In that regard, Carling et al. were the first who demonstrated a remotely controlled
photoswitching of dithienylethene compounds by using UCNPs of NaYF4:TmYb and NaYF4:ErYb
which converted 980 nm NIR light to trigger the UV/Vis responsive process [174]. In 2011, the same
authors in cooperation with Zhao and coworkers presented a model system consisting of NaYF4:TmYb
upconverting nanoparticles inside poly(ethylene oxide)-block-poly(4,5-dimethoxy-2-nitrobenzyl
methacrylate) block copolymer micelles (Figure 10) [175]. The desired internal UV light source
was used to cleave off the o-nitrobenzyl functions leading to dissociation of the micelles and in turn to
a release of co-loaded Nile red which was confirmed by fluorescence emission measurements.

Figure 10. Schematic representation of NIR to UV light conversion via UCNP inside a block copolymer
micelle and resulting release of encapsulated guest molecules. Reproduced with permission from
Ref. [175]. Copyright 2011 American Chemical Society.

Similarly, a PEO-b-P(NIPAM-co-NBA) adsorbed onto an UCNP was presented in 2014 and again
used for Nile red release experiments [176]. In 2017, a PEG-b-PS block copolymer with a block junction
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having both an o-nitrobenzyl moiety and an azobenzene group incorporated was photo-triggered in
the presence of UCNPs resulting in disruption of the nanoaggregates [177]. Thus far, no examples
for spiropyrane containing block copolymers in combination with UCNP have been demonstrated.
For direct modification of these photo-responsive chromophores via UCNPs, the reader is referred to a
recent review by Wu and Butt [178]. However, statistical copolymers having spiropyranes incorporated
have been already attached to UCNP by Chen and coworkers [179]. These nanoparticles were used to
polymerize poly(NIPAAm-co-spiropyrane methacrylate) and reversible switching of spiropyrane to
the merocyanine form was achieved upon irradiation with light at 980 nm [180]. In another example,
lanthanide-based UCNPs co-doped with Yb3+ and Tm3+ were encapsulated within mesoporous silica
and coated with a methacrylate/methacrylamide terpolymer consisting of spiropyrane and PEG
grafted groups as well as side-chain conjugated folic acid functions used as receptors for tumor cell
targeting [181]. Beforehand, doxorubicin could be loaded into the mesoporous silica layer and the
respective release studies were carried out, both in vitro and in vivo.

4. Conclusions and Outlook

Clearly, the field of photo-responsive block copolymers is still evolving, especially when it
comes to materials or examples where irradiation has to be carried out at wavelengths distinctly
higher than the far UV regime. However, one thing that becomes evident when comparing different
approaches reported so far is that it can be difficult to directly compare photo-response of different
reports, as often entirely different irradiation setups are used. In other words, quantitative evaluation
of photo-response in nanostructured materials alongside with issues such as complete/incomplete
reversibility, determination of the amount of unaffected chromophores, or long-time photo-stability
assessment is sometimes difficult to judge. This even translates into entirely different classifications of
the term “photo-responsive” as well as a broad variety of light sources being used—Sometimes also
without determination of the overall light intensity.

Another aspect that is not always considered is whether continuous or repetitive irradiation also
leads to photo-damage of the underlying polymer/block copolymer backbone, especially if UV light is
used. Nevertheless, many very interesting and promising studies have been reported during the last
decade and, although there is a certain variety of applications for such materials, the main research
direction with regard to photo-responsive block copolymers in our opinion is towards improved control
over spatial and temporal release of encapsulated cargo. Thereby, many examples have been reported
where amphiphilic block copolymers containing one segment with covalently or non-covalently
attached chromophores self-assembled into micelles within aqueous media and irradiation with light
of a suitable wavelength then leads to (burst) release or degradation. In the latter case, irradiation is
often accompanied by a sudden increase in solvent quality for the core of such aggregates, leading to
swelling and, thus, permeability for guest molecules or even to complete dissolution if the resulting
segment then is sufficiently hydrophilic. Nevertheless, most studies still deal with model drugs such as
Doxorubicin or even Nile Red and the next step forward, possibly involving methods of upconversion
to trigger release, can be anticipated within the next few years.
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Abstract: We have synthesized a range of zwitterionic amphiphilic diblock copolymers with the
same hydrophilic block (carboxybetaine) but with different hydrophobic blocks (n-butylmethacrylate
(n-BMA) or 2-ethylhexylacrylate (EHA)) by the reversible addition–fragmentation chain transfer
(RAFT) polymerization method. Herein, we systematically examined the role of hydrophobicity and
salt concentration dependency of surface activity and micellization behaviour of block copolymer.
Transition from surface active to non-surface active occurred with increasing hydrophobicity of
the hydrophobic block of block copolymer (i.e., replacing P(n-BMA) by PEHA). Foam formation
of block copolymer slightly decreased with the similar variation of the hydrophobic block of block
copolymer. Block copolymer with higher hydrophobicity preferred micelle formation rather than
adsorption at the air–water interface. Dynamic light scattering studies showed that block copolymer
having P(n-BMA) produced near-monodisperse micelles, whereas block copolymer composed of
PEHA produced polydisperse micelles. Zimm plot results revealed that the value of the second virial
coefficient (A2) changed from positive to negative when the hydrophobic block of block copolymer
was changed from P(n-BMA) to PEHA. This indicates that the solubility of block copolymer having
P(n-BMA) in water may be higher than that of block copolymer having PEHA in water. Unlike ionic
amphiphilic block copolymer micelles, the micellar shape of zwitterionic amphiphilic block copolymer
micelles is not affected by addition of salt, with a value of packing parameters of block copolymer
micelles of less than 0.3.

Keywords: non-surface activity; self-assembly; hydrophobicity; zwitterionic amphiphilic block
copolymer; light scattering; polymer micelle

1. Introduction

Over the past few decades, amphiphilic block copolymers are gaining attention because of their
wide range of applications in our daily life, in either solid or solution form [1–3]. They have been used
as thermoplastic elastomers, drug delivery systems, emulsifiers, coating materials and templating
materials in nano-lithography [1–4]. Studies on novel amphiphilic block copolymers with novel
properties are being conducted.

Amphiphilic block copolymers with various kinds of ionic groups such as anionic, cationic,
non-ionic and zwitterionic have been studied by different research groups [5–22]. In particular,
ionic amphiphilic block copolymer (IABC) systems have been studied extensively [5–18], whereas
zwitterionic amphiphilic block copolymers (ZABCs) have hardly been studied [19–22]. In the IABC
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systems, several factors such as molecular weight of both hydrophobic and hydrophilic blocks of
block copolymers, salt, pH, type of ionizing groups (strong or weak), glass transition temperature of
hydrophobic block affect their properties namely, surface activity, foam formation and micellization
behaviour [7–15]. Kaewsaiha et al. [10] reported that IABC showed non-surface activity when IABC
had comparable hydrophilic and hydrophobic block lengths but surface activity was observed when
the hydrophobic block length was three times longer than the hydrophilic block. In that study,
hydrophobic adsorption force, which depends on the relative molecular weight of hydrophobic and
hydrophilic blocks, played a vital role in deciding the surface activity of IABC. Matsuoka and his
co-workers [14,15] have examined the role of molecular weight on surface activity and micellization
behaviours of IABC. Molecular weight of the polymers decided the non-surface activity of IABC.
The degree of polymerization must be more than 30 for both ionic and hydrophobic blocks to be
non-surface active [14]. A longer ionic block length also suppresses non-surface activity [15]. The role
of hydrophobicity on non-surface activity behaviours of IABC having the same hydrophilic block
(poly(styrene sulphonate)) and different hydrophobic blocks ((poly(n-butyl acrylate), polystyrene,
and poly(pentafluorostyrene)) has also been investigated [14]. IABC with higher hydrophobicity had
higher non-surface activity. This phenomenon can be explained by stable micelle formation: a micelle
situation with the highest hydrophobic IABC is more stable than the adsorped state at the air–water
interface. Hence, stable micelle formation was found to be one of the key factors for non-surface
activity. Another important factor is the image charge effect [14,15]. The image charge effect occurred
because of the presence of polyions in the ionic block and these polyions were electrostatically repelled
from the air–water interface by the image charge effect at the air–water interface [23]. In fact, transition
from non-surface active to surface active was observed by salt addition [8–10]. Hence, two more vital
conditions, i.e., the image charge effect and stable micelle formation, are key factors for the non-surface
activity of IABC.

Theodoly et al. [18] recently reported that formation of frozen micelles is the main criteria for
non-surface activity. However, we found that non-surface activity was exhibited by non-frozen
micelles obtained from poly(hydrogenated isoprene)-b-poly(styrene sulphonate) [11]. In their study,
the formation of the non-frozen micelle was confirmed by small-angle neutron scattering measurements
that revealed the micellar structural transition from sphere to rod after salt addition.

Recently, we investigated the effect of salt on the surface activity and micellization behaviour of
ZABC containing n-butylacrylate (n-BA) and carboxybetaine [22], and found that ZABC underwent
transition from surface active to non-surface active by addition of salt. We also found that the surface
activity and micellization behaviour of ZABC were opposite those of IABC both in the presence and
absence of salt. In this study, we carried out systematic investigation on the role of hydrophobicity
of the hydrophobic block on the surface activity and micellization behaviour of ZABC using block
copolymer composed of n-butylmethacrylate (n-BMA) or 2-ethylhexylacrylate (EHA) as a hydrophobic
block and carboxybetaine as a hydrophilic block. The hydrophobicity of EHA is higher than that of
either n-BMA or n-BA (order of hydrophobicity: EHA > n-BMA > n-BA). [24,25]. In addition, the
glass transition temperature of n-BMA (20 ◦C) is higher than that of either n-BA (−54 ◦C) or EHA
(−70 ◦C) [26]. Therefore, we studied the effect of hydrophobicity, salt, block length and glass transition
temperature on the surface activity and micellization behaviour of ZABC. Surface tension, static light
scattering (SLS) and dynamic light scattering (DLS) measurements were applied to carefully and
systematically investigate the interfacial properties of ZABC at air–water interface as well as their
hydrodynamic properties in aqueous media.

2. Experimental Section

2.1. Materials

n-Butylmethacrylate (n-BMA), 2-ethylhexylacrylate (EHA), 4,4′-azocyanovaleric acid (ACVA),
2,2′-azobisisobutyronitrile (AIBN), N,N-dimethylformamide (DMF),diethyl ether and methanol were
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products of Wako Pure Chemicals (Osaka, Japan). Carboxybetaine (GLBT) was supplied by Osaka
Organic Chemicals Co. Ltd. (Osaka, Japan). Distillation method was used to purify n-BMA and EHA.
The chain transfer agent (CTA) 4-cyanopentanoic acid-4-dithiobenzoate was synthesized as reported
previously [27,28]. Deuterium oxide (D2O), deuterated methanol (CD3OD) anddeuterated chloroform
(CDCl3) were product of Cambridge Isotope Laboratory (Tewksbury, MA, USA). Water used for sample
solution preparation and dialysis was ultrapure water of resistance 18 MΩ cm by the Milli-Q System
(Millipore, Bedford, MA, USA).

2.2. Synthesis

Scheme 1 shows the method of synthesis of both homopolymers (PGLBT) and diblock
copolymers (P(n-BMA)-b-PGLBT) and (PEHA-b-PGLBT) with various block lengths via reversible
addition–fragmentation polymerization (RAFT). The polymerization conditions used for the synthesis
of homopolymers (PGLBT) are shown in Table S1. First, GLBT, CTA and ACVA were mixed well with
the mixed solvents containing water and DMF at the ratioof 4:1 in a Schlenk tube using a magnetic
stirrer. Then, the mixture was degassed under Ar gas atmosphere for three freeze–pump–thaw cycles
and then filled with Ar gas. After degassed, RAFT polymerization was carried out at 70 ◦C for 2 h.
When the polymerization was completed, the product was dialyzed in Milli-Q water for 3 days and the
homopolymer PGLBT was extracted by freeze-drying. GPC experiments were conducted to determine
the molecular weight and its distribution of PGLBT and results are summarized in Table S2. 1H NMR
experiments (see Figure 1) were used to confirm the formation of homopolymers (PGLBT).

Scheme 1. Synthesis of homopolymer (PGLBT) and diblock copolymers (P(n-BMA)-b-PGLBT) and
(PEHA-b-PGLBT).
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(c) 

Figure 1. 1H NMR spectra of: (a) homopolymer PGLBT in D2O; (b) diblock copolymer P(n-BMA)-b-PGLBT
in CDCl3:CD3OD (1:1); and (c) diblock copolymer P(EHA)-b-PGLBT in CDCl3:CD3OD (1:1).

2.3. 1H Nuclear Magnetic Resonance (1H NMR)

1H NMR spectra of homopolymer and block copolymers were recorded using a JEOL 400WS
(JEOL, Tokyo, Japan). To record the 1H NMR spectra of homopolymers (macro CTA-PGLBT), we used
D2O as a solvent. However, mixed solvents ofCD3OD and CDCl3 at a ratio of 1:1 were used for
recording the 1H NMR spectra of diblock copolymers (P(n-BMA)-b-PGLBT) and (PEHA-b-PGLBT).

2.4. Gel Permeation Chromatography (GPC)

GPC measurements were conducted using a JASCO system (Tokyo, Japan) LC-2000 with a UV
detector (UV-2075), a refractive index detector (RI-2031) and a Shodex OH pack (SB-804 HQ). The eluent
was a mixture of 0.3 M sodium sulphate (Na2SO4) and 0.5 M acetic acid (CH3COOH) adjusted topH3.
The sample solution of concentration of 2 mg/mL was used for injection. The number averaged
molecular weight (Mn) and the polydispersity index (Mw/Mn) of PGLBT (macro CTA) are shown in
Table S2.
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2.5. Surface Tension Measurements

Surface tension of polymer solutions was measured by a FACE CBVP-Z Surface Tensiometer
(Kyowa Interface Science Co., Ltd., Tokyo, Japan) by the Wilhelmy plate (platinum) method.

2.6. Foam Formation and Foam Height Measurements

Block copolymer solutions of concentration of 1 mg/mL were prepared using Milli-Q water with
or without salt (1 M NaCl). These solutions were mechanically shaken for 1 min in identical containers
to check the foam forming ability of these polymer solutions. Foam height was also measured as a
function of time.

2.7. Light Scattering Measurements

Photal DLS-7000 light scattering setup (Otsuka Electronic, Osaka, Japan) was used for SLS and
DLS measurements. This setup was composed of a goniometer, a multi-tau correlator (GC-1000)
and a 15 mW He–Ne laser with a wavelength of 632.8 nm. The intensity–intensity autocorrelation
function (ICF) g(2)(q, t) was measured at different scattering vectors q = (4πn/λ) sin(θ/2), where
n is the refractive index of the solvent, θ is the scattering angle and λ is the wavelength of incident
laser beam. Using Siegert relation [29], the field correlation function g(1)(q, t) was obtained from ICF
g(2)(q, t). From the field correlation function g(1)(q, t), the decay rate Г was evaluated by single or
double-exponential fitting. From the slope of the plot of Г vs. q2, the translational diffusion coefficient
(D) was calculated using the relation (Γ = Dq2). The Stokes-Einstein equation was used to determine
the hydrodynamic radius (Rh) from the value of D.

SLS measurements were carried out by varying the scattering angle (θ) from 30◦ to 150◦ at 10◦

intervals. Zimm plots were used to obtain the weight-average molecular weight (Mw), radius of
gyration (Rg) and second virial coefficient (A2) using the following equation [30,31].

KCp

I(q)
=

1
Mw

(
1 +

1
3
〈

Rg
〉2q2

)
+ 2A2Cp (1)

where K is an optical constant (4π2n2(dn/dCp
)2/NAλ4), I(q) is the scattered intensity at given q,

Cp is the polymer concentration, dn/dCp is the refractive index increment against Cp, and NA is
Avogadro’s number.

2.8. Specific Refractive Index Increment Measurements (dn/dcp)

Photal differential refractometer DRM-3000S (Otsuka Electronic, Osaka, Japan) was used to
determine the specific refractive index increment (dn/dcp).This instrument had a He-Ne laser
(wavelength: 632.8 nm) as a light source.

3. Results and Discussion

3.1. Hydrophobicity and Salt-Dependent Air–Water Interfacial Properties

Previously, we investigated the influence of salt on the surface activity and micellization behaviour
of ZABC containing n-BA and carboxybetaine [22]. In that study, ZABC having n-BA showed transition
from surface active to non-surface active after addition of salt. The surface activity behaviour of ZABC
was opposite that of IABC both in the presence and absence of salt. Herein, we examined the role
of hydrophobicity and salt on the surface activity and micellization behaviour of ZABC having
n-BMA or EHA as a hydrophobic block and carboxybetaine as a hydrophilic block. As mentioned
earlier, the hydrophobicity of EHA is higher than that of n-BMA and n-BA (order of hydrophobicity:
EHA > n-BMA > n-BA) [24]. Thus, we examined how the hydrophobicity of hydrophobic block of
ZABC affects their air–water interfacial properties.
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To explore the influence of hydrophobicity and salt on the surface tension of different ZABCs,
we measured the surface tension on ZABCs with P(n-BMA) and PEHA and variation of the surface
tension is plotted as a function of polymer concentrations, as shown in Figure 2. First, we describe the
effect of hydrophobicity on the surface activity of ZABC. ZABC having P(n-BMA) showed moderate
surface active behaviour at higher polymer concentrations (predominant for n-BMA42-b-GLBT300)
(Figure 2a–c). This indicates that ZABC with P(n-BMA) in water behaves like an almost surface active
polymer which means that ZABC may be adsorped at the air–water interface (higher concentration
region). This phenomenon was analogous to that of ZABC with P(n-BA) [22]. ZABC having P(n-BA)
was more surface active than ZABC having P(n-BMA) [22]. This could be attributed to the lower
hydrophobicity of the hydrophobic block P(n-BA) compared with that of P(n-BMA). Armes et al. [19]
reported that the block copolymers having sulphopropylbetaine was slightly surface active. In contrast,
almost non-surface active nature was observed when the P(n-BMA) block of ZABC was replaced by
PEHA (Figure 2d–f). This implies that ZABC having a higher hydrophobic block (PEHA) acts like a
non-surface active polymer which prefers a micelle state rather than adsorped state at the air–water
interface since the former is more stable than latter. Earlier, Matsuoka et al. [14] reported the effect
of hydrophobicity on non-surface activity behaviours of IABC having the same hydrophilic block
(poly-(styrene sulphonate)) and different hydrophobic blocks ((poly(n-butyl acrylate), polystyrene,
and poly(pentafluorostyrene)). The more hydrophobic is the hydrophobic block of IABC, the higher is
its non-surface activity. Hence, our observations on the non-surface activity of ZABC are consistent
with the previous studies on non-surface activity of IABC [14,15]. Hence, a stable micelle formation is
one of the key factors of the non-surface active nature also for ZABC in addition to IABC.

 

Figure 2. Comparison of the surface tension of ZABC’s having P(n-BMA) and PEHA as a function of
their concentrations in water and various concentrations of sodium chloride solutions.
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Next, we examined the role of salt addition on the surface activity of ZABC. The surface
tension of ZABC containing P(n-BMA) (specifically for n-BMA42-b-GLBT300) with increase in polymer
concentration seems to decrease after addition of salt (Figure 2c). This implies that, upon addition of
salt, the ZABC with P(n-BMA) (mainly, n-BMA42-b-GLBT300) undergoes transition from slightly surface
active to non-surface active. Recently similar transition was observed for ZABC with P(n-BA) [22].
This transition was attributed to conversion of betaine (zwitterionic) into anionic polymer in the
presence of salt which was reported previously [32–36]. This might be related to the change of situation
of betaine ions: They are in intra- and intermolecular salts in the absence of added salt, but they change
to ions with counterions with added salt ions. On the other hand, salt addition increases the adsorption
of IABC at the air–water interface considerably [7–14]. This is due to the screening of image charge
effect by added salt ions. Hence, the salt-dependent surface tension behaviour of ZABC showed a
trend opposite that of IABC reported previously [14,15,18]. However, salt addition hardly affected the
surface activity of ZABC containing PEHA (Figure 2d–f).

The effects of hydrophobicity, salt and block length on the foam forming behaviour of ZABC
have also been investigated. Figures 3 and 4 show the hydrophobicity and chain length-dependent
foam-forming behaviour of ZABC solutions in the absence and the presence of 1 M sodium chloride,
respectively. These figures clearly show that the net hydrophobicity and chain length of ZABC are
the dominant factors for the foam forming behaviour of ZABC. The higher are the net hydrophobicity
and block length of the block copolymer, the lower is the foam formation. For instance, since ZABC
having PEHA is more hydrophobic than those having P(n-BMA), the former showed poorer foam
forming behaviour than the latter. The foam forming behaviour of ZABC with P(n-BMA), decreased
with the increase in block length except for n-BMA42-b-GLBT300. The reason for this behaviour could
be the smaller net hydrophobicity of n-BMA42-b-GLBT300 than n-BMA101-b-GLBT156. We observed
a similar trend of decrease in foam formation with the increase in block length for ZABC with
P(n-BA) [22]. This might be due to a larger amount of adsorbed polymer with lower molecular weight
at the air–water interface than that with higher molecular weight polymers. This might be related
to micelle formation in bulk and its stability. Foam formation can be related to CMC of polymers
that were determined from SLS measurements. CMC of the polymers such as EHA22-b-GLBT55,
EHA15-b-GLBT117 and EHA20-b-GLBT156, respectively, were 0.006, 0.01 and 0.03 mg/mL in water,
whereas the CMC of these polymers in 1 M NaCl were 0.0032, 0.0034 and 0.007 mg/mL. Smaller values
of CMCs indicate that polymers prefer stable micelle formation even at lower concentration of polymers
rather than adsorped at air–water interface. Some of the polymer solutions, particularly ZABC
with P(n-BMA) except n-BMA42-b-GLBT300, appear bluish, which implies that these solutions have
near monodisperse micelles. In the next section, we will explain the evidence for the presence of
near-monodisperse micelles in terms of polydispersity indices of micelles. A higher balance/symmetry
between hydrophobic and hydrophilic blocks may be the key factor for the bluishness of these
micellar solutions. For example, polymer solutions that are formed from the block copolymers
n-BMA35-b-GLBT55, n-BMA62-b-GLBT117 and n-BMA101-b-GLBT156 appear bluish (see Figure 3).
However, the block copolymers with a lower balance/symmetry such as n-BMA42-b-GLBT300 and all
the ZABC with PEHA form a turbid solution (see Figures 3 and 4). Since zwitterionic block-copolymer
(GLBT) does not have upper critical solution temperature (UCST), turbidity of the samples is not
due to UCST behaviour of the polymer. In addition, we have kept the temperature constant at room
temperature. Thus, Turbidity may possibly due to formation of bigger aggregates. The proof for the
formation of aggregates will be explained in terms of polydispersity indices of micelles using DLS
results in the upcoming section. Previously, we showed that a nearly equal number of chain lengths
of hydrophilic and hydrophobic block is the main criteria for bluishness of solution for ZABC with
P(n-BA). The hydrophobicity of P(n-BMA) is higher than that of P(n-BA) [22]. Hence, even the block
copolymer of ZABC with P(n-BMA) with a shorter hydrophobic block forms a bluish solution, i.e.,
stable micelle formation.
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Figure 3. Influence of chain length and salt on foam forming abilities of different ZABCs
containing P(n-BMA): (a) n-BMA35-b-GLBT55; (b) n-BMA62-b-GLBT117; (c) n-BMA101-b-GLBT156; and
(d) n-BMA42-b-GLBT300 of concentration (1 mg/mL) in water (top row) and 1 MNaCl (bottom row).

Figure 4. Effect of chain length and salt on foam forming abilities of various ZABCs having PEHA:
(a) EHA22-b-GLBT55; (b) EHA15-b-GLBT117; (c) EHA20-b-GLBT156; and (d) EHA19-b-GLBT300 of
concentration (1 mg/mL) in water (top row) and 1 M NaCl (bottom row).

Time-dependent foam heights of the ZABC with P(n-BMA) and PEHA are shown in Figure 5.
Foam height and stability of ZABC containing P(n-BMA) is higher than those of ZABC containing
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PEHA. For the shortest block length polymers, foam height of former is four times greater than that of
latter. ZABC with a shorter chain length have a higher foam height and stability than the ZABC with
longer chain lengths. These studies showed that the surface active properties of ZABC depend on the
net hydrophobicity of ZABC which is similar to those of IABC [14,15,18].

(a) 

(b) 

(c) 

(d) 

Figure 5. Time-dependent foam height of different ZABC solutions with P(n-BMA) and PEHA
(concentration = 1 mg/mL): (a,c) in water; and (b,d) in 1 M NaCl.

The present study confirmed that micelle formation and its stability are key factors for non-surface
activity also for ZABC in addition to the charged state of ionic block, although an opposite trend to
IABC was found for the salt effect on ZABC.

3.2. Effect of Salt on CMC

Critical micelle concentrations (CMCs) of ZABC were determined by SLS to elucidate the
micellization behaviour of these ZABC. It is difficult to determine CMC of ZABC containing P(n-BMA)
by SLS unlike PEHA. This may be due to their very low CMC values. Another possible reason may be
that the glass transition temperature of P(n-BMA) is around room temperature (20 ◦C) [26]. In contrast,
since ZABC with PEHA have a longer hydrophilic chain, CMC was expected to be higher value and
hence it was easier to determine their CMC by SLS. Figure 6 shows the salt-dependent CMC of ZABCs.
Initially, CMC decreased significantly with the increase in salt concentration up to 0.1 M and then
slightly increased with further increase in salt concentration. CMC of low molecular weight ionic
surfactants decreased with the increase in salt concentration. Hence, there seems to be a contradiction
between the well-known Corrin–Harkins law [37] and the present findings. On the other hand, CMC of
non-surface active IABC was found to increase with the increase in salt concentrations [10,16]. Hence,
“negative Corrin–Harkins behaviour” is characteristic of non-surface active polymers. ZABCs are
slightly surface active without added salt, which can be adsorbed at the water surface and are hard to
form micelles, which results in higher CMC. By addition of salt, the situation of zwitterionic group
changes as mentioned above and shows a slightly negative charge, which results in appearance of
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non-surface activity. Hence, the polymer is non-surface active in the presence of salt, CMC increased
with increasing added salt concentration. This negative Corrin–Harakins behaviour can be explained
as follows: with increasing added salt, the image charge effect at the air–water interface is shielded.
Hence, the polymer can easily be adsorbed at the water surface, which makes micelle formation in
bulk solution difficult.

Figure 6. Variation of critical micelle concentration of: (a) EHA22-b-GLBT55; (b) EHA15-b-GLBT117; and
(c) EHA20-b-GLBT156 as a function of sodium chloride solutions.

3.3. Influence of Salt on Hydrodynamic Radius

The hydrodynamic radii of the ZABC micelles having P(n-BMA) and PEHA were evaluated
by the DLS technique. The roles of hydrophobicity and salt concentrations on the hydrodynamic
behaviour of ZABC micelles were examined. Figure 7 shows the polymer concentration dependence
of hydrodynamic radius of ZABC micelles having P(n-BMA) and PEHA at various salt concentrations.
Irrespective of polymer concentration, the hydrodynamic radius of the block copolymer micelle
was almost constant. This observation is consistent with our previous observations, although an
occasional small increase has been reported [22]. An interesting observation here is the transition
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from near-monodisperse micelles to polydisperse micelles when the hydrophobic block of ZABC was
varied from P(n-BMA) to PEHA (Table 1). Polydispersity indices of the micelles can be linked with the
turbidity of polymer solutions. ZABC micelle solutions having lower polydispersity indices seem to be
transparent (bluish) (Figure 3 and Table 1) while ZABC micelle solutions having higher polydispersity
indices were turbid (Figure 4 and Table 1). This observation is probably due to the difference in
their hydrophobicity and this will be discussed in the next section. Armes and co-workers [19]
observed polydisperse micelles by direct dissolution of the sulphopropylbetaine copolymers in water
but near-monodisperse micelles were formed when the preliminary dissolution was carried out in
a non-selective solvent (2,2,2-trifluoroethanol). In addition, we observed that at a given polymer
concentration the hydrodynamic radius of the ZABC micelle increased with the increase in salt
concentration (see inset of Figure 7). This anti-polyelectrolyte effect could be responsible for stretching
of betaine block chain by salt addition. Analogous phenomena have been observed for block copolymer
containing sulphopropylbetaine [19] and carboxybetaine with P(n-BA) [22] after addition of salt.

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

(a) (c) 

(b) 
(d) 

Figure 7. Polymer concentrations dependence of hydrodynamic radius: (a) n-BMA62-b-GLBT117;
(b) n-BMA101-b-GLBT156; (c) n-BMA42-b-GLBT300; and (d) EHA20-b-GLBT156. Inset shows variation of
hydrodynamic radius with different concentrations of sodium chloride.

Table 1. Effect of hydrophobicity and salt on dissymmetry ratio and polydispersity indices of the micelles.

Diblock Copolymer
Zd

a PDI b

Water 1 MNaCl Water 1 MNaCl

n-BMA35-b-GLBT55 1.6 1.5 0.16 0.13
n-BMA62-b-GLBT117 2.1 2 0.13 0.13
n-BMA101-b-GLBT156 1.5 1.5 0.11 0.08
n-BMA42-b-GLBT300 2.7 2.6 0.2 0.19

EHA22-b-GLBT55 3.5 3.2 0.29 0.28
EHA15-b-GLBT117 4.4 4.5 0.29 0.29
EHA20-b-GLBT156 3.9 3.9 0.3 0.32
EHA19-b-GLBT300 3.5 3.7 0.19 0.21

a Dissymmetry ratio Zd = I45/I135; I45 and I135 are scattering intensities at angles 45◦ and 135◦ respectively.
b PDI: Polydispersity indices of the micelles.
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The dissymmetry ratio is defined as a ratio of light scattering intensities at 45◦ and
135◦. The dissymmetry ratio varied with respect to relative block length of hydrophobic and
hydrophilic blocks of ZABC. In the present work, ZABC containing P(n-BMA) is more symmetric
(almost comparable hydrophobic and hydrophilic block lengths) as compared to ZABC having
PEHA (hydrophilic block is longer than hydrophobic block). ZABC with P(n-BMA) except
n-BMA42-b-GLBT300 showed a lower dissymmetry ratio value which is less than 2.1, but ZABC
composed of PEHA had a higher dissymmetry ratio of around 3.5 (Table 1). However, the dissymmetry
ratio was almost constant even after addition of salt. In addition, the dissymmetry ratio can also be
correlated with the turbidity of polymer solutions. For instance, ZABC containing (P(n-BMA)) having
a lower dissymmetry ratio appeared transparent except n-BMA42-b-GLBT300 (Figure 3 and Table 1),
whereas ZABC having a higher dissymmetry ratio (PEHA) appeared turbid (Figure 4 and Table 1).
DLS studies revealed that the micellization properties of ZABC consisting of P(n-BMA) seems to be
different from those of ZABC having PEHA.

3.4. Hydrophobicity, Salt and Block Length-Dependent Aggregation Number and Second Virial Coefficient
of Micelles

We analysed the SLS data using Zimm plots (Figure S1) as described previously [22]. Zimm plots
are summarized in Table 2. First, the effects of the hydrophobic and hydrophilic block lengths on
the aggregation numbers of ZABC were examined. The aggregation number (Nagg) was inversely
proportional to the chain length of polymers. For example, in the case of ZABC with P(n-BMA), when
the block length of P(n-BMA) was changed from 35 to 101 units and that of PGLBT was increased from
55 to 156 units, the aggregation number (Nagg) decreased from 555 to 117, by five times. We found
recently that, for ZABC with P(n-BA), Nagg decreased by five times for similar variation of soluble
block length [22]. The present findings for ZABC having P(n-BMA) were analogous to our recent
results for ZABC with P(n-BA) [22]. However, the Nagg of ZABC having PEHA was reduced 10 times
(from 891 to 91) when the chain length of the PGLBT block varied from 55 to 156 units and that of
PEHA was almost constant. The difference in decrease of Nagg with change in hydrophobic block
(from P(n-BMA) to PEHA) could be due to higher hydrophobic nature of PEHA chain. On the other
hand, Khougaz et al. [38] found that the aggregation number of IABC was affected by the length of the
hydrophobic block more than the hydrophilic block. In addition, Armes et al. [19] found that for the
block copolymer having sulphopropylbetaine, the value of Nagg increased more with the increase in
the length of the hydrophobic block rather than with the decrease in the hydrophilic block.

Table 2. Micellar properties of ZABC micelles.

Diblock Copolymer
Nagg

a A2 × 105

(cm3·mol·g−2) b Rg (nm) c β d

Water 1 MNaCl Water 1 MNaCl Water 1 MNaCl Water 1 MNaCl

n-BMA35-b-GLBT55 555 146 4.7 0.25 65.9 58.1 0.031 0.02
n-BMA101-b-GLBT156 117 32 2.7 1.0 58.8 55.8 0.032 0.01

EHA22-b-GLBT55 891 152 −3.5 −17.6 203.3 172.8 0.1 0.03
EHA20-b-GLBT156 91 13 −3.1 −88.1 218.7 139.8 0.032 0.01

a Nagg: Aggregation number. b A2: Second virial coefficient. c Rg: Radius of gyration. d β: Packing parameter.

Next, we noticed that Nagg decreased with addition of salt. In the P(n-BMA)-b-PGLBT
systems, salt addition decreased Nagg from 555 to 146 in n-BMA35-b-GLBT55 and from 117 to 32 in
BMA101-b-GLBT156. We have observed similar phenomena for ZABC composed of PEHA where
Nagg was about 6 times lower (Table 2). Our observations are consistent with earlier studies on block
copolymers having sulphopropylbetaine [19] and carboxybetaine [22]. In contrast, Khougaz et al. [38]
showed that the aggregation numbers of IABC initially increased with increasing salt concentration
and then reached saturation. From the present study, it is clear that the increase in chain length of
polymer affects the value of Nagg slightly higher margin as compared to salt.
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Studies on the effect of hydrophobicity and salt on the second virial coefficient (A2) showed that
the value of A2 changed from positive to negative when the hydrophobic block of ZABC is changed
from P(n-BMA) to PEHA (Table 2). This indicates that the solubility of ZABC having P(n-BMA) in
water could be higher than that of ZABC having PEHA in water. Similar to Nagg, the value of A2

also decreased with increase in block length of ZABC. For example, the values of A2 decreased with
the increase in both soluble and insoluble blocks of ZABC containing P(n-BMA) and values were
4.7 × 10−5 and 2.7 × 10−5 cm3·mol·g−2 for n-BMA35-b-GLBT55 and n-BMA101-b-GLBT156, respectively,
in water. In addition, the values of A2 decreased with the increase in salt concentration. In the presence
of 1 M NaCl, the values of A2of n-BMA35-b-GLBT55 and n-BMA101-b-GLBT156 decreased to 0.25 × 10−5

and 1 × 10−5 cm3·mol·g−2, respectively. Analogous phenomenon has been observed for ZABC having
PEHA (see Table 2). The decrease in polymer-solvent interaction is responsible for the decrease in
value of A2 with increase in block length and NaCl concentration. These results are consistent with the
decrease in CMC with increase in salt concentration. Khougaz and co-workers [38] reported that in
IABC, the values of A2 for fixed hydrophobic block length PS(23)were increased from −3.5 × 10−4 to
−0.36 × 10−4 cm3·mol·g−2 with the increase in chain length of hydrophilic block (PANa) from 44 to
300. This behaviour implies that IABC with a longer PANa chain interacts with the solvent in a more
favourable manner than IABC with a shorter PANa chain. The solubility of the block copolymer was
expected to increase with the increase in the soluble block length. However, the values of the radius of
gyration (Rg) were hardly affected by the increase in the chain length and salt concentration (Table 2).

To determine the value of core radius (Rc) of micelles, we substituted the known values of Mw

and Nagg (from Zimm plots) in the equation Rc = 3
√

3Nagg NMw
4πρNA

, where N is the block length of the
hydrophobic chain, Mw is the molecular weight of the hydrophobic monomer, ρ is the density of
the bulk polymer (for P(n-BMA) and PEHA approximately 1.0 mg/mL and 0.9 mg/mL respectively)
and NA is the Avogadro’s number. We estimated the packing parameter (β) of micelle using the
equation β = VH

LC A0
, where VH is the volume occupied by the hydrophobic chain, Lc is the counter

length of the hydrophobic chain (≈core radius, Rc) and A0 is the surface area of the hydrophilic
chain. The morphology of polymeric aggregates was identified from the values of β [39,40]. From the
values of VH (=4πRc

3/3Nagg), Lc (=Rc) and A0 =
(

4π((Rh + Rc)/2)2
)

/Nagg, packing parameters
were calculated and summarized in Table 2. Irrespective of the polymer, the values of β for the
ZABC micelles were less than 0.3 and this implies that micelles formed from the block copolymers
are spherical even after addition of salt. The surface area of the hydrophilic chain increased after
addition of salt and hence the packing parameter tended to decrease below 0.3. For instance, the
surface area of hydrophilic chain of n-BMA35-b-GLBT55 increased from 74 to 267 nm2 when the
concentration of NaCl increased from 0 M NaCl to 1 M NaCl. This phenomenon enables ZABC
micelles to retain their spherical shape after salt addition. We observed similar behaviour for ZABC
micelles having P(n-BA) [22]. The results obtained from the Zimm plots are consistent with the
hydrodynamic behaviour of ZABC micelles. However, our preceding study on the micellization
behaviours of IABC with strong acid groups, poly(hydrogenated isoprene)-b-poly(styrene sulphonate),
showed transition from sphere to rod after addition of salt [11]. The surface area of the hydrophilic
chain and corona thickness of IABC micelles decreased after addition of salt and hence the packing
parameter might be above 0.3. Thus, the micelles formed from IABC may undergo transition from
sphere to rod.

Figure 8 illustrates the influence of hydrophobicity and salt on the surface activity and
micellization behaviour of ZABC. Increase in the hydrophobicity of ZABC by changing the
hydrophobic block (from P(n-BMA) to PEHA), caused transition from surface active to non-surface
active. Similarly, addition of salt caused transition of the ZABC composed of P(n-BMA) (particularly
for n-BMA42-b-GLBT300) from surface active to non-surface active polymers. Further salt addition
increased the hydrodynamic radius of the micelle and decreased the aggregation number of the micelle.
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Figure 8. Schematic illustration of influence of hydrophobicity and salt on the air–water interfacial
and micellization properties of ZABCs having P(n-BMA) and PEHA. Blue and red curves respectively
indicate zwitterionic and hydrophobic polymers. Hydrophobic core of the micelles are represented by
red circles or balls.

4. Conclusions

Various ZABCs with P(n-BMA) or PEHA as a hydrophobic block and carboxybetaine as a
hydrophilic block were successfully synthesized by the RAFT polymerization method. The two
parameters, hydrophobicity and salt, were varied separately to examine their role on the surface activity
and micellization behaviour of ZABC. Surface tension measurements and foam formation observations
revealed that the hydrophobicity of hydrophobic block present in ZABC is the predominant factor for
the surface active and foam forming behaviour of ZABC. When the hydrophobicity of the hydrophobic
block of ZABC was increased by introducing PEHA instead of P(n-BMA), ZABC showed transition
from surface active to non-surface active. Similar observations were observed for IABC [14]. A possible
reason for this behaviour could be that ZABC with higher hydrophobicity can form micelles, which
is more stable than the adsorbed state at the air–water interface. Salt addition caused transition of
ZABC with P(n-BMA) from surface active to non-surface active. This may be due to zwitterionic to
anionic transition of the betaine block. The value of CMC of ZABC slightly increased after addition
of salt, which is typical for non-surface active polymers. The increase in the value of hydrodynamic
radius with increase in salt concentration at a given polymer concentration might be due to the
anti-polyelectrolyte effect, i.e., increase in chain length of hydrophilic corona. This observation is
supported by the increase in surface area of hydrophilic betaine corona after the addition of salt.
However, the aggregation number and second virial coefficient of the micelles tended to decrease with
the increase in chain length, and with the addition of salt. DLS and Zimm plot results revealed that
ZABC containing P(n-BMA) could form more monodisperse micelles than those containing PEHA.
When the hydrophobic block P(n-BMA) was replaced by PEHA in ZABC having a fixed zwitterionic
hydrophilic block, the value of A2 changed from positive to negative. This is due to the decrease in the
solubility of the polymer. Unlike IABC micelles, the micellar shape of ZABC micelles was not affected
by the addition of salt, which was confirmed from the packing parameter values of block copolymer
micelles (less than 0.3). The present study revealed that ZABC becomes non-surface active when the
betaine block is changed to an ionic state by addition of salt or when very stable micelles are formed in
bulk solutions with high enough hydrophobicity.
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Abstract: The differences in micro-environment between cancer cells and the normal ones offer the
possibility to develop stimuli-responsive drug-delivery systems for overcoming the drawbacks in the
clinical use of anticancer drugs, such as paclitaxel, doxorubicin, and etc. Hence, we developed a novel
endosomal pH-sensitive paclitaxel (PTX) prodrug micelles based on functionalized poly(ethylene
glycol)-poly(ε-caprolactone) (mPEG-PCL) diblock polymer with an acid-cleavable acetal (Ace) linkage
(mPEG-PCL-Ace-PTX). The mPEG-PCL-Ace-PTX5 with a high drug content of 23.5 wt % was
self-assembled in phosphate buffer (pH 7.4, 10 mM) into nanosized micelles with an average
diameter of 68.5 nm. The in vitro release studies demonstrated that mPEG-PCL-Ace-PTX5 micelles
was highly pH-sensitive, in which 16.8%, 32.8%, and 48.2% of parent free PTX was released from
mPEG-PCL-Ace-PTX5 micelles in 48 h at pH 7.4, 6.0, and 5.0, respectively. Thiazolyl Blue Tetrazolium
Bromide (MTT) assays suggested that the pH-sensitive PTX prodrug micelles displayed higher
therapeutic efficacy against MCF-7 cells compared with free PTX. Therefore, the PTX prodrug
micelles with acetal bond may offer a promising strategy for cancer therapy.

Keywords: prodrug; polymer micelles; pH-sensitive; acetal; paclitaxel

1. Introduction

Cytotoxic chemotherapeutics, which act by killing rapidly proliferating cancer cells, remains to be
one of the most preferred approaches for treatment of various cancers. However, its application suffers
some major limitations such as organ damage, infertility, immunosuppression, and nausea/vomiting
which severely reduce patient quality of life [1,2]. Furthermore, many anticancer drugs have low
aqueous solubility, which requires the use of organic solvents or surfactants. These drawbacks therefore
urge scientists to develop improved chemotherapy formulations by which the use of solubilizer would
no more be needed and the selectivity and efficacies toward cancer cells can be enhanced [3].

In the past decades, nanoparticles based on enhanced permeability and retention (EPR) effect
such as micelles [4,5], liposomes [6,7], and dendrimers [8,9] have been intensively reported as drug
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delivery systems. Compared with free drugs, chemotherapeutics conjugated with nanoparticles have
the advantages of passive selective accumulation at the cancer tissues and increase the solubility of
drug molecules [10–12]. Among them, responsive polymeric nanoparticles have emerged as one of the
most promising delivery systems for anticancer drugs [13–15]. Internal and external stimuli, such as
temperature [16–19], pH [20–24], or enzyme [25–28] were applied to maximal drug release in target
tissues. As reported, the extracellular of solid tumors (pH 6.0–7.0) is slightly acidic compared with
normal tissues, and pH inside cancer cells is even lower, especially inside endosome (pH 5.0–6.0) and
lysosome (pH 4.0–5.0) [29,30]. Based on this unusual tumor tissue environment, a great variety of
pH responsive polymer prodrugs were designed with acid-labile chemical bonds such as acetal [31],
imine [32], hydrozone [33], and so forth.

Acetals are promising candidates for the development of acid-sensitive connections with hydroxyl
groups because the rate of hydrolysis is highly relative to the concentration of hydronium ion [34].
To the best of my knowledge, several groups developed pH sensitive polymeric prodrugs via acetal
bond. However, most of them show the disadvantages such as non-biodegradable or low drug
content [31,35,36].

Poly(caprolactone) (PCL) is one of the extensively employed aliphatic polyestesr due to its excellent
biocompatibility and biodegradability. Owing to the appropriate hydrophilic and hydrophobic
balance, amphiphilic di-block copolymers based on poly(ethylene glycol)-block-poly(caprolactone)
(PEG-b-PCL) show great potential to delivering water-insoluble hydrophobic drugs due to their large
solubilizing power and loading capacity [37–39]. However, these copolymers are not suitable for the
preparation of pH sensitive anti-cancer prodrug because of the absence of functional groups. Surnar
and Jayakannan reported a newly developed pH-responsive PEG-b-PCL with carboxylic groups,
which makes the synthesis of an acid-labile anti-cancer prodrug possible [40].

In this work, we report acetal-linked PTX prodrugs with different PTX content. The prodrug
micelles offer two advantages: (i) the pH sensitive acetal bond offers prodrug micelles possessing
specific tumor targetability. Moreover, the firmer conjugation between PEG-b-PCL and PTX may reduce
the undesired drug release during circulation in the bloodstream; and (ii) the superior drug content
can be easily achieved by varying PTX-to-polymer molar ratio. The structure and physiochemical
characteristics of PTX prodrug and its micelles were determined using 1H NMR, gel permeation
chromatography (GPC), dynamic light scattering (DLS) and transmission electron microscopy (TEM).
We also investigated pH-dependent drug release from PTX prodrug micelles and in vitro cytotoxicity
of PTX-conjugated micelles to MCF-7 cell.

2. Experimental Section

2.1. Materials

1,4-Cyclohexanediol, potassium t-butoxide, t-butyl acrylate, pyridinium chlorochromate (PCC),
metachloroperbenzoic acid (MCPBA), tin (II) 2-ethylhexanoate (Sn(Oct)2), trifluoroacetic acid (TFA),
Dicyclohexylcarbodiimide (DCC), and 4-dimethylaminopyridine (DMAP) were purchased from
Aladdin Industrial Corporation (Shanghai, China). Paclitaxel (PTX) and Molecular sieves (4 Å) were
obtained from Meilun Biotechnology Co., Ltd. (Dalian, China). Polyethylene glycol monomethyl ether
(MW = 5000, here after referred as mPEG, Sigma-Aldrich, Shanghai, China), 2-(ethenyloxy) ethanol
(Nanjing Chemlin, Nanjing, China) and p-toluenesulfonic acid monohydrate (p-TSA, Acros, Beijing,
China) were used directly without any purification. N,N-dimethylformamide (DMF) was firstly dried
by MgSO4 and consequently distilled under reduced pressure, and 1,4-dioxane underwent the process
of refluxing with sodium wire and distilling under nitrogen atmosphere prior to use. All other reagents
of analytical grade were used without further purification. Human breast adenocarcinoma cell line
(MCF-7 cell) was from American Type Culture Collection (ATCC) (Beijing, China). RPMI Medium 1640,
Dulbecco’s Modified Eagle Medium (DMEM) and 0.25% Trypsin-EDTA were purchased from Thermo
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Fisher Scientific (Shanghai, China). Fetal Bovine Serum was obtained from Biological Industries
(Shanghai, China).

2.2. Synthesis of Carboxylic Functionalized mPEG-PCL (mPEG-CPCL)

All steps for the synthesis of the carboxylic functionalized mPEG-PCL (mPEG-CPCL) were
carried out as reported previously [40] but modifying some certain reactions’ conditions, for example,
the addition amount of some reagents, the lasting time of some reactions, et al.

2.2.1. Synthesis of 3-(4-Hydroxy-cyclohexyloxy)-propionic Acid t-Butyl Ester (1)

To the stirred solution of 1,4-cyclohexanediol (10.0 g, 86.0 mmol) in THF (150 mL), potassium
t-butoxide (10 g, 89.1 mmol) was added portion wise, and the mixture was stirred for 30 min under
nitrogen protection. Subsequently, t-butyl acrylate (5.5 g, 43.0 mmol) in THF (25 mL) was added slowly
by using a dropping funnel, and then the reaction mixture was refluxed under nitrogen protection for
another 48 h. The solvent was evaporated under reduced pressure, and the content was neutralized
with 1 N HCl (10 mL). It was extracted with ethyl acetate, and the organic layer was dried over
anhydrous MgSO4. The solvent was concentrated and the residue was further purified by silica gel
column chromatography using ethyl acetate and hexane (1:5 v/v) as eluent. Yield: 5.4 g (51.4%).
1H NMR (600MHz, CDCl3) δ 3.64 (m, 3H, O–CH2– and CHO), 3.27 (m, 1H, CH–OH), 2.44 (t, 2H,
–CH2CO–), 1.96 (m, 2H, –CH(CH2)2), 1.79 (m, 2H, –CH(CH2)2), 1.64–1.32 (m, 4H, –CH(CH2)2), 1.45
(s, 9H, –C(CH3)3) (Supplementary Materials, Figure S1).

2.2.2. Synthesis of 3-(4-Oxo-cyclohexyloxy)-propionic Acid t-Butyl Ester (2)

PCC (18.8 g, 87.4 mmol) was added to the solution of compound 1 (10.7 g, 43.7 mmol) in DCM
(200 mL) under nitrogen protection and then the reaction mixture was stirred at room temperature
overnight. The reaction mixture was filtered through a Buchner funnel with the celite to remove PCC
salts. The filtrate was concentrated, and the residue was purified by silica gel column chromatography
using ethyl acetate and hexane (1:4 v/v) as eluent. Yield: 10.2 g (96%). 1H NMR (600 MHz, CDCl3) δ
3.70 (m, 3H, O–CH2 and O–CH), 2.55 (m, 2H, CO–CH2), 2.49 (t, 2H, CO–CH2), 2.22 (m, 2H, CO–CH2),
2.08 (m, 2H, CH(CH2)), 1.87 (m, 2H, CH(CH2)), 1.45 (s, 9H, C(CH3)3) (Supplementary Materials,
Figure S2).

2.2.3. Synthesis of 3-(7-Oxo-oxepan-4-yloxy)-propionic Acid t-Butyl Ester (3)

To a stirred solution of compound 2 (10.5 g, 43.3 mmol) in DCM (100 mL), 75% metachloroperbenzoic
acid (12.0 g, 52.2 mmol) was added slowly at 0 ◦C. Subsequently, anhydrous NaHCO3 (10.9 g,
130.0 mmol) was added to the above reaction mixture, and the reaction mixture was allowed to
warm to room temperature and stirred for another 12 h. The reaction was diluted with DCM (50 mL)
and quenched by the addition of solid sodium thiosulphate (9.3 g, 58.8 mmol). The mixture was stirred
for 1 h, filtered and the solid residues were washed with DCM (50 mL). The filtrate was evaporated
under reduced pressure and the crude product was purified by silica gel column chromatography
using ethyl acetate and hexane (1:5 v/v) as eluent. Yield: 10.1 g (90%). 1H NMR (600 MHz, CDCl3) δ
4.45 (m, 1H, COOCH2), 4.02 (m, 1H, COOCH2), 3.63 (m, 3H, OCH2 and OCH), 2.94 (t, 1H, CH2CO),
2.46 (t, 2H, COCH2), 2.38 (m, 1H, CH2CO), 1.99 (m, 2H, OCH–(CH2)2), 1.90 (t, 1H, OCH–(CH2)2), 1.78
(t, 1H, OCH–(CH2)2),1.45 (s, 9H, C(CH3)3) (Supplementary Materials, Figure S3).

2.2.4. Synthesis of mPEG-Bupcl Diblock Polymer

mPEG-BuPCL was synthesized by ring-opening polymerization (ROP). Initiator mPEG5000
(400 mg, 0.08 mmol), substituted caprolactone monomer compound 3 (1032 mg, 4 mmol) and Sn(Oct)2

(16.2 mg, 0.04 mmol) were taken in a dry Schlenk flask. After vacuumed and charged in nitrogen,
the reaction mixture was immersed in preheated oil bath at 130 ◦C, and the polymerization was

66



Polymers 2017, 9, 698

continued for 48 h with constant stirring. After cooling to room temperature, DCM (20 mL) was added
to the sticky polymer solution. The polymer was purified by pouring into icediethyl ether and then
filtered to gain the off-white viscous solid of mPEG-BuPCL 930 mg (conversion rate: 80%). 1H NMR
(600 MHz, CDCl3) δ 4.11 (m, OCH2), 3.66–3.63 (m, PEG and OCH2), 3.44 (m, OCH), 2.43 (t, COCH2),
2.36 (m, COCH2), 1.90–1.73 (m, CH(CH2)2), 1.45 (s, C(CH3)3) (Supplementary Materials, Figure S4) .

2.2.5. Synthesis of mPEG-CPCL

Trifluoroacetic acid (5.2 mL) was added dropwise into the solution of mPEG-BuPCL (2.7 g)
in DCM at 0 ◦C. After finishing the addition, the reaction mixture was allowed to warm to room
temperature and stirred for 8 h. The solvents were evaporated, and the polymer was redissolved in
DCM (5 mL) and precipitated in freezing-cold ether. The purification was repeated at least twice to get
pure mPEG-CPCL 2.2 g (yield: 96%). 1H NMR (600 MHz, CDCl3) δ 4.15 (s, OCH2), 3.71–3.65 (d, PEG
and OCH2), 3.50 (s, OCH), 2.58 (s, COCH2), 2.39 (s, COCH2), 1.88–1.79 (d, CH(CH2)2).

2.3. Synthesis of PTX Prodrug (mPEG-PCL-Ace-PTX)

2.3.1. Synthesis of Vinyl Ether-Functionalized mPEG-PCL (mPEG-VPCL)

To the solution of mPEG-CPCL (242 mg, equiv. 0.74 mmol COOH) in anhydrous 1,4-dioxane
(10 mL), DMAP (90 mg, 0.74 mmol) and DCC (458 mg, 2.22 mmol) were added at 0 ◦C, respectively.
Subsequently, the flask was vacuumed and charged in nitrogen gas. The reaction mixture was allowed
to warm to room temperature and proceeded under stirring for 24 h at 25 ◦C. Thereafter, 2-(ethenyloxy)
ethanol (664 μL, 7.4 mmol) was added and the mixture continued stirring for another 72 h at 25 ◦C in the
darkness. The cloudy solution was filtered, and the filtrate was purified by extensive dialysis against
1000 mL DI water with 10 changes of water for 48 h and collected by freeze-drying. Yield: (148 mg,
58%). 1H NMR (600 MHz, CDCl3) δ 6.45 (q, CH=CH2), 4.32 (t, OCH2), 4.20–4.18 (dd, CH=CH2), 4.12
(m, OCH2), 4.03 (dd, CH=CH2), 3.88 (t, OCH2), 3.71–3.63 (m, PEG and OCH2), 3.45 (s, OCH), 2.56
(t, COCH2), 2.34 (t, COCH2), 1.86–1.76 (m, CH(CH2)2).

2.3.2. Synthesis of mPEG-PCL-Ace-PTX

mPEG-PCL-Ace-PTX was synthesized by using the procedure described below. To a 25 mL
Schlenk flask, mPEG-VPCL (150 mg, equiv. 119.0 μmol –CH=CH2), PTX (51 mg, 59.5 μmol), p-TSA
(1.5 mg, catalytic amount) and 4 Å molecular sieve (1 g) were added into anhydrous DMF (5 mL) under
a nitrogen flow. The flask was vacuumed and sealed with parafilm. Then the reaction was carried out
under stirring at 25 ◦C. After 5 days, the mixture passed through a Buchner funnel and the filtrate was
collected and dialyzed against 500 mL DMF (MWCO = 3500 Da) for 24 h with 4 times change of DMF
to remove the unconjugated PTX, and then the resulting mixture was further dialyzed against 1000 mL
DI water with 10 times change of water for another 48 h, and then the desired product was collected
by freeze-drying. Yield: (147 mg, 75%). 1H NMR (600 MHz, CDCl3) PTX (δ 8.12, 7.74, 7.60, 7.52–7.47,
7.42–7.38, 7.33, 7.07, 6.26, 6.21, 5.77, 5.66, 4.93, 4.79, 3.79, 2.58–2.53, 2.38–2.23, 1.90–1.76, 1.68, 1.24, 1.14),
acetal bond (–OCH(CH3)O–: δ 4.38; –OCH(CH3)O–: δ 1.24), 2-(ethenyloxy) ethyl (CH=CH2: δ 6.45,
4.18, 4.03; –OCH2CH2O–: δ 4.32, 3.88) and PEG-CPCL (δ 4.12, 3.45, 3.70–3.64, 2.56, 2.35 and 1.90–1.76).

2.4. Structural Characterization

All compounds and polymers obtained at each step were characterized by 1H NMR. A Bruker
AVANCE III HD instrument equipped with a 600 MHz magnetic field was employed to record 1H NMR
spectra. The proton signals of all the products were measured in CDCl3 solution. The Mn of conjugates
and PTX loading contents in the prodrug were determined by the characteristic peaks of PEG, PCL
and PTX.

The number-averaged molecular weight (Mn) and molecular weight distribution (PDI) was
measured by a gel permeation chromatography (Waters GPC system, Shanghai, China) equipped
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with 1515 isocratic HPLC pump (Waters Corp, Shanghai, China), 2414 Refractometer Detector and a
GPC column (Waters Styragel HT3 THF, Shanghai, China).The polymers were dissolved in THF at a
concentration of 5 mg/mL. All tests were carried out at ambient temperature using THF as eluent at a
flow rate of 1 mL/min and the polystyrene as standards for calibration.

2.5. Preparation of mPEG-PCL-Ace-PTX Micelles

The polymer prodrug was dissolved in THF, and then the resultant solution was dialyzed against
phosphate buffer (pH 7.4, 10 mM) (MWCO = 3500 Da). After 24 h, the water phase in dialysis bag was
centrifuged and further purified by passing through 0.22 μm-microfiltration membrane. Subsequently,
it was lyophilized and stored in a dry environment.

2.6. Particle Size and Surface Morphology Assessment

Dynamic light scattering was employed to determine the hydrodynamic diameters of mPEG-PCL-
Ace-PTX micelles. In brief, 10 mg lyophilized mPEG-PCL-Ace-PTX micellar sample were dissolved
in 10 mL Millipore water followed by ultrasonic treatment to obtain the uniform micelles dispersion.
Both the hydrodynamic size and zeta potential of micelles were evaluated by ZetasizerNano ZS
(MalvernInstruments) at 25 ◦C (n = 3).

Likewise, aqueous micellar solution (1 mg/mL) was put dropwise onto the clean copper grids
and dried in the air; the size and morphology of micelles was determined by transmission electron
microscopy (TEM) (JEOL JEM-100CX II, Tokyo, Japan). The image was calculated with reference to the
ruler for getting micelle core size and size distribution.

2.7. In Vitro Drug Release

The micelle solution (1 mL) in a dialysis bag (MWCO = 3500 Da) was suspended in three different
media, i.e., pH 5.0 (acetate buffer), pH 6.0 (acetate buffer) and pH 7.4 (phosphate buffer). The in vitro
release was carried out under the sink condition. Temperature was held constant at 37 ◦C throughout
the experiments. 3 mL of the release medium was withdrawn and replenished with 3 mL of fresh
media at designated intervals. The amount of PTX released was analyzed by Shimadzu UV-2100
spectrophotometer (λmax = 228 nm).

2.8. In Vitro Cellular Uptake

The polymer prodrug and coumarin-6 were co-dissolved in THF, and then the formed solution
was transferred into a dialysis bag (MWCO = 3500 Da) against phosphate buffer (pH 7.4, 10 mM).
After 24 h, the water solution in dialysis bag was centrifuged to obtain a supernatant which was further
purified by passing through 0.22 μm filter. Then it was lyophilized and stored in a dry environment.

MCF-7 cells were seeded in 24-well plates at a density of 5 × 104 cells per well in DMEM medium
and incubated at 37 ◦C under a 5% CO2 atmosphere for 24 h. Then the cells were incubated with
micelles encapsulating coumarin-6 for 1, 2 and 4 h. The MCF-7 cells were washed three times with
PBS and fixed with 100% ethanol for 10 min at room temperature. The cell nuclei were stained with
Hoechst 33342. Finally, the cells were monitored by Nikon C3 confocal laser scanning microscope.

2.9. In Vitro Cellular Viability

The cytotoxicity of PTX prodrug nanoparticles against human breast cancer cells (MCF-7) was
studied using the MTT assay. MCF-7 cells were seeded in a 96-well plate (5 × 103) and incubated for
24 h. The media was aspirated and charged with fresh media containing various concentrations of PTX
prodrug micelles. The MCF-7 cells were cultured in an atmosphere containing 5% CO2 at 37 ◦C for
48 h. Then, 10 μL of MTT solution (5 mg/mL) was added. The MCF-7 cells were incubated for another
4 h. After discarding the culture medium, the MTT-formazan generated by live cells was dissolved in
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100 μL of DMSO, and the absorbance at a wavelength of 492 nm of each well was recorded using a
microplate reader.

3. Results and Discussion

3.1. Synthesis and Characterization of mPEG-PCL-Ace-PTX

In order to acquire a functionalized mPEG-PCL diblock polymer with pH-sensitive acetal groups,
we employed a new functional caprolactone monomer with a protected carboxyl group as reported [40].
According to the synthetic route shown in Scheme 1, substituted caprolactone monomer compound 3

was synthesized in modest yield by using commercially available 1,4-cyclohexanediol as the starting
material via Michael addition, PCC oxidation, and Baeyer-Villiger oxidation, respectively. All of the
above intermediates were characterized by 1H NMR. Subsequently, compound 3 was subjected to the
ROP employing mPEG 5000 as macroinitiator. From 1H NMR spectra of mPEG-BuPCL (Supplementary
Materials, Figure S4), it showed clearly characteristic peaks of PEG (δ 3.63) and BuPCL (δ 1.45, 1.7–1.9,
2.3–2.5, 3.44, 3.6–3.7, and 4.11).

 

Scheme 1. Synthesis of mPEG-CPCL and mPEG-PCL-Ace-PTX.

The degree of polymerization of BuPCL block was estimated by comparing the intensities of
signals at δ 4.11 and 3.63 to be 40. The t-butyl ester groups in the copolymer of mPEG-BuPCL were
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hydrolyzed by excessive trifluoroacetic acid to produce the corresponding carboxylic acid derivatives
mPEG-CPCL. The peak assigned to be the methyl protons contributing to the tert-butyl groups at δ
1.45 ppm disappeared, which demonstrates the full hydrolysis of all the tert-butyl groups (Figure 1a).
2-(Ethenyloxy) ethanol was coupled with mPEG-CPCL employing DCC and DMAP in 1,4-dioxane for
72 h to acquire mPEG-VPCL. 1H NMR spectra showed new peaks at δ 6.45/4.18/4.03 and δ 4.32/3.88
rather than peaks of mPEG-CPCL (Figure 1b). The number of vinyl ether coupled with per polymer
chain was calculated to be 11 by comparing integrals of peaks at δ 6.45 with δ 3.63.

Finally, the acid-labile polymeric prodrug was obtained through a “click”-type conjugate reaction
between 2′-hydroxyl group of PTX and the pendent vinyl ethers of mPEG-VPCL as reported before [31].
According to 1H NMR (Figure 1c), it clearly showed the peaks attributed to PTX at δ 1.1–1.3, 1.6–1.9,
2.2–2.6, 4.7–5.0, 5.6–5.8, 6.2–6.3, and 7.0–8.2 besides the signals of mPEG-VPCL. Meanwhile, a peak
assigned to acetal methine proton appeared at δ 4.38, which strongly supported the conjugation
between PTX and mPEG-PCL via an acetal bond. The PTX content of prodrugs was determined
according to the 1H NMR spectra by comparing integrals of peaks at δ 7.0–8.2 with δ 3.64, which
indicated that PTX prodrugs with 15.6 and 23.5 wt % PTX obtained by varying PTX-to-polymer
molar ratios of 2/1 and 3/1. Notably, these PTX prodrugs have significantly higher drug contents
compared with PTX-acetal-pDMA [35] and PTX-acetal-PEG without free PTX encapsulated [36] (only
one molecular of PTX was chemically conjugated to the end of the polymers). GPC measurement
showed a monomodal distribution of PTX prodrugs with a low polydispersity index (PDI) of 1.16 and
1.10 (Table 1, Supplementary Materials, Figure S5).

(a)

Figure 1. Cont.
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(b)

(c)

Figure 1. 1H NMR spectra of mPEG-CPCL (a), mPEG-VPCL (b) and mPEG-PCL-Ace-PTX (c) in CDCl3.
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Table 1. Synthesis of mPEG-PCL-Ace-PTX.

PTX Prodrug Mn
a (kg/mol) Mw/Mn

b (PDI) PTX c (wt %)

mPEG-PCL-Ace-PTX3 16.4 1.16 15.6
mPEG-PCL-Ace-PTX5 18.1 1.10 23.5

a Determined from 1H NMR spectrum. b Determined from GPC measurements. c Calculated by 1H NMR via
comparing integrals of signals at δ 7.0–8.2 with δ 3.64.

3.2. Pharmaceutical Evaluation of mPEG-PCL-Ace-PTX Micelles

Due to the amphiphilic property, mPEG-PCL-Ace-PTX could self-assemble into nanosized
micelles by dialyzing against phosphate buffer (pH 7.4, 10 mM), in which hydrophobic polyester
and hydrophilic PEG form the core and the shell, respectively. Based on the higher PTX content, the
size distribution and morphology of the mPEG-PCL-Ace-PTX5 micelles was determined by DLS and
TEM. The DLS measurement result showed the average particle size of mPEG-PCL-Ace-PTX5 to be
68.5 nm (Figure 2a). TEM image indicated that the mPEG-PCL-Ace-PTX5 micelles were well-dispersed
in aqueous solution in the form of spherical morphology with an average diameter of about 50 nm
(Figure 2b), which is somewhat smaller than that determined by DLS, likely due to shrinkage of the
micelles upon drying.

 

(a) (b) 

Figure 2. Size distribution profiles for mPEG-PCL-Ace-PTX5 micelles determined by dynamic light
scattering (DLS) (a) and transmission electron microscopy (TEM) (b).

Because PTX was covalently conjugated to the mPEG-VPCL di-block copolymers through a
pH-sensitive acetal linkage, the mPEG-PCL-Ace-PTX5 micelles are expected to be pH-responsive.
The in vitro drug release from the mPEG-PCL-Ace-PTX5 micelles was investigated at 37 ◦C under
three different pH levels, i.e., pH 5.0, 6.0, and 7.4. As shown in Figure 3, the cumulative release of
PTX was 16.8%, 32.8%, and 48.2% in 48 h at pH 7.4, 6.0, and 5.0, respectively, which demonstrated
that PTX release was remarkably accelerated under moderate acid environments. It should be
noted that the drug release ratio of mPEG-PCL-Ace-PTX5 micelles is relatively lower than that of
PEG-PAA-acetal-PTX [31] and PEG-acetal-PTX with free PTX encapsulated in 48 h at pH 7.4 [36].
However, a comparatively higher PTX release was observed for mPEG-PCL-Ace-PTX5 micelles
compared with PTX-acetal-pDMA in 48 h under a mildly acidic environment. Moreover, as expected,
no burst release was observed under both normal physiological and acidic conditions due to the
covalent linkage between PTX and mPEG-VPCL. These results demonstrate that mPEG-PCL-Ace-PTX5
micelles possess the characteristics of better stability and lower undesired drug leakage in process of
drug delievery.
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Figure 3. pH-dependent PTX release from mPEG-PCL-Ace-PTX5 micelles. The data were presented as
mean ± standard deviation (n = 3).

In order to investigate the cellular uptake behaviors by MCF-7 cells, confocal laser scanning
microscopy was employed. Micelles encapsulating coumarin-6 were incubated for 1, 2, and 4 h,
respectively. As shown in Figure 4, after 1 h incubation at 37 ◦C, the fluorescence intensity in the
cytoplasm of MCF-7 cells was relatively very weak. When the incubation period elongated to 2 and
4 h, the quantity of green fluorescence increased dramatically, demonstrating efficient internalization
of micelles.

Figure 4. Confocal laser scanning microscopy images of MCF-7 cells incubated with micelles encapsulating
coumarin-6 for 1, 2, and 4 h.

The in vitro anti-tumor activity of PTX prodrug was evaluated employing MTT assay. As shown
in Figure 5a, the result indicated that PTX prodrug micelles displayed significant activity of inhibiting
proliferation against MCF-7 cells. At drug concentrations lower than 1.0 μg·mL−1, drug efficacy of
PTX prodrug micelles was similar with free PTX or little higher against MCF-7 cells. In contrast,
when drug concentrations was higher than 1.0 μg·mL−1, antitumor activity of PTX prodrug micelles
became slightly lower compared with free PTX. The half-maximal inhibitory concentrations (IC50)
were determined to be 0.49 and 0.65 μg·mL−1 for PTX prodrug micelles and free PTX, respectively.
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It is clear that the PTX prodrug micelles shows an improvement of the cytotoxicity compared to the
parent free PTX, which contributes to rapid cleavage of acetal linkage in response to the intracellular
pH of MCF-7 cells [41–43].

Biocompatibility is one of the most important factors to be considered in the application of drug
delivery system. Hence it is necessary to investigate the safety of the precursor of PTX prodrug.
As shown in Figure 5b, vinyl ether-functionalized mPEG-PCL was actually nontoxic to MCF-7 cells,
which tested concentrations varied from 0.05 to 1.0 mg/mL. The data of cell viability indicates that
vinyl ether-functionalized mPEG-PCL possesses good biocompatibility and is safe as drug nanocarrier.

(a) (b)

Figure 5. MTT assays of PTX mPEG-PCL-Ace-PTX5 micelles (a) and Vinyl Ether-Functionalized
mPEG-PCL (b) against MCF-7 cells. Data are presented as the average ± standard deviation (n = 3).

4. Conclusions

In conclusion, we have successfully developed a pH responsive polymer-drug conjugate for
PTX delivery based on PEG-PCL, which exhibited excellent in vitro antitumor activity to MCF-7 cells.
These smart PTX prodrug nanoparticles possess several unique features: (i) the mPEG-PCL-Ace-PTX
micelles have a narrow size distribution and remarkable drug contents (23.5 wt % PTX); (ii) Owing to
the acetal linkage between PTX and mPEG-CPCL, the PTX prodrug shows accelerated drug release
in tumor-relevant acid micro-environment; (iii) They exhibit improved antitumor activity and good
biocompatibility; (iv) They can readily be synthesized with controlled structures and molecular weight
from PEG-PCL diblock polymer. All these results demonstrate that these acetal-linked PTX prodrug
micelles have appeared as a highly promising alternative for cancer chemotherapy.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4360/9/12/698/s1.
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Abstract: We used photo irradiation to design core crosslinked polymeric micelles whose only
significant physico-chemical change was in their physico-chemical stability, which helps elucidate
poly(ethylene glycol) (PEG)-related immunogenicity. Synthetic routes and compositions of
PEG-b-poly(aspartic acid) block copolymers were optimized with the control of n-alkyl chain length
and photo-sensitive chalcone moieties. The conjugation ratio between n-alkyl chain and the chalcone
moieties was controlled, and upon the mild photo irradiation of polymeric micelles, permanent
crosslink proceeded in the micelle cores. In the optimized condition, the core crosslinked (CCL)
micelles exhibited no dissociation while the non-CCL micelles exhibited dissociation. These results
indicate that the photo-crosslinking reactions in the inner core were successful. A gel-permeation
chromatography (GPC) measurement revealed a difference between the micellar-formation stability
of CCL micelles and that of the non-CCL micelles. GPC experiments revealed that the CCL micelles
were more stable than the non-CCL micelles. Our research also revealed that photo-crosslinking
reactions did not change the core property for drug encapsulation. In conclusion, the prepared CCL
micelles exhibited the same diameter, the same formula, and the same inner-core properties for drug
encapsulation as did the non-CCL micelles. Moreover, the CCL micelles exhibited non-dissociable
micelle formation, while the non-CCL micelles exhibited dissociation into single block copolymers.

Keywords: polymeric micelle; photo irradiation; core crosslinking; immunogenicity of PEG

1. Introduction

Nanoparticles, such as liposomes and polymeric micelles, have been explored as drug carriers for
systemic chemotherapy in recent decades [1–3]. In drug targeting, nanoparticles can accumulate in
solid tumor tissues through the enhanced permeability and retention (EPR) effect [4,5]. A long
blood circulation time-period of the nanoparticles is a prerequisite for EPR-effect-based drug
targeting. To achieve the long blood circulation, nanoparticles must evade interactions with plasma
proteins and monocytes (such as macrophages and liver Kupffer cells) in blood. This evasion
is obtained through surface coating with a hydrophilic layer, commonly poly(ethylene glycol)
(PEG) [6,7], which is a water-soluble, non-toxic polymer of very low immunogenicity and which
has many uses in pharmaceutics, cosmetics, and food. This PEG surface coating is generally
called PEGylation. Most PEGylated nanocarriers for therapeutic or diagnostic purposes exhibit
long-circulation characteristics in blood [8–15]. Among those nanoparticles, amphiphilic block
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copolymer micelles (polymeric micelles) have attracted substantial attention owing to their high
potential for anticancer drug targeting [1,3]. Polymeric micelles tend to have relatively small
hydrodynamic diameters (10–100 nm) and to exhibit stable micelle formation above the critical micelle
concentration (CMC). We examined core-shell structures of polymeric micelles by means of small
angle X-ray scattering (SAXS), and SAXS measurements revealed the precise hydrophobic core size
of polymeric micelles [16,17]. Polymeric micelles’ very small hydrophobic cores can encapsulate
poorly water-soluble and water-insoluble drugs. Owing to the drug-encapsulation ability of polymeric
micelles, clinical trials are now examining polymeric micelles loaded with anticancer drugs [18–20].

Polymeric micelles have shown great potential for drug targeting in terms of tumor accumulation.
On the other hand, most injected polymeric micelles are excreted from blood mainly through renal
filtration and spleen/liver capturing after systemic injection. A recent topic of PEGylated nanoparticles
for drug targeting is the antibody responses of those PEGylated nanoparticles. Systemic injection of
PEGylated nanoparticles induced the secretion of anti-PEG IgM antibodies (anti-PEG IgM), in turn
changing the long blood-circulation characteristic of PEGylated nanoparticles. This phenomenon is
called the accelerated blood clearance (ABC) phenomenon, which researchers have observed in mice
injected with PEG-liposomes and polymeric micelles [21–25].

We have found that poly(ethylene glycol) chains do not strongly induce antibody responses,
whereas poly(ethylene glycol) chains conjugating hydrophobic blocks become immunogenic for
antibody responses [26]. Furthermore, poly(ethylene glycol) chains do not strongly bind to anti-PEG
IgM, whereas poly(ethylene glycol) chains conjugating hydrophobic blocks can strongly bind to
anti-PEG IgM. By contrast, PEGylation onto hydrophobic cores suppresses the binding of anti-PEG
IgM to PEGylated nanoparticles. These results indicate the importance of core-forming hydrophobic
blocks of hydrophilic (PEG)-hydrophobic block copolymers for anti-PEG IgM responses. In fact,
even when the same PEG chain length (molecular weight = 5200) is used for polymeric-micelle
formation, polymeric micelles with a 76-nm diameter induce the ABC phenomenon more effectively
than polymeric micelles with a 34-nm diameter. This result implies that the size of polymeric micelles
is an important factor for the ABC phenomenon.

We have uncovered evidence that PEG-block copolymers possessing hydrophobic blocks induce
anti-PEG IgM responses, and that the hydrophobic block significantly enhances the immunogenicity
of PEG chains. However, not only the size but also the state of block copolymers may affect the
anti-PEG IgM responses related to hydrophobic blocks. Specifically, the ABC phenomenon may
hinge on whether block copolymers have either a micellar form or a dissociated single polymer
chain. As stated above, we have found that the larger a polymeric micelle is, the stronger the ABC
phenomenon induction is. However, strong induction may result from the relative stability of large
micelles. Therefore, polymeric micelles possessing discrete states are favored for elucidation of the
ABC phenomenon.

One possible way to accurately investigate the anti-PEG IgM response is to compare
non-dissociable polymeric micelles with dissociable polymeric micelles. The non-dissociable polymeric
micelles are, as the name implies, free from dissociation; therefore, non-dissociable polymeric micelles
may, in the micelle state, possess an induction mechanism of anti-PEG IgM responses. For the
purposes of stable micellar carrier systems in drug delivery, inner core [27–36] and shell [37,38]
crosslinking for non-dissociable micellar systems have been particularly attractive in recent years
owing to the structural integrity of permanent covalent chemical bonding. In the current study,
we focus on the core crosslinking of polymeric micelles, and the purpose of the study is to prepare
photo-crosslinking polymeric micelles for evaluation of PEG-related immunogenicity. This approach
can help reveal the in vivo behaviors, as well as the drug-release behaviors, of polymeric micelles in
drug-delivery contexts.

Regarding efforts to achieve core crosslinking, there are synthetic limitations in the use of
crosslinking agents. For example, a water-soluble crosslinking agent may have difficulty infiltrating
a hydrophobic inner core to react with substrates. A water-insoluble agent might not be usable in
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aqueous media where micelles are formed. More important, crosslinking agents will change the
chemical formula of block polymers, and this change might significantly affect PEG-related immune
responses in vivo. We have chosen a photoreaction for the crosslinking of the polymeric-micelle
cores. In the past decade, many research groups have developed various core crosslinked (CCL)
approaches to enhance the stability of polymeric micelles for drug delivery. Studies have reported
how they prepared photo-crosslinked micelles by using the photo-irradiated radical polymerization
of poly(acrylate)s [27–30], the dimerization of cinnamoyl groups [31–33], and the dimerization of
coumarin groups [35,36].

Herein, we report a successful development of CCL micelles by means of photo-irradiation.
We used hydrocarbon chains for polymeric-micelle formation owing to their hydrophobic interactions
and chalcone moieties for a photo-reactive species [39,40]. This study addresses the optimization
of photo-crosslinkable block copolymer synthesis, photo-crosslinking of polymeric micelles in mild
conditions, and the characterization of prepared CCL micelles. We succeeded in photo-crosslinking the
inner core of polymeric micelles, and the obtained polymeric micelles exhibited high stability owing to
their structural integrity.

2. Materials and Methods

2.1. Materials

α-Methoxy-ω-aminopropyl-poly(ethylene glycol) (PEG-NH2, Mw = 5200) was purchased
from NOF Corporation (Tokyo, Japan). PEG-NH2 (Mw = 5200) was lyophilized from
benzene before use. Sodium hydroxide, 6 N hydrochloric acid, trifluoroacetic acid (TFA),
and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) were purchased from Wako Pure Chemical Industries
(Osaka, Japan). 3-Bromopropionyl chloride, 6-bromohexanoyl chloride, 9-bromononanoic acid,
1-iodopentane, and 1-iodononane, were purchased from Tokyo Kasei (Tokyo, Japan). Deuterium
solvents were purchased from Sigma-Aldrich (Tokyo, Japan). Dehydrated N,N-dimethylformamide
(DMF), dehydrated dimethylsulfoxide (DMSO), dehydrated dichloromethane, and thionyl chloride
were purchased from Kanto Chemicals Co. (Tokyo, Japan). Dulbecco’s PBS (D-PBS(-)) was purchased
from Nakarai Tesque (Kyoto, Japan). We used all these commercial reagents as purchased,
unless indicated otherwise. A dialysis membrane (Spectra/Por 6, molecular weight cut off
(MWCO) = 1000) was purchased from Spectrum Laboratories (Tokyo, Japan).

2.2. Measurements

1H NMR spectra were recorded on an Agilent Technologies, UNITY INOVA 400 MHz NMR
spectrometer (Palo Alto, CA, USA). For 1H NMR measurements, block copolymers were dissolved
at 10.0 mg/mL in DMSO-d6 containing 3 v/v % TFA. GPC measurements of the polymeric micelles
(1.0 mg/mL in H2O) were carried out with an HPLC system (LC 2000 series, Jasco, Tokyo, Japan)
equipped with a TSK-gel G4000-PWXL column and a TSK-gel guard column PWXL (eluent = H2O,
flow rate = 1.0 mg/mL, detector = refractive index (RI)) at 40 ◦C. GPC measurements before and
after the photo-irradiation of block copolymers were carried out by the use of a Shodex RI SE-61
refractive index detector (Showa Denko K.K, Tokyo, Japan) equipped with a Shodex Asahipak GF-7M
HQ column and a GF-1G 7B guard column. Methanol containing 0.1 M LiClO4 was used as eluent at
40 ◦C. The number-average molecular weight (Mn) and the weight-average molecular weight (Mw)
were calibrated with standard PEG samples. UV-VIS spectra were recorded on either a JASCO V-550
or a JASCO V-530 spectrophotometer (JASCO, Tokyo, Japan) with a 1.0 cm path length cell. Static light
scattering (SLS) and dynamic light scattering (DLS) measurements were carried out at 25 ◦C with a
DLS-7000 instrument (Otsuka Electronics Co., Ltd., Tokyo, Japan) equipped with an ALV5000/EPP
multi-t digital time correlator.
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2.3. Synthesis of Bromo Alkylated Chalcone Amide (1a–c)

Synthesis of 1-(4-aminophenyl)-3-(2-naphthalenyl)-2-propen-1-one (4-amino-chalcone) is
described elsewhere [39]. 4-amino-chalcone was stirred with an excess of 3-bromopropiponyl chloride
(2–5 equivalent (eq)) in dehydrated THF at 0 ◦C, and the reaction mixture was gradually warmed up
to r.t. After being stirred for 2 h at room temperature (r.t.), THF was removed under reduced pressure,
and a yellow precipitate was obtained. The crude product was washed with diethyl ether several times.
After filtration and drying under vacuum, a light-yellow powder was obtained. 1a Yield = 77–79%.
1H NMR (400 MHz, CDCl3): δ 8.67 (d, J = 15.6 Hz, 2H), 8.26 (d, J = 8.4 Hz, 2H), 8.10 (d, J = 8.6 Hz,
2H), 7.92 (m, 3H), 7.71 (d, J = 8.6 Hz, 2H), 7.62 (d, J = 15.6 Hz, 2H), 7.56 (m, 4H), 7.44 (br, NH), 3.73
(t, J = 6.6 Hz, 2H), 3.01 (t, J = 6.6 Hz, 2H). In the same manner, two additional chalcone derivatives
(chalcone-Cx-Br) were synthesized, as shown in Scheme 1. 1b Yield = 77–78%. 1H NMR (400 MHz,
CDCl3): δ 8.67 (d, J = 15.6 Hz, 2H), 8.26 (d, J = 8.4 Hz, 2H), 8.09 (d, J = 8.8 Hz, 2H), 7.92 (m, 3H), 7.70
(d, J = 8.4 Hz, 2H), 7.63 (d, J = 15.2 Hz, 2H), 7.57 (m, 4H), 7.32 (br, NH), 3.44 (t, J = 6.8 Hz, 2H), 2.44
(t, J = 7.2 Hz, 2H), 1.93 (m, 2H), 1.80 (m, 2H), 0.88 (t, J = 6.4 Hz, 3H). 1c Yield = 81–85%. 1H NMR
(400 MHz, CDCl3): δ 8.67 (d, J = 15.6 Hz, 2H), 8.26 (d, J = 8.4 Hz, 2H), 8.09 (d, J = 8.8 Hz, 2H), 7.92
(m, 3H), 7.70 (d, J = 8.8 Hz, 2H), 7.63 (d, J = 15.6 Hz, 2H), 7.56 (m, 4H), 7.34 (br, NH), 3.41 (t, J = 6.8
Hz, 2H), 2.41 (t, J = 7.2 Hz, 2H), 1.85 (m, 2H), 1.76 (m, 2H), 1.48–1.34 (m, 8H) (see Figure S1a–c of the
Supplementary Materials).

Scheme 1. The reaction of PEG-P(Asp) with chalcone-Cx-Br (Method A).

2.4. Esterification of PEG-b-P(Asp)

Synthesis of poly(ethylene glycol)-b-poly(aspartic acid), PEG-b-P(Asp) was reported in our
previous report [17]. We synthesized poly(ethylene glycol)-b-poly(β-benzyl L-aspartate) (PEG-PBLA)
by means of the ring-opening polymerization of β-benzyl L-aspartate N-carboxy anhydride (BLA-NCA)
from α-methyl-ω-aminopropoxy poly(ethylene glycol). PEG-b-P(Asp) was obtained by alkaline (2.0 eq)
hydrolysis of PEG-PBLA (see Figure S1d of the Supplementary Materials), followed by a hydrochloric
acid treatment (2.5 eq) resulting in a free carboxylic acid form. For the esterification of PEG-b-P(Asp),
PEG-b-P(Asp) was dissolved in dehydrated DMF, and a halogenated compound was added to the
solution. DBU (1.05–1.20 eq/mol vs. mol of Asp) was added to the mixture, and the mixture was
stirred overnight at 50 ◦C (16–20 h). The reaction mixture was dropped into a 10-fold volume of
diethyl ether at 0 ◦C. The obtained precipitate was dissolved in DMSO, and hydrochloric acid (6N,
2.0 eq/mol vs. mol of DBU) was added to the solution. The resulting solution was dialyzed against
H2O (MWCO = 1000), and lyophilized. A 1H NMR measurement (in DMSO-d6 containing 3 v/v %
TFA) was performed for characterization of the obtained block copolymers.

2.5. Micelle Preparation

The obtained block copolymer was dissolved in THF, which was evaporated at 40 ◦C under a
dry N2 flow. The obtained polymer film was further dried under reduced pressure for 1 h, and the
film was sonicated with a VCX-750 sonicator (Sonic & Materials, Newtown, CT, USA) equipped with
a 5-mm-diameter microtip in D-PBS(-). The obtained polymeric-micelle solutions were centrifuged
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(3900 rpm, 10 min) for removal of possible insoluble precipitates. We used a filter unit equipped with
an Amicon Ultra-15 (MWCO = 100 k) to concentrate the polymeric-micelle solutions, which were passed
through a 0.22 μm poly(vinylidene difluoride) (PVDF) filter unit (Nihon Millipore, K.K., Tokyo, Japan).

2.6. Photo-Crosslinking of Polymeric Micelles

Photo irradiation was applied to polymeric micelles at 5.0 mg/mL in a normal saline (N.S.)
solution using an Asahi Spectra MAX-300 (Asahi Spectra Co., Ltd., Tokyo, Japan) equipped with a
300-W Xe-lamp and a 275-nm cutoff filter at 25 ◦C. The intensity was set to 8.0 mW/cm2 at 350 nm for
3 h. For confirmation of the reaction’s progress, a UV-VIS spectrum of the polymeric-micelle solution
was monitored until an absorption peak at 350 nm disappeared.

2.7. GPC Elution Measurements of Polymeric Micelles

At a concentration range between 5.0 and 1.0 mg/mL, the CCL micelles and the non-CCL micelles
(100 μL) were injected into the GPC, and the obtained peak area was normalized (μVsec/injected
weight of polymeric micelles) in relation to either the CCL or the non-CCL micelles. We measured
whole peak areas of both the CCL micelles and the non-CCL micelles by comparing the peak areas of
micelles with one another upon injection of the micelles into the HPLC without the column (Figure S2
in the Supplementary Materials).

2.8. Preparation of Adriamycin-Encapsulated Polymeric Micelles

Block copolymers were dissolved in DMF, and Adriamycin (ADR) was dissolved in DMF
containing trimethylamine (1.2 molar equivalent). The two solutions were mixed and dialyzed against
H2O by the use of a dialysis membrane with MWCO = 1000 (Spectra/Por 6). The obtained polymeric
micelle solutions were centrifuged (3900 rpm, 10 min) for removal of possible aggregates. We used a
filter unit equipped with an Amicon Ultra-15 (MWCO = 100,000) to concentrate the polymeric-micelle
solutions. The obtained polymeric-micelle solutions were passed through a 0.22-μm PVDF filter unit.

2.9. Drug-Release Experiment

ADR-encapsulated CCL micelles and ADR-encapsulated non-CCL micelles were filled in a
dialysis unit, with each micelle solution (100 μL) containing 13 μg ADR (Slide-A-Lyzer MINI Dialysis
Unit (MWCO = 3500), Thermo Scientific, Japan), and were dialyzed against a 40-fold volume of
either a 0.1-M phosphate buffer (pH = 7.4) or a 0.1-M acetate buffer (pH = 5.0) with stirring at r.t.,
respectively. An aliquot of the dialysate was freeze-dried, and its ADR content was determined by
means of reverse-phased HPLC equipped with a μ-Bondasphere column (Waters, C4 bonded phase
endcapped with 5-μm silica, pore size = 100 Å, eluent = acetonitrile containing 1% acetic acid, flow
rate = 1.0 mg/mL, detector = UV at 485 nm) at 40 ◦C. This drug-release measurement was performed
in triplicate.

3. Results and Discussion

3.1. Optimization of Photoreactive Chalcone-Conjugated Block Copolymers

Introduction of hydrophobic moieties into PEG-b-P(Asp) leads to the formation of
polymeric micelles in aqueous media [16,17]. We selected n-alkyl chains, such as n-pentyl or
n-nonyl, as hydrophobic moieties [24,25]. Together with these alkyl chains, we used alkylated
photo-crosslinkable chalcone derivatives as a photo sensitive compound. We examined the following
three methods for optimization of the conjugation reaction.

3.1.1. Method A

In our first examination, we performed esterification of PEG-b-P(Asp) with a chalcone derivative
having an ethylene spacer, chal-C2-Br (1a), at 50 ◦C in dehydrated DMF (see Scheme 1, method
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A in Chart 1). However, we found that a very small number of chal-C2 were conjugated to
PEG-b-P(Asp) chains, and absorption at 350 nm, which corresponds to the π–π* transition state
of chalcone moieties [39], was decreased after the reaction (see Figure S3 of the Supplementary
Materials). This decrease indicates that a side reaction, which changed an absorption spectrum of
chal-C2, occurred during the reaction. We confirmed that mixtures of 1a with PEG-b-P(Asp) (without
DBU) or 1a with DBU (without PEG-b-P(Asp)) in the same reaction condition did not show a change
in the π–π* band (data not shown). The conjugation reaction occurred between carboxylate anion
and alkyl halides in polar DMF. In this condition, the reactivity of alkyl halides in 1a (in this case
Br–CH2CH2–C(O)) was low owing to an electron-withdrawing carbonyl group attached to the ethylene
group. However, reactive carboxylate anions remained in the mixture, and might have reacted with
chalcone moieties instead of alkyl halides. We examined a reaction involving PEG-b-P(Asp) and
3-bromo-N-butyl-propanamide (BrCH2CH2C(O)NHnC4H9) (3-BNBPA), which is similar in chemical
structure to 1a, in the reaction condition identical to those of chal-C2-Br and PEG-b-P(Asp) (2.0 eq/mol
3-BNBPA and 1.2 eq/mol DBU were applied; see Table S1 of the Supplementary Materials). This
reaction yielded only 24% esterification for PEG-b-P(Asp) (see Figure S1e of the Supplementary
Materials). From this result, we concluded that less reactive alkyl halides led to a smaller incidence of
3-BNBPA conjugation to PEG-b-P(Asp), and that the remaining carboxylate anions attacked chalcone
π-conjugated moieties. Owing to this unfavorable change in the chalcone π-conjugated moieties in
which a photo crosslinked reaction had to occur, we used long alkylated chalcone derivatives, such as
pentyl spacers (chal-C5-Br, 1b) and octyl spacers (chal-C8-Br, 1c), instead of 1a. These long alkylated
chalcone derivatives were revealed to possess sufficient reactivity with carboxylate anions. Although
the number of introduced chal-C5 derivatives was not large enough (the number of introduced chalcone
derivatives = 1.7, yield from feed mol was 22%; see Table S2 of the Supplementary Materials), we
found that chal-C5 was successfully conjugated into PEG-b-P(Asp) without a significant change in
chalcone derivative’s absorption band. The fact that methylene chains are, in general, longer than
pentyl chains (n > C5) in chalcone derivatives significantly reduced the change in chalcone derivatives’
absorption peak in UV-VIS spectroscopy.

Chart 1. Summary of PEG-P(Asp-alkyl-chal-Cx) synthesis.

3.1.2. Method B

We performed two-step reactions as shown in part B of Chart 1. We conjugated pentyl groups
to PEG-b-P(Asp) in the first esterification step (see Figure S1f of the Supplementary Materials),
followed by conjugation of 1b in the second step (see Scheme 2). The reaction of 1b proceeded
with PEG-P(Asp(26)-pentyl(76)), whose aspartic acid residues had been conjugated with pentyl groups
(76% of the pentyl group in 26 aspartic-acid residues), under the same reaction condition as the first
esterification step (see Scheme 2). The obtained block copolymer did not exhibit the change in chalcone
derivatives’ absorption peak, and we controlled the number of conjugated chal-C5 by controlling the
1b feed amount, as shown in Table 1. However, we found a decreasing number of pentyl groups
with an increasing number of conjugated chal-C5 in the PEG-P(Asp-pentyl). This result indicates that
chal-C5 conjugation took place with removal of the pentyl group.
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Scheme 2. The reaction of PEG-P(Asp-pentyl) with chalcone-Cx-Br (Method B).

Table 1. Chal-C5 conjugation to PEG-P(Asp(26)-pentyl(76)).

Run
Chal-C5-Br Feed DBU Feed Chal-C5 Found C5H11 Found

Number Ratio /eq * Number Number

1 31.2 1.2 1.2 2.3 2.4
2 26.0 1.0 1.0 2.1 2.5
3 20.8 0.8 0.75 1.4 3.4
4 15.6 0.6 0.5 0.6 7.7

* eq indicates feed equivalent mol of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) vs. 26 Asp residue in PEG-P(Asp(26)).

3.1.3. Method C

As the two-step reactions did not successfully provide a favorable composition, we performed
an experiment involving a reaction of PEG-b-P(Asp) with alkyl halides and chal-Cx-Br (x = 5 or 8)
simultaneously (see Scheme 3, method C in Chart 1). 1H NMR was used for characterizations of
PEG-P(Asp-alkyl-chal-Cx), as shown in Figure 1. We calculated the number of conjugated alkyl chains
and chal-Cx derivatives by comparing the integration among the PEG’s methylene protons (degree of
polymerization = 119), the terminal methyl protons of the conjugated alkyl chains at 0.77 ppm, and 3H
aromatic protons of chal-Cx derivatives at 7.58 ppm.

The reaction proceeded well without a change in absorption peak at 350 nm. As shown in Table 2
(Run 1–3), the obtained number of pentyl groups and chal-C5 derivatives was well controlled by
the feed ratio between 1-iodopentane and 1b. In contrast, the chalcone having a C5 alkyl chain
(1b) conjugation reaction did not proceed in the mixture with n-C9H19-I (nonyl iodide), while
conjugation of nonyl iodide took place for the block copolymer (see Run 4 in Table 2). The results
indicate that the reaction of nonyl iodides to PEG-b-P(Asp) was faster than the reaction of 1b to
PEG-b-P(Asp). Once the nonyl chain was conjugated into PEG-b-P(Asp), a short pentyl chain having
a bulky chalcone moiety possibly could not reach the aspartic acid residues at the PEG-b-P(Asp)
backbone. From the above-mentioned results, we found that at least an equivalent number (x = y
− 1) of the methylene groups was necessary for the conjugation of chalcone derivatives to obtain
PEG-P(Asp-CyH2y+1-chal-Cx) and long alkyl chains, such as a nonyl chain, exhibit better reactivity.
As we expected, the reaction between PEG-P(Asp), n-C9H19-I, and a C8 alkyl chain (1c) yielded
good results (Table 2, Run 5–8). Results indicated that reaction efficiencies (% N(found)/N(feed)) of
each substrate was 33–42% for 1c and 28–47% for n-C9H19-I, respectively, therefore, we succeeded in
preparing PEG-P(Asp-CyH2y+1-chal-Cx) in a well-controlled manner.

Scheme 3. The reaction of PEG-P(Asp) with chalcone-Cx-Br (Method C).
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Figure 1. 1H NMR spectrum of the PEG-P(Asp-nonyl-chal-C8) block copolymer in DMSO-d6 containing
3 v/v % TFA.

Table 2. Results of the conjugation of chal-Cx and CyH2y+1 to PEG-P(Asp(26)).

Run Chal-Cx-Br Feed CyH2y+1-I Feed Chal-Cx Found CyH2y+1 Found

x eq * Number y eq * Number Number Number

1 5 0.3 7.8 5 1.1 28.6 2.6 8.8
2 5 0.3 7.8 5 1.5 39.0 3.5 12.9
3 5 0.3 7.8 5 2.0 52.0 2.7 14.2
4 5 0.3 7.8 9 1.5 39.0 0.0 13.2
5 8 0.3 7.8 9 1.5 39.0 2.8 18.2
6 8 0.6 15.6 9 1.2 31.2 5.6 9.3
7 8 0.8 20.8 9 1.0 26.0 6.9 7.0
8 8 0.8 20.8 9 0.8 20.8 8.6 6.0
9 8 0.8 20.8 9 0.6 15.6 8.8 4.4

* equivalent vs. 26 Asp residues. DBU equivalent = 1.1 vs. Asp.

3.2. Photo-Crosslinking of Polymeric Micelles

We used a solvent evaporation–sonication method to prepare PEG-P(Asp-nonyl-chal-C8)
micelles [16,17]. In addition, we performed DLS and UV-VIS measurements to confirm the obtained
PEG-P(Asp-nonyl-chal-C8) micelles’ characteristics. As shown in Table 3, diameters of the micelles
were in a range of 20–40 nm, except in Run 1. The block copolymers having 18.2 nonyl chains and
2.8 Chal-C8 groups exhibited a mixture of micelle and vesicle formation, which we determined by
means of TEM (see Figure S4 of the Supplementary Materials). This helped clarify why we observed
this exceptional diameter in Run 1 of Table 3.

Table 3. The number of introduced n-nonyl and chal-C8 moieties in block copolymers and the size of
the prepared polymeric micelles.

Run C9H19/N Chal-C8/N Diameter/nm

1 18.2 2.8 129 *1

2 9.3 5.6 37
3 7.0 6.9 17
4 7.0 8.6 29

*1 The diameter in run 1 was calculated by means of a cumulative method.
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The obtained micelles exhibited a maximum π–π* absorption peak at 350 nm. We performed
photo-irradiation on the micelle concentration at 5.0 mg/mL with an intensity of 8.0 mW/cm2 at
350 nm of UV-VIS light for 3 h. In this mild light-intensity condition, no absorption peak around
325–360 nm was found after 3 h, and a new absorption peak at 300 nm appeared upon photo-irradiation,
as shown in Figure 2. This spectrum change was due to single bond formation via [2 + 2] addition
of the chalcone moieties (see Scheme S1 of the Supplementary Materials). The disappearance of the
peak in the range extending from about 325 to 360 nm indicates that the photo reaction proceeded
in polymeric micelles’ inner cores. In other photo-crosslinking systems, many studies have applied
high light intensities at shorter wavelengths to polymeric micelles [31–36]; however, in the current
study, we have successfully performed a crosslinking reaction in polymeric micelles’ core with photo
irradiation at mild light intensity.

Figure 2. UV-VIS absorption spectra of PEG-P(Asp-nonyl-chal-C8) (nonyl = 7.0, chal-C8 = 8.6) micelles
before photo irradiation (solid line) and after photo irradiation (dashed line) in a 0.1 mg/mL solution.

3.3. Measurement of Size and Molecular Weight upon Photo-Irradiation

We used GPC measurements in an organic solvent to compare the molecular weight of
PEG-P(Asp-nonyl-Chal-C8) block copolymers before and after photo irradiation. The CCL micelles
exhibited an Mn of 1.6 × 105 with a Mw/Mn of 1.63, while the non-crosslinked block copolymer
exhibited an Mn of 5.1 × 103 with a Mw/Mn of 1.29 (Run 4 of Table 3) in GPC (eluent = methanol
containing 0.1 M LiClO4) (see Figure S5 of the Supplementary Materials). The obtained Mn of
non-crosslinked block copolymers was in good agreement with the 1H NMR values, indicating
that the non-crosslinked block copolymers did not form aggregates in methanol.

It should be noted that the Mn values of PEG-P(Asp-nonyl-Chal-C8) block copolymers
(nonyl = 7.0, chal-C8 = 8.6) and the CCL micelles in DMF were 5.6 × 104 and 6.5 × 105 with Mw/Mn =
1.14 and 1.17, respectively (data not shown). The molecular weight of the PEG-P(Asp-nonyl-Chal-C8)
block copolymers, when measured in DMF, was greater than the corresponding molecular weight
obtained in the context of 1H NMR. This fact indicates that PEG-P(Asp-nonyl-Chal-C8) block
copolymers underwent aggregation before photo-crosslinking in DMF. Therefore, an appropriate choice
of solvents is required for determining the actual molecular weight of PEG-P(Asp-nonyl-Chal-C8) block
copolymers in GPC. We have succeeded in preparing CCL micelles from PEG-P(Asp-nonyl-chal-C8)
block copolymers (nonyl = 7.0, chal-C8 = 6.9; nonyl = 7.0, chal-C8 = 8.6; Runs 3 and 4 of Table 3).
By contrast, when in methanol, PEG-P(Asp-nonyl-chal-C8) block copolymers (nonyl = 9.3, chal-C8 = 5.6;
Runs 2 of Table 3) exhibited several peaks on the GPC chart because the number of chalcone
derivatives that had undergone incomplete photo-crosslinking was smaller than the number of
chalcone derivatives that had undergone complete photo-crosslinking. The number of chalcone
derivatives in the polymeric micelles’ core was revealed to be an important factor in our effort to
complete the photo-crosslinking. To confirm the formation of CCL micelles (nonyl = 7.0, chal-C8 = 8.6),
we characterized the obtained polymeric micelles by means of DLS and SLS.
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Our DLS measurements yielded polymeric micelles whose diameters after photo-irradiation were
nearly the same as the diameters before photo-irradiation in aqueous media (Table 4). This result
indicates that photo-irradiation did not affect the radius of polymeric micelles in aqueous media.
Figure 3 presents the Zimm plots for the CCL-micelles obtained by means of SLS measurements
either in normal saline before the photo-crosslinking or in methanol containing 0.1 M LiCO4 after
the photo-crosslinking. Table 4 shows the SLS data and hydrodynamic radius (Rh) for the polymeric
micelles. We could not obtain SLS data regarding PEG-P(Asp-nonyl-chal-C8) block copolymers in
methanol owing to the very weak scattering intensities of the unimer form of the block copolymers.
To estimate the values of apparent Mw for polymeric micelles before and after photo-crosslinking,
we extrapolated the polymer concentration (Cp) and scattering angle (θ) to zero, and to estimate the
values of the radius of gyration (Rg) and the second virial coefficient (A2), we referred respectively
to the slope of the angular dependence and the slope of the concentration dependence in the Zimm
plots. Polymeric micelles’ Mw before photo-crosslinking was 3.93 × 106, and the aggregation number
(Nagg) was 310, as estimated by the molecular weight of the block copolymer. After photo-crosslinking,
we dialyzed the CCL-micelle solution against methanol to exchange the solvent and remove possible
non-crosslinked block copolymers. The Mw of CCL micelles was 1.14 × 106, and the Nagg was 90.
The Rg/Rh values of the polymeric micelles before and after photo-crosslinking were 0.837 and 0.982,
respectively. The Rg/Rh value of the CCL micelles indicates that the structure of their inner core was
less dense than the inner core of the non-CCL micelles in methanol.

Table 4. Diameter, weight-average molecular weight (Mw), second virial coefficient (A2), radius of
gyration (Rg), and aggregation number (Nagg) of non-core crosslinked (CCL) and CCL micelles.

Run
DLS

Diameter/nm
SLS

Mw × 10−6
A2

(cm3·mol/g2)b × 105 Rg/Rh Nagg Media

Non-CCL micelle 29 3.93 1.55 0.837 310 in NS 1

CCL micelle 30 1.14 1.29 0.982 90 Methanol 2

1 normal saline, 2 methanol containing 0.1 M LiClO4. The composition of the PEG-P(Asp-nonyl-chal-C8) used in
this study was nonyl = 7.0, chal-C8 = 8.6.

Figure 3. Zimm plots of PEG-P(Asp-nonyl-chal-C8) (nonyl = 7.0, chal-C8 = 8.6) micelles (a) before and
(b) after photo-crosslinking; and (a) in normal saline and (b) in methanol containing 0.1 M LiClO4.
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3.4. DLS Measurements of CCL and Non-CCL Micelles

Owing to the aggregation of PEG-P(Asp-nonyl-chal-C8) block copolymers as confirmed by GPC
measurements in DMF, we dissolved the CCL micelles and block copolymers in methanol containing
0.1 M LiClO4. Figure 4 exhibits the radius of CCL and non-CCL micelles before and after photo
irradiation. We have observed that the CCL and the non-CCL micelles exhibited the same diameters
in normal saline (Figure 4a). In methanol containing 0.1 M LiClO4, the radius of the CCL micelles
indicated the presence of an aggregate form, while the radius of the non-photo-irradiated block
copolymers indicates solely the presence of a unimer form without the aggregation, as shown in
Figure 4b. These findings suggest that photo-crosslinking of the cores proceeded successfully and
that, consequently, the polymeric micelles did not dissociate into single block copolymers in methanol
containing 0.1 M LiClO4.

Figure 4. DLS charts of PEG-P(Asp-nonyl-chal-C8) micelles (nonyl = 7.0, chal-C8 = 8.6) before and after
photo irradiation (a) in normal saline and (b) in methanol containing 0.1 M LiClO4.

3.5. GPC Measurements of CCL and Non-CCL Micelles for Calculation of CMC

Measurements of the emission and excitation spectra of pyrene encapsulated in polymeric micelles
provided critical micelle concentration (CMC) values of polymeric micelles [41,42]. We followed a
pyrene-encapsulation method to determine the CMC values of the CCL and the non-CCL micelles
(nonyl = 7.0, chal-C8 = 8.6) [42]; however, emission spectra of the pyrene encapsulated polymeric
micelles exhibited a new broad absorption peak at 480 nm in a concentration range extending from 0.1
to 2.0 mg/mL. This peak resulted from exciplex formation between pyrene and chalcone moieties in
the inner core, since PEG-P(Asp-nonyl) micelles (without chalcone moieties) did not exhibit such a new
peak. Owing to the exciplex formation between pyrene and chalcone moieties, we could not estimate
the CMC values of the two types of polymeric micelles (see Figure S6 of the Supplementary Materials).

Rather than measure the emission and excitation spectra of pyrene, we measured
concentration-dependent GPC elution peaks in order to observe the shear stress-mediated dissociation
and adsorption behaviors of the CCL and the non-CCL micelles (nonyl = 7.0, chal-C8 = 8.6). We have
proved that this concentration-dependent GPC measurement deeply correlated with the stability of
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micelles in vivo [17]. Figure 5 exhibited plots of the normalized elution-peak areas (μVsec/injected
weight of polymeric micelles) of the CCL and the non-CCL micelles at each concentration. The plots
of non-CCL micelles dropped at a higher concentration than did the plots of CCL micelles. Under
this GPC condition, the non-CCL micelles exhibited almost no elution peak below 0.01 mg/mL.
These two kinds of micelles were identical to one another regarding diameter and chemical formula,
but exhibited different plot profiles. The difference in GPC measurements was due mainly to the
adsorption—stemming from hydrophobic interactions—of either the unimer form or the polymeric
micelles onto the GPC column. If the polymeric micelles exhibited no adsorption on the column,
the plots of the normalized peak areas should have been flat. Owing to the hydrophobic interaction
between the column and unimer forms of the block copolymers, the normalized peak area of non-CCL
micelles drastically decreased in the diluted conditions. However, as shown in Figure 5, the plots of
the CCL micelles gradually dropped even after photo-crosslinking. It should be noted that adsorption
behaviors of those micelles depend on the number of adsorption sites in a dynamic environment
(flow rate and flow pressure). Therefore, a significant amount of injected micelles adsorbed onto
the GPC column, and a low concentration of micelles exhibited significant decreases in elution-peak
areas, whereas a high concentration of micelles exhibited negligible decreases in elution-peak areas.
In fact, 88% of the non-CCL micelles were eluted at 1.0 mg/mL, whereas 98% of the CCL micelles
were eluted at the same injection concentration. Therefore, this pattern was due not to dissociation,
but perhaps to the hydrophobic interactions between the CCL micelle’s inner core and the column’s
surface. These data show that there was a stability difference between the CCL micelles and the
non-CCL micelles in the GPC measurements.

The detection limit of the non-CCL micelles’ concentration was 0.01 mg/mL. Moreover, as shown
in Figure 5, an obtained CMC value from a crossing point between the two approximation straight lines
was 20 μg/mL. This CMC value was in a good agreement with the CMC of benzylated PEG-b-P(Asp)
block copolymer micelles obtained in pyrene excitation and emission measurements (5–40 μg/mL) [16].
By contrast, the CCL micelles in the GPC measurements did not exhibit a drastic decrease in the
elution-peak area. We observed the CCL micelles exhibiting high stability even in dilute conditions in
the GPC experiment, as shown in Figure 5.

Figure 5. GPC measurements conducted before (diamond) and after (square) the photo-crosslinking
of polymeric micelles. Concentrations of the polymers were in a range extending from 0.5 μg/mL to
1.0 mg/mL. Y axis indicates normalized elution-peak areas per injected weight gram of polymeric
micelles in GPC measurements. The obtained normalized elution-peak area was plotted.

3.6. Comparisons of Two Micelles’ Adriamycin Encapsulation and Release Behaviors

In this experiment, we performed an in vitro drug-release experiment to clarify the effects of
the inner core’s hydrophobic properties on the release of Adriamycin (ADR). We used two block
copolymers for ADR encapsulation (in Table 2, see Run 6’s block copolymer (nonyl = 9.3 and
chal-C8 = 5.6) and Run 7’s block copolymer (nonyl = 7.0 and chal-C8 = 6.9)). ADR was encapsulated
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in the two types of block copolymer micelles in good yields (75–80% in 2.0 wt % ADR feed to a
block copolymer), and the obtained ADR-encapsulated micelles respectively had a 19-nm diameter
(nonyl = 7.0 and chal-C8 = 6.9) and a 33-nm diameter (nonyl = 9.3 and chal-C8 = 5.6). We examined
photo irradiation to these ADR-encapsulated polymeric micelles. It should be noted that ADR is a
photo-sensitive compound, so we took additional precautions during the photo irradiation [43,44].
Upon photo irradiation, a 50% decrease in ADR absorption at 488 nm was observed in the UV-vis
spectrum of the 19-nm-diameter polymeric micelles, while 72% of the ADR absorption remained
for the 33-nm-diameter polymeric micelles. The smaller-diameter (19 nm) ADR-encapsulated
polymeric micelles exhibited much faster ADR decomposition upon photo-irradiation than did the
larger-diameter (33 nm) ADR-encapsulated polymeric micelles. Owing to the decomposition of ADR
upon photo irradiation, only the 33-nm-diameter CCL or non-CCL micelles were employed for further
examination in this study.

We examined the ADR-release behaviors of both the CCL and the non-CCL micelles in conditions
either at pH = 7.4 or at pH = 5.0 by means of a dialysis method. ADR-encapsulated micelles were filled
in a dialysis bag, and we monitored released-ADR in the outer medium until day 8. Results are shown
in Figure 6. Both the CCL and the non-CCL micelles exhibited similar ADR-release behaviors in the
two conditions. After 4 days, both the CCL micelles and the non-CCL micelles released about 20% of
their ADR at pH = 7.4 and about 50% at pH 5.0. Owing to the higher solubility of ADR in the acidic
medium, the two types of micelles exhibited faster ADR release at pH = 5.0 than at pH = 7.4. However,
ADR was stably encapsulated in the two types of micelles, and photo irradiation did not change
ADR-releasing behaviors. This was unexpected for us. We had expected that two micelles exhibit
different ADR-release behaviors. In fact, polymeric micelles have emerged as a novel anticancer-drug
carrier in drug-delivery systems in recent decades, research has not yet completely elucidated the
drug-release mechanism involving polymeric micelles, particularly regarding whether the drug release
is dominated by a mechanism of diffusion in the inner core, by a mechanism of the dissociation
of polymeric micelles, or by both of these mechanisms. Results of ADR-release experiments show
that a diffusion mechanism contributed to ADR release from polymeric micelles’ inner core in vitro
and that a mechanism of the dissociation of polymeric micelles did not. This result was probably
due to two different hydrophobic characteristics of bulky aromatic rings of ADR and long alkyl
chains. Previous study shown that chemically conjugated ADR to P(Asp) helps to maintain physically
entrapped ADR in micelles’ core [44]. Therefore, hydrophobic interactions between aromatic rings,
as well as π–π interactions improve stability of ADR encapsulation, and these interactions may be more
stable for crosslinked micelles, which neighboring hydrophobic blocks can interact easily, than the
dissociable micelles. At least, the obtained results proved that photo-irradiation did not change the
ADR-releasing behaviors.

Figure 6. Release of Adriamycin from polymeric micelles in different media where either pH = 7.4
(D-PBS) or pH = 5.0 (acetate buffer). Diamonds and squares indicate the after and before
photo-irradiation contexts, respectively. The release assay was performed in triplicate.

89



Polymers 2017, 9, 710

4. Conclusions

In the current study, we succeeded in preparing two distinct types of polymeric
micelles: those with photo-crosslinking and those without photo-crosslinking. We focused on
photo-crosslinking the polymeric micelles’ cores so that the two types of polymeric micelles would
possess the same chemical formula. We succeeded in syntheses of photo-crosslinkable block
copolymers—PEG-P(Asp-alkyl-chal-Cx). We found that reactions among photo-crosslinkable chalcone
moieties, alkyl chains, and PEG-b-P(Asp) successfully proceeded when we mixed all the substrates at
once. The obtained block copolymers formed polymeric micelles with diameters ranging from 20 to
40 nm in aqueous media. We optimized the composition of PEG-P(Asp-nonyl-chal-C8) micelles for
successful photo-crosslinking in the cores. Mild photo-irradiation led to the crosslinking of chalcone
moieties in the polymeric micelles’ inner cores. The core crosslinked micelles having a diameter of
between 25 and 30 nm were present in both aqueous media and methanol, while the non-CCL micelles
exhibited dissociation in methanol. We examined GPC experiments to evaluate dissociation and
adsorption behaviors of the two types of micelles. The CCL micelles exhibited greater elution-peak
areas than the non-CCL micelles owing to either the complete absence of—or the very small presence
of—dissociation-related adsorption onto the GPC column. No release-profile difference emerged
between the CCL and the non-CCL micelles when the encapsulated Adriamycin was released from
the micelles’ inner cores. These results indicate that we obtained our desired property associated
with the polymeric micelles: namely, the CCL micelles and the non-CCL micelles shared identical
diameters, chemical formulas, and hydrophobic properties, even though the CCL micelles exhibited
no dissociation into a unimer of block copolymers. We observed cmc of the non-CCL micelles and no
cmc-related dissociation behavior of the CCL micelle. By using these two micelles, we can evaluate
PEG-related immunogenicity in both forms: a micelle form and a dissociated polymer form. This is a
big challenge to elucidate mechanisms of polymeric micelles’ immunogenicity in vivo.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4360/9/12/710/s1,
Additional data: Figure S1: 1H NMR of (a–c) chalcone derivatives, (d) 1H NMR of PEG-P(Asp) block copolymer,
(e–f) esterified PEG-P(Asp) block copolymers. Figure S2: GPC experiments for estimating the non-adsorption
behaviors of CCL micelles and non-CCL micelles. Figure S3: UV-VIS spectrum of PEG-P(Asp-chal-C2). Figure S4:
TEM images of the prepared PEG-P(Asp-nonyl-chal-C8) micelles. Figure S5: GPC traces before and after
photo-irradiation in MeOH containing 0.1 M LiClO4. Figure S6: emission spectra of pyrene-encapsulated
PEG-P(Asp-nonyl-chal-C8) micelles before and after photo-irradiation.
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Abstract: We report here on the utilization of poly(lauryl methacrylate)-b-poly(oligo ethylene
glycol methacrylate) (PLMA-b-POEGMA) amphiphilic block copolymers, which form compound
micelles in aqueous solutions, as nanocarriers for the encapsulation of either magnetic iron oxide
nanoparticles or iron oxide nanoparticles, and the model hydrophobic drug indomethacin in the
their hydrophobic core. The mixed nanostructures were characterized using dynamic light scattering
(DLS) and transmission electron microscopy (TEM) in terms of their structure and solution properties.
Magnetophoresis experiments showed that the mixed solutions maintain the magnetic properties of
the initial iron oxide nanoparticles. Results indicate that the cumulative hydrophilic/hydrophobic
balance of all components determines the colloidal stability of the nanosystems. The effect of salt
and bovine serum albumin (BSA) protein concentration on the structure of the mixed nanostructures
was also investigated. Disintegration of the mixed nanostructures was observed in both cases,
showing the importance of these parameters in the structure formation and stability of such complex
mixed nanosystems.

Keywords: amphiphilic block copolymers; micelles; self-assembly; encapsulation; magnetic
nanoparticles; indomethacin

1. Introduction

Polymer-based nanomedicine has gained vast attention in the worldwide scientific community
because of the promising potential it provides in the fields of bioimaging and the therapy of
various diseases and disorders. Theranostics is a new scientific term describing nanosystems used
for applications in diagnosis and therapy at the same time [1,2]. The polymeric systems used for
theranostics usually consist of the polymeric material, the pharmaceutical substance that is used
for therapy purposes and a chemical group/component that is used for diagnostic purposes [3–5].
Amphiphilic block copolymers consist of two or more covalently connected macromolecular chains
with different hydrophobicity. Therefore, these polymers are able to self-assemble into various complex
nanostructures, such as spherical or cylindrical micelles and vesicles, where the hydrophobic polymer
chains form the core and the hydrophilic polymer chains form the corona when inserted in aqueous
solutions [6,7]. The morphology of the self-assemblies depends on the hydrophobic/hydrophilic ratio.
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This property renders them ideal materials for the encapsulation and delivery of hydrophobic drugs
and imaging agents in the hydrophobic core [8–14]. The encapsulation of nanoparticles (NPs) in the
self-assembled nanostructures of block copolymers can provide the resulting hybrid nanostructures
with enhanced properties such as improved stability, easy multi-functionalization and reduced toxicity,
combining the characteristics of both the nanoparticles and the polymers [15,16]. Nowadays, magnetic
nanoparticles are key materials, as far as biomedical applications are concerned, in fields such as
magnetic resonance imaging (MRI), magnetic hyperthermia and drug delivery systems for triggered
release of the encapsulated drug [15,17–21]. Encapsulation of magnetic NPs in block copolymers
micelles can lead to improved stability and biocombatibility [22].

The aim of this work was to utilize amphiphilic poly(lauryl methacrylate)-b-poly (oligo ethylene
glycol methacrylate), (PLMA-b-POEGMA) micelles as nanocarriers for the encapsulation of iron oxide
magnetic NPs (synthesized by thermal decomposition) and both NPs and indomethacin (IND, a model
hydrophobic drug) simultaneously in their hydrophobic PLMA core. The structure and properties of
the hybrid nanostructures are studied by a gamut of physicochemical techniques including dynamic
light scattering (DLS) and transmission electron microscopy (TEM).

2. Materials and Methods

2.1. Materials

Tetrahydrofuran (THF, 99.9%, Sigma-Aldrich, Athens, Greece), n-Hexane (95%, Carlo-Erba,
Athens, Greece), 1-octadecene (Alfa Aesar, Athens, Greece, 90%,), iron chloride hexahydrate
(FeCl3·6H2O, Acros Organics, Athens, Greece, 99%,), sodium oleate (Sigma-Aldrich, Athens, Greece,
82%,), oleic acid (Alfa Aesar, Athens, Greece, 90%,), bovine serum albumin (BSA, 99%, Sigma-Alrdrich,
Athens, Greece), sodium chloride (99.5%, Sigma-Arldrich, Athens, Greece), indomethacin (IND, 99%,
Fluka, Athens, Greece).

2.2. PLMA-b-POEGMA Block Copolymers Synthesis

The PLMA-b-POEGMA block copolymers were synthesized in various compositions by a two-step
Reversible Addition-Fragmentation Chain Transfer (RAFT) polymerization process using 2,2′-Azobis
(Isobutyronitrile), (AIBN) as the radical initiator and 4-cyano-4-(phenyl-carbonothioylthio) pentanoic
acid (CPAD) as the chain transfer agent. The synthetic procedure has been described in detail in our
previous work [23].

2.3. Synthesis of Iron Oxide Nanoparticles

Iron oxide NPs were synthesized by thermal decomposition of iron-oleate complex (precursor) in
the presence of oleic acid and 1-octadecene.

(a) Synthesis of the precursor: The synthesis of the precursor was performed according to a
procedure reported in the literature [24]. In a typical synthesis, iron chloride hexahydrate (FeCl3·6H2O,
8.1 g, 30 mmol) and sodium oleate (27.4 g, 90 mmol) were dissolved in a mixture of 60 mL absolute
ethanol and 45 mL distilled water, followed by the addition of 105 mL hexane. The mixture was
then refluxed (70 ◦C) for 4 h. Thereafter, the upper organic layer containing the iron-oleate complex
(red-brown) was washed three times with 50 mL distilled water in a separatory funnel. In order to
remove any residual water, sodium sulphate anhydrous (0.5–1.0 g) was added to the solution of the
precursor, followed by filtration. Hexane was evaporated off in a rotary evaporator and the resulting
waxy-solid iron-oleate complex was further dried for 2 h.

(b) Synthesis of Fe2O3 NPs: (3.6 g, 4.0 mmol) iron-oleate complex and (3.4 g, 12 mmol) oleic acid
were dissolved in 30 g, 38 mL 1-octadecene. The mixture was heated to 100 ◦C for 30 min and then to
reflux (318 ◦C) for 1 h (heating rate: 7 ◦C/min). The resulting black dispersion containing the NPs
was left to cool down to room temperature and washed four times with a mixture of chloroform and
acetone (1:3–1:1). At every wash, the nanocrystals were first dispersed in chloroform (CHCl3) and
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then precipitated by addition of acetone and centrifugation. Finally, the NPs were dispersed in CHCl3.
The procedure described above, led to the formation of monodisperse nanocrystals with an average
diameter of 9.4 nm determined by TEM (JEOL, Akishima, Tokyo, Japan).

2.4. Preparation of PLMA-b-POEGMA Micelles Loaded with Magnetic Nanoparticles

The amphiphilic block copolymer PLMA-b-POEGMA was dissolved in THF at a concentration
of 5 × 10−3 g/mL. A dispersion of iron oxide nanoparticles in CHCl3, stabilized with oleic acid, was
added to the solution. The concentration of magnetic nanoparticles in the mixture was set to 10 or
20 wt % relative to the PLMA block. Then the mixture was injected fast in 10 mL distilled water
under vigorous stirring. Thereafter, the mixed solution was placed in a rotary evaporator in order to
evaporate the organic solvents (THF and CHCl3). The mixed micelles with encapsulated NPs were
generated during the evaporation of the organic solvents. The loading percentage in all cases was
more than 95%, since no precipitate was observed, at least for the stable solutions.

2.5. Preparation of PLMA-b-POEGMA Micelles Loaded with Magnetic Nanoparticles and Indomethacin

The amphiphilic block copolymer PLMA-b-POEGMA was dissolved in THF at a concentration of
5 × 10−3 (g/mL). The appropriate amount of indomethacin was dissolved in THF. A dispersion of
iron oxide nanoparticles in CHCl3, stabilized with oleic acid and indomethacin in THF, were added
to the solution. The concentration of magnetic nanoparticles in the mixture was 10 wt % and the
concentration of indomethacin was 20 wt % relative to the PLMA block. Then, the mixture was injected
quickly in 10 mL distilled water under vigorous stirring. Thereafter, the mixed solution was placed in
a rotary evaporator in order to evaporate the organic solvents. The mixed micelles with encapsulated
NPs and IND were generated during the evaporation of the organic solvents. The loading percentage
in all cases was more than 95%, as evidenced by the absence of precipitates and UV–Vis (Perkin Elmer,
Waltham, MA, USA) characterization.

2.6. Methods

Dynamic light scattering measurements were conducted on an ALV/CGS-3 compact goniometer
system (ALVGmbH, Hessen, Germany), equipped with an ALV 5000/EPP multi-τ digital correlator
with 288 channels and an ALV/LSE-5003 light scattering electronics unit for stepper motor drive and
limit switch control. A JDS Uniphase 22 mW He-Ne laser (λ = 632.8 nm) was used as the light source.
Measurements were carried out five times for each concentration and angle and were averaged for each
angle. The solutions were filtered through 0.45 μm hydrophilic PTFE filters (Millex-LCR from Millipore,
Billerica, MA, USA) before measurements. The angular range for the measurements was 30–150◦.
Obtained correlation functions were analyzed by the cumulants method and CONTIN software
(ALVGmbH, Hessen, Germany). The size data and figures shown below are from measurements at 90◦.

The magnetophoretic experiments were performed using a Perkin Elmer (Lambda 19)
UV–Vis–NIR spectrophotometer (Waltham, MA, USA) and by inserting next to the cuvette holder
a cylindrical Nd-Fe-B magnet (dimensions: diameter = 20 mm, thickness = 10 mm, magnetization
unit: N45, attraction/repulsion strength: max 16 kg). The wavelength of the measurements was set at
450 nm and the absorbance of the solution containing the hybrid nanostructures with encapsulated
NPs was measured for 1 h under the influence of the magnet. It should be noted that absorption in
this wavelength comes from the encapsulated NPs and not from the copolymers.

TEM micrographs were obtained by a JEOL, JEM-2100 instrument (Akishima, Tokyo, Japan)
operating at 200 kV. Samples for TEM were prepared by casting a droplet of a dilute aqueous suspension
(ca. 1 × 10−4 g·mL−1) of the mixed micelles on copper grids coated by Formvar carbon film.

3. Results and Discussion

The self-assembly of PLMA-b-POEGMA amphiphilic block copolymers has been studied
extensively in our previous work [23]. In aqueous solutions, the block copolymers have been found to
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form compound micelles where the PLMA block is forming the hydrophobic domains and POEGMA
the hydrophilic corona.

In order to impart magnetic properties to the polymeric micelles, small size (D = 9.4 nm) iron
oxide nanoparticles stabilized with oleic acid were encapsulated in the hydrophobic core of the
micelles. It was expected that the oleic acid corona of NPs is compatible and miscible with the lauryl
side chains of the PLMA block and, in this way, the encapsulation of the magnetic NPs would be
greatly facilitated. Moreover, both indomethacin and NPs could be simultaneously encapsulated
in the micellar core in order to create nanocarrier systems suitable for both imaging and therapy.
Thus, PLMA is the interacting functional block that promotes the miscibility of the components.
On the other hand, POEGMA blocks provide solubility/colloidal stability and stealth properties to the
mixed nanostructures. Table 1 shows the molecular characteristics of the PLMA-b-POEGMA block
copolymers, as well as the DLS results for all mixed nanostructures. In all cases, mixed structures
within the nanoscale range, with a relatively narrow size distribution were obtained. Scheme 1 depicts
the procedure followed for the preparation of the micelles loaded only with magnetic NPs.

Table 1. Molecular characteristics and dynamic light scattering (DLS) results for poly(lauryl
methacrylate)-b-poly(oligo ethylene glycol methacrylate) (PLMA-b-POEGMA) block copolymers and
solutions of their micelles loaded with nanoparticles (NPs) and both indomethacin (IND) and NPs.

Block copolymers NPs loaded NPs and IND loaded

Sample
Mw

a (×104)
(g/mol)

Mw/Mn
a wt %

PLMA b Dh
c (nm) PDI c Dh

c (nm) PDI c Dh
c (nm) PDI c

PLMA22-b-POEGMA58 3.3 1.30 16 162 0.28 - - 166 0.33
PLMA22-b-POEGMA32 2.07 1.31 27 122 0.35 198 0.37 194 0.39
PLMA22-b-POEGMA13 1.17 1.18 52 140 0.31 200 0.35 - -

a Determined by size exclusion chromatography (SEC), b Determined by nuclear magnetic resonance (1H NMR),
c Determined by dynamic light scattering (DLS) at 90◦.

Scheme 1. Simplified schematic illustration depicting the preparation of the PLMA-b-POEGMA/NPs
mixed nanostructures.

3.1. Encapsulation of Fe2O3 Nanoparticles in the PLMA-b-POEGMA Micelles

A major concern when it comes to the preparation of such mixed nanosystems is the
colloidal stability of the mixed solutions. This was possible only for PLMA22-b-POEGMA32 and
PLMA22-b-POEGMA13 containing 10 wt % NPs with regard to PLMA mass. In the case of
PLMA22-b-POEGMA58, the magnetic NPs precipitated, probably due to the low PLMA hydrophobic
content relative to POEGMA, which apparently is not enough to accommodate a significant amount
of the NPs. Trials for the encapsulation of greater amounts of NPs were carried out, but the mixed
solutions were not colloidally stable, with only a small fraction of the NPs being encapsulated in the
form of an aqueous suspension, while most of the materials existed as precipitates at the bottom of the
vials (Figure 1).
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Figure 1. Colloidally stable (a) and unstable (b) mixed solutions of PLMA22-b-POEGMA32 micelles
containing 10 and 20 wt % of magnetic nanoparticles (NPs) relative to PLMA, respectively.

In order to investigate the size of the NPs encapsulating micelles, dynamic light scattering was
utilized. In Figure 2, a typical size distribution graph from CONTIN analysis before and after the
encapsulation of the magnetic NPs is shown. The results indicate that the Fe2O3 NPs affect the
size of the mixed nanostructures, and the hydrodynamic diameter (Dh) is significantly larger after
the encapsulation of the magnetic NPs (Table 1). This is a result of the fact that a larger amount of
hydrophobic components exists in the mixed nanostructures, and a larger amount of block copolymer
participates in the organization of the materials in order to provide a colloidally stable nanosystem.

Figure 2. Comparative size distribution graphs from CONTIN analysis before and after the
encapsulation of the magnetic NPs within the PLMA22-b-POEGMA13 micelles.

Magnetophoretic experiments were performed in order to investigate whether the iron oxide
NPs containing mixed nanostructures maintain the magnetic properties of the inorganic part after
the encapsulation in the polymeric micelles. As can be seen in Figure 3, the magnetic mixed colloidal
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nanostructures are gathered in the side of the measuring cell in the place where the magnetic field
was applied.

In addition, in the magnetophoretic experiments performed with the aid of a UV–Vis
spectrophotometer, there is a decrease in the absorbance at 450 nm because the magnetic material
gathers in the side where the magnet is placed. The magnetophoresis graphs shown in Figure 4 prove
that the NPs loaded micelles have a strong response to the application of the external magnetic field,
since the absorbance of the solution decreases rapidly within the first ten minutes of the measurement
and then shows a small and more gradual decrease up to approximately 20 min. No further decrease in
the absorbance can be observed in the remaining time of the experiment. It seems that the phenomenon
is faster for the PLMA22-b-POEGMA13/10% NPs mixed nanosystem, which obviously contains the
higher amount of the magnetic material (as can be deduced by the stoichiometry of the solutions and
from the initial value of the absorbance).

Figure 3. PLMA22-b-POEGMA13/10% NPs mixed solution before (a) and after (b) the application of
magnetic field (using a magnet) for the magnetophoresis experiments.

Figure 4. Magnetophoresis graphs measuring absorbance as a function of time (λ = 450 nm) for
PLMA22-b-POEGMA32 and PLMA22-b-POEGMA58 micelles loaded with 10 wt % magnetic NPs in
regard to PLMA mass in the mixed nanosystem.

In order to have a more complete picture of the morphology of the iron oxide NPs before and
after their loading in the polymeric micelles, TEM was utilized as a nanoscale imaging technique.
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At this point, it should be noted that the contrast in the mixed systems studied is mainly due to
the inorganic NPs, and the polymeric material is barely visible in the micrographs. In Figure 5a,
it can be observed that the iron oxide NPs in the absence of copolymer are in some way oriented
to the carbon coated grid after the evaporation of the solvent, and this ordering is determined by
the oleic acid ligands on the NPs surface. The mean distance between the particles is approximately
1.9 nm, which corresponds rather well with double the space of an oleic acid tail. In Figure 5b,
where the block copolymer PLMA22-b-POEGMA32 is involved, it can be observed that the mean
distance between the particles is significantly larger (ca. 4.6 nm); a fact that leads to the conclusion that
the surface of the NPs is decorated with the block copolymer chains. This idea is enhanced from the
observation of white shadows in the TEM images (noted with red arrows) which must be areas with a
higher concentration of polymeric chains (or parts of polymeric spherical micelles). In the case of a
PLMA22-b-POEGMA13-based mixed nanosystem, similar areas can be observed, but also areas with
large aggregation of magnetic NPs (red circles); an observation that indicates both the encapsulation of
the magnetic NPs within polymeric micelles and the decoration of NPs surface with block copolymer
chains. Most probably, the length of the PLMA block and its content dictate the interactions between
block copolymer chains and the NPs, as well as the formation of mixed nanostructures in aqueous
media. On the other hand, a restructuring of the mixed nanostructures on the carbon surface of
the TEM grid in the dry state cannot be ruled out due to the low Tg of the PLMA block. Therefore,
there is a possibility that the structures observed by DLS and TEM are not exactly the same, due to
the different state of the material during the measurements (suspension vs. dry state). In any case,
TEM micrographs also show the presence of interactions between PLMA-b-POEGMA copolymers and
magnetic NPs and their nanoscale organization. However, the general picture for the nanosystems
obtained from DLS measurements is closer to the environments found in biomedical applications such
as drug delivery, since they are mostly related to solutions or suspensions.

Figure 5. TEM images for (a) iron oxide NPs; (b) PLMA22-b-POEGMA32/10% NPs (red arrows indicate
areas with a higher concentration of polymeric chains) and (c) PLMA22-b-POEGMA13/10% NPs mixed
nanosystems after solvent evaporation (red circles indicate areas with large aggregation).

3.2. Encapsulation of Both Iron Oxide Nps and IND into PLMA-b-POEGMA Micelles

The next step was to investigate whether the polymeric micelles could encapsulate a hydrophobic
drug together with the magnetic NPs in their PLMA core forming a three component colloidal
nanosystem. The procedure followed for the preparation of PLMA-b-POEGMA micelles loaded with
iron oxide NPs and the non-steroidal, anti-inflammatory drug indomethacin is depicted in Scheme 2.
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Scheme 2. Simplified schematic illustration for the preparation of the PLMA-b-POEGMA/NPs/IND
mixed nanostructures.

This was achieved only for sample PLMA22-b-POEGMA58 in terms of colloidal stability. As stated
above, this block copolymer was not able to form stable solutions with encapsulated iron oxide
NPs alone. Probably, the polar groups contained in the hydrophobic IND molecule make it
act as a low molecular surfactant, affecting the structural characteristics and colloidal stability
of the mixed self-assembled nanostructures formed [23,25–27]. Regarding the rest of the mixed
systems, PLMA22-b-POEGMA32/NPs/IND was stable for 72 h and PLMA22-b-POEGMA13/NPs/IND
precipitated almost immediately after mixing the initial solutions. This fact indicates that the
hydrophilic/hydrophobic balance, taking into account all components utilized in the preparation of
the mixed nanostructures, is responsible for the stability of the final solution.

DLS was utilized for the determination of the size distribution of the mixed
PLMA-b-POEGMA/NPs/IND nanostructures. For the PLMA22-b-POEGMA58 system, the size is
significantly larger than before the encapsulation (Figure 6a), whereas for PLMA22-b-POEGMA32 it
is almost the same with the system where only magnetic NPs were encapsulated in the copolymer.
This may be another proof for the surfactant-like activity of indomethacin in the cases under
investigation. TEM observations (Figure 6b) show the dominating contrast of magnetic NPs and no
substantial changes in the morphology compared with the systems where IND is absent (Figure 5b,c).

Figure 6. (a) Comparative size distribution graphs from CONTIN analysis before and after the
encapsulation of magnetic NPs and IND in PLMA22-b-POEGMA58 micelles; (b) TEM micrograph for
PLMA22-b-POEGMA58/10% NPs/20% IND.
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Further proof for the incorporation of IND in the polymeric micelles is given by the UV–Vis
measurements shown in Figure 7. The increase in absorbance at 450 nm is attributed to the existence
of the magnetic NPs in the micellar core, and the one at 321 nm is attributed to the presence of
encapsulated indomethacin27.

Figure 7. UV–Vis spectra of PLMA22-POEGMA32/10% NPs (blue line) and
PLMA22-b-POEGMA58/10% NPs/20% IND (red line).

Magnetophoretic measurements were also performed in order to investigate the behavior of
the three-component mixed nanostructures under the application of a magnetic field (Figure 8).
The obtained results are similar to those for nanosystems that have only NPs encapsulated. This shows
that the presence of IND does not influence the magnetic properties of the mixed nanostructures.

Figure 8. Magnetophoresis graphs showing absorbance as a function of time (λ = 450 nm) for
PLMA22-b-POEGMA58 and PLMA22-b-POEGMA32 loaded with 10% magnetic NPs and 20% IND
in respect to PLMA mass.

Solution ionic strength is another parameter that affects the properties of aqueous solutions of
nanoparticles. The effect of ionic strength in the structure of the PLMA-b-POEGMA/NPs/IND mixed
nanosystems in aqueous solutions was also investigated by gradually increasing the concentration of
NaCl (by addition of a 1 M NaCl stock solution) and subsequent DLS measurements on the resulting
solutions. As can be observed in Figure 9, scattering intensity initially remains constant for ionic
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strengths up to ca. 0.1 M NaCl and then has the tendency to decrease as the concentration of salt
increases. This observation supports a decrease in the mass of the mixed nanostructures by increasing
ionic strength above 0.1 M NaCl. However, the determined hydrodynamic radius remains practically
the same in the whole range investigated, revealing an absence of aggregation phenomena and pointing
towards disintegration of the nanostructures accompanied by swelling (increase in the volume of the
nanostructures). This may be related to phenomena taking place at the surface of the magnetic NPs,
where an increase of ionic strength may result in a decrease of the oleic acid/Fe2O3 interactions and a
decrease of the bound amount of stabilizing ligands, which in turn affects copolymer/NPs interactions,
since the gluing components/interactions are eventually diminished.

Having in mind the potential application of the mixed nanostructures in biological environments
and most probably that of blood serum, the interaction of BSA with the mixed nanoassemblies was
investigated by titration with aqueous BSA solution (1 × 10−3 g/mL stock solution concentration)
and subsequent DLS measurements. The results are presented in Figure 10b. The scattered intensity
decreases as the concentration of BSA increases, and there are no significant changes in the Rh values.
The behavior depicted in Figure 10b indicates a decrease in the mass of the nanostructures accompanied
by swelling of the structures, as was the case for the variation of the solution ionic strength.

In Figure 10a, the behavior of neat PLMA22-b-POEGMA58 micelles is depicted in the presence
of BSA. It can be seen that both scattering intensity and size of the pure polymer micelles solutions
increase rapidly after the first addition of BSA in the micellar solution. This means that BSA is
adsorbed/incorporated in the polymeric micelles, resulting to the formation of higher aggregates.
As the concentration of BSA increases, the values of Rh remain relatively constant but there is a
decrease in the values of scattered intensity. This decrease in the intensity can be related to a decrease
in the mass of the PLMA22-b-POEGMA58 micelles along with nanostructure swelling and that may
explain the non-significant changes in the size after the initial addition of BSA. The phenomenon of the
rapid increase in the size and intensity is not observed after the encapsulation of NPs and IND in the
polymeric micelles, probably because, in the latter case, the structure of PLMA22-b-POEGMA58/10%
NPs/20% IND assemblies is more compact and more stable, due to increased mainly hydrophobic
interactions of the components, compared to that of neat PLMA22-b-POEGMA58 compound micelles.
Apparently, BSA leads to partial disintegration of the mixed nanostructures, through incorporation
of the protein within the newly formed PLMA22-b-POEGMA58/NPs/IND/BSA assemblies, due to
the amphiphilic character of BSA, and its ability to interact with and to encapsulate hydrophobic
compounds in the blood environment [28].

Figure 9. Rh and scattered intensity as a function of ionic strength ([NaCl]) for PLMA22-b-POEGMA58

/10% NPs/20% IND mixed aqueous solution.

102



Polymers 2018, 10, 14

Figure 10. Rh and scattered intensity as a function of BSA concentration for PLMA22-b-POEGMA58 (a)
and PLMA22-b-POEGMA58/10% NPs/20% IND (b) mixed nanostructures in water.

4. Conclusions

To summarize, the ability of poly(lauryl methacrylate)-b-poly(oligo ethylene glycol methacrylate)
(PLMA-b-POEGMA) amphiphilic block copolymer self-assemblies in aqueous solutions to encapsulate
magnetic iron oxide nanoparticles was investigated. These block copolymers self-assemble in
compound micelles in aqueous solutions and can load up to 10 wt % iron oxide nanoparticles (NPs)
in their PLMA cores forming mixed nanostructures. The size distribution of the mixed micelles is
significantly broader after the loading of the magnetic NPs, as dynamic light scattering (DLS) results
have shown. The NPs maintain their magnetic properties after the encapsulation in the micelles
as it was proved by magnetophoretic measurements. The mixed solutions are colloidally stable for
copolymers where the hydrophobic ratio is larger than 30 wt %.

In the case where both indomethacin (IND) and magnetic NPs were simultaneously loaded in
the micellar core, only the lowest hydrophobic ratio copolymer was able to assure colloidal stability
of the mixed three-component aggregates. The magnetic properties of the iron oxide NPs were also
maintained after the encapsulation of the drug, resulting in magnetically active mixed nanostructures
with encapsulated IND. The mixed aggregates seem to be affected by the presence of increased
concentrations of salt and BSA but without loss of their nanosized dimensions and colloidal stability.

The colloidal stability, drug encapsulation ability and magnetic properties of the nanosystems
based on biocompatible PLMA-b-POEGMA amphiphilic block copolymers prepared in this study hold
potential for utilization of these hybrid nanostructures as drug delivery and triggered release systems,
as well as for bioimaging applications.
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Abstract: Poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO) block
copolymers (commercially available as Pluronics or Poloxamers) can self-assemble into various
nanostructures in water and its mixtures with polar organic solvents. Ethylammonium nitrate (EAN)
is a well-known protic ionic liquid that is expected to affect amphiphile self-assembly due to its ionic
nature and hydrogen bonding ability. By proper design of isothermal titration calorimetry (ITC)
experiments, we determined the enthalpy and other thermodynamic parameters of Pluronic P123
(EO20PO70EO20) micellization in aqueous solution at varied EAN concentration. Addition of EAN
promoted micellization in a manner similar to increasing temperature, e.g., the addition of 1.75 M
EAN lowered the critical micelle concentration (CMC) to the same extent as a temperature increase
from 20 to 24 ◦C. The presence of EAN disrupts the water solvation around the PEO-PPO-PEO
molecules through electrostatic interactions and hydrogen bonding, which dehydrate PEO and
promote micellization. At EAN concentrations lower than 1 M, the PEO-PPO-PEO micellization
enthalpy and entropy increase with EAN concentration, while both decrease above 1 M EAN. Such a
change can be attributed to the formation by EAN of semi-ordered nano-domains with water at
higher EAN concentrations. Pyrene fluorescence suggests that the polarity of the mixed solvent
decreased linearly with EAN addition, whereas the polarity of the micelle core remained unaltered.
This work contributes to assessing intermolecular interactions in ionic liquid + polymer solutions,
which are relevant to a number of applications, e.g., drug delivery, membrane separations, polymer
electrolytes, biomass processing and nanomaterial synthesis.

Keywords: micelle; self-assembly; surfactant; block copolymer; Pluronic; Poloxamer; poly(ethylene
oxide); ionic liquid; water; calorimetry

1. Introduction

Poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO) block
copolymers are commercially available amphiphiles (known as Pluronics or Poloxamers) that have
been studied widely and applied in many fields [1–5]. Their ability to self-assemble in solvents [6,7] and
interact with particles and surfaces [8] renders PEO-PPO-PEO block copolymers useful amphiphiles
for applications ranging from paints and coatings to pharmaceutical formulations [9].

The micellization of amphiphilic block copolymers in water has been widely studied [2].
The spontaneous micellization process of Pluronics is entropy-driven and endothermic. Temperature
can alter the thermodynamics and structure of Pluronic micellization in water [10]. Following the
micellization, water molecules predominantly form hydrogen bonds with the PEO blocks, while
the PPO micelle core is mostly dehydrated [11]. At higher temperatures, the hydration of the
PEO blocks decreases [12], and the segregation between the PEO and PPO blocks increases [10].
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The hydrophobic PPO block plays an important role in the assembly of the core-shell micelle
structure [5,13]. The different composition and length of the PEO and PPO blocks of the PEO-PPO-PEO
block copolymers lead to varied micelle corona and core sizes and aggregation numbers [14,15].

The modification of the solvent properties of water by the addition of electrolytes or polar organic
solutes or solvents [16–19] affects the thermodynamics of PEO-PPO-PEO block copolymer micellization
and the micelle structure [20]. Alkali-halide salts act as cosolutes and promote the PEO-PPO-PEO
micellization by lowering the critical micelle temperature (CMT) [2]. Some polar organic solvents, such
as ethanol and 1-propanol, act as cosolvents that are able to decrease the cohesive forces in the solvent
mixture and increase the solubility of the PEO-PPO-PEO block copolymer molecules, resulting in
increased critical micelle concentration (CMC). Other solvents, such as glycerol, favor the micellization
and decrease CMC due to a contraction (dehydration) of PEO blocks [17], depending on the solvent
quality in the mixed solvents [12,16,19,21,22].

Ionic liquids (ILs), low-melting salts with combinatorially high chemical diversity, are
being considered for applications in various fields [23], such as biomass processing [24,25],
pharmaceuticals [26,27], separations and extraction [28,29], catalysis and batteries [23,30] due to
their unique properties and intermolecular interactions [23,31]. Some amphiphiles can self-assemble
in neat ionic liquids and in ionic liquid aqueous solutions into ordered structures including micelles
and lyotropic liquid crystals [31–34]. The same types of amphiphile self-assembled structures can be
formed in select ionic liquids as in aqueous solutions; however, a higher portion of the solvophobic
part is frequently required for an amphiphile to form similar structures in ionic liquids due to a greater
solubility of hydrocarbons in many ionic liquids [32].

One of the better studied protic ionic liquids, which have available proton(s) on their cations
as hydrogen bond donors [32], is ethylammonium nitrate (EAN), which forms an intermolecular
hydrogen bonding network similar to water. This provides an opportunity for EAN to replace or be
mixed with water in many uses [35]. Homopolymer PEO (molecular weight 38 kDa) can dissolve
in EAN with a more contracted conformation (8.1-nm radius of gyration) compared to that in water
(9.6-nm radius of gyration), which implies that EAN is a less good solvent for PEO than water [36].
The shell of Pluronic P123 (EO20PO70EO20) spherical micelles shrank by 40% in pure EAN compared
to that in water, while the micelle core radii remained similar (1 wt % Pluronic P123 at 25 ◦C) [37].
The ethyl moiety on the EAN cation leads to the formation of polar and nonpolar segregated domains,
which increases the solubility of hydrocarbons and, as a result, can increase the CMC of PEO-PPO-PEO
block copolymers [37]. Surface tension measurements [38] of the ionic low-molecular weight surfactant
Aerosol-OT (AOT) in EAN indicated a spontaneous, endothermic and entropy-driven micellization
process similar to that observed in water [39]. The surface activity of AOT in EAN is weaker than that
in water due to the relatively higher dielectric constant and viscosity of EAN [38].

Ionic liquids play one or more roles, such as additives and/or solvents, during the self-assembly
process in IL-containing water. The role of ionic liquids as additives in decreasing the critical
micellization temperature (CMT) of Pluronic F108 (EO128PO54EO128) aqueous solution [40] is mainly
affected by the anion and the concentration of the IL [41]. EAN is totally miscible with water and
forms hydrogen bonds in the mixture [42]. It was reported that the Pluronic P123 (EO20PO70EO20)
lyotropic liquid crystal (LLC) phases formed in EAN and in EAN aqueous solution are similar [43].

Whereas there are several studies on PEO-PPO-PEO block copolymer self-assembly in neat
EAN [33,34,37,44,45], most have focused on the structure rather than the thermodynamics. Studies
on PEO-PPO-PEO self-assembly in aqueous EAN solutions are quite limited and are concerned with
concentrated systems that form lyotropic liquid crystals [43]. To our best knowledge, there is no study
available on PEO-PPO-PEO block copolymer micellization in aqueous EAN solutions.

The thermodynamics and structure of PEO-PPO-PEO block copolymer micellization in water are
well established [5,13]. The addition of classic salt cosolutes and/or organic cosolvents leads to various
effects on Pluronic micellization, depending on the change of solvent quality. While the ionic liquid
EAN exhibits interesting and useful properties when mixed with water [46], the lack of research on
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PEO-PPO-PEO micellization in aqueous EAN solutions leaves a gap in our fundamental knowledge of
this self-assembly process. Quantifying the effect of EAN on PEO-PPO-PEO micellization in aqueous
solution in terms of thermodynamics and interactions merits further work.

Isothermal titration calorimetry (ITC) can directly measure enthalpy changes during (physical)
mixing or binding or (chemical) reaction; this provides a way to quantify the thermodynamics of
PEO-PPO-PEO micellization process in the presence of EAN. ITC has been previously used to study
the physicochemical properties and interactions of Pluronic micellization [47–50]. With relatively
large molecular weight and a gradual transition taking place at the CMC [5], the quantification of the
thermodynamics during PEO-PPO-PEO block copolymer micellization can be difficult. Moreover,
EAN absorbs a large amount of heat when mixing with water [51], which can obstruct the observation
of the enthalpy changes caused by PEO-PPO-PEO micellization in such mixtures. To study the IL
addition effect on PEO-PPO-PEO micellization in aqueous solution, we designed experiments to
exclude the significant enthalpy change resulting from IL dilution by keeping the EAN concentration
constant during titration. Moreover, in order to evaluate the interactions between IL, Pluronic and
water, we designed a set of ITC titrations to separately determine the IL dilution enthalpy and the
enthalpy of IL-Pluronic interactions. Upon subtracting the enthalpy of EAN dilution and of Pluronic
interacting with water from the total observed enthalpy during micellization, the enthalpy associated
with interactions between EAN and Pluronic has been assessed and is discussed here as a function of
Pluronic concentration at varied EAN concentration. In this paper, the thermodynamics (including
CMC, free energy, enthalpy and entropy) of Pluronic P123 micellization are determined in EAN
aqueous solution with varied concentrations. The effect of EAN is compared to the temperature effect.
The interactions within the aqueous EAN Pluronic solution are explored during micellization. This is
the first report that quantifies the effect of EAN addition on the change of thermodynamic parameters
of PEO-PPO-PEO micellization in aqueous solution.

2. Materials and Methods

2.1. Materials

Pluronic P123 poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO)
block copolymer can be represented by the formula EO20PO70EO20 on the basis of its 30 wt % PEO
and 5750 g/mol nominal molecular weight. Pluronic P123 was obtained as a gift from BASF Corp.
(Vandalia, IL, USA) and was used as received. With a large portion of PPO, Pluronic P123 is relatively
hydrophobic. The micellization of Pluronic P123 has a relatively low CMC in water (0.313 mM at
20 ◦C [13]) and is sensitive to the change of conditions such as temperature [13], which makes this a
good system to observe the effects of ionic liquid addition.

Ethylammonium nitrate (EAN, C2H5NH3NO3, melting point = 12 ◦C) was obtained from Iolitech
(Tuscaloosa, Alabama, AL, USA). It was stored in a desiccator and vacuum dried for at least 8 h before
use. Milli-Q purified water was used to prepare aqueous solutions.

Pyrene purchased from Fluka (Buchs, Switzerland) was used to probe the micropolarity of the
Pluronic block copolymer-ionic liquid-water systems. Two microliters of 1 mM pyrene in ethanol
mixture were added to 3-g solution samples for fluorescence spectroscopy. The resulting pyrene and
ethanol concentrations were about 0.7 μM and 6.7 × 10−4 vol %.

2.2. Sample Preparation

Ionic liquid aqueous solutions: A specified mass of EAN was mixed with a specified volume of
water in a volumetric flask (EAN concentration in water ranging from 0 to 3 M), under rolling at room
temperature for at least 8 h before use. Each EAN concentration was prepared separately.

Samples for ITC experiments: Pluronic P123 in ionic liquid aqueous solution was prepared
by dissolving Pluronic P123 in the ionic liquid aqueous solution prepared as discussed above.
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These samples were allowed to equilibrate at least 8 h under rolling at room temperature. The samples
were measured within two days after preparation.

Samples for fluorescence experiments: 0.1 wt % Pluronic P123 solution was prepared by mixing
neat Pluronic P123 with ionic liquid aqueous solution. This stock solution was allowed to equilibrate
for around 24 h under rolling at room temperature. Further samples were prepared by diluting this
stock solution to achieve Pluronic concentrations in the range 1 × 10−6 to 1 × 10−2 wt %. The samples
were measured within two days following preparation.

2.3. Isothermal Titration Calorimetry

ITC experiments were performed using a Microcal ITC200 calorimeter (Malvern, Worcestershire,
UK). (Figure 1) The sample cell (200 μL) was filled with water or water/EAN solution. The syringe
(38.4 μL) was loaded with micellar Pluronic P123 in water or in water/EAN solution. Aliquots (1.5 μL
per injection) of a micellar P123 solution were injected into the sample cell at 120-s intervals between
successive injections. The syringe rotated at a constant speed of 750 rpm. The temperature inside the
sample cell was kept constant during the experiment.

In order to assess the enthalpy changes during the Pluronic micellization process, we successively
titrated micellar Pluronic solution into the solvent present in the sample cell. At first, all the Pluronic
micelles dissociate into unimers (non-associated block copolymer molecules); but after the Pluronic
concentration in the sample cell increased to around CMC, not all titrated micelles dissociate
beyond this point. The appropriate experimental parameters (injection volume, interval and titrant
concentration) were determined following pre-experiments. We selected the Pluronic P123 titrant
concentration at 3.2 mM, so that the P123 concentration in the sample cell changes to span the
micellization process as the titration proceeds. We also considered that the heat release/absorption of
each titration recorded by ITC should not exceed the maximum measurement capability of the ITC
instrument and is not too small compared to the background noise.

By integrating the enthalpy of each injection and then standardizing by injected amphiphile
molar amount, the observed enthalpy change with amphiphile concentration can be obtained. For the
first several titrations, the Pluronic P123 concentration in the sample cell is lower than the CMC,
and the Pluronic P123 micelles titrated into the sample cell dissociate into unimers. As more
injections occur, the Pluronic P123 concentration in the sample cell increases. When the Pluronic
P123 concentration in the sample cell reaches the CMC, the magnitude of the observed enthalpy
change quickly decreases, indicating that the micellized P123 gradually stops dissociating into unimers.
We define the concentration range at which micelles gradually stop dissociating as a “transition
region”. For the last few titrations, the Pluronic P123 concentration in the sample cell is well above
CMC, the micellar Pluronic P123 no longer dissociates into unimers, and only dilution of the micelles
takes place. The micellization enthalpy was calculated as the difference between the enthalpy at
the end of the micelle dissociation concentration region and the enthalpy at the start of the micelle
dilution region. Extrapolation was conducted by a linear fit of the first/last several points on the
enthalpogram. The position where the extrapolation line diverged from the enthalpy curve was
designated as the end of the micelle dissociation region/start of the micelle dilution region and was
used for the calculation of the micellization enthalpy (as indicated in Figure 1c) [52]. The inflection
point of the enthalpogram is assigned as the CMC, which can be calculated by the maximum of the
first derivative of the corresponding enthalpy change versus amphiphile concentration [53,54]. In the
case of higher temperatures (>22 ◦C) or higher EAN concentrations (>1 M), the CMC is too small to be
quantified by titrating 3.2 mM of Pluronic P123; thus, we used a lower Pluronic P123 concentration
(around 1 mM, depending on the experiment) titrant in order to probe a more detailed change at the
concentrations around CMC.
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Figure 1. (a) Schematic of the titration process for micellization in an isothermal titration calorimeter.
Micellar Plurnic P123 inside the syringe is titrated into the sample cell, which contains water or water +
ethylammonium nitrate (EAN) solution. ITC records the heat difference between the sample cell and
reference cell caused by the dilution and dissociation of injected micelles at constant temperature.
(b) Raw ITC data of aqueous micellar Pluronic P123 solution titrated into water at 20 ◦C. (c) Enthalpy
change during micellar Pluronic P123 solution titrated into water plotted versus Pluronic P123
concentration in the sample cell at 20 ◦C. The large heat release for the initial injections indicated that
all the titrated micelles dissociate into unimers; the relative small heat release over the last injections
indicated that the injected micelles only diluted without dissociation. The enthalpy of micellization is
determined by the difference between the enthalpy value of extrapolation at the end of the first few
injections and the start of the last few injections.

2.4. Pyrene Fluorescence

A Hitachi 2500 fluorescence spectrophotometer (Tokyo, Japan) was used to record fluorescence
emission intensity in the 340 to 460 nm range from pyrene-containing Pluronic P123 solutions at 23 ◦C.
The excitation wavelength was λ = 335 nm. The ratio of the first to the third vibronic peak (I1/I3)
of the pyrene emission spectrum is a measure of the polarity of the pyrene microenvironment [12].
The micropolarity in EAN aqueous solutions was probed by the I1/I3 intensity ratio of the pyrene
vibronic band of fluorescence emission spectra. The fluorescence emission of blank (without pyrene
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addition) EAN and water mixture was measured and used as a control to adjust the baseline. With the
Pluronic P123 concentration increase, pyrene partitions into hydrophobic sites (micelle core), which
results in a decrease of the I1/I3 value due to the lower polarity of a hydrophobic medium compared
to that of an aqueous medium. At Pluronic P123 concentrations above the CMC, the value of the I1/I3

ratio no longer changes as most pyrene has accumulated in the hydrophobic moieties.

3. Results and Discussion

3.1. Thermodynamics of Pluronic P123 Micellization in Water

In order to quantify the Pluronic micellization in plain water that serves as a reference system for
investigating EAN effects, and to establish the methodology for ITC analysis of Pluronic micellization,
micellar Pluronic P123 aqueous solution was successively titrated into water.

Enthalpy changes recorded during titrations of micellar 3.2 mM Pluronic P123 aqueous solution
into water are shown in Figure 2 at various temperatures. The enthalpy change during the whole
titration process is negative (exothermic process) at all temperatures considered here. The possible
contributions to such exothermic enthalpy profiles include the dilution of micelles and the dissociation
of micelles (demicellization) [55].

Figure 2. Enthalpy changes generated by titrating 3.2 mM Pluronic P123 in water at varied temperatures
(shown in the legend) in the range 20 to 40 ◦C. The titrant concentration is well above the critical micelle
concentration (CMC) (0.313 mM at 20 ◦C [13]). The enthalpy change for each injection was obtained by
ITC and then was standardized by dividing by the amount of the injected Pluronic for each injection.
The maximum of the first derivative of the enthalpogram (solid lines) indicates the CMC.

The enthalpogram has a sigmoidal shape at 20 ◦C, while it is non-sigmoidal at higher temperatures.
This shape transition of the enthalpogram shows that at higher temperatures, the concentration
region at which all micelles dissociate into unimers is not observed. As the temperature increased,
the CMC and the transition region shifted to lower Pluronic P123 concentration, indicating that higher
temperature promoted the micellization process.

The Gibbs free energy of micellization (ΔGmic) and the entropy of micellization (ΔSmic) can be
calculated from ΔHmic and CMC by the following equations [56]:
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ΔGmic = RTln(Xcmc)

ΔGmic = ΔHmic − TΔSmic

where Xcmc is the amphiphile concentration (mole fraction) at the CMC.
The CMC, enthalpy, Gibbs free energy and entropy of micellization extracted and calculated from

the enthalpograms in Figure 2 are plotted as a function of temperature in Figure 3. The more negative
free energy of micellization values at higher temperatures reflect that Pluronic P123 molecules are
thermodynamically easier to assemble into micelles at higher temperature, consistent with previous
findings [13]. The positive value of micellization enthalpy ΔHmic over the entire temperature range
considered here indicates that Pluronic P123 micellization in water is endothermic. The positive
ΔSmic observed at all the temperatures considered here contributes to the negative free energy and
drives the micellization. At lower temperatures (20 to 22 ◦C), the entropy increase plays an important
role to drive Pluronic P123 micellization; while at higher temperatures (>22 ◦C), the decrease of
ΔHmic primarily contributes to the decrease of ΔGmic and further lowers the CMC. It is noted that at
temperatures above 35 ◦C, the enthalpy of micellization decreased to a very small value according
to ITC measurements. These enthalpy values may be caused by the micellization region shifting
to very low Pluronic concentrations at this temperature, and the extrapolation method (described
in Section 2) is not precise due to the steep change of enthalpy during the initial few injections.
The change of micellization enthalpy with temperature is in agreement with studies reporting an
increase of micellization enthalpy at lower temperature and a decrease of micellization enthalpy at
higher temperature [57]; however, the lowest micellization enthalpy reported in aqueous solution was
around 60 kJ/mol at a CMT of 60 ◦C [58]. The decrease of micellization free energy with temperature
increase can be attributed to the temperature-dependent difference in the solvation of PEO and PPO
blocks in aqueous solutions. With increasing temperature, PPO blocks experience a large degree of
dehydration [59]. The ITC technique provides quantitative information on the change of enthalpy and
entropy as the temperature increases. The micellization enthalpy is often assumed to be independent of
temperature [13]. However, this assumption is not proper for the temperature-sensitive PEO-PPO-PEO
block copolymers.

Figure 3. Micellization free energy, enthalpy, CMC and entropy of Pluronic P123 in water plotted as a
function of temperature.
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As the temperature increases, the micellization entropy and enthalpy change in the same trend,
i.e., they both either increase or decrease together. A linear relationship between the micellization
enthalpy and entropy at varied temperature (shown in Figure 4) indicates that changes in ΔHmic

are compensated by changes in ΔSmic for the micellization process [52], which keeps the free energy
negative and results in a spontaneous process. The slope of the linear regression of micellization
enthalpy versus entropy provides the compensation temperature, which characterizes solvent-solute
interactions [60]. The compensation temperature determined here is 298.4 K, which is close to
the compensation temperature reported for other Pluronics block copolymers in aqueous solutions
characterized by ITC and surface tension (298.1 K for Pluronic 127 (EO100PO65EO100) [52], and 294.9 K
for Pluronics F88 (EO104PO39EO104) and F68 (EO79PO28EO79) [57]).

Figure 4. Enthalpy-entropy compensation of Pluronic P123 micellization process. The slope is defined
as the compensation temperature (298.37 K) characterizing solvent-solute interaction.

3.2. EAN Effects on Pluronic P123 Micellization in Aqueous Solutions

Having characterized PEO-PPO-PEO micellization in aqueous solution with ITC, we assess here
the effect on Pluronic micellization of EAN addition to water. The enthalpy changes of titrating
micellar Pluronic P123 in (EAN + water) into (EAN + water) solution were measured by ITC. (Figure 5)
Significant heat is absorbed upon mixing EAN and water [51], which indicates an energetically
unfavorable (endothermic) mixing resulting from the reduction of strong electrostatic attractions and
hydrogen bonds between the EAN ions in the presence of water. Because the large heat absorption
during EAN dilution cannot be ignored, it would hinder the assessment of the “real” effect of the EAN
presence on Pluronic P123 micellization in aqueous solution.

To study the EAN effect on Pluronic P123 micellization, 3.2 mM Pluronic P123 in EAN aqueous
solution was successively titrated into EAN aqueous solution (having the same EAN content as in the
titrant). By keeping the EAN concentration the same in the titrant as in the sample cell, the significant
heat change caused by possible EAN dilution during the titration can be excluded, and the results
thus obtained reflect the actual enthalpy change of Pluronic P123 micellization in EAN + water
mixture. Various EAN concentrations were used in order to assess the effect of EAN concentration on
PEO-PPO-PEO micellization.

The observed enthalpy change is negative during all the titration process with EAN present
at varying concentrations, suggesting that the EAN presence does not alter the exothermic aspect
of Pluronic P123 demicellization in aqueous solutions. With higher EAN concentration, the CMC
significantly shifted to a lower P123 concentration. For example, upon 1 M EAN addition to water,
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the CMC is 0.06 mM, much lower than the 0.24 mM CMC in plain water. From the enthalpograms
of Figure 5, the CMC and micellization enthalpy were extracted through the inflection point and the
extrapolation respectively (discussed in Section 2). The Gibbs free energy and entropy of micellization
were then calculated based on the value of CMC and micellization enthalpy. ΔHmic of Pluronic P123 are
measured over the EAN concentration range 0 to 3 M; however, other parameters related to CMC can
only be assessed at EAN concentrations up to 2 M. At higher EAN concentrations, the CMC is too low
to be measured with this experiment, as the micelles no longer completely dissociate into unimers even
at the very first injection. The inability to obtain the enthalpy of micelle dissociation makes it difficult
to accurately determine the micellization enthalpy at EAN >2 M. By extrapolating the enthalpy change
of the first few injections to infinite dilution (zero Pluronic concentration), an estimation of the micelle
dissociation enthalpy was obtained and then used to calculate the micellization enthalpy. With an
EAN concentration higher than 3 M, the heat release from each injection is too small to be accurately
determined, but the trend from the experiments reported here indicates that more concentrated EAN
leads to lower micellization enthalpy.

Figure 5. Enthalpy changes of titrating micellar 3.2 mM Pluronic P123 in EAN aqueous solution into
aqueous solution with the same EAN content at 20 ◦C. The enthalpy change for each injection was
obtained by ITC and then was standardized by dividing by the amount of the injected Pluronic for each
injection. The maximum of the first derivative of the enthalpogram (solid lines) indicates the CMC.
The EAN concentration at each titration is shown in the legend.

The CMC, Gibbs free energy, enthalpy and entropy of Pluronic P123 micellization in EAN
aqueous solution are plotted as a function of EAN concentration in Figure 6. The Gibbs free energy
of Pluronic P123 micellization decreased monotonically with increasing EAN concentration in water,
suggesting that EAN promotes Pluronic P123 micellization in aqueous solution, which is similar to
the effect of increasing temperature. For example, the addition to water of 1.75 M EAN lowers the
CMC to the same extent as a temperature increase from 20 to 24 ◦C. The entropy of micellization
increased with EAN addition. This can be rationalized in terms of the water molecules arranged in the
proximity of the Pluronic hydrophobic chains being released into the bulk solution and becoming more
disorganized during micellization. However, when the EAN concentration is higher than around 1 M,
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the micellization entropy no longer increases significantly with EAN concentration. The properties
of the EAN and water mixture depend on the ratio of EAN and water. At dilute EAN aqueous
solution (<0.02 mole fraction, 1 M, 10.6 wt % EAN), water molecules solvate around the ions of EAN,
which behaves like a typical 1:1 electrolyte in water [61]. However, at higher EAN concentrations,
distinct semi-ordered nano-domains of EAN and water have been reported by molecular dynamics
simulation even though EAN and water are completely miscible in the macro-scale, which is different
from traditional ion-water interactions [62]. Concentrated EAN aqueous solutions exhibit different
properties, e.g., lower conductivity, from dilute EAN aqueous solutions [63]. As the EAN concentration
in water increases, instead of EAN being released into the bulk during micellization, EAN forms ion
clusters, which hinder the entropy increase [64]. With higher EAN concentration in water, the enthalpy
of micellization decreases further to contribute to a lower free energy and facilitate micellization.

Figure 6. ΔGmic, ΔHmic, ΔSmic and CMC of Pluronic P123 micellization in EAN aqueous solution
plotted as a function of EAN concentration.

Both temperature increase and EAN addition promote Pluronic P123 micellization by disrupting
the water solvation around PEO-PPO-PEO molecules. While the interactions between EAN and water
can be affected by temperature, it is interesting to see how EAN addition affects Pluronic micellization
at a higher temperature. We titrated micellar Pluronic P123 in EAN and water mixture into the same
EAN and water mixture at 30 ◦C. The enthalpy change during titration shows that the addition of
EAN at 30 ◦C further lowers the micellization enthalpy compared to the cases of either only increasing
temperature or adding EAN to water (Figure 7). At the same concentration of EAN, the micelle
formation region shifted to a lower Pluronic P123 concentration at 30 ◦C. For example, the CMC of
Pluronic P123 with 0.5 M EAN addition is 0.12 mM at 20 ◦C, which shifted to a concentration much
lower than 0.1 mM at 30 ◦C. This is in agreement with the literature suggesting that the hydrogen
bonds between IL and hydrophilic block weakened as temperature increased and lead to enhancement
of solvatophobic interactions and consequently decrease CMC [53]. The enthalpy of Pluronic P123
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micellization in EAN aqueous solution can be determined by the extrapolation method described in
Section 2. However, the very small micellization enthalpy (less than 30 kJ/mol) determined in this way
may not be accurate due to the inability to determine the enthalpy of micelle dissociation as discussed
in Section 3.1.

Figure 7. The enthalpy change of titrating 3.2 mM Pluronic P123 in EAN aqueous solution into EAN
aqueous solution with the same content at 30 ◦C. The EAN concentration in each experiment is shown
in the legend.

The polarity change in amphiphile solutions can reflect the solvent conditions as they affect the
process of micelle formation. In order to measure the polarity of aqueous EAN Pluronic solution
during micellization [12], pyrene fluorescence spectroscopy experiments were conducted for various
concentrations of Pluronic P123 in EAN aqueous solutions. The higher the I1/I3 intensity ratio,
the stronger the polarity of the medium is. We noticed that the I1/I3 intensity ratio of the solvent
decreased linearly as with the EAN concentration, due to the less polar nature of EAN compared
to water. The I1/I3 intensity ratio rapidly decreased with the Pluronic P123 concentration increase,
caused by pyrene preferentially locating in the hydrophobic micelle core (Figure 8). The micropolarity
in the micelle core did not change with EAN addition, suggesting that EAN does not partition in
the PEO-PPO-PEO micelle core. CMC was determined by the breaking point of I1/I3 ratio from
dramatically decreasing to reaching a plateau at higher Pluronic P123 concentration. CMC values
obtained from pyrene fluorescence are consistent with the CMC values obtained from the analysis of
ITC presented in Figure 6. To our best knowledge, there is no report available on pyrene fluorescence
in EAN aqueous solutions.
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Figure 8. (Left) Pyrene fluorescence emission I1/I3 intensity ratio of EAN aqueous solutions;
(right) pyrene fluorescence emission intensity I1/I3 ratio plotted against Pluronic P123 block copolymer
concentration in aqueous solutions having different concentration of EAN.

3.3. Interactions between PEO-PPO-PEO Block Copolymer and EAN during Micellization

We evaluated in Section 3.2 the change of thermodynamic parameters of PEO-PPO-PEO block
copolymer micellization in aqueous solution with EAN addition. We found that the micellization
entropy and enthalpy increase at lower EAN concentrations and then decrease at higher EAN
concentrations, which indicated that the interactions within this system may change as the EAN
concentration increases. This three-component system comprises water, Pluronic and EAN; within
this system each two components can interact and compete with the other component. It is reported
that EAN behaves differently in water at varied concentrations [63]; the intermolecular interactions
between EAN and PEO-PPO-PEO molecules were assessed during Pluronic micellization in pure
EAN [37]. However, the interactions operating between EAN and Pluronic in aqueous solutions during
micellization are still not established.

To assess the intermolecular interactions between PEO-PPO-PEO and EAN, we designed titration
experiments as follows. First, we successively titrated aliquots (1.5 μL) 3.2 mM micellar Pluronic P123
in water into EAN aqueous solution (first titration), for which the observed enthalpy includes the
enthalpy of EAN dilution in water and that of Pluronic interaction with EAN and water. Then, we kept
all the other conditions the same and titrated the same amount (1.5 μL per injection) of water into
EAN aqueous solution (second titration) in order to capture the enthalpy caused by EAN dilution.
By subtracting the enthalpy of EAN dilution (second titration) from the total observed enthalpy from
the first titration, the enthalpy caused by IL dilution in water can be excluded. By comparing the
adjusted micellization enthalpy with that from titrating micellar Pluronic P123 into water (obtained in
Section 3.1), we have a way to assess the enthalpy of EAN and Pluronic interactions [65,66] (Figure 9).
Other researchers have used a similar method to probe intermolecular interactions between two
components within a three- or more component system [67], for example, the effect of surfactant
addition on Pluronic micellization [68].

In this analysis, we assume that the total observed enthalpy change (ΔHobs) of titrating (Pluronic +
water) into (water + EAN) equals the summation of the enthalpy of mixing between each of
two components:

ΔHobs = ΔH [EAN-water] + ΔH [EAN-P123] + ΔH [water-P123]
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Figure 9. Enthalpy of Pluronic P123 and EAN interaction during micellization plotted as a function of
Pluronic concentration. The interaction enthalpy is obtained by subtracting the EAN dilution enthalpy
and the enthalpy of Pluronic in water from the observed enthalpy during titrating micellar Pluronic
in water into EAN aqueous solution. The titrations were conducted at varied EAN concentrations as
indicated in the legend.

However, during the actual PEO-PPO-PEO micellization in EAN aqueous solution, the three
components interact simultaneously. The neglect of three-component interactions in the above-mentioned
assumption might raise issues for accurate calculation of the Pluronic-EAN interaction enthalpy.
Still, the trend of interactions between EAN and PEO-PPO-PEO during micellization at varied EAN
concentration can be established in this way.

Below the CMC, EAN interacts with PEO-PPO-PEO unimers in the sample cell, and the interaction
enthalpy increases with Pluronic P123 concentration. Above the CMC, EAN interacts with both
unimers and micelles, the enthalpy of EAN-Pluronic interactions increases to a lesser extent and is
further weakened by the dilution of EAN during titration. The maximum of the interaction enthalpy
shifts to lower P123 concentration with increased EAN presence, which is the same trend as that of
CMC. In this titration method, the EAN concentration in the sample cell is not constant during the
titration; instead, EAN was diluted as more P123 aqueous solution was titrated into the sample cell.
At the end of the titration, EAN was significantly diluted, which explains the decrease of the interaction
enthalpy at the last several injections.

Different types of interactions in colloidal systems are not all additive. In colloidal systems, when
we discuss interactions at distances smaller than tens of nanometers, the sizes of the colloidal particles
are comparable to such small distances, and the discreteness of the material matters [69]. However,
we can still obtain valuable insights of the interactions affecting the micellization process from the
above discussed enthalpy change during P123 micellization. The exothermic process of Pluronic P123
micelle dilution and micelle dissociation in aqueous solution suggests a formation of water-Pluronic
hydrogen bonds during the solvation of the Pluronic micelles and unimers. The presence of EAN
affects Pluronic P123 micellization through electrostatic interactions and hydrogen bonding with
water and with PEO-PPO-PEO molecules. It is known that the enthalpy of EAN mixing with water
is endothermic [63], which indicates bond-breaking of the cation-anion interaction and of the water
molecule network during the formation of water-EAN complexes. At lower EAN concentrations
below CMC, the negative enthalpy of EAN-Pluronic interaction indicates the formation of hydrogen
bonds between EAN and Pluronic unimers. It was reported that EAN is able to form a network
of hydrogen bonds with PEO, which promotes segregation between PPO and PEO blocks [70].
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The positive enthalpy (endothermic) of EAN-Pluronic P123 interactions during micelle formation
(at higher Pluronic concentrations) indicates an enthalpy-unfavorable process, which may be due to a
break of EAN-Pluronic hydrogen bonds and release of solvent into the bulk solution. The measured
positive enthalpy of EAN-Pluronic interactions at higher EAN concentrations suggests that the addition
of EAN disrupted the Pluronic-water interaction, resulting in a decrease of the fraction of hydrated
methyl groups and consequently lowering the CMC. The dehydration effect of EAN on Pluronic
aqueous solution is similar to a classic salt co-solute [66]. As the EAN concentration increases, the
enthalpy of Pluronic-EAN interactions increases significantly (up to around 250 kJ/mol), which can
explain the increase of the total observed enthalpy (from −375 to −110 kJ/mol for the first injection,
shown in Figure 5) upon EAN addition.

4. Conclusions

The micellization thermodynamics of a representative Pluronic PEO-PPO-PEO amphiphilic block
copolymer are evaluated here in the presence of the common protic ionic liquid ethylammonium
nitrate (EAN). Isothermal titration calorimetry (ITC) experiments have been designed to obtain
the thermodynamic parameters (including enthalpy, free energy and entropy) of Pluronic P123
(EO20PO70EO20) micellization in EAN aqueous solution, from which the interactions between each
component in this system can be assessed. The thermodynamic parameters of Pluronic P123
micellization in water at varied temperature are also examined as a reference system.

The presence of EAN promotes PEO-PPO-PEO block copolymer micellization in aqueous solution
(with CMC for Pluronic P123 decreasing from 0.24 to 0.016 mM upon addition to water of 1.75 M EAN
at 20 ◦C) through an increase in the entropy and/or decrease in enthalpy of the system, resulting in
lower Gibbs free energy. The addition of EAN has a similar effect on micellization with increasing
temperature. It is noted that at EAN concentrations lower than 1 M, the enthalpy and entropy of
Pluronic P123 micellization increased with EAN concentration, whereas the enthalpy and entropy
both decreased at EAN concentrations higher than 1 M, which can be attributed to EAN forming
semi-ordered nano-domains in water.

The change of interactions between EAN and PEO-PPO-PEO during micellization at varying
EAN concentrations was accessed through subtracting the EAN dilution enthalpy from the observed
micellization enthalpy. We consider EAN as an additive and as a co-solvent, as it interacts with water
and PEO-PPO-PEO molecules at the same time, which reflects the unique properties of ionic liquids
during the micellization process. The observed enthalpy of Pluronic-EAN interactions suggests bond
formation and breaking between EAN, Pluronic and water. EAN can also be viewed as a cosolvent
that performs similar to glycerol in worsening the solvent condition and promoting micellization when
added to water.

Our findings on the effects of EAN on PEO-PPO-PEO micellization in aqueous solution share
similarities with the findings on the effect of salt addition. It would be interesting to explore further
the similarities and differences between ionic liquids and classic salts on Pluronic micellization.

In this study, ionic liquid effects on amphiphilic block copolymer micellization thermodynamics
in aqueous solution have been assessed through directly-measured enthalpy changes during this
micellization process. The enthalpy of PEO-PPO-PEO–EAN interactions is reported for the first time.
This improved understanding benefits applications concerning self-assembled or colloidal systems.
The intermolecular interactions within self-assembly can guide the design of materials with improved
properties. The tuning of micellization thermodynamics can benefit drug delivery with the selection
of appropriate additives and solvents in use for nano-carrier assembly and disassembly. This work
contributes to assessing the intermolecular interactions in ionic liquid-polymer solutions, which can be
applied in biomass processing, polymer electrolytes [71] and membrane separations [72].
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Abstract: This review is an attempt to update the recent advances in the self-assembly of
amphiphilic block and graft copolymers. Their micellization behavior is highlighted for linear AB,
ABC triblock terpolymers, and graft structures in non-aqueous selective polar and non-polar solvents,
including solvent mixtures and ionic liquids. The micellar characteristics, such as particle size,
aggregation number, and morphology, are examined as a function of the copolymers’ architecture
and molecular characteristics.
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1. Introduction

The self-assembly and micellization of block and graft copolymers with the formation of structured
nanoparticles have attracted a major interest over the last decades. Since the pioneering studies of
Tuzar and Kratochvil [1] on micellar systems in organic solvents, one of the major research trends
afterward was to develop aqueous-based systems. These systems are of considerable interest in biomedical
applications. This field has been quite extensively reviewed by different research groups [2–6]. During the
same time period, the research activity on non-aqueous micellar systems was ongoing, but somehow to a
minor extent, as outlined by the review articles published at the beginning of this century [7–9].

Therefore, the aim of the present review article is to update and highlight the recent advances
related to the self-assembly of block and graft copolymers in non-aqueous media. This topic is one
of interest not only from a theoretical point of view, but also due to its widespread application
possibilities in membrane technology, surface modification of pigments and fillers, non-aqueous
dispersion, lubricant additives, etc. In addition to these specific applications, non-aqueous micellar
systems may have certain advantages with respect to the aqueous micellar dispersions. In fact, it has to
be recalled that the micelle’s characteristics generated by a polyA-b-polyB copolymer in the presence of
selective aqueous or organic solvent S are depending to a large extent to the Flory-Huggins interaction
parameter, such as χAB, χAS and χBS, which are the polymer/polymer and the polymer/solvent
interaction parameters, respectively. These parameters are furthermore directly correlated with the
solubility parameter δ of the compounds. In the common practice, with a homologues series of organic
solvents, such as alcanes, esters, or alcohols, it will therefore be easier than for pure water to adjust
the χ values of the solvent to χ values of the copolymer sequences. Finally, it is quite obvious that the
self-assembly of hydrophobic/hydrophobic copolymers, which correspond to a large part of those
synthesized up to now, may be achieved only in organic media.
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In view of this background, the present literature survey from the last decade, including the
authors’ contributions, is structured as follows: (i) a brief section is provided in order to review
the experimental techniques; (ii) the self-assembly of linear AB and ABA block copolymers in
polar and non-polar solvents, as well as in specific solvent mixtures and in ionic liquids (ILs),
are outlined; (iii) a major section is then devoted to ABC linear triblock terpolymers and their specific
multi-compartment micellar morphologies; and, (iiii) the micellization aspects of graft copolymers and
their possibility of forming unimolecular micelles will be described in the last section.

Out of scope of this review are the following topics: bottle-brush micelles; rod-coil copolymers;
interpolymer complexes of block and graft copolymers; and, micellization in super critical carbon
dioxide (CO2).

2. Experimental Section

2.1. Synthesis and Molecular Characteristics

It is now accepted that well-defined block and graft copolymers can be obtained by living
sequential and controlled radical polymerization techniques [10–16]. However, one has to bear in
mind that even the so-called well-defined copolymers may present a non-negligible polydispersity in their
composition and molecular weight for linear AB, ABA, and ABC block copolymers. The same type of
limitation not only affects block copolymers, but graft copolymers as well. In addition, a polydispersity
in graft density has to be considered for graft copolymers.

From a practical point of view, it is worth noting that AB block copolymers can also be
synthesized by the so-called Polymerization Induced Self-Association (PISA) technique, which is
carried out essentially in organic solvents. In-situ micellization is directly involved in this synthesis
technique, as outlined recently by Armes and coworkers [17–21]. The determination of the copolymers’
molecular characteristics, such as molecular weight, composition, and end-group functionality,
is well-documented in recent review articles [10–12].

2.2. Solvents

It is well-established that the solubility of a given polymer is directly defined by the Flory-Huggins
solvent/polymer interaction parameter (χ). However, this parameter is not always available.
Therefore, for the selection of a selective solvent, which is required in order to induce the self-assembly
of a block or graft copolymer, it is of common practice to use the concept of “solubility parameter” (δ)
of solvents and polymers. Among the various solubility scales, the Hildebrand δ value is the most
frequently used. The δt value involves the dispersive δd and polar δp, as well as the hydrogen bonding
δh contributions, such as: δt = (δd

2 + δp
2 + δh

2)1/2. For non-ionic solvents, and particularly for aliphatic
hydrocarbon compounds, δp and δh are negligible with respect to δd. The δt values are therefore
in the range of 15 to 18 MPa1/2. This approach is advantageous for solvent mixtures, often used
in micellization studies, because defining an “average solubility parameter” is possible. The usual
non-aqueous solvents used in the micellization experiments are listed in Table 1, with an indication of
their solubility parameter [22].

Table 1. Solubility parameters (δ) of the most usual non-polar and polar solvents.

Non-Polar Solvents δ (MPa1/2) Polar Solvents δ (MPa1/2)

n-Hexane 14.9 Ethyl acetate 18.1
n-Heptane 15.2 Dichloromethane 19.8
n-Decane 15.8 Acetone 19.9

Hexadecane 16.3 THF 19.5–20.2
Cyclohexane 16.7 Isopropanol 23.6

Toluene 18.2 n-Propanol 24.4
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Table 1. Cont.

Non-Polar Solvents δ (MPa1/2) Polar Solvents δ (MPa1/2)

Chloroform 18.7 Acetonitrile 24.4
1,4-Dioxane 19.9–20.5 DMF 24.9

DMSO 26.5
Ethanol 26.5

Methanol 29.7
Water 47.9

Ionic liquids 24.0–32.0

2.3. Self-Assembly Techniques

The self-assembly techniques and the micellar characterization methods used for amphiphilic
block and graft copolymers have been described in several review articles [7–9,23]. The simplest
method for the preparation of micelles is the direct dissolution of copolymer samples in a selective
solvent for one of the sequences. It has to be kept in mind that this procedure is recommended only
for copolymers with low molecular weights and short insoluble sequences. In another technique,
the micellization occurs by the addition of a non-solvent to a common solvent, in which the copolymer
is initially molecularly dispersed. However, this technique may induce aggregate formation. In order
to avoid the formation of agglomerates, the dialysis technique, starting from a common solvent, is the
recommended method for the micelle preparation. Notably, the nano-rings, an elaborate morphology,
became available by surface induced self-assembly, by forming a thin film on specific surfaces,
such as mica and silicone wafers. This procedure occurs through the solvent evaporation of the
copolymer solution on the surface, which induces a “frozen-in” structure that is maintained after
re-dissolution of the thin film [24]. From these studies, it turns out that, for a given copolymer sample,
the self-association procedure has a major influence on its micellar characteristics, such as morphology,
size, and size distribution.

It has to be noticed that some of these techniques may lead to kinetically “frozen-in” situations
instead of a thermodynamic equilibrium between unimers and micelles, which are usually only
observed when the core-forming polymer sequence has a low glass transition temperature (Tg). As a
general remark, it appears from the present literature survey that a strict distinction is not always
made between kinetic “frozen-in” self-assembled systems and micelles in thermodynamic equilibrium
with their unimers.

Finally, by the “crystallization-driven self-assembly” (CDSA) method, intensively studied by the
groups of Winnik and Manners for poly(ferrocenylsilanes)-based copolymers, especially cylindrical
micelles can be obtained from crystallizable block copolymers having a crystalline core block that is
much smaller than the corona sequence [25–27].

2.4. Characterization Techniques

The critical micellar concentration (CMC), as well as the critical micellization temperature
(CMT), are fundamental characteristics of copolymers solutions in a unimer/micelle thermodynamic
equilibrium. CMC values are usually accessible by different fluorescence techniques [28,29], and to
a minor extent, by surface tension measurements. Moreover, it has to be noted that the CMC values
determined for “frozen-in” systems might be questionable. The micellar hydrodynamic diameter,
Dh, is determined by dynamic light scattering (DLS), transmission electron microscopy (TEM),
and SAXS [30]. The micellar morphologies can be observed with different electron microscopy
techniques, such as TEM and scanning electron microscopy (SEM). In particular, cryo-TEM and
tomography has been applied by different authors [31–33] for the direct visualization of micellar
nano-structures. In addition to these well-described size and morphology characterization techniques,
other elaborate methods are available for the study of block copolymers self-assembly in organic
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media, such as super-resolution fluorescence microscopy technique, which is especially used for the
visualization of cylindrical micelles obtained from crystallizable copolymers by the CDSA method [34].

3. AB and ABA Linear Block Copolymers in Organic Solvents

Within this overview of block copolymer self-assembly in organic solvents, the logical approach
was to first consider the simplest molecular architectures of AB and ABA copolymers. This section
provides a review of the micellar characteristics during the self-assembly of AB and ABA copolymers
in non-polar and polar solvents, including their mixtures and ionic liquids (ILs), as well as in
biocompatible solvents. This self-assembly is further described for AB copolymers, including
crystallizable sequences.

The basic micellar morphologies correspond to spheres, cylinders, and vesicles, depending on
the molecular characteristics of the copolymers, the selective solvent, and the micellization conditions.
Figure 1 is an illustration of these basic morphologies.

Figure 1. Basic micellar morphologies for AB copolymers.

It has to be recalled that a given amphiphilic AB copolymer in a selective solvent of either the A or B
block leads to two types of morphologies having either an A or B micellar core, respectively. This micellar
structure inversion can also be created by thermal treatment, as demonstrated by Li et al. [35]
for the self-assembly of poly(tert-butylmethacrylate)-b-poly[N-(4-vinylbenzyl)-N,N-diethylamine]
(PtBMA-b-PVEA) copolymers in methanol. This possibility is schematically outlined in Figure 2:

Figure 2. Micellization characteristics of PtBMA329-b-PVEA142 copolymer in methanol as a function of
temperature (lower critical solution temperature (LCST) = 53 ◦C; upper critical solution temperature
(UCST) = 32 ◦C). Adapted from Li et al. [35].
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3.1. Self-Assembly of AB and ABA Block Copolymers in Non-Polar Selective Solvents

Micellization of well-defined AB block copolymers, such as poly(butadiene)-b-poly(styrene)
(PB-b-PS) and poly(isoprene)-b-poly(styrene) (PI-b-PS), has been studied quite extensively in the
second half of the 20th century [1,7,36–39]. From the relatively few papers published on this topic
since then, the objectives of the authors were mainly to examine specific aspects of the self-assembly of
AB diblock copolymers in non-aqueous media. An interesting example of this type of study was that
of Sotiriou et al. [37]. For a series of PS-b-PI diblock copolymers, tagged with a ω-lithium sulfonate
(SO3Li) end group on either the PS or PI sequence, these authors examined the micellization behavior
in n-decane as a function of the localization of the polar end-group. A micellar solution was obtained
by direct dissolution and heating the block copolymer samples in n-decane. The principal micellar
characteristics of these systems at 25 ◦C are provided in Table 2.

Table 2. Micellar characteristics for the PS-b-PI diblock copolymers in n-decane at 25 ◦C as determined
by Sotiriou et al. [37].

Sample Nagg Rh (nm)

PS60-b-PI203 10.2 10.4

(SO3Li)-PS60-b-PI203 23.4 14.2

PS55-b-PI151-(SO3Li)
17.0 660.0 a

11.0 b 75.0 b

a large polydispersity. b values at 30 ◦C.

These results prove that the position of the SO3Li end-group has a considerable influence on the
micellar characteristics. The SO3Li end-group fixed on the PS sequence, which forms the micellar core,
leads to an increase in both Nagg and Rh, with respect to the unlabeled sample. This effect may be
attributed to the dipolar interaction of the SO3Li groups in a non-aqueous medium. For the SO3Li
end-groups on the PI sequence, this interaction occurs in the solvent phase between the micelles as a
result of the formation of polydisperse and interconnected SO3Li large aggregates with the PS cores.

Later on, Cheng et al. [40] studied the morphological changes of non-functionalized PS-b-PI
copolymer in n-decane as a function of temperature and pressure using small-angle neutron
spectroscopy (SANS). According to the authors, the increase in pressure from 200 to 16,000 psi,
at room temperature, had no effect on the micellar characteristics (Nagg, Rg, and Rcore), but led to the
formation of micellar agglomerates. At 60 ◦C and high pressure, the micelles underwent a macro-phase
separation with the formation of sheet-like aggregates. The authors indicated that these morphological
changes are attributed to the decrease of the “n-decane quality” for the PI sequences.

Growney et al. [41] examined the self-assembly of poly(styrene)-b-poly(ethylene propylene)
(PS-b-PEP) diblock copolymers that are obtained by the hydrogenation of the PI sequence of PS-b-PI
copolymers. As selective non-polar solvents of PEP, either n-heptane (δ = 15.2 MPa1/2) or n-dodecane
(δ = 16.0 MPa1/2) was used, and star-like micelles with an Rh of around 40 nm were obtained in both of
the solvents. The self-association of another type of PI-based diblock copolymer, such as poly(ethylene
oxide)-b-poly(isoprene) (PEO-b-PI), was investigated by Bartels et al. [42] in n-decane. In this case,
the micellar solutions were obtained using a precipitation method starting from a homogeneous
copolymer solution in tetrahydrofuran (THF).

Wang et al. [43] observed by DLS a bimodal distribution attributed to unimers and spherical
micelles for the self-assembly of a series of poly(styrene)-b-poly(2-vinyl pyridine) (PS-b-P2VP) diblock
copolymers in the presence of a pure non-polar solvent, such as toluene. Moreover, these authors
investigated the micellar aggregate formation by mixing different architectures of this type of
copolymers, such as linear diblocks and triblocks, as well as branched star-like copolymers.

Finally, Arai et al. [44] studiedthe self-aggregation behavior of PS-based diblock copolymers in
chloroform and 1,2-dichloroethane (DCE), using DLS and SLS. The micellar characteristics a series of
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poly(styrene)-b-poly[(ar-vinylbenzyl)trimethylammonium chloride] (PS-b-PV) diblock copolymers,
obtained by RAFT polymerization, were directly correlated with the number average polymerization
degree (DPn) ratio of the two blocks. For example, star-like micelles were observed for a ratio
DPn(PS)/DPn(PV) >6, whereas brush-like micelles were obtained if this ratio was smaller than 6.

3.2. Self-Assembly of AB and ABA Block Copolymers in Polar Selective Solvents

In this section, the recent micellization studies completed for AB and ABA block copolymers in
different pure polar solvents are summarized (Table 3).

Table 3. Micellization studies of AB block copolymers in pure polar solvents.

AB Block Copolymers
Selective Solvent

for A Block
Selective Solvent

for B Block
Micellar Characteristics Ref.

PS48-b-PNVP99 - CH3–OH

Rh = 16 nm
Rg/Rh = 0.65

C.M.C. = 0.13 mg·mL−1

Nagg = 10

[45]

POSS-PMMA144-b-P(MA-POSS)2.6;9.6;11.3 THF - Rh = 85; 148; 80 nm
Core-shell micelles [46]

PMMA340;400-b-PtBMA134 - 2-ethylhexanol Rh = 19.4 ÷ 28.2 nm
Spheres and cylinders [47]

PSAMA15-b-P(Boc-Phe-HEMA)7;17;37;75 - DMF; DMSO; ACN
Rh(DMF) = 119 ÷ 318 nm
Rh(DMSO) = 37÷90 nm

Rh(ACN) = 24 ÷ 48 nm Spheres
[48]

PEtOx10-b-PNBA7;17;31;48 - CH2Cl2 Rh = 45 ÷ 60 nm Spheres [49]

PVAc57-b-(PFHE-stat-PVAc)95 CH3–OH - Rh = 10 ÷ 40 nm Spheres [50]

PMMA41;54;73-b-PsfMA59;46;27 THF; ACN; CHCl3 -

Nagg(THF) = 8
Nagg(CHCl3) = 26
Nagg(ACN) = 410

Rh(THF) = 60–70 nm Spheres

[51]

The copolymers are designated by PXm ,n-PYm ′ ,n′ , where m, n, m′ and n′ are the DPn values.
PNVP: poly(N-vinylpyrrolidone); POSS-PMMA: polyhedral oligomeric silsesquioxane-poly(methyl methacrylate);
PSAMA: poly(2-(methacryloyloxy)ethyl stearate); P(Boc-Phe-HEMA): poly(tert-butyloxycarbonyl phenylalanine
methacryloyloxyethyl ester); PEtOx: poly(2-ethyl-2-oxazoline); PNBA: poly(2-nitrobenzyl acrylate); PVAc: poly(vinyl
acetate); PFHE: poly(perfluorohexylethylene); PsfMA: poly(1H,1H,2H,2H-perfluorodecyl methacrylate).

From Table 3, it appears that the interest of the authors was focused on the (meth)acrylic- and vinyl
ester-based copolymers that might have practical industrial application possibilities. Furthermore, it can
be noticed that solvents having a solubility parameter in the range of 18 to 30 MPa1/2 (see Table 1),
and in particular methanol, are suitable selective solvents.

3.3. Self-Assembly of AB and ABA Block Copolymers in Organic Solvent Mixtures

An alternative to pure organic solvents is provided by the mixtures of two solvents, which may
allow for a gradual variation of the “solvent quality”. Sophisticated morphologies of micellar
nano-particles become accessible using this typical approach.

The influence of the “solvent quality” on micellar characteristics was studied by Cho et al. [52] for a
poly(styrene)-b-P4VP:poly(4-vinyl pyridine) (PS400-b-P4VP167) diblock copolymer sample in pure THF,
THF/water, and THF/ethanol mixtures, respectively. The Rh of the micelles, with a P4VP core and
PS corona, was around 23 nm in pure THF, significantly decreased to 14.1 nm for a solvent mixture
composition of 95/5 v/v% THF/EtOH. Moreover, in the presence of ethanol, which is a “good solvent”
for the P4VP core, micellar size polydispersity increased, whereas the aggregation number decreased.

Zhou et al. [53] investigated the self-assembly of poly(styrene)-b-PHFBMA:poly(2,2,3,3,4,4,
4-heptafluorobutyl methacrylate) (PS-b-PHFBMA) copolymers in a mixture of THF and ethyl
acetate (EtOAc) at different volume ratios, such as 5:0; 4:1; 3:2; and, 0:5. For these mixtures,
the authors calculated the solubility parameters in order to study their influence on the copolymer’s
self-aggregation behavior. As observed with TEM, the micellar morphology changed from spheres to
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vesicles with the increase in EtOAc content. By DLS, it turns out that the average size of the micelles
increased from 140 to 190 nm, 235 and 267 nm, respectively, as a function of EtOAc volume fraction.
Moreover, it was demonstrated by these authors that the morphology and the size of the micelles was
highly influenced by the temperature.

Wang et al. [54] studied the self-aggregation of a PS64-b-PEO827 diblock copolymer in a mixture
of cyclohexane/1,4-dioxane (80/20 wt %), using DLS and TEM. For the preparation of the micellar
solution, the copolymer was at first directly dissolved in 1,4-dioxane and then the cyclohexane was
added very slowly. Spherical micelles with a Dh of 50 nm were obtained from this procedure. A micellar
morphological transformation was observed, from spheres to cylinders and vesicles, by decreasing
the temperature from 25 to 0 ◦C and then to −10 ◦C. This transformation from spheres to vesicles,
attributed to the increasing interfacial energy between the solvent and the PEO core, was highly
temperature dependent and accompanied by an increase in the Dh from 50 to 1680 nm.

In addition to DLS and TEM techniques, the micellar morphological modifications were confirmed
with SAXS. In this context, Rao et al. [55] investigated the self-aggregation of a PS481-b-P2VP157

diblock copolymer in a mixture of dimethylformamide (DMF) and methanol in order to prepare
micelle-functionalized silica particles. Core-shell spherical micelles, with a Rh value of 22.5 nm,
were obtained by direct dissolution of the copolymer in DMF, as a common solvent, followed by a
slow addition of methanol.

Choi et al. [56] studied the self-assembly of PS404-b-PEP886 diblock copolymers in a mixture of
1-phenyldodecane (δ = 17.4 MPa1/2)/squalane (δ = 16.6 MPa1/2). At 110 ◦C and a 50/50 ratio of
1-phenyldodecane/squalane, the micellar Rh was equal to 280 nm, which is much higher than the
value of 40 nm determined by Growney et al. [41] for the PS315-b-PEP1203 micelles in n-heptane, at the
same temperature. Due to this comparison, solvents, such as heptanes and n-decane with δ values of
15 to 16 MPa1/2 appear to be more selective for PEP than the 1-phenyldodecane/squalane mixture,
with an average δ value of around 17 MPa1/2.

3.4. Self-Assembly of AB and ABA Block Copolymers in Ionic Liquids

Ionic liquids (ILs), which are a special class of polar solvents, are interesting for environmental
reasons when compared to common volatile organic solvents. In addition, excellent chemical and
thermal stability, wide liquid temperature ranges, and low toxicity are the most important typical
properties of ionic liquids. Due to these specific properties, ILs have become efficient solvents for
the synthesis of block copolymers using the PISA technique, as outlined in a recent review by
Derry et al. [57]. Moreover, the self-assembly of block copolymers in ILs has led to the development of
original micellar structures. In connection with this topic, the recent relevant publications are listed
in Table 4.

Table 4. Self-assembly studies of AB block copolymers in pure ionic liquids.

AB Block Copolymers
Selective Solvent

for A Block
Selective Solvents

for B Block
Micellar Characteristics Ref.

PEO432-b-PNIPAM106
[BMIM][BF4]
δ = 24 MPa1/2 -

Rh = 25 nm
L.C.M.T = 200 ◦C
U.C.M.T = 60 ◦C

[58]

PS529;548;981-b-P2VP543;543;923 - [BMIM][CF3SO3]
δ = 25 MPa1/2 Spherical micelles [59]

PEO341-b-P(AzoMA-r-NIPAM)177
[C4MIM][PF6]
δ = 23 MPa1/2 - Rh ~120 nm [60]

PEO432-b-PnBMA99;183

[BMIM][TFSI]
δ = 26 MPa1/2

[EMIM][TFSI]
δ = 27 MPa1/2

- C.M.T = 120–150 ◦C [61]
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Table 4. Cont.

AB Block Copolymers
Selective Solvent

for A Block
Selective Solvents

for B Block
Micellar Characteristics Ref.

PEGE109;113;104-b-PEO54;115;178
PGPrE98-b-PEO260

PAN; EAN
δ = 25–26 MPa1/2 -

spherical micelles for
PEO178-b-PEGE104

Disk-shape micelles for
PEO54-b-PEGE109

[62]

PEGE104-b-PEO178
[C4MIM][PF6]
δ = 23 MPa1/2 - Rh = 13 nm [63]

PMMA250-b-PnBMA92;169;218;246;310;373;549
[EMIM][TFSI]
[BMIM][TFSI] -

Rh = 17.8 ÷ 34.6 nm
Rcore = 5.8 ÷ 23.2 nm

Nagg = 41 ÷ 432
[64,65]

L.C.M.T and U.C.M.T: lower and upper critical micellization temperature; PNIPAM: poly(N-isopropylacrylamide);
P(AzoMA): poly(4-phenylazophenyl methacrylate); PEGE: poly(ethyl glycidyl ether); PGPrE: poly(glycidyl
propyl ether); [BMIM][CF3SO3]: 1-butyl-3-methylimidazolium trifluoromethanesulfonate; [C4MIM][PF6]:
1-butyl-3-methylimidazolium hexafluorophosphate; EAN: ethylammonium nitrate; PAN: propylammonium nitrate.

In addition to Table 4, typical and detailed examples are given to highlight the correlation between
the micellar characteristics and the major system parameters, such as the relative sequence length of
the copolymers, and, in particular, the respective solvent/copolymer solubility parameter.

Simone and Lodge [66] studied, by cryo-TEM and DLS, the self-assembly of a series of
three PS-b-PMMA block copolymers with different compositions in 1-butyl-3-methylimidazolium
hexafluorophosphate [BMIM][PF6]. This ionic liquid, with a δ value of 30 MPa1/2, is a selective
solvent for the PMMA block. The reduction of the PMMA content leads to a morphological transition
from spherical to cylindrical micelles. More recently, for the same type of hydrophobic/hydrophobic
PS-b-PMMA block copolymer, Mok et al. [67] investigated the effect of the composition on the C.M.C
in 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [EMIM][TFSI], an IL with a δ value
of 27 MPa1/2. A decrease in the C.M.C values from 0.40 to 0.078 wt % was observed when the DPn of
the PS-core increased from 29 to 106.

The micellization in [BMIM][PF6] ionic liquid of a series of hydrophobic/hydrophilic PB-b-PEO
diblock copolymers, with fixed PB and increasing PEO sequence lengths, was investigated by
He et al. [68]. By increasing the molar fraction of the PEO, micellar morphology evolved from
worm-like micelles and bilayered vesicles to spheres. An illustration of these morphologies determined
by cryo-TEM is provided in Figure 3.

Figure 3. Cryo-TEM images of PB-b-PEO copolymer, with 0.25 mol % PEO, at a concentration
of 1 wt % in [BMIM][PF6]. (A) Worm-like micelles with occasional Y-junctions and (B) micellar
overlap. “Reprinted with permission from He, Y.; Li, Z.; Simone, P.; Lodge, T.P. Self-assembly of block
copolymer micelles in an ionic liquid. J. Am. Chem. Soc. 2006, 128, 2745–2750. Copyright 2017 Americal
Chemical Society”.

More recently, the micellization of a quite similar PB-b-PEO copolymer series was investigated by
Meli et al. [69] in [EMIM][TFSI] ionic liquid. These authors demonstrated that the direct dissolution
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of the copolymer led to the formation of large aggregates. However, a thermal treatment at 170 ◦C
induced the formation of spherical micelles with Rh values of around 29 nm. For a given copolymer
sample, it was of interest to compare the influence of the solubility parameter of both the PB-core and
the solvent on the micellar characteristics. For this purpose, the authors studied the self-aggregation in
a different IL, such as 1-butyl-3-methylimidazolium bis-(trifluoromethyl sulfonyl)imide [BMIM][TFSI],
which has a slightly smaller δ value (26.7 MPa1/2 when compared to 27.6 MPa1/2 for [EMIM][TFSI]).
Similar micellar characteristics were obtained for these two ILs. This experiment, performed with two
different ILs with similar δ values, confirms that the δ value of the solvent is the key parameter in the
macromolecular self-association process.

The self-assembly of ABA copolymers in ILs was predominantly investigated for
PEO-b-PPO-b-PEO copolymers, also designated as Pluronics. Zhang et al. [70] determined the C.M.C
values of three Pluronics with a constant PPO sequence length, such as L61 (PEO3-PPO30-PEO3),
L64 (PEO13-PPO30-PEO13) and F68 (PEO79-PPO30-PEO79), in both 1-butyl-3-methylimidazolium
tetrafluoroborate [BMIM][BF4] (δ = 24 MPa1/2) and [BMIM][PF6] (δ = 30 MPa1/2) ionic liquids.
These authors found that the critical micellar concentrations increased as expected with the PEO
sequence length. As an extension of these results, Lopes-Barron et al. [71] studied the self-association
in deuterated ethylammonium nitrate (dEAN) of a similar series of Pluronics, such as F127
(PEO106-PO70-PEO106), P123 (PEO20-PPO70-PEO20) and L121 (PEO5-PPO70-PEO5). Pluronic samples
with higher PEO/PPO molar ratios (F127 and P123) promoted the formation of spherical micelles,
whereas small PEO/PPO ratios (L121) favor the formation of vesicles.

3.5. Self-Assembly of AB and ABA Block Copolymers in Biocompatible Organic Solvents

Among the above-mentioned non-aqueous block copolymer micellar systems, a large number may be
considered as biocompatible. This especially occurs with block copolymer micelles in saturated aliphatic
hydrocarbon solvents, such as n-decane, dodecane, etc. Another typical example of a non-aqueous
self-assembly study was reported by Miller et al. [72] for poly(caprolactone)-b-poly(2-vinylpyrridine)
(PCL-b-P2VP) copolymers in oleic acid, a biocompatible natural fatty acid. Spherical micelles, with a PCL
core and an average size of 144 nm, were observed from the cryo-TEM images. Moreover, these authors
investigated the loading of two model proteins into this micellar system.

Our research group studied the micellization of P2VP-b-PEO diblock copolymers in several
biocompatible solvents, such as PEG400 (δ = 21.3 MPa1/2), paraffin oil (δ = 15.3 MPa1/2), and Miglyol
812 (δ = 17.3 MPa1/2) [73–75]. Spherical micelles, having a P2VP core and a Rh in the range
of 23 to 25 nm were obtained by the self-assembly of P2VP37-b-PB189 copolymer sample in paraffin oil
and Miglyol 812, which is a glycerine ester. However, micelles with a higher Rh of around 60 nm and a
PB core, were formed in PEG400. The driving force for the self-assembly of these diblock copolymers
is the polymer/solvent interaction parameter χ. Notably, block copolymer micellar systems based on
natural oils, such as Miglyol 812, may be used for biomedical or cosmetic applications [73].

3.6. Crystallization-Induced Self-Assembly of AB and ABA Block Copolymers in Organic Solvents

Block copolymers that include a crystallizable sequence may lead to micelles having a partially
crystallized core. This so-called “crystallizable-driven self-assembly” (CDSA) method was reviewed
by different authors [76,77], and more recently, by Tritschler et al. [27]. This process, involving phase
separation above the melting temperature (Tm) and crystallization upon cooling, leads to a partially
crystallized micellar core that is stabilized by the soluble sequence of the copolymer. By using this
method, the groups of Winnik and Manners have obtained sophisticated and precise rod-coil micellar
structures in organic solvents with well-controlled dimensions [27–29]. The width and the shape of
these non-spherical micelles could be modified by varying the DPn of the crystalline micellar core,
the composition of the corona or the experimental conditions.

Anexample of crystallizable PB54-b-PEO61 block copolymer was studied by Mihut et al. [78] in
n-heptane, which is a “good solvent” for PB. At 70 ◦C micelles are formed with a PEO core and PB
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corona, with an Rh of 12 nm. Upon cooling to 20 ◦C, a size increase to 140 nm was observed by DLS
as a direct consequence of the PEO core crystallization. A similar example of crystallization-induced
self-aggregation concerns the micellar solutions of poly(methylene)-b-poly(acrylic acid) (PM-b-PAA)
block copolymer in DMF, which was reported by Wang et al. [79]. At 80 ◦C, the copolymer
is molecularly dispersed in DMF. On cooling, the PM block crystallizes and self-aggregates
into well-defined disk-like structures. In a further recent example, another research group [80]
has studied the self-assembly of P2VP-b-PEO in a n-amyl acetate (δ = 17.4 MPa1/2)/n-butanol
(δ = 23.1 MPa1/2) mixture. At 35 ◦C, these authors observed the formation of spherical micellar
morphologies having a partially crystallizable PEO corona with a size of around 200 nm. With a
fast temperature decrease, well-defined single crystals were obtained by crystallization of the PEO
block. Recently, the groups of Winnik and Manners [81] studied the self-assembly of two amphiphilic
crystalline-coil polyferrocenyldimethylsilane-b-poly(N-isopropylacrylamide) (PFS-b-PNIPAM) diblock
copolymers in methanol, ethanol, and 2-propanol. Spherical micelles were formed in methanol and
ethanol for the PFS56-b-PNIPAM190 sample whereas a mixture of spherical and cylindrical structures
were noticed for this sample in 2-propanol. This behavior, which was also observed for PFS-b-P2VP
copolymers, was probably due to the different solubility of the PFS in these solvents.

3.7. Concluding Remarks

To make conclusions about the literature survey concerning the self-assembly of polyA-b-polyB
diblock copolymers, the aim of the present section is to provide a critical analysis of the published
results. Moreover, our intention is to highlight the recent advances and trends that were observed in
different steps of the self-assembly process of diblock copolymers in organic solvents.

For AB and ABA diblock copolymers, the recent investigations were focused on the synthesis
of “well-defined” samples, with low polydispersity indices in composition and molecular weight.
Although sequential anionic polymerization remains a favorite and well adapted synthesis technique,
the so-called “controlled free radical” methods (RAFT, ATRP, NMP . . . ) are now used to a large
extent. In fact, these recent techniques have the advantage to provide access to a broader range
of block copolymer types, in particular to those based on polar monomers. Among the recent
synthesis trends, mention has to be made for the PISA process, which involves, in the polymerization
step, the formation of a micellar system in organic solvent. A further synthesis trends concerns
the preparation of end-functionalized and fluorescent labeled AB diblock copolymers. With respect
to the determination of the molecular characteristics, NMR and SEC remain the “classical” analytic
techniques. Unfortunately, quite a number of studies are published with indication of the “equivalent PS”
number and weight average molecular weights of their products. Precise and actual molecular weight
values of the copolymer sample would be accessible by SEC and simultaneous determination of
the intrinsic viscosity [η]. Such multi-detector SEC devices with so-called “universal calibration” are
presently standard equipments. In addition to SEC technique, diffusion ordered spectroscopy (DOSY),
recently reviewed by Groves [82], could be a valuable tool to detect polyA and/or polyB homopolymer
“impurities” in a synthesized polyA-b-polyB block copolymer.

As already previously mentioned in Section 2, most of the published micellar systems may be
considered from a thermodynamic point of view as non-equilibrium systems between unimers and
micelles. The characteristics, such as size and morphology of these “frozen-in” nanoparticles will
depend to a large extend on their preparation procedure. The experimental conditions may in fact
vary from a simple dissolution of the sample to an elaborated precipitation procedure in a selective
solvent of either the polyA or polyB block of the copolymer. It has to be recalled that the most usual
procedure consists in the solubilization of the copolymer in a common solvent. To this molecular
dispersion is then added drop-wise the selective solvent of either the A or B block and the common
solvent is then eliminated, in general, by dialysis, in order to end up with micelles dispersed in a pure
selective solvent.
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Among the recent trends in self-assembly techniques, mention has to be made of the preparation
procedure involving solvents mixtures, either mixtures of two organic solvents or of an organic
solvent and water. This type of approach has the advantage that the solubility parameter and the
solvent/polymer interaction parameter χ may be triggered step by step as a function of the volume
fraction of the two solvents in presence. From the studies concerning the self-assembly in organic solvents
mixtures, mentioned in Section 3.3, it could be noticed that these mixtures have a strong influence on
particle size and morphology. A first type of approach, illustrated by Zhou et al. [53], is to generate
a solvent mixture, having a solubility parameter δmix, adapted as a selective solvent for either the A
of B block of the AB copolymer. In a first approximation, it may be assumed that δmix = ø1δ1 + ø2δ2,
with ø1 and ø2 the volume fractions and δ1, δ2 the solubility parameters of the two solvents. The major
limitation of this concept is that both solvents have to be selective solvents of either the A of the B block.
If this requirement is not met, then a partition of the solvents may occur, which leads to a swelling of
the micellar core by either one or both solvents in presence. A second possibility to use organic solvent
mixtures in the self-assembly process of polyA-b-polyB copolymers was investigated by different
authors [54–56]. Their approach consists in the solubilization of the copolymer in a common solvent S,
a “good” solvent for both polyA and polyB sequences. To this molecularly dispersed copolymer is then
added a given amount of selective solvent, such as for instance a solvent SA selective for the polyA
block. This procedure leads to the precipitation of the polyB block and to the formation of micelles
having a polyB core more or less swelled by the common solvent S, as schematically illustrated in
Figure 4. These micelles are stabilized by the polyA sequence solubilized in the S + SA solvent mixture.
The presence of the common solvent S in the final micellar system represents the major difference
with respect to the “classical” systems, where the common solvent is eliminated, in general, by dialysis,
in the final preparation stage.

Figure 4. Schematization of the polyA-polyB diblock copolymer self-assembly process in
solvents mixture.

For polyA-b-polyB micellar systems in a selective solvent it is now well established that the
spherical, cylindrical, and vesicular morphology is mainly determined by the relative volume fractions
of the core and corona. Spherical morphologies, for instance, are in general generated when DPA,
the polymerization degree of the polyA sequence, is low with respect to DPB (the corona forming
block). In the case of solvent mixtures, the relative volume fractions of core and corona are mainly
determined by their swelling characteristics as a function of the solvent compositions and temperature.
At a given temperature, spherical micelles have a tendency to be formed at a lower swelling degree
of the micellar core. At this point, there is still a lack of information concerning: (i) the onset of
self-assembly as a function of the molecular characteristics of the copolymer; (ii) the evaluation of
the copolymer conformation with increasing selective solvent concentration; (iii) the partition of
common and selective solvents in the micellar core and corona; and, (iiii) the evolution of the swelling
degree of the core as a function of the volume fraction of the solvents. Regarding the self-assembly in
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solvents mixtures, it is established that this process opens interesting perspectives for the development
of new morphologies and it could also provide an important insight in the “classical” self-assembly
process itself.

In our opinion, the scattering and electron microscopy for micellar characterization techniques
are well documented in the literature. As a minor point, it might be suggested that the DLS
characterizations should be carried out as a function of concentration, with extrapolation to zero
concentration. The determination of the interphase, the dimensions of the transition zone between core
and corona, could be of interest for specific applications, such as those where micellar systems are
used as nanoreactors. Finally, it is quite surprising that in contrast to water-based micellar systems,
only very few results were published concerning the CMC and CMT values of block copolymers in
organic solvents. A similar remark can be made for the determination of the aggregation number Nagg,
the average number of polymer chains per micelles.

The “crystallization-induced self-assembly” topic, including rod-coil and other micellar structures,
was very recently reviewed by Tritschler et al. [27]. This self-assembly method offers the possibility
to prepare non-spherical micellar morphologies with controlled dimensions having promising
applications in various domains.

4. Self-Assembly of Linear ABC Triblock Terpolymers in Organic Solvents

Linear ABC triblock terpolymers have opened an extensive research area for the development of
sophisticated micellar structures over the last decade. Up to now, several excellent review papers have
been published on this topic [2,7,83]. For the self-assembly of ABC copolymers it turns out once again
that a majority of the studies were focused on aqueous-based micellar systems and only relatively
few of them on the micellization in organic media. Wyman and Liu [83], for instance, showed the
fascinating morphologies that are becoming available for a given ABC copolymer by precise control of
the micellization conditions, including the solvent mixtures. More recently, Gröschel and Müller [84]
extended this review by providing a detailed insight of the multi-compartment nanostructures that are
accessible, as well with AB and ABC triblock terpolymers.

The objective of this chapter is to highlight the recent developments, including the present
author’s contributions, of ABC triblock terpolymer micellar systems generated in organic solvents.
Polar and non-polar solvents will be taken into consideration, as well as mixtures of organic solvents.
According to Wyman and Liu [83], the basic micellar spherical morphologies of ABC triblock
terpolymers are outlined in Figure 5, as a function of the solvent selectivity.

Figure 5. Basic micellar morphologies for linear ABC triblock terpolymers.

The sequence organization, as schematically displayed in Figure 5 for spherical micelles, is similar
for cylindrical (worm-like) and vesicle micellar morphologies.
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For ABC-type linear triblock terpolymers, the sequence arrangement is an additional parameter
that must be considered with respect to diblock copolymers. In fact, for a given ABC sample
in selective solvent conditions, the micellar characteristics are different from the corresponding
ACB and BAC structures. Up to now, the effect of the sequence arrangement was demonstrated
for the self-assembly of triblock terpolymers in aqueous media [85,86] or in water/organic
solvent mixtures [87]. Marsat et al. [85] examined the micellar formation in aqueous medium
of an ABC, ACB, and BAC triblock terpolymer comprising a hydrophilic, a hydrophobic, and a
fluorophilic sequence, such as poly[oligo(ethylene oxide) monomethyl ether acrylate]-poly(benzyl
acrylate)-poly(1H,1H-perfluorobutyl acrylate) (POEGA-PBzA-PFA). The chemical structure of this
ABC copolymer is shown in Figure 6.

Figure 6. Chemical structure of the ABC triblock terpolymer POEGA-PBzA-PFA [85].

Analogous to the previous chapter, the present one will be organized in a similar way by
considering the self-assembly of ABC triblock terpolymers in non-polar, polar, and solvent mixtures.
This means that a given ABC copolymer may appear in different subsections.

4.1. Self-Assembly of Linear ABC Triblock Terpolymers in Non-Polar Selective Solvents

A typical example of self-assembly in non-polar solvent has been studied in our research group
for a series of PB-P2VP-PEO triblock terpolymers in n-heptane, a selective solvent of the PB sequence,
as well as in aqueous medium [7,88,89].

This type of ABC copolymers has been selected as the solubility parameter of the
sequences is well differentiated, such as 17, 21, and 20.8 MPa1/2 for the PB, P2VP, and PEO,
respectively. Moreover, the P2VP sequence is easily protonated or quaternized, yielding a pH- and
electrolyte-sensitive water-soluble block. Figure 7 illustrates the variation of the micellar particle size
as a function of the total DPn.
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Figure 7. Logarithmic variation of the Rh as a function of DPn total of PB-P2VP-PEO triblock
terpolymers in n-heptane [88].

From Figure 7, it can be noticed that Rh scales as DPn
0.64 in reasonable agreement with

the exponent of 0.68 predicted by Noolandi and Hong [90] for diblock copolymers. In a
simplified approach, the Rh values could further be correlated with the individual DPn values
of the copolymers [88]. From a practical point of view, it was demonstrated that PB-P2VP-PEO
copolymers with a P2VP middle block are efficient dispersing and stabilizing agents for
TiO2 pigments in non-aqueous as well as in aqueous media [89]. Another example of the
self-assembly studies of P2VP-based copolymers investigated in our research group was the
micellization of poly(2-vinyl pyridine)-poly(tert-butyl methacrylate)-poly(cyclohexyl methacrylate)
(P2VP-PtBMA-PCHMA) triblock terpolymers in methylcyclohexane, which are of practical interest as
“viscosity improvers in motor-oil formulations” [7].

The self-assembly of P2VP-based triblock terpolymers, such as PS-P2VP-PMMA, was also
studied by Tsitsilianis and Sfika [91] in toluene, a selective solvent for the PS and PMMA
sequences. These authors found that both the Nagg and Rh of spherical core-shell micelles,
having a P2VP-core and a corona of PS and PMMA, depend on the DPn of the insoluble
P2VP sequence. Core-shell micelles, based on amino (meth)acrylates, were also obtained by
Bütün et al. [92] for poly[2-(diisopropylamino)ethyl methacrylate]-poly[2-(dimethylamino)ethyl
methacrylate]-poly[2-(N-morpholino)ethyl methacrylate] (PDPA-PDMA-PMEMA) triblock terpolymers
in hexane. In this case, the PDMA and PMEMA sequences are in the core of the micelles, which have a
Rh of 46 nm, whereas the PDPA block formed the solvated corona.

4.2. Self-Assembly of Linear ABC Triblock Terpolymers in Polar Selective Solvents

The recent publications concerning the self-assembly of linear ABC triblock terpolymers in polar
solvents are summarized in Table 5.

Table 5. Self-assembly of linear ABC triblock terpolymers in polar solvents.

ABC Triblock Terpolymers
Selective Solvent

for A Block
Selective Solvent

for B Block
Selective Solvent

for C Block
Micellar Characteristics Ref.

PtBA107-b-PCEMA193-b-PGMA115 CH3–OH - CH3–OH Vesicles and cylinders [93]

PB800-b-P2VP190-b-PtBMA380;550 Acetone - -
Rh = 43; 44 nm
Rg = 34; 36 nm
Nagg = 203; 174

[94]

PtBA110-b-PCEMA195-b-PSGMA115 Propanol - - Cylinders [95]

PnBA28-b-PS37-b-P2VP73 - - CH3–OH Rh = 27 nm Spheres [96]

PS306;510;516-b-PB151;258;140-b-PMMA340;260;76 DMAc - DMAc Spheres [97]

PS385-b-PI485-b-P2VP829 - - C2H5–OH Ellipsoid [98]

PtBA: poly(tert-butyl acrylate); PCEMA: poly(2-cinnamoyloxyethyl methacrylate); PGMA: poly(glyceryl
monomethacrylate); PSGMA: poly(sucinnated glyceryl monomethacrylate); PnBA: poly(n-butyl acrylate);
DMAc: dimethylacetamide.
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From Table 5, it may be noticed that the recent investigations concerning the self-assembly in
polar solvents were mainly focused on alcohols, such as methanol, which is a selective solvent of the
end-blocks. This implies that the middle block preferentially forms the micellar core.

4.3. Self-Assembly of Linear ABC Triblock Terpolymers in Organic Solvent Mixtures

The self-assembly of ABC terpolymers in organic solvent mixtures was performed essentially
through the precipitation method starting from a homogeneous solution in a common solvent for all
three blocks, followed by the addition of a non-solvent. As previously described, Bütün et al. [92]
studied the self-assembly of two PDPA-PDMA-PMEMA triblock terpolymers, not only in n-hexane,
but also in a mixture of CHCl3/n-hexane, starting from a unimer’s solution in CHCl3. In this case,
core-shell-corona micelles were obtained with a PMEMA core and a Rh value of 15 nm.

The morphology of core-shell-corona structures, formed by the self-assembly of PS-P4VP-PEO
triblock terpolymers in DMF/ethanol mixtures, was reported by Wang et al. [99] as a function of
temperature. A further interesting study concerning the morphological behavior as a function of
the “solvent quality” was performed by Löbling et al. [97,100] for a series of PS-PB-PMMA and
PS-PB-PtBMA triblock terpolymers in acetone/isopropanol mixtures. The micellar morphology
modifications determined by cryo-TEM as a function of the isopropanol content are illustrated
in Figure 8.

Figure 8. Micellar morphological changes of PS-PB-PMMA triblock terpolymers in
acetone/isopropanol mixtures as a function of isopropanol content. “Reprinted with permission
from Löbling, T.I.; Ikkala, O.; Gröschel, A.H.; Müller, A.H.E. Controlling multicompartment
morphologies using solvent conditions and chemical modification. ACS Macro Lett. 2016, 5, 1044–1048.
Copyright 2017 Americal Chemical Society”.

More recently, Cong et al. [98] completed a similar study for PI-PS-P2VP triblock terpolymers in
THF/ethanol mixtures.

4.4. Miscellaneous Self-Assembly Studies of Linear ABC Triblock Terpolymers

Given this context, and in analogy to AB diblock copolymers, studies have been completed on the
behavior of ABC self-assembly in ionic liquids, the influence of partially crystallized moieties, and the
development of biocompatible or thermo-sensitive systems.

Self-assembly of AB diblock copolymers in ILs has been studied extensively, as shown in
Section 3. However, it seems that up to now ABC triblock terpolymers have attracted less attention.
Mention could be made only of the publication of Kitazawa et al. [101]. These authors investigated the
morphological behavior of a poly(benzyl methacrylate)-poly(methyl methacrylate)-poly(2-phenylethyl
methacrylate) (PBnMA-PMMA-PPhEtMA) triblock terpolymer, as a function of temperature in
1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide [C2MIM][NTF2] (δ ~26 MPa1/2) at
high copolymer concentrations, such as 10 and 20 wt %.

The groups of Winnik and Manners have extended the CDSA method from AB diblock
copolymers to ABC triblock terpolymers by studying the morphology of a series of well-defined
coil-crystalline-coil poly(ferrocenylphenylphosphine)-poly(ferrocenyldimethylsilane)-poly
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(dimethylsiloxane) (PFP-b-PFS-b-PDMS) terpolymers in hexane, which is a selective solvent
for PDMS [102]. Cylindrical micelles were obtained for the sample having the DPn(PFP) <6,
whereas spherical micelles were observed if the DPn(PFP) = 11. The longer PFP chains hinder
the crystallization of the PFS sequence leading thus to the formation of spherical morphologies.
More recently, the crystallization-induced self-assembly of poly(styrene)-poly(ethylene)-poly(methyl
methacrylate) (PS-PE-PMMA) triblock terpolymer in toluene and dioxane, a good and bad solvent for
the semicrystalline PE, respectively, was investigated by Schmelz et al. [103]. As a function of the
“solvent quality”, either spherical or worm-like crystalline-core micelles were observed by these authors.

The self-assembly of ABC triblock terpolymers in biocompatible non-aqueous solvents was
investigated in our research group for a PB-P2VP-PEO sample. At low concentrations in PEG400,
this triblock terpolymer forms spherical micelles with a PB-core and P2VP/PEO corona. An interesting
feature appeared at concentrations higher than 3 wt %, at which a thermo-reversible gel, due to the
formation of H–bonds, was noticed for these micellar systems [104].

4.5. Concluding Remarks

It is undeniable that ABC triblock terpolymers have opened an important research area,
in particular for the development of sophisticated micellar morphologies. This topic having recently
be reviewed in detail, the aim of the present section is to highlight more specific aspects related to
the synthesis and the self-assembly of ABC linear triblock terpolymers. A very large range of this
type of copolymers has been prepared up to now. In our opinion, it would be of interest for further
developments of the field to synthesize homologous series of ABC, BCA, and BAC structures in order
to complete the demonstration that the sequence distribution has a major influence on the micellar
characteristics. For this type of copolymers, it would further worthwhile to check in different selective
solvents the CMC, CMT values, as well as the Nagg, which are scarcely reported up to now.

In the same manner as for AB diblock copolymers, the self-assembly of ABC copolymers in
solvent mixtures could contribute to the understanding of the micellization process. This type of studies
may be carried-out in specific solvent mixtures, as already demonstrated by different authors [85,90,97].
In order to complete the results reported by Zhang et al. [87] and by Bethausen et al. [105], it could be of
interest to examine in detail the self-assembly of ABC terpolymers in solvent/water mixtures. Of further
interest will be the self-assembly studies of ABC terpolymers in ionic liquids and biocompatible organic
solvents, which are only very scarcely discussed in the literature.

Crystallization of ABC terpolymers in bulk, thin films and on surface, such as two-dimensional
(2D) has been examined in detail over the last years. However, in comparison with AB diblock
copolymers only a few studies are available concerning the CDSA method for ABC terpolymers.

5. Self-Assembly of AB and ABC Graft Copolymers in Organic Solvents

Analogous to AB block copolymers, the AB graft copolymers may develop the basic sphere,
cylinder, and vesicle micellar morphologies, as a function of molecular characteristics, selective solvent
type, copolymer concentration, and self-aggregation process. Micellization of synthetic- and
polysaccharide-based graft copolymers in aqueous media has been reviewed very recently by the
present authors [23]. Therefore, it was necessary to complete this topic by providing an overview on
the self-assembly of various types of graft copolymers in organic solvents. After recalling some basic
graft copolymer characteristics, this section focus on AB graft copolymers, including the concept of
unimolecular micelle formation, followed by the morphologies of ABC graft structures.

As schematically shown in Figure 9, a graft copolymer is essentially defined by the DPA and DPB of
the backbone and graft chain, respectively. A major molecular characteristic is further the graft density,
which represents the number of side chains per 100 backbone monomer units. Moreover, assuming
that the graft chains are randomly distributed along the backbone, the average distance ΔP between
two grafting sites is thus accessible.
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Figure 9. Schematically representation of an AB graft copolymer.

Already at the end of the last century, Kikuchi and Nose [106] clearly demonstrated that graft
copolymers have a greater tendency than the corresponding block copolymers to form unimolecular
micelles by intramolecular association of the backbone sequences. This tendency was well illustrated
for PMMA-g-PS in organic solvents, such as iso-amyl acetate or in the presence of a mixture of
acetonitrile and acetoacid ether. It appeared that the tendency of forming unimolecular micelles
increases with an increasing graft density and molecular weight of the grafted chains. At high graft
densities, unimolecular micelles are formed by intramolecular collapse of the backbone chain. In a
theoretical approach, Borisov and Zhulina [107] admitted that the collapsing of the backbone chain
occurs with formation of a “pearl neck-lace” stabilized by steric repulsion of the soluble side chains.

From the literature survey, as already mentioned, it turned out that the number of publications
related to self-assembly of graft copolymers in aqueous media increased over the last two decades due
to the predominant applications possibilities of these aqueous systems. Purely organic solvent-based
systems have become rather scarce. In the following section, an overview of the recent investigations
concerning the self-assembly of synthetic and natural-based graft copolymers in pure organic solvents,
are reviewed.

5.1. Self-Assembly of AB Graft Copolymers

For the self-assembly studies of polysaccharide-based graft copolymers in organic solvents,
a special mention could be made of the investigation of Liu et al. [108]. These authors reported the
synthesis of ethyl cellulose-g-poly(acrylic acid) (EC-g-PAA), which leads to unimolecular micelles in
DMF, methanol, and their mixtures with water by increasing the graft density. Francis et al. [109]
described the synthesis of chitosan-g-PS and prepared micellar dispersions in DMF as these systems
are of interest as metal complexing agents.

Analogous to the peptide/PtBMA water and organo-soluble composite investigations
by Saha et al. [110], Bose et al. [111] reported peptide-based graft copolymers, such as
tyrosine-g-polyoxazoline. The micellar structures of this type of copolymer were examined
in aqueous and non-aqueous media. Concerning the recent example of a purely synthetic
graft copolymer, Stepánek et al. [112] investigated the micellization in methanol and water of
poly(4-methylstyrene)-g-poly(methacrylic acid) (P4MS-g-PMAA). In methanol, a tendency to form
unimolecular micelles was demonstrated.

PtBMA-based graft copolymers, such as PS-g-PtBMA, were reported by Gromadzki et al. [113].
These authors examined the conformation of this type of copolymers in a non-selective solvent, such as
a THF, as well as in n-amylalcohol, a selective solvent of the PtBMA graft chains. By increasing the
graft density, a stretching of the PS backbone was noticed for the unimolecular micelles.

A typical example of fluorinated graft copolymers was studied by Koda et al. [114]. This type
of thermo-sensitive copolymer leads to micelle formation in both fluorinated solvents and in water.
As a final and recent example from this category of graft copolymers, mention has to be made
of poly(phenyl carbodiimide)-g-poly(styrene) (PCD-g-PS) self-assembly in methanol described by
Kurilov et al. [24]. The nano-ring morphologies obtained for this rod-coil copolymer were generated by
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surface-induced self-assembly in thin films, prepared by the controlled evaporation of THF/methanol
copolymer solutions.

5.2. Self-Assembly of ABC Graft Copolymers

Various structures are available for ABC three-component graft copolymers and their micellization
characteristics in aqueous media have been recently reviewed [23]. Concerning the micelle formation
in organic media, a typical example that is related to the self-assembly of ABC graft copolymers,
such as poly(1-dodecene-co-pMS)-g-PEO, was published by Liu et al. [115]. These authors performed
an extensive study of their micellization behavior in n-octanol. As a function of the molecular
weight of the PEG, 350, 750 and 2000 g·mol−1, respectively, the C.M.C increased from 1.28 × 10−4

to 1.95 × 10−4 g·mL−1. For the reversed spherical micelles, the size distributions were relatively large
with typical diameters in the range of 71 to 186 nm.

A detailed micellization study by small angle neutron scattering (SANS) was carried out by
Alexander et al. [116] for PI-g-Pluronics. These authors investigated the micellization behavior of these
graft copolymers in different solvents, such as THF, a common solvent for PI and Pluronics, and hexane
and ethanol, which are selective solvents for PI and Pluronics, respectively. As expected, “flower-like”
micelles were obtained in hexane, the selective solvent for the PI backbone chain, whereas “star-like”
micelles were formed in ethanol. These morphologies are illustrated in Figure 10. This study was
completed by the determination of the micellization onset as a function of the copolymer concentration
in THF/hexane mixtures, ranging from pure THF to pure hexane.

Figure 10. Micellar conformations of PI-g-Pluronic copolymers in hexane (backbone selective solvent)
and in ethanol (grafts selective solvent). Adapted from Alexander et al. [116].
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Mo et al. [117] extended the self-assembly concept to multigraft copolymers. Using the
“click chemistry” preparation technique, they synthesized a series of PGMA-g-(PCEMA-PtBA-MPEG)
having the same P(GMA-N3) backbone, and three different type of side chains. In DMF, a common
“good solvent” for both the backbone and side-chains, they observed by AFM a stretched “worm-like”
conformation. With three different selective solvents (CH2Cl2, CH3OH, and H2O), the morphologies
of the unimolecular micelles varied from a “neck-lace” to “worm-like” and to multi-component spherical
structures, as schematically illustrated in Figure 11.

Figure 11. Micellar conformation of PGMA-g-(PCEMA-PtBA-MPEG) copolymers in CH2Cl2, CH3OH
and H2O selective solvents, respectively. Adapted from Mo et al. [117].

5.3. Concluding Remarks

With the present synthesis methods, outlined in our recent review article [23], a wide range of AB
and ABC graft copolymers with various architectures are available in order to examine their behavior
in organic solvents. In fact, over the last decade, this topic has attracted less research interest than
self-assembly studies in aqueous media. With respect to block copolymers, graft copolymers have
the advantage to form unimolecular micelles by adjusting the graft density. Moreover, they provide
also access to natural-based products, such as polysaccharides comprising structures. By taking into
account these specific features, original developments may be expected in this research area.

6. General Conclusions and Perspectives

The self-assembly of block and graft copolymers in aqueous media is undeniably at the present a
major research trend given their biomedical application possibilities. Nevertheless, from our overview it
turns out that micellar systems in non-aqueous solvents are of ongoing theoretical and practical interest.

For AB and ABA block copolymers, which are considered as “model molecular architectures”,
the recent studies were mainly focused on their self-assembly in polar and non-polar solvents, as well as
in solvent mixtures. This last approach has the advantage that the micellar characteristics, such as size
and morphology, can be triggered in a continuous way by adjusting the solvent mixture composition,
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and thus the “solvent quality”. Over these last years, a major interest was further devoted to the
micellization in ionic liquids as selective solvents. As this research area has reached its maturity,
further developments may be expected for polyA-b-poly(B-co-C) copolymers with a random or gradient
B and C blocks. This approach is in fact an alternative to adjust the solubility parameter.

ABC triblock terpolymers have developed into an extensive research area for the study
of sophisticated micellar morphologies. Substantial advances were reported, in particular,
for aqueous and non-aqueous systems, yielding multi-compartment micellar structures. For these
multi-compartment nanoparticles, it was demonstrated that the sequence arrangement of the ABC
triblock terpolymers is a major structural parameter. Different morphologies are obtained in a given
selective solvent for ABC, BAC, and BCA of the same composition and molecular weight. Even if the
challenge remains for the polymer chemist, this concept should be estended to ABC, BAC, and BCA
copolymers to self-aggregation in organic solvents, including the biocompatible ILs.

Despite their wide-spread application possibilities, AB and ABC graft copolymers have attracted
up-to-now relatively minor interest concerning the micellization in organic solvents. With respect to
block copolymers, graft copolymers have the advantage that by adjusting the graft density brush-like
structures, and unimolecular micelles can be obtained. Graft copolymers, based on natural polymeric
precursors, may create opportunities for self-assemblies in organic solvents.

Finally, as well for block copolymers as for graft copolymers, an efficient control of the molecular
architectures and the self-assembly parameters are still a major challenge for further investigations in
this research area.
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Abstract: The mixing Gibbs energy Δgm for the flower-micelle phase of amphiphilic random and
periodic (including alternating) copolymers was formulated on the basis of the lattice model.
The formulated Δgm predicts (1) the inverse proportionality of the aggregation number to the
degree of polymerization of the copolymer, (2) the increase of the critical micelle concentration with
decreasing the hydrophobe content, and (3) the crossover from the micellization to the liquid–liquid
phase separation as the hydrophobe content increases. The transition from the uni-core flower
micelle to the multi-core flower necklace as the degree of polymerization increases was also implicitly
indicated by the theory. These theoretical results were compared with experimental results for
amphiphilic random and alternating copolymers reported so far.

Keywords: amphiphilic polymers; random copolymers; alternating copolymers; flower micelles;
flower necklaces; vesicle

1. Introduction

Borisov and Halperin [1–5] proposed theoretical models of flower micelles, flower necklaces,
and bouquets of polymer micelles formed by amphiphilic periodic copolymers composed of
hydrophilic and hydrophobic monomer units in aqueous solutions. They assumed that the main
chain of the periodic copolymer is perfectly flexible, and all hydrophobes in the copolymer chain are
included in the hydrophobic core(s) of the micelle.

Afterward, experimental studies on amphiphilic random and periodic (including alternating)
copolymers bearing hydrophobic side chains demonstrated the formation of flower micelles and
flower necklaces in aqueous solutions [6–11]. However, experimental results indicated that not all
hydrophobic side chains on the copolymer chain are included in the hydrophobic core(s) of the micelle,
being different from the Borisov–Halperin model, and that the loop-chain size is determined by
the main-chain stiffness rather than the content and sequence of the hydrophobic side chain on the
copolymer chain. Thus, we need a new theory to discuss the micellization behavior of such flower
micelles and flower necklaces.

The present paper proposes a lattice-model theory for dilute aqueous solutions of amphiphilic
random and periodic copolymers bearing hydrophobic linear side chains, which can be regarded
as graft copolymer chains bearing hydrophobic graft (side) chains to demonstrate the formation
of the flower micelle. Recently, Sato and Takahashi [12] presented a similar lattice-model theory
for amphiphilic block copolymer solutions to discuss the competition between micellization and
liquid–liquid phase separation in the solutions. The present theory is the random and periodic
copolymer version of this theory.

Polymers 2018, 10, 73 150 www.mdpi.com/journal/polymers
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2. Theory

Let us consider the graft copolymer illustrated in Figure 1a. The main chain and graft chains
consist of PM units and P′

G units, respectively. The mole fraction of the branch units on the main chain is
denoted as x, and the distribution of the branch units along the main chain is assumed to be random or
periodic (not block-like). The total number of the graft-chain units per copolymer chain is PG = xPMP′

G,
and the total degree of polymerization of the graft copolymer chain is P = PM + PG = PM(1 + xP′

G).
It is assumed that the main-chain and graft-chain units as well as the solvent S molecule occupy lattice
sites with a common size a.

(a) (b)

(c)

Figure 1. Schematic diagrams of the graft copolymer chain (a), the flower micelle formed by the
copolymer chain (b), and the radial concentration profiles of the main-chain and graft-chain units in
the flower micelle (c). In Panel b, the flower micelle is constructed by m copolymer chains. In Panel a,
blue and green circles are referred to as the main chain, and red circles as the graft chain. In Panels a
and b, blue circles are called the A unit, and red and green circles as the B unit to discuss the mixing
enthalpy (cf. Equations (9)–(11)).

If the graft-chain unit is sufficiently hydrophobic, graft chains of the copolymer tend to aggregate
to form a hydrophobic core, and the main chain tends to form loop chains in aqueous medium.
As a result, the m copolymer chains construct a flower micelle illustrated in Figure 1b; m is the
copolymer-chain aggregation number of the micelle. Only graft chains attaching to roots of the loops
can enter the hydrophobic core, and the remaining graft chains are outside the core.

According to the wormlike chain model [13–15], the ring closure probability of the chain rapidly
diminishes to zero at the chain contour length reducing to ca. 1.6q, where q is the persistence length.
This means that the main chain portion shorter than 1.6q cannot form the loop because of the chain
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stiffness. In what follows, we consider the flower micelle consisting of loop chains with this “minimum
loop size” [6]. The number of main-chain units per the minimum loop chain Ploop, and the number of
loop chains per chain nloop are calculated by

Ploop =
1.6q

a
, nloop =

PM

Ploop
(1)

The numbers of graft chains included in the hydrophobic core and outside of the core, xcPM and
xsPM, respectively, are calculated by

xcPM = λnloop, xs = x − xc (2)

where λ is the number of side chains included in the core at each root of the loop. (Figure 1b illustrates
the case of λ = 1). It has been assumed in Equation (2) that nloop is much larger than unity.

In the previous paper [12], we regarded the spherical micelle formed by di-block copolymer
chains as a thermodynamic phase, assuming that the aggregation number of the micelle is sufficiently
large. Similarly, the present study regards the flower micelle as a thermodynamic phase to demonstrate
the micellization of the graft copolymer in a selective solvent. Furthermore, we use a simple model for
the flower micellar phase, of which radial concentration profiles (volume fractions) of the main-chain
and graft-chain units are given by

φM =

⎧⎪⎨⎪⎩
0, 0 ≤ r < Rcore

φM,s, Rcore ≤ r < R
0, R ≤ r

, φG =

⎧⎪⎨⎪⎩
φG,c, 0 ≤ r < Rcore

φG,s, Rcore ≤ r < R
0, R ≤ r

(3)

(cf. Figure 1c). Here, Rcore and R are the radii of the micelle core and the whole micelle, respectively,
and the solvent volume fraction is given by φS = 1 − φM − φG at each radial distance r. Furthermore,
using the wormlike chain model, Rcore

2 and the mean square distance from the end to the midpoint of
the loop 〈Rloop

2〉 (cf. Figure 1c) are expressed in terms of the persistence lengths of the graft chain (qG)
and of the copolymer main chain (q), respectively, by [15]

(Rcore/a)2 = (2qG/a)P′
G − 2(qG/a)2

(
1 − e−P′

Ga/qG
)

(4)

〈Rloop
2〉

a2 =
Ploop

2√
42.5 − 32

3

(
aPloop/2q

)
+ 16

(
aPloop/2q

)2
(5)

(cf. Appendix A). The radius R of the whole micelle is calculated by

R = Rcore + 〈Rloop
2〉1/2

(6)

The average volume fraction φP of the copolymer in the flower micelle phase is given by

φP =
3a3Pm
4πR3 (7)

and the volume fractions φM,s, φG,s, and φG,c are related to φP by

φM,s =
R3PMφP

(R3 − Rcore3)P
, φG,s =

R3xsPMP′
G

(R3 − Rcore3)P
φP, φG,c =

R3xcPMP′
G

Rcore3P
φP (8)
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From the last equation for φG,c in Equation (8), it can be seen that φP must be equal to or less than
PRcore

3/xcPMP′
GR3, because φG,c does not exceed unity. Furthermore, since m must be larger than

unity, PM must be smaller than 4πR3φP/3a3(1 + xP′
G) from Equation (7).

For amphiphilic random or periodic copolymers, the ionizable group or hydrophilic
side-chain group of each hydrophilic monomer unit is substituted by the hydrophobic graft
chain. Thus, the branch unit in the main chain (green circles in Figure 1a,b) may be hydrophobic,
having interaction parameters much different from those of the non-branch unit (i.e., the hydrophilic
monomer unit) in the main chain but similar to those of the graft-chain unit. We refer to the non-branch
unit in the main chain as the A unit and to the graft-chain unit as well as the branch unit in the main
chain as the B unit, neglecting the difference in the interaction between the graft-chain unit and the
branch unit in the main chain. The volume fractions of the A and B units in the shell and core phases
are given by

φA,s =
R3(1 − x)PM

(R3 − Rcore3)P
φP, φB,s =

R3(x + xsP′
G)PM

(R3 − Rcore3)P
φP, φB,c =

R3xcP′
GPM

Rcore3P
φP (9)

and the mole fractions of the A and B units in the copolymer chain are written as

xA = (1 − x)
PM

P
, xB,s =

(
x + xsP′

G
)PM

P
, xB,c = xcP′

G
PM

P
, xA + xB,s + xB,c = 1 (10)

where xB,s and xB,c are the mole fractions of the B unit in the shell and core regions, respectively.
The solvent volume fractions in the shell and core regions are given by φS,s = 1 − φA,s − φB,s and
φS,c = 1 − φB,c, respectively.

We apply the Flory–Huggins theory [16] to the flower micelle phase to formulate the mixing Gibbs
energy per lattice site Δgm of the micelle phase, which consists of the mixing entropy ΔS, the mixing
enthalpy ΔH, and the interfacial Gibbs energy 4πRcore

2γ (γ: the interfacial tension between the core
and shell regions of the micelle). The formulation method is described in Appendix B. The final result
is written as

Δgm
kBT =

(−TΔS + ΔH + 4πRcore
2γ

kBT

)
/ 4πR3

3a3

= φP
P ln(κφP) + R3−Rc

3

R3 φS,s ln φS,s + Rc
3

R3 φS,c ln φS,c

+[xAφS,sχAS + (xB,sφS,s + xB,cφS,c)χBS − xA(xB,s + xB,c − φB,s)χAB]φP

+ 3(Rcore/a)2

(R/a)3
a2

kBT γ

(11)

where χAS, χBS, and χAB are the interaction parameters between S and A, between S and B, and between
A and B, respectively, κ is defined by Equation (B11), and (a2/kBT)γ is calculated by Equation (B13)
with Equation (B14). The term ln κ includes the conformational entropy loss at the formation of the
flower micelle.

When the graft copolymer solution is homogeneous, the mixing Gibbs energy per lattice site Δgh
is given by [16]

Δgh
kBT

= (1 − φP) ln(1 − φP) +
φP

P
ln φP + χ(1 − φP)φP (12)

with the average interaction parameter χ between the graft copolymer chain and solvent,
defined by [17]

χ ≡ xAχAS + (1 − xA)χBS − xA(1 − xA)χAB. (13)

3. Results and Discussion

Because we did not consider above the interaction among flower micellar phases in the
solution, the following discussion is limited to dilute solutions of random and periodic copolymers.
Ueda et al. [9] reported the molecular weight dependence of the micellization behavior for the
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amphiphilic alternating copolymer of sodium maleate and dodecyl vinyl ether, P(MAL/C12), in dilute
aqueous solutions including 0.05 M NaCl. First, we examine theoretically the micellization behavior of
an alternating copolymer mimicking P(MAL/C12).

In the lattice theory, the choice of the unit lattice site is rather arbitrary. Here, we assume the
main-chain portion (the C2 unit) of maleate or dodecyl vinyl ether monomer unit is chosen as the
unit lattice site. Then, the hydrophobic dodecyl side chain is assumed to occupy six lattice sites,
i.e., P′

G = 6. (The carboxy group and the ether oxygen atom in the maleate and dodecyl vinyl ether
monomer units are not considered explicitly; they are assumed to be included in the main-chain
portions). In aqueous solutions, a strong electrostatic repulsion acts among maleate units (the A unit),
while a hydrophobic attraction acts among the C2 units of the dodecyl group (the B unit). The strong
electrostatic repulsion and hydrophobic attraction are expressed using a negative χAS and positive
χBS, respectively. (To account for the long range electrostatic interaction, the unit lattice site may have
to be larger than the C2 unit, but the following results do not essentially change by the choice of the
unit lattice site). Since we here focus on the amphiphilicity of the graft copolymer, we assume χAB to
be zero, as in the previous study [12]. (The change of the χAB value may be compensated by adjusting
values of χAS and χBS).

Figure 2 shows the copolymer concentration dependences of Δgm (red curve) and Δgh (black curve)
calculated by Equations (11) and (12). We have chosen PM = 50, x = 0.5, χAS = −15, χBS = 3, and χAB = 0
(χ = 0.75). All remaining parameters included in Equation (11) can be calculated from a = 0.25 nm
(the contour length per the main-chain monomer (C2) units), and q = 3 nm, qG = 0.53 nm, and λ = 3
determined previously [9]. We can draw a common tangent (the thin line) to the dilute side of the
black curve and red curve. (It is seen that the black curve has a downward convex shape around
φP = 0, if it is enlarged). The copolymer volume fractions at the two points of contact of the common
tangent, denoted as φP,d and φP,m, are binodal concentrations of the coexisting dilute and micellar
phases, respectively. The tangent line is below the common tangent line (the thin broken line) for the
thick black curve for Δgh, indicating that the micellization is thermodynamically more stable than the
phase separation into two homogeneous phases.

Figure 2. Concentration dependences of Δgm and Δgh at x = 0.5 calculated by Equations (9) and (10).
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Similar curves for Δgm and Δgh were obtained for different PM, and the volume fraction φP,m of
the equilibrium micellar phase were determined by the above method. The aggregation number m of
the copolymer chains per micelle can be calculated from Equation (7), i.e.,

m =
4πR3

3a3P
φP,m (14)

Figure 3 shows the degree of polymerization PM dependence of m such obtained as well as the product
mPM (the number of monomer units per micelle) at the interaction parameters identical to those in
Figure 2. It is seen that m is inversely proportional to PM, and the product mPM is independent of PM.
(Because P is proportional to PM and R is independent of PM, the inverse proportionality of m to PM

comes from the PM independence of φP,m calculated from the comparison between of the Δgm and
Δgh curves). This relation was observed experimentally for P(MAL/C12) in 0.05 M aqueous NaCl
solution [9] as well as for a random copolymer of poly(ethylene glycol) methyl ether methacrylate and
dodecyl methacrylate, P(PEGMA/DMA), in water [18]; however, for P(PEGMA/DMA) with x = 0.5,
the constant mPM is slightly larger than 300. The value of mPM changes by values of q, λ, and the
interaction parameters. It is noted that the formulation of Δgm in the previous section can apply both
to periodic and random copolymers.

When PM approaches 300 in Figure 3, m tends to unity, and φP,d corresponding to the
critical micelle concentration (cmc) of the coexisting dilute phase becomes very low (not shown).
That is, when PM approaches 300, the flower micelle is formed by one copolymer chain (the unimer
micelle), and the cmc tends to zero. This situation resembles the liquid–liquid phase separation
in a homopolymer polymer solution with an infinitely high-molecular-weight polymer, where the
polymer volume fraction at the critical point is predicted to be zero by the conventional
Flory–Huggins theory [16].

Figure 3. Degree of polymerization dependences of the aggregation number m and mPM at the
interaction parameters identical to those in Figure 2.

When the same calculation of m is performed where PM > 300, the inverse proportionality of m to
PM still holds even if PM exceeds 300, as indicated by the dashed line in Figure 3. However, because the
aggregation number is less than unity, some portion of the main chain is not included in the flower
micelle at PM > 300. For example, at PM = 600 where m = 0.5, half of the main chain is not included
in the flower micelle. This half main-chain portion may form another flower micelle. As a result,
the whole copolymer chain forms a double-core flower necklace. (Strictly speaking, the double-core
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flower necklace needs a bridge chain connecting two unit flowers, so that PM must be slightly larger
than 600 to form the double-core flower necklace). In fact, Ueda et al. [9] reported the transition from
the flower micelle to the flower necklace at PM exceeding 300.

The flower micelle is formed also by amphiphilic random copolymers with hydrophobic dodecyl
side chains of x < 0.5 in aqueous solutions. Next, we examine the hydrophobic monomer content
dependence of the micellization for an aqueous solution of an amphiphilic random copolymer,
calculated in the same way from the Δgm and Δgh curves as in Figure 2. The number λ of side
chains included in the core at each root of the loop appearing in Equation (2) may be dependent on the
monomer content x. In the limit of x = 1/Ploop, each loop chain has only one hydrophobic side chain
on average. Thus, λ = 1 at x = 1/Ploop. When x increases, λ may first increase from unity and approach
an asymptotic value. For a given value of λ, φP,d and φP,m of the coexisting dilute and micellar phases
can be calculated as functions of x from the curves of Δgm and Δgh as mentioned above.

Figure 4 shows φP,d and φP,m obtained for the amphiphilic random copolymer with a PM of 50 and
the same interaction parameters used in Figures 2 and 3, in the x-φP phase diagram. The x dependence
of λ used is shown in the insert of Figure 4. When x is decreased from 0.5, φP,d (cmc) increases, and the
copolymer in a dilute solution (φP < 0.08) transforms from the flower micelle to the random coil at
passing the bimodal curve for φP,d (cmc). At x < 1/Ploop, the loop size of the flower micelle should be
larger than the minimum size given by Equation (1). We do not discuss such a loose flower micelle here.

Figure 4. Monomer content-concentration phase diagram for an aqueous solution of a random
copolymer with PM = 50 and the same interaction parameters as those used in Figures 2 and 3.

On the other hand, when x increases from 0.5, the Δgh – φP curve goes down relative to the
Δgm – φP curve, and as shown in Figure 5, at x = 0.524, we can draw a common tangent (the thin line)
to the dilute and concentrated sides of the black curve (Δgh) and the red curve (Δgm). When x > 0.524,
the phase separation into dilute and concentrated homogeneous phases with concentrations φP,d and
φP,c becomes thermodynamically more stable than the micellization. As a result, the phase gap in
the x-φP phase diagram is abruptly enlarged when x > 0.524, as shown in Figure 4. To the best of my
knowledge, there have hitherto been no reports of the corresponding crossover from micellization to
liquid–liquid phase separation as the hydrophobic content x increases.
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Figure 5. Concentration dependences of Δgm and Δgh at x = 0.524 calculated by Equations (9) and (10).

Eisenberg et al. [19] investigated the random copolymer of styrene and methacrylic acid with
x ~0.8, which was first dissolved in dioxane or tetrahydrofuran (THF), followed by the addition of
water, and observed “large compound micelles” and “bowl-shaped aggregates” by transmission
electronic microscopy (TEM). Here, the “large compound micelle” is the large homogeneous
polymer-rich spheres, corresponding to the droplet of the concentrated homogeneous phase formed
by the liquid–liquid phase separation, predicted in Figure 4, and a “bowl-shaped aggregate”
may be formed from the concentrated-phase droplet in which solvent bubbles are trapped [19].
Wang et al. [20] reported the formation of uniform colloidal spheres by an amphiphilic random
copolymer, poly{2-[4-(phenylazo)phenoxy]ethyl acrylate-co-acrylic acid}, where x = 0.5 in THF–water
mixtures with high water concentrations. This may be another example of the liquid–liquid
phase separation of the amphiphilic random copolymer in solution. Zhang et al. [21] studied
the self-association of amphiphilic graft (periodic) copolymers in a hypothetical solution of the
two-dimensional space by the self-consistent field theory. Although they assumed perfect flexibility
and comparable chain lengths of the main and graft chains, being different conditions from the present
study, they observed a “large compound micelle” at higher graft density (i.e., higher hydrophobic
content x) under weaker amphiphilicity (cf. Figure 8a in [21], where the graft chain number = 5).

Yusa et al. [22] found a transition from the unimer micelle to the single random coil chain
of a random copolymer of hydrophilic sodium 2-(acrylamido)-2-methylpropanesulfonate and
hydrophobic 11-acrylamidoundecanoic acid (AmU) where x = 0.5 in 0.1 M aqueous NaCl solution by
changing pH. At pH = 3, where the carboxy group is not ionized, AmU was strongly hydrophobic,
and the copolymer formed a unimer micelle with m = 1. The degree of polymerization PM of the
copolymer sample (= 475) was slightly larger than 300 (cf. Figure 3), maybe due to the difference in the
parameters, e.g., P’G and λ, from those used in Figure 3. On the other hand, at pH = 9, where the carboxy
group of AmU is ionized, the copolymer was transformed to a random coil. In Figure 2, the Δgm curve
goes up and the Δgh has no inflection point when χBS is decreased from 3, i.e., AmU becomes more
hydrophilic. As a result, the random coil conformation in the homogeneous phase becomes more
stable than the flower micelle, which is consistent with Yusa et al.’s finding. The transition from the
unimer micelle to the single random coil chain by decreasing x, predicted in Figure 4, was reported by
Fujimoto and Sato [11].

Recently, several authors have reported that amphiphilic random copolymers form vesicles in
dilute solutions [23–26], which was not considered in the present study. Zhu and Liu [24] investigated
vinyl polymers bearing L-glutamic acid moieties and dodecyl groups in the random sequence to find
the vesicle in water at a high hydrophobic content x (>0.75). Their random copolymer samples possess
low degrees of polymerization (<36). For these samples to form the flower micelle, nloop should be less
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than 2 and one loop chain should bear many hydrophobes. The present theory may not be able to be
applied to such random copolymers.

Tian et al. [25] observed vesicles as well as hollow tubes and wormlike rods formed by
poly(hydroxyethyl methacrylate) (PHEMA) partially and randomly modified by the hydrophobic
2-diazo-1,2-naphthoquinone in solution. These copolymer samples were dissolved in dimethyl-
formamide, followed by the addition of water, and finally dialyzed against water to form the vesicle.
Because even PHEMA is insoluble in water, the vesicle formed must not be in the thermodynamically
stable state, which cannot be treated in the present statistical thermodynamic theory.

Ghosh et al. [26] reported that an amphiphilic random copolymer of hydrophilic tri(oxyethylene)
methacrylamide and hydrophobic n-octyl methacrylate exhibited a thermally induced vesicle to
spherical micelle transition. However, it should be noted that the illustration of the spherical micelle
by these authors (cf. Scheme 1 in [26]) was inconsistent with the experimental TEM observation of
spherical aggregates (diameter in the range of 70–80 nm) at 60 ◦C. In the illustration, the hydrophilic
and hydrophobic side chains were in the coronal and core regions of the micelle, respectively, and the
whole copolymer main chain was confined to the corona-core interface. If this is the case, the diameter
of the micelle must be equal to twice the sum of the hydrophilic and hydrophobic side chain lengths.
Even if the side chains are fully extended, such an estimated diameter is as small as 6 nm, which is
much smaller than the diameter of the spherical aggregate at 60 ◦C. Thus, the spherical aggregate
at 60 ◦C may not be the spherical micelle indicated in their illustration, but the phase-separated
concentrated phase droplet, because both kinds of side chains are hydrophobic at 60 ◦C above the
lower critical solution temperature [26].

4. Conclusions

The flower micelle formed by amphiphilic random and periodic copolymers in solution was
regarded as a thermodynamic phase to formulate the mixing Gibbs energy. The formulated mixing
Gibbs energy of the micelle was compared with that of the homogeneous phase to calculate (1) the
aggregation number m of the micelle as a function of the degree of polymerization PM of the copolymer
chain, (2) the cmc as a function of the hydrophobic content x, and (3) the crossover x from micellization
to liquid–liquid phase separation.

The above theoretical results were compared with experimental results for amphiphilic random
and alternating copolymers reported previously. Prediction (1) was confirmed experimentally [9,18],
and the experimentally observed transition from the uni-core flower micelle to the multi-core flower
necklace [9] was also consistent with the present theory. The “large compound micelle” previously
observed for amphiphilic random copolymers [19,20] may correspond to the concentrated-phase
droplets produced by liquid–liquid phase separation, which was predicted to occur in this theory.
The transition from the unimer micelle to the single random coil chain [11,22] was also predicted by
this theory.

The limitation of the present theory was also discussed. The present theory may not be able to be
applied to amphiphilic random copolymers of low degrees of polymerization and high hydrophobic
contents [24], nor to frozen micelles that are not in a thermodynamic equilibrium state [25].
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Appendix A. Mean Square Distance from the End to the Midpoint of the Loop

The mean square distance from the end to the midpoint of the loop 〈Rloop〉 (cf. Figure 1c) near
the rod and coil limits is calculated using the wormlike chain model. Yamakawa and Stockmayer [13]
formulated 〈Rloop

2〉 for the wormlike chain near the rod limit. Their result is written as

〈Rloop
2〉 = [2q(I3/2I2)NK]

2(NK << 1) (A1)
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where q and NK is the persistence length and the Kuhn statistical segment number, respectively,
and I2 and I3 are calculated by

I2 ≡
∫ π

θ/2

1√
C − cos ω

dω, I3 ≡ 1
2I2

∫ π

θ/2

sin ω√
C − cos ω

dω (A2)

with the angle θ formed by the tangent vectors at both chain ends and a constant C determined
by the equation

I1 ≡
∫ π

θ/2

cos ω√
C − cos ω

dω = 0 (A3)

Near the rod limit, the energetically most stable loop conformation gives us the results, θ = 1.7208,
C = 0.6522, I2 = 3.29, and I3 = 2.58.

Using the first Daniels approximation, we can calculate 〈Rloop
2〉 near the coil limit as [27]

〈Rloop
2〉 = (2q)2

(
1
4

NK +
1

12

)
(NK >> 1) (A4)

Equation (5) in the text is the interpolation of 〈Rloop
2〉 given by Equations (A1) and (A4) near rod and

coil limits by use of the Padé approximation.

Appendix B. Mixing the Gibbs Energy of the Flower Micelle Phase

To calculate the mixing entropy of the flower micelle phase, we counted the number Ω of
arrangements of m graft copolymer chains into the concentric spherical lattice with the inner and
outer spherical radii Rcore and R, respectively, shown in Figure 1c in the text. Each main chain of the
graft copolymer may form loops, trains, and tails on the core–shell interface, but we assume that both
hydrophilicity of the main chain and hydrophobicity of the graft-chain are so strong that both train
and tail chains are negligibly short.

The first unit of the main chain in the first copolymer chain must be located at one of the lattice
sites on the core–shell interface. The number of such lattice sites is given by Nintf = 4π (Rcore/a)2.
The number ω′

i of lattice sites where the first unit of the i-th copolymer chain is given by

ω′
i = Nintf f ′ i−1, f ′ i−1 = 1 − nloop

Nintf
(i − 1)(1 ≤ i ≤ m) (B1)

where f ’i−1 is the probability of the vacancy for the lattice site on the core–shell interface when first
units of i – 1 copolymer chains have been already arranged.

The flower micelle contains mnloop loop chains and mxsPM graft chains in the shell region. The first
unit of the first copolymer chain is identical with the first unit of the first loop chain, and the last
unit of the first loop chain must be located in the neighboring site of the first one of the same loop
chain on the core–shell interface. Furthermore, the loop chain cannot be located in the core region,
i.e., the core–shell interface acts as a reflecting barrier. The first loop chain possesses xsPloop graft
chains with the degree of polymerization P’G. Thus, the number of arrangements ωs,1 of the first loop
chain is given by [12,28]

ωs,1 =
(z − 1)Ploop(√

π/3
)

Ploop
G(0; aPloop/2q)(z − 1)xsPloopP′

G (B2)

where G(0,aPloop/2q) is the ring closure probability. Shimada and Yamakawa [14] proposed
an expression of the probability for the wormlike chain as

G(0; aPloop/2q) =
28.01(

aPloop/2q
)5 exp

[
− 7.027

aPloop/2q
+ 0.492

(
aPloop/2q

)]
(B3)
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Similarly, the number of arrangements ωs,i of the i-th loop chain is given by

ωs,j = ωs,1 fs,j−1
Ploop(1 + xsP′

G), fs,j−1 = 1 − φM,s + φG,s

mnloop
(j − 1)

(
1 ≤ j ≤ mnloop

)
(B4)

Here, f s,j−1 is the probability of the vacancy for the lattice site in the shell region when j – 1 loop chains
have been already arranged. The core region of the flower micelle consists of mxcPM graft chains.
Numbers of arrangements ωc,1 and ωc,i of the first and i-th graft chains in the core region are written as

ωc,1 =
(z − 1)P′

G−1(√
π/3

)
P′

G
, ωc,k = ωc,1 fc,k−1

P′
G, fc,k−1 = 1 − φG,c

λmnloop
(k − 1)

(
1 ≤ k ≤ λmnloop

)
(B5)

where f c,k−1 is the probability of the vacancy for the lattice site in the core region when k − 1 graft
chains have been already arranged.

Using the above results, the number of arrangements Ω of the total m graft copolymer chains on
the concentric spherical lattice is calculated by

Ω =
m

∏
i = 1

ω′
i

mnloop

∏
j = 1

ωs,j

λmnloop

∏
k = 1

ωc,k (B6)

or

ln Ω = m ln
[

Nintf

(
ωs,1ωc,1

λ
)nloop

]
+

m

∑
i = 1

ln f ′ i−1 +

mnloop

∑
j = 1

ln
[

fs,j−1
Ploop(1 + xsP′

G) fc,j−1
λP′

G
]

(B7)

The numbers of arrangements of the uniform bulk copolymer (ΩP) and the bulk solvent (ΩS) are
given respectively by [16]

ln ΩP = m ln(mPωP,1
nloop) +

m

∑
i = 1

ln f ′P,i−1 +

mnloop

∑
j = 1

ln fP,j−1, ln ΩS = 0 (B8)

where
ωP,1 = (z − 1)Ploop(1 + xP′

G), f ′P,i−1 = 1 − i − 1
m

, fP,j−1 = 1 − j − 1
mnloop

(B9)

Therefore, the entropy of mixing ΔS in the micellar phase is given by

ΔS
mkB

= 1
m (ln Ω − ln ΩP − ln ΩS)

= − ln κ − ln φP − nloop

[
Ploop(1 + xsP′

G)
φS,s

1−φS,s
ln φS,s + λP′

G
φS,c

1−φS,c
ln φS,c

] (B10)

where φS = 1 − φM − φG, kB is the Boltzmann constant, and κ is defined by

κ ≡ (R/a)3

3(Rcore/a)2

[
πPloopP′

G
λ

9G(0; l̃loop)

]nloop

(B11)

To obtain Equation (B10), we used Equation (5) in the text, approximated f ’i−1 ≈ f ’P,i−1,
and replaced the summations with respect to j in Equations (B7) and (B8) by integrations on the
assumption of mnloop >> 1. The parameter κ can be calculated from P’G, Ploop, and 2q/a using
Equations (3), (4) and (B3).

At calculating the mixing enthalpy ΔH of the micelle phase and the interfacial tension γ between
the core and shell regions of the flower micelle, we assume that the branch units in the main chain
have the same interaction parameters as those of the graft-chain units. In what follows, the non-branch
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unit in the main chain is referred to as the A unit, and the graft-chain unit as well as the branch unit in
the main chain are referred to as the B unit. Under the mean-field approximation [16], ΔH is given by

ΔH
mPkBT

= xAφS,sχAS + (xB,sφS,s + xB,cφS,c)χBS − xA(xB,s + xB,c − φB,s)χAB (B12)

where χαβ (α, β = S, A, B) is the interaction parameter between species α and β (S stands for the solvent;
the definition of χαβ is slightly different from that of [16]), and xA, xB,s, and xB,c are the mole fractions
of the A and B units (existing in the shell and core regions) defined by Equation (8).

Noolandi and Hong [17] formulated the interfacial tension γ between the core and shell regions
of the spherical micelle. We may extend their result to γ for the flower micelle, where the asymptotic
volume fractions of the A and B units are φA,s and φB,s in the shell region and 0 and φB,c in the core
region, respectively. The result is given by

a2

kBT
γ =

√
φA,s + φB,s + φB,c

3
{ f [

1
2

φA,s,
1
2
(φB,s + φB,c)]− 1

2
[ f (φA,s, φB,s) + f (0, φB,c)]} (B13)

where the function f (x, y) is defined by

f (x, y) ≡ [ln(1 − x − y) + χASx + χBSy](1 − x − y) + χABxy (B14)

There is one more interface between the shell and solvent regions in Figure 1, but this interface is not
so sharp that we did not consider its interfacial Gibbs energy.

Flory [29] extended the Flory–Huggins theory [16] to solutions of a semiflxible polymer with
energetically unfavorable “bend” conformations and demonstrated that the equilibrium degree of the
bending of the chain is independent of the polymer concentration. This result indicates that the chain
stiffness does not contribute to the mixing Gibbs energy ΔG because of the cancelation of the bending
energy in the solution and bulk states. Therefore, the above formulations of ΔS and ΔH can be applied
to semiflexible polymer solutions.
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Abstract: The temperature and pH dependent self-assembly of three star shaped ethylene
oxide-propylene oxide (EO-PO) block copolymers (Tetronics® 304, 904 and 908) with widely different
hydrophobicity was examined in aqueous solutions. Physico-chemical methods viz. viscosity,
cloud point, solubilization along with thermal, scattering and spectral techniques shows strongly
temperature and salt dependent solution behavior. T304 possessing low molecular weight did not
form micelles; moderately hydrophilic T904 remained as micelles at ambient temperature and showed
micellar growth while very hydrophilic T908 formed micelles at elevated temperatures. The surface
activity/micellization/solubilization power was favored in the presence of salt. The copolymers turn
more hydrophilic in acidic pH due to protonation of central ethylene diamine moiety that hinders
micelle formation. The solubilization of a model insoluble azo dye 1-(o-Tolylazo)-2-naphthol (Orange
OT) and hydrophobic drugs (quercetin and curcumin) for copolymer solutions in aqueous and salt
solutions are also reported. Among the three copolymers, T904 showed maximum solubility of dye
and drugs, hence the in vitro release of drugs from T904 micelles was estimated and the effect on
cytotoxicity of loading the drugs in T904 micelles was compared with the cytotoxicity of free drugs on
the CHO-K1 cells. The results from the present work provide a better insight in selection of Tetronics®

for their application in different therapeutic applications.

Keywords: Tetronics; micelles; in vitro release; anticancer drugs; solubilization; drug delivery

1. Introduction

Block copolymers contain at least two incompatible blocks and thus show micro domain
formation in solid state and self-assembly in selective solvents; these properties coupled with
advances in polymerization techniques have made polymeric surfactants highly useful materials [1–3].
Pluronics® and Tetronics® are commercially available poly(ethylene oxide) (PEO)-poly(propylene
oxide) (PPO) block copolymers with unique temperature dependent micellization/surface
activity and reversible thermorheological behavior that make these substances widely useful in
cosmetic/detergents/food/pharmaceutical industries. Due to their nontoxicity and low immune
response, some of these copolymers are now Food and Drug Administration (FDA) approved. Their
emerging applications in fabrication of mesoporous materials [4,5], synthesis of nanoparticles [6,7] and
as nanocarriers for drug delivery systems [8–12] have generated more interest in researchers [13,14].
Strongly temperature dependent micellization and gelation of these amphiphilic copolymers have
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been thoroughly examined in the last few decades though mostly on linear PEO–PPO–PEO triblock
copolymers and there exist several reviews [1,15,16]. However, only a few authors have reported on
the aqueous solution behavior of their star shaped counterparts [17–30].

Tetronics® (also known as poloxamines) present an X-shaped structure made of an
ethylenediamine central group bonded to four chains of PPO–PEO blocks. Tetronics® are synthesized
by the sequential reaction of the acceptor ethylenediamine molecule first with propylene oxide (PO) and
then with ethylene oxide (EO) precursors, resulting in a four-arm PEO-terminated molecular structure
(Figure 1). The unique structure of Tetronics® provides them with multistimulus responsiveness. In this
context, the two tertiary amine central groups play an essential role in conferring thermodynamic
stability and pH sensitivity. The micelle formation of Tetronics® is slightly different from the
Pluronics® as the former also show some pH responsiveness. Like Pluronics®, a slight increase
in the temperature can induce surface activity/micellization/gelation due to the dehydration of
PPO and PEO blocks. The central diamine unit in Tetronics® molecule is pH sensitive and can be
protonated in acidic solution. Low pH and low temperature may thus hamper micellization. Albeit still
limited, the studies on Tetronics® have revealed their potential in different fields. These cover broad
area of applications including petroleum industries where these are used in comparatively higher
concentrations either as de-emulsifiers or as antifoaming agents [31,32], as an important ingredient
in contact lens washing solutions [33,34], in pharmaceutical and biomedical field as constituents of
transdermal formulations [35], in nanoparticle engineering [36] and as tissue scaffoldings [37,38].
De Lisi et al. [39] studied the self-assembly and oil solubilizing behavior of T1107 as a function of
temperature and pH and revealed improved solubilization and oil induced micellization, which can
be tuned further by varying temperature and pH. Larrañeta et al. [40] synthesized different types of
gels by the addition of α-cyclodextrin in the T904 solutions for sustained drug delivery applications.
González-Gaitano et al. [41] explored the effect of different native and modified cyclodextrins on T904
micelles and revealed that most substituted cyclodextrins induced micellar breakdown while native
cyclodextrins promoted the formation of inclusion complexes. Recently, Poellmann [42] based on his
study on T1107 with denatured hen egg white lysozyme found a potential application of T1107 as a
synthetic chaperone that enhances the molecular repair phenomenon in cells. Gonzalez-Lopez et al. [20]
explored the micellization of different Tetronics® with varying structural features in acidic media.
There are also contributions from our group concerning the effect of different additives on micellar
behavior of Tetronics® [43–49].

Figure 1. General structure of Tetronics®.

It can be understood from the above literature survey that reports on individual behavior of
different Tetronics® in the presence of variety of additives have been published in literature. However,
a systematic study comparing the self-assembly of different Tetronics® on the basis of their molecular
architecture in aqueous and salt solutions is still missing, to the best of our knowledge. The knowledge
attained from this work can be useful in anticipating the performance of the copolymer for the desired
application. With this view point, we have tried to elucidate the aggregation behavior of three
Tetronics®, mainly T304, T904 and T908 incorporated with different %EO (in case of T904 and T908,
%PEO = 40 and 80) and with different molecular weight (in the case of T304 and T904, but with same
%PEO = 40). This study was further extended by determining the solubility of a hydrophobic dye
(orange-OT) and drugs (quercetin and curcumin) in micelles under different solution conditions. T904
with a moderately hydrophobic character showed a maximum solubility. Hence, in vitro release of the
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hydrophobic drugs from its micelles was measured and the influence on cytotoxicity of the drugs being
loaded in micelles was compared with the free drugs. The findings of this work will be highly useful
for the proper exploitation of copolymer micelles in several industrial and pharmaceutical applications.

2. Materials and Methods

Tetronics® 304, 904 and 908 were gift samples from the BASF Corporation (Parsippany, NJ, USA)
and were used as received. The structural formula for Tetronics® block copolymers (Figure 1) and
molecular/physico-chemical properties are shown in Table 1.

Table 1. Structural properties of different Tetronics®.

Tetronic® Mw
a NEO NPO HLB a CP a (◦C) pKa1

a pKa2
a

T304 1650 3.7 4.3 12-18 72 4.3 8.1
T904 6700 15 17 12-18 78 4.0 7.8
T908 25,000 114 21 >24 >100 5.2 7.9

a Data is taken from BASF website and from references [20,25]. Mw—molecular weight, HLB—hydrophilic-lipophilic
balance, CP—cloud point, NEO = y and NPO = x.

Sodium chloride (Merck, Mumbai, India, analytical grade), the drugs, quercetin and curcumin
(Sigma Aldrich, Mumbai, India) and the dye, Orange-OT (TCI Chemicals, Chennai, Tamilnadu, India)
were used as received. Solutions for dynamic light scattering (DLS) measurements were prepared in
nano-pure water obtained from Millipore Milli-Q purification system (Mumbai, India). D2O (99.9%)
obtained from Sigma Chemical Company (Mumbai, India) was used for nuclear magnetic resonance
(NMR) and small-angle neutron scattering (SANS) measurements. The chinese hamster ovary
(CHO-K1) cell line for the toxicity assay was procured from American Type Culture Collection (ATCC).

2.1. Methods

2.1.1. Cloud Point (CP)

Cloud points were determined by visual observation of the turbidity of the solution (in 20 mL
glass vials) immersed in a temperature controlled water bath. The solutions were stirred with a
magnetic bar while being heated. All of the measured CP values were reproducible up to ±1.0 ◦C.

2.1.2. Surface Tension

The surface tension measurements were done with a KRUSS Easy Tensiometer from Kruss Gmbh
(Hamburg, Germany) using the Wilhelmy plate method. The surface tension of double distilled water
71.8 mN·m−1 at 25.0 ± 0.1 ◦C was used to calibrate the instrument. The surface tension of each
solution was measured by successive additions of the stock solutions in double distilled water after
thorough mixing and equilibration. The series of measurements were repeated at least three times.
The reproducibility of surface tension measurements is estimated to be within ±0.2 mN·m−1.

2.1.3. Viscosity

The viscosities of solutions were measured using an Ubbelohde suspended level capillary
viscometer. The viscometer was suspended vertically in a thermostat at ±0.1 ◦C. A clean and dry
viscometer was used for each measurement. The flow time (usually exceeding 170 s) of a constant
volume of the solution through the capillary was used to calculate the viscosity of the solution.

2.1.4. Nuclear Magnetic Resonance (NMR)

The 1H-NMR spectra were recorded on a Bruker DMX Avance 600 spectrometer (Osaka, Japan)
over a wide temperature range. The sample temperature was kept constant within ±0.1 ◦C by using a
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Bruker BCU-05 temperature control unit. The samples were equilibrated at the desired temperature
for at least 15 min prior to measurement.

2.1.5. High-Sensitivity Differential Scanning Calorimetry (HSDSC)

Calorimetric measurements were carried out using a Microcal MC-2 instrument (Microcal Inc.,
Amherst, MA, USA) and the DA-2 dedicated software package (provided by Microcal, Malvern, UK)
for data acquisition. Samples were equilibrated in the HSDSC cells for a minimum of 60 min prior to
each run, and scans performed at a scan rate of 60 Kh−1.

2.1.6. Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) was used to determine the apparent hydrodynamic diameter (Dh)
of the micelles. DLS measurements were carried out at 90◦ scattering angle on solutions using Autosizer
4800 (Malvern Instruments, Worcestershire, UK) equipped with 192 channel digital correlator (7132)
and coherent (Innova, Santa Clara, CA, USA) Ar-ion laser at a wavelength of 514.5 nm. The average
diffusion coefficients and hence the hydrodynamic size was obtained by the method of cumulants.

2.1.7. Small Angle Neutron Scattering (SANS)

The SANS experiments were performed using a SANS diffractometer at the Dhruva reactor,
Bhabha atomic research centre, Trombay. For SANS, copolymer solutions in D2O at different
concentrations and temperatures were measured. The solutions were held in a quartz cell of 5 mm
thickness with tight-fitting Teflon stoppers. The data were recorded in the Q range of 0.017–0.35 Å. All
the measured SANS distributions were corrected for the background and solvent contributions. The
data were normalized to the cross-sectional unit using standard procedures [50].

The copolymer micelles consist of a hydrophobic core of PPO surrounded by a hydrated shell of
PEO. There is very good contrast between the hydrophobic core and the solvent. However, because
of a large amount of D2O (water of hydration) being present in the outer PEO corona, the scattering
contrast between the hydrated corona and the solvent is expected to be poor. In view of this, we
assume that the form factor F(Q) depends only on the hydrophobic core radius. The structure factor
S(Q) of the spherical micelles in Equation (1) is calculated using the Percus–Yevick approximation for
the case of hard sphere potential in the Ornstein–Zernike equation [51]:

dΣ
dΩ

(Q) = nV2(ρP − ρS)
2P(Q)S(Q) + B. (1)

The mean core radius (Rc), hard sphere radius (Rhs) and volume fraction (Φ) of the micelles have
been determined as the fitting parameters from the analysis. The aggregation number is calculated by
the relation N = 4πa3/3v, where v is the volume of the surfactant monomer.

2.1.8. Solubilization

Drug/dye solubilization measurements were carried out on Shimadzu (UV-2450) UV-Visible
double beam spectrophotometers (Tokyo, Japan) with a matched pair of stoppered fused silica cells
of 1 cm optical path length. Saturated drug/dye loaded solutions were prepared in glass vessels by
mixing excess powdered drug/dye with copolymer solution and stirring at constant temperature
at 200 rpm for 2 days. The solutions were filtered (Millipore, 0.45 μm) to remove insolubilized
drug/dye. Blank experiments, without copolymer, were done to determine the solubility of the
drug/dye in water. The amount of drug/dye solubilized was determined by measuring absorbance
at 255/262/470 nm. Calibration with dilute solutions of the drug/dye dissolved in methanol gave
satisfactory Beer–Lambert plots. In a solubilization experiment, the filtered solution was diluted thirty
times with methanol, the amount of water after dilution being low enough to allow direct use of the
calibration plot.
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2.1.9. In Vitro Release Studies

The in vitro release of the poorly water soluble anticancer drugs, quercetin and curcumin, from the
micelles was investigated using a pre swelled dialysis bag (Mw cut-off 12,000–14,000 Da). In brief, 10 mL
of the drug formulations containing approximately 5 mgs of drugs was transferred into respective
dialysis bags and immersed into 100 mL of phosphate buffer saline (PBS), which was placed in a
shaking water bath at 37 ◦C. In addition, 3 mL sample aliquots were taken from the release medium at
scheduled time intervals and the same volume of fresh buffer was refilled to maintain the volume. The
concentration of drugs released into PBS was quantified based on their absorbance at 470 nm (λmax

for orange OT), 255 nm (λmax for quercetin) and 262 nm (λmax for curcumin), respectively using a
Shimadzu 160 spectrophotometer on a UV-Vis curve, to further conclude the rate of drug release.

2.1.10. In Vitro Cytotoxicity Assays

Cytotoxicity of free quercetin and curcumin and their loaded micelles of T904 were assessed on
the viability of CHO-K1 cells by the 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide
(MTT) assay. These CHO-K1 cells in a logarithmic phase (104 cells/well) were seeded in 96-well plates
along with variable concentration of free quercetin and curcumin (0, 12.5, 25, 50 and 100 μg/mL). The
cells were also treated with their equivalent doses loaded in T904 micelles. Incubate these cells for 24 h
in carbon dioxide incubator (5% CO2; 37 ◦C). Afterwards, add the MTT solution (10 μL; 2.5 mg/mL)
into a 96-well plate after centrifuging (2000 rpm; 5 min) and dissolved in an equal volume of media.
Again, incubate the plate for another 4 h. Finally, the intracellular formazan crystals were settled at
the bottom and the supernatant was discarded (again after centrifuging as mentioned above). These
crystals were dissolved in dimethyl sulphoxide and its relative growth inhibition was compared with
control cells and its optical density was measured at 570 nm. All experiments were set up in triplicates
and repeated thrice for statistical analysis. Results were expressed as mean ± S.E.

The percentage growth inhibition was calculated using the following formula:

%Growth Inhibition =
100 − (Mean absorbance of individual test)

(Mean absorbance of Control)
× 100.

The half maximal inhibitory concentration (IC50) was estimated using the concentration-response
and was expressed in the unit μg/mL. The concentration of the test drug required for the inhibition of
cell growth by 50% (CTC50) was generated by the dose-response curves for each cell line.

Statistical Analysis: Data analysis was carried out by two-way ANOVA (SPSS 10.0, SPSS Inc.,
Chicago, IL, USA). A p-value ≤ 0.05 was contemplated as statistically important.

3. Results

3.1. Characterization of Tetronics® Micelles and the Effect of Salt

3.1.1. Cloud Point

The cloud points (CPs) of all the three copolymers were measured as a function of salt
concentration and pH and are presented in Figure 2. It has been established from the previous studies
in literature that copolymers fabricated with longer PEO blocks usually exhibit more hydrophilic
character and undergo micellization at elevated temperatures. The occurrence of longer PEO blocks
improves the solubility of the copolymer chains in water. Hence, these exhibit higher phase separation
temperatures. Conversely, those with shorter PEO blocks (>30%) usually display poor solubility
and undergo micellization at comparatively lower temperatures and experiences phase separation
at relatively lower temperatures [16,44]. In the present case, as displayed in Table 1, T908 with 80%
PEO in its constitution remains highly hydrophilic and usually displays CP at temperatures >100
◦C in water and, as anticipated, T904 with moderate hydrophilicity with 40% EO in its constitution
undergoes phase separation at temperature ~73 ◦C. Surprisingly, in the case of T304, despite having
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40% EO in its constitution like T904, due to low molecular weight of the constituting PPO block, does
not form micelles but remains as unimers even at higher temperatures (discussed in later sections) and
undergoes phase separation at a temperature very close to that of T904.

 
(a) (b)

Figure 2. CP of 5% Tetronics® (a) as a function of salt concentration and (b) pH.

For all the copolymers, as shown in Figure 2a, there was almost a linear decrease in CP with an
increasing concentration of salt. The presence of salt induces hydrophobicity in the copolymer and
makes it prone to form micelles, or micellar growth accounts for the copolymers existing as micelles
due to the well-known salting out action of NaCl. A similar CP depressant role of salt has been
observed earlier for Pluronics® and other water soluble uncharged polymers that show lower critical
solution behavior [52–55]. Bahadur and coworkers [46,48,49,56] have also reported a similar effect of
salt on Tetronics® micelles.

The effect of pH was also examined for these copolymers as shown in Figure 2b. The pH values
for the solution were adjusted in the range of 6–13 using HCl/NaOH solutions. For T304 and T904,
there is only a slight decrease in CP upon changing pH in the range 6-10; however, a steep fall is seen
above pH 10. The CPs were higher in acidic pH because acidic pH makes the amino groups protonated
and thus induces a more hydrophilic character and increases CP. For T908, CPs were measured only
in the alkaline pH (since its CP in the absence of additives remains >100 ◦C) where low values of
CP were observed. The decrease in CP at higher pH is due to the fact that ethylenediamine group
gets completely neutralized at this pH and thus induces more hydrophobicity in the copolymer units
promoting micelle formation, which consequently lowers the CP values.

3.1.2. Surface Tension

In order to study the surface activity of these copolymers at the water/air interface and to
determine the CMC values, surface tension measurements were carried out as a function of the
copolymer concentration in aqueous medium and also in salt solutions in the case of T908.

Surface tension → log copolymer concentration plots for the three Tetronics® are shown in
Figure 3a. T304 owing to its low molecular weight was least surface active and did not show micelle
formation at all the concentrations, as also confirmed through SANS, though a progressive decrease in
surface tension (upto 10% w/v) is observed. On the contrary, Gonzalez-Lopez et al. [20] determined
the CMC of T304 in acidic media and observed micelle formation at higher concentrations. T908
with more hydrophilic character was less surface active and showed two break points commonly
observed for copolymers with more hydrophilic character. Although improved surface activity and a
significant decrease in CMC can be made evident in the presence of salt (Figure 3b). The improved
hydrophobicity in the presence of salt is further demonstrated by a single break point (Figure 3b)
analogous to moderately hydrophilic copolymers. Conversely, T904 with moderately hydrophilic
character displayed highest surface activity among the three copolymers and showed a behavior
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similar to surfactants. Thus, this leads us to a conclusion that, for all of the copolymers, surface activity
increased with the increase in molecular weight, decrease in %EO and in the presence of salt.

 
(a) (b)

Figure 3. Surface tension plots (a) for the aqueous solutions of different Tetronics® and (b) T908
solutions in the presence and absence of 1 M salt at 25 ◦C.

3.1.3. Nuclear Magnetic Resonance (NMR)

1H NMR spectra for the three copolymers were recorded at different temperature intervals and
the signals for methylene protons of PEO, methylene and methyl protons of PPO were considered to
analyze the spectra (Only spectra for T908 has been included). As evident from Figure 4a, a triplet
at 1.16 ppm is assigned to the methyl protons of the PPO, broad peaks around 3.65 to 3.45 ppm
correspond to the methylene protons of PPO and intense resonance peak at 3.7 ppm correspond
to the methylene protons of PEO. As evident in Figure 4b, an increase in temperature shifts the
resonance peaks corresponding to methyl and methylene protons of PPO towards low frequencies
with a simultaneous line-width broadening indicating reduced mobility of PPO segments since it
forms a hydrophobic core of the micelles.

 

(a) (b) (c) (d)

Figure 4. (a) 1H-NMR spectra of 10% T908 in D2O at 25 ◦C; (b) –CH2– signals of PPO; (c) –CH3 signals
of PPO; (d) chemical shift vs. temperature.

The chemical shift observed for the PPO –CH3 peaks were then plotted against temperature as
shown in Figure 4c to determine the critical micelle concentration (CMT) of block copolymers. The
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CMTs were taken as the inflexion point in the plot. T304 owing to its low molecular weight did not
form micelle under the conditions studied despite containing 40% PEO while T904 (with similar %PEO)
remains much lower than T908 at the same concentration due to its moderately hydrophobic character.
It is interesting to note that T904 and T908 have similar molecular weight of PPO but vary in %PEO,
which sufficiently alters their hydrophobicity and micellar and micellization characteristics. A similar
trend is also observed for the hydrophilic linear block copolymers, Pluronics® [57,58].

3.1.4. HSDSC

In this study, HSDSC experiments were performed to determine the effect of salt on the CMT of
T908. Owing to its hydrophilic character, T908 forms micelles at elevated temperatures as observed in
the previous section. Since no micellization was observed in the previous sections for T304, CMT of
T304 was not determined. Likewise, measurements for T904, which usually form micelles at lower
temperatures, were not carried out since the addition of salt will further decrease the CMT and the
practical limitations of the instrument may not allow us to go to such lower temperatures. Hence, the
measurements were limited only to T908 to understand the influence of salt on copolymer micelles.

Typical HSDSC thermograms (not shown) with the endothermic peak were obtained signifying
the endothermic phase transition from a fully solvated solution of unimers to a solution consisting
of solvated micelles with a poly(propylene oxide) microphase inner core. Generally, CMT of the
copolymer can be defined by three different methods viz. Tonset, Tinf and Tm. All three of the methods
were explained in detail in our previous reports [44,47]. In the present study, Tm is chosen as the CMT
of the block copolymer.

As evident in data presented in Table 2, the CMT of aqueous solutions of 5% T908 decreases in
the presence of salt. This is attributed to the fact that addition of salt leads to the dehydration of the
EO and PO blocks, which favors micellization and thus reduces CMT significantly. Alexandridis and
Holzwarth [52] using DSC scrutinized the effect of different salts on the CMT of Pluronics® solutions
and observed similar results. Similarly, Bahadur et al. [56] using fluorescence witnessed a similar
decrease in CMT of T1307 solutions in the presence of salt.

Table 2. Thermodynamic parameters for micellization of 5% T908 from high sensitivity differential
scanning calorimetry thermograms.

[NaCl], M Tonset (◦C) Tinf (◦C) Tm (◦C) ΔH (kJ/mol) ΔG (kJ/mol) ΔS (kJ/mol·K)

0 32.00 32.06 37.82 133.38 −26.31 0.51
1 19.03 19.73 24.83 178.45 −25.25 0.68
2 a a 20.26 a −24.80 a

a The pre-transitional baseline was so short to calculate the Tonset, Tinf, and ΔH properly.

3.1.5. Viscosity

Viscosities of 10% w/v solutions of Tetronics® in H2O, 1 and 2 M NaCl were measured at different
temperatures and the relative viscosities were plotted against temperature as shown in Figure 5.

The viscosity behavior of copolymers was different. For copolymer T304, due to its low molecular
weight, there was no effect on viscosity and it remained almost constant at different temperatures.
The viscosity did not change even in the presence of salt up to its CP. This is because T304 remains
molecularly dissolved and does not show any micelles even at elevated temperatures or in the
presence of salt. Conversely, T904 with moderately hydrophilic character occurs as micelles at ambient
temperature. Any increase in temperature promotes micellar growth due to increased dehydration of
EO and PO chains. Hence, more and more unimers participate in micelle formation, eventually leading
to micellar growth. Quite interestingly, T908, due to its characteristic hydrophilic character, forms
micelles only at high temperature and in the presence of salt. Accordingly, for various concentrations
of salts, different morphologies are assumed by the copolymer molecules. In line with this, the
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contribution from the unimers and micelles shows different viscosity behavior. As evident in the
figure, with the increase in temperature, the relative viscosity increases initially but decreases at higher
temperatures. This is attributed to the fact that increase in temperature leads to the formation of
spherical micelles from the existing unimolecular form of copolymer, which, as a result, enhances
the viscosity significantly until a maxima is reached at ~55 ◦C. As the temperature is raised further,
the dehydration of EO blocks is triggered and more compact micelles are formed, which eventually
decreases the viscosity of the solution. The presence of salt promotes micellization as also reported in
the earlier sections. Hence, the maxima shift to lower temperatures in the presence of 1 and 2 M NaCl.
A similar trend has been reported in literature for hydrophilic copolymers earlier. Thus, the results are
in line with literature.

 
(a) (b) (c) 

Figure 5. Effect of temperature on different Tetronic® solutions (10% w/v) in the presence of salt
(�) 0 M, (O) 1 M and (�) 2 M NaCl. (a) relative viscosity of 10% T304 aqueous and salt solutions
versus temperature (b) relative viscosity of 10% T904 aqueous and salt solutions versus temperature (c)
relative viscosity of 10% T908 aqueous and salt solutions versus temperature.

3.1.6. DLS

The apparent hydrodynamic diameter of micelles at different temperatures for 10% w/v Tetronic®

aqueous and salt solutions was determined using DLS as shown in Figure 6. This figure also displays
the effect of temperature (30–50 ◦C) on the above said copolymer solutions in the presence and absence
of salt.

T304 unimer peaks of the size 2–5 nm along with large particles of a few hundred nm are seen. This
simply reflects the presence of molecularly dissolved T304 at all temperature and salt concentrations.
In the case of T908, the presence of unimers (5–8 nm) along with another peak originating from the
presence of micelles and large particles can be clearly seen. With the increase in temperature or in the
presence of salt micellar peaks gets sharper while the contribution from large clusters and unimers
decreases. Micelles of size ~15–20 nm are the predominant species at higher temperatures and in
salt solutions. Single peak arising from the micelles (of ~12–20 nm size) can be seen for moderately
hydrophilic T904 at relatively lower temperatures and in the absence of salt. However, micellar growth
is observed at elevated temperatures and in the presence of salt. The increased micellar dimensions
consequently slow their diffusion in solution, which eventually leads to enhanced solution viscosity.

3.1.7. SANS

SANS curves for all three Tetronics® at different temperature are shown in Figure 7. As evident
from Figure 7a, the scattering intensity increases with temperature, though overall remains low for
T304, indicating an absence of aggregates and the occurrence of only unimers in the solution. This
is attributed to the fact that T304, due to its low molecular weight, is incorporated with shorter PPO
blocks and hence cannot form micelles. Likewise, T908 with more hydrophilic character occurs as
unimers at 30 ◦C. However, as the temperature is raised, the overall solubility of the copolymer chain
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decreases, which, in turn, promotes micellization. Thus, as evident in Figure 7c, the scattering intensity
of T908 increases significantly as the temperature is raised from 30 to 60 ◦C. For T904, core-shell micelles
were the species present, which show growth at a higher temperature as well as in the presence of salt.
It can be observed from Figure 7b that the scattering intensity increases significantly with the increase
in temperature, clearly indicating micellar growth.

 
(b)

 

(a) (c)

Figure 6. Apparent hydrodynamic diameter of different Tetronics® in aqueous and salt solutions. (a)
DLS stacks of T304, T904 and T908 in aqueous and salt solutions (b) apparent hydrodynamic diameters
of aqueous and salt solutions of T904 as a function of temperature (c) apparent hydrodynamic diameters
of aqueous and salt solutions of T908 as a function of temperature.

A similar trend for all three Tetronics® can also be observed from the data presented in Table.
In case of T304, it can be understood from the data that neither increase in temperature (Figure 7a)
or concentration (Figure 7d) can induce micelle formation and it remains as unimers for all the
concentrations and temperatures measured, while, for T904 with moderate hydrophobicity, core-shell
micelles with Nagg ~10 occur in solution at ambient temperature and, with an increase in temperature,
Rc, Rhs and Nagg increase significantly, clearly indicating micellar growth. In the case of T908, with a
more hydrophilic character, only unimers occur at lower temperatures. However, as the temperature is
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raised, micelles with Nagg ~7 are formed at 40 ◦C and an increase in micellar parameters is observed at
still higher temperatures, clearly indicating micellar growth at higher temperatures.

 
(a) (b) (c) 

 
(d) (e) (f) 

Figure 7. Small angle neutron scattering curves (a) for 10% T304 as a function of temperature (b) for
5% T904 as a function of temperature (c) for 10% T908 as a function of temperature (d) for 5% and 10%
T304 aqueous solutions (e) for 10% T904 aqueous as a function of salt concentration and (f) for 10%
T908 aqueous solutions as a function of salt concentration.

The presence of salt has a similar effect and leads to micellar growth at low temperatures.
As evident in Figure 7e,f, the increase in concentration of salt improves the scattering intensity
indicating growth in micelles. This can be further seen from the calculated parameters shown in
Table 3. Thus, SANS results indicate micellar growth in copolymer solutions (except T304) with the
increase in temperature/salt concentration in line with the results attained by other techniques.

Table 3. Micellar parameters of 10% Tetronics® in D2O obtained from small angle neutron
scattering analysis.

Tetronic® [NaCl], M Temperature, ◦C Rc, Å Rhs, Å Rg, Å Nagg

5% T304 0 30 - - 10.6 -
10% T304 0 30 - - 11.8 -
10% T304 0 35 - - 11.1 -
10% T304 0 50 - - 13.0 -
10% T908 0 30 - - 25.8 -
10% T908 0 40 39.9 - - 7
10% T908 0 50 57.2 - - 10
10% T908 0 60 60.1 - - 13
5% T904 * 0 30 25.0 52.2 - 10
5% T904 * 0 40 29.9 52.2 - 18
5% T904 * 0 50 33.0 129.0 - 23
10% T904 0 30 34.7 51.6 - 24
10% T904 1 M 30 39.9 59.6 - 36
10% T904 2 M 30 43.61 65.7 - 47
10% T908 1 M 30 25.36 81.6 - 8
10% T908 2 M 30 44.3 84.9 - 43

* From our previous report [29].
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3.1.8. Micellar Solubilization

To investigate the solubilization behavior of micelles from different Tetronics® in water and salt
solutions, one model of hydrophobic dye Orange OT and two drugs—quercetin and curcumin—were
taken. As evident in Figure 8, the solubility of the dye increased in the presence of salt. However, for
T304, the solubility of the dye was negligible and did not improve in the presence of salt. In contrast,
T908 showed poor solubility of dye in the absence of salt, but the solubility marginally increased with
the progressive addition of salt. The maximum solubility of the dye was observed for T904 solutions,
which further increased many folds in the presence of salt.

  
(a) (b) (c) 

Figure 8. Orange OT Solubility in (a) 10% T304 (b) 10% T904 and (c) 10% T908 aqueous and salt
solutions (�) 0 M, (O) 1 M and (�) 2 M NaCl at 30 ◦C.

A similar solubilizing trend of the copolymers was noted for the two poorly water soluble
anti-cancer drugs viz. quercetin and curcumin as presented in Figure 9. Pillai et al. [43] compared the
solubilizing behavior of the two copolymers T1304 and T1307 in the presence of glycine and observed
many fold increase in the solubility of quercetin. The presence of glycine in the above case has an
analogous effect to that of salt in the present study. A similar trend in the presence of salt has also
been observed by Parekh et al. [59] for the solubility of nimesulide drug by T904 micelles at different
copolymer concentrations.

  
(a) (b) (c) 

  
(d) (e) (f) 

Figure 9. Solubility of quercetin (a–c) and curcumin (d–f) in Tetronic® solutions in the presence of (�)
0 M, (O) 1 M and (�) 2 M NaCl at 30 ◦C.
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3.1.9. In Vitro Drug Release

In recent years, nanocarrier delivery systems have gained enormous attention for targeting
anti-cancer drugs to tumors [60]. Micelles of natural and synthetic biocompatible polymers have
been extensively examined as potential carrier materials for drug delivery [61–63] by virtue of their
dimensions in nano range, competence to shield the encapsulated drug, targeting features by means of
the enhanced permeability and retention (EPR) effect [64–66], and superior therapeutic capabilities [67].
In addition to their targeting ability, biocompatibility, enhanced circulation time and reduced toxicity
are some of the prime factors responsible for the success of these polymers in drug delivery systems.
With this approach, in the present work, we have tried to explore the in vitro release behaviors of
curcumin and quercetin-loaded T904 micelle formulations under physiological conditions. Since the
maximum solubility of the dye and drug in the previous section was observed for the copolymer
solutions of T904, the release study was limited only to it.

Figure 10 shows the cumulative release profile of two hydrophobic drugs (quercetin and curcumin)
versus time where 2% T904 was taken as the release media for understanding its role in in vitro release
of both the drugs in physiological conditions. The time intervals were chosen by trial and error method
and the study of release was restricted only for the initial 50%. The release remains slow and sustained
for both drugs and only about 7% release is observed for curcumin and 18% of release is observed for
quercetin during the early 24 h and approximately 50% of curcumin is released in 11 days while for
quercetin in about 14 days. This is due to the fact that both the drugs remain localized within the core
of the micelle and results in sustained release from this region.

 

Figure 10. In vitro release profile of (�) quercetin and (O) curcumin from T904 micelles at physiological
conditions (pH 7.4, 37 ◦C).

To understand the drug release kinetics and mechanism, the data was estimated mathematically
using zero-order kinetics, first-order kinetics and Higuchi model. The prime condition for choosing the
most appropriate model was grounded on best goodness-of-fit (R2 values). The k0, k1, and kH values
were estimated by fitting the data into corresponding equations and are given in Table 4 along with
the regression coefficients (R2).

Table 4. Different kinetic models describing the release pattern of the anticancer drugs, curcumin and
quercetin, from T904 micelles.

Drug

Mathematical Models for Drug Release Kinetics

Zero Order First Order Higuchi

k0 (M. h−1) R2 k1 (h−1) R2 kH (M. h−1/2) R2

curcumin 0.169 0.99 0.004 0.76 3.321 0.98
quercetin 0.131 0.90 0.002 0.69 2.69 0.99
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From the results shown in Table 4, it is clearly evident that, for T904 micelles, the release of
curcumin follows zero order kinetics while that of quercetin follows Higuchi equation. It has been
established in literature that Higuchi and zero order kinetics indicate controlled drug diffusion. Hence,
we can come to a conclusion that, from T904 micelles, both the drugs were released through diffusion.

3.1.10. In Vitro Cytotoxicity

To investigate the cytotoxicity of curcumin and quercetin from 2% T904 micelles, IC50 was
determined on the CHO-K1 cell lines with different concentrations of curcumin and quercetin was
evaluated using MTT assay and the data are presented in Table 5. As portrayed in Figure 11, no obvious
decline in cell viability was observed after incubation with the blank micelles, indicating that the
copolymer was nontoxic for being used as nanocarriers.

Table 5. The Half Maximal Inhibitory Concentration (IC50) of curcumin, quercetin and drug loaded
micelles of T904 in the Chinese Hampster Ovarian Cells (CHO-K1 cells).

Solvent
IC50, μg/mL

Curcumin Quercetin

H2O 18.60 55.2
T904 45.8 48.2

 
(a) (b)

Figure 11. In vitro cell viability of (a) quercetin and (b) curcumin in the presence and absence of
2% T904.

To evaluate the feasibility of using this copolymer for cancer therapy, we compared the anticancer
effects of free curcumin and quercetin with the drug-loaded T904 micelles. From Figure 11a, it is
evident that the quercetin loaded micelles displayed more inhibition of proliferation of CHO-K1 cells
than free drugs, while, in the case of curcumin, the IC50 of curcumin loaded micelles was comparatively
larger than free form. A similar trend has been observed earlier by Pillai et al. [46] for the release of
curcumin from the micelles of T1304. According to them, the possible cause for such deviation is due
to the difference of drug release rate from micelles inside the cells.

4. Conclusions

Aqueous solution behaviour of three star shaped EO–PO block copolymers with different
molecular characteristics was examined at different temperature and in the presence of salt using a
variety of techniques. The self-assembly was found to be markedly dependent on their molecular
characteristics and solution conditions. Data on micellar/phase behavior and interfacial characteristics
of the copolymers are reported. More hydrophobic T904 formed micelles at low temperature and
showed micellar growth with temperature, T908 with more hydrophilic character does not form
micelles at ambient temperature but undergoes micellization at elevated temperatures while T304
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with moderate hydrophobicity but low molecular weight remains molecularly dissolved in water in
all of the conditions, and does not form micelles even at higher temperatures or in the presence of
salt. The presence of salt has an analogous effect to that observed with the increase in temperature.
Viscosity/DLS/SANS suggests growth in T904 micelles with temperature. NMR yields CMT, which
decreases in the presence of salt. The solubility of dye and drugs improved in the presence of
salt and with the increase in copolymer concentration. The in vitro release profiles for both of
the drugs showed a slow and sustained release pattern from T904 micelles, and IC50 values for
quercetin decreased significantly while increasing for curcumin, probably due to the slow release rate
from the core of micelles. Thus, fine-tuning in micellar parameters using the copolymer of desired
molecular characteristics and salt at desired temperatures and pH may be useful as nanoreservoirs for
delivery systems.
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Abstract: In this study, we investigated the aggregation behaviors of amphiphilic poly(vinyl ether)s
with antimicrobial activity. We synthesized a di-block poly(vinyl ether), B3826, composed of cationic
primary amine and hydrophobic isobutyl (iBu) side chains, which previously showed antimicrobial
activity against Escherichia coli. B3826 showed similar uptake behaviors as those for a hydrophobic
fluorescent dye, 1,6-diphenyl-1,3,5-hexatriene, to counterpart polymers including homopolymer
H44 and random copolymer R4025, indicating that the iBu block does not form strong hydrophobic
domains. The cryo-TEM observations also indicated that the polymer aggregate of B3826 appears
to have low-density polymer chains without any defined microscopic structures. We speculate that
B3826 formed large aggregates by liquid-liquid separation due to the weak association of polymer
chains. The fluorescence microscopy images showed that B3826 bonds to E. coli cell surfaces, and these
bacterial cells were stained by propidium iodide, indicating that the cell membranes were significantly
damaged. The results suggest that block copolymers may provide a new platform to design and
develop antimicrobial materials that can utilize assembled structures and properties.

Keywords: aggregation; amphiphilic block copolymer; poly(vinyl ether); antimicrobial activity

1. Introduction

The emergence of drug-resistant bacteria poses a serious threat to human health [1–3],
as the number of treatment options for bacterial infections is significantly reduced. There is urgent
need for new antimicrobials effective in controlling drug-resistant bacteria. However, it has been
a significant challenge to design and develop such molecules with novel antimicrobial targets in
bacteria and mechanisms. To that end, one recent strategy is to design synthetic polymers to mimic
the structural features and functions of host-defense antimicrobial peptides (AMPs) found in the
innate immune system [4,5], which act directly by disrupting bacterial cell membranes. In general,
antimicrobial (co)polymers have cationic and hydrophobic moieties in their side chains to mimic the
cationic amphiphilicity of AMPs, which govern the bacterial selectivity and membrane-disrupting
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mechanism for antimicrobial activity [6,7]. The cationic groups of polymers enhance the binding
of polymers to anionic lipids of bacterial membranes by electrostatic interactions. Because the
bacterial membranes are more negatively charged than those of human cell membranes, the polymers
are expected to selectively bind to bacterial membranes over human cell membranes, imparting
the selective activity of polymers to bacteria over human cells. Upon the binding of polymers to
membranes, the hydrophobic groups of polymers are inserted into the hydrophobic domain of
the membranes, causing membrane disruption and ultimately bacterial cell death. It has been
previously demonstrated that the antimicrobial activity of polymers and their toxicity to human
cells can be controlled by modulating key structural parameters, including compositions of cationic
and hydrophobic monomers [8–11], molecular weight [11,12], the hydrophobicity of side chains [13],
and the type of cationic charge [14].

Synthetic polymers with cationic and hydrophobic segments or cationic amphiphilic block
copolymers have been utilized as a platform for designing antibacterial polymers [15,16]. Such block
copolymers are prepared by living polymerization, their length of polymer chains and block sequences
can be precisely designed and controlled, which provides great advantages for the development
of materials with target biological functions [17]. We previously synthesized a series of di-block
poly(vinyl ether)s composed of cationic and hydrophobic blocks and investigated the relationship
of their amphiphilic structures (block vs. random) with their antibacterial activity and lytic activity
against human red blood cells (hemolysis) as a measure of undesired toxicity to human cells [15].
We demonstrated that the amphiphilic structures of these copolymers play an important role in
their antibacterial and hemolytic activities [15]. The random and di-block copolymers with the same
cationic/hydrophobic monomer compositions showed the same level of bactericidal activity against
Escherichia coli. However, the block copolymers were not hemolytic, while the random copolymers
were highly hemolytic. This result suggested that the block copolymers were selective to bacteria over
human red blood cells while they remained active against bacteria, which is the desired properties
for antimicrobials. A static light scattering (SLS) experiment suggested that the block copolymer
formed aggregates with a diameter of ~500 nm in an aqueous media, which may be a vesicle
rather than polymer micelles with a single hydrophobic core. Interestingly, the minimum polymer
concentration of the block copolymer for bactericidal activity was below its critical (intermolecular)
aggregation concentration (CAC), indicating that single-polymer chains were bactericidal. In addition,
the copolymer was not hemolytic throughout the polymer concentration range above and below
the CAC, suggesting that the selective activity of copolymer to bacteria over human cells was not
necessarily the results of polymer aggregation or vesicle formation. We proposed the mechanism that
the cationic polymer block wrapped the hydrophobic polymer block to form cationic single chain
polymer particles. This particle structure shielded the hydrophobicity of copolymer chains and reduced
their non-specific hydrophobic binding to the membranes of human red blood cells, resulting in no
significant hemolytic activity [15]. On the other hand, the random copolymers might not be able to
effectively shield the hydrophobicity of copolymers, because of the random distribution of cationic and
hydrophobic groups in the polymer chains in comparison to block copolymers, and may thus bind to
human red blood cells and cause hemolysis. It is generally known that there is an equilibrium between
free single-polymer chains and aggregates above the CAC, and the concentration of single-polymer
chains remains constant above the CAC. Our results indicate the possibility that single-polymer chains
free in solution were responsible for the selective bactericidal activity of copolymer rather than the
polymer aggregates.

In this study, we further extend our previous study on antimicrobial copolymers to investigate
their aggregation behaviors in an aqueous environment. Amphiphilic copolymers intrinsically form
aggregates and/or assemblies in aqueous media [18,19], which may control the interactions with
bacterial cell membranes that govern the membrane-disrupting mechanism, thus determining the
antimicrobial activity and selectivity. Therefore, it is important to investigate the formation and
physicochemical properties of polymer aggregates in order to understand the role of aggregates in their
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underlying antimicrobial mechanism toward the goal of development of a novel class of antibacterial
polymers. Specifically, the objective of this study is to determine the formation of polymer aggregates
in water and their structures. In particular, we are interested in the aggregates formed by the block
copolymer, because it previously showed potent bactericidal activity with selectivity to bacteria over
human cells, which will be a good candidate for a new antimicrobial polymer platform. To that end,
we first examined the uptakes of a hydrophobic probe by the copolymers to determine the formation
of hydrophobic domains or polymer aggregates. The structure of block copolymer aggregates was
further examined by a cryogenic transmission electron microscopy (cryo-TEM) that enables in situ
visualization of the polymer assembly in water. The interaction between aggregates and bacterial cells
was also examined by using fluorescent microscopy.

2. Materials and Methods

2.1. Materials

All materials for polymerization were prepared and used as described in the previous
report [15]. 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and fluorescein
isothiocyanate (FITC) were purchased from Fischer Scientific (Waltham, MA, USA) and Sigma-Aldrich
(St. Louis, MO, USA), respectively.

2.2. Synthesis of Amphiphilic Copolymers

A series of amphiphilic poly{(isobutyl vinyl ether)-co-(2-aminoethyl vinyl ether)}s
{poly(IBVE-co-AEVE)s} (Figure 1) were prepared by living cationic copolymerization of IBVE and
2-phthalimidoethyl vinyl ether (PIVE), which was a protected monomer for AEVE, and subsequent
deprotection as described in the previous report [15,20].

A FITC-labeled block copolymer was prepared by the reaction of the amino-containing block
copolymer with FITC in the presence of trimethylamine in N,N-dimethylformamide at room
temperature for 4 h, as described in the previous report [15]. The obtained FITC-labeled block
copolymer was purified by size exclusion chromatography (Sephadex LH-20 gel, Amersham Bioscience,
Uppsala, Sweden) using methanol.

Figure 1. Chemical structure of poly(IBVE-co-AEVE)s.

2.3. Dye Uptake Experiment

The dye uptake by the polymer aggregates in the aqueous solution was examined using
a fluorescent probe, 1,6-diphenyl-1,3,5-hexatriene (DPH) [21]. Polymer stock solutions were prepared
in dimethyl sulfoxide (DMSO) (10 or 20 mg/mL). The stock solution was serially diluted 16 2-fold
by 0.01% acetic acid. The polymer stock solutions (20 μL) were mixed with HEPES buffer (10 mM
HEPES, 150 mM NaCl, pH 7, 175 μL) on a 96-well black microplate. DPH in tetrahydrofuran (THF)
(20 μL, 50 μM) was diluted with HEPES buffer (480 μL). Then this DPH solution (5.0 μL) was added to
the polymer solution on the microplate to give a final concentration of 50 nM for DPH, and THF of
0.1 vol %. After a 1 h incubation at 37 ◦C with orbital shaking (100 rpm), the fluorescence intensity in
each well was recorded using a microplate reader (Thermo Scientific Varioskan Flash, Fischer Scientific,
Waltham, MA, USA) with excitation and emission wavelengths of 357 and 430 nm, respectively.
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2.4. Fluorescence Microscopic Observation

A single colony of E. coli was incubated in Mueller-Hinton (MH) broth at 37 ◦C with gentle
shaking overnight. The E. coli suspension was diluted by MH broth to OD600 = 0.1 (OD600: optical
density at 600 nm) and incubated again for 90 min. The bacterial culture in the midlogrithmic phase
(OD600 ~0.5–0.6) was diluted to OD600 = 0.1 with HEPES buffer, corresponding to ~2 × 107 cfu/mL
(cfu: colony forming unit). This bacterial suspension (40 μL) was mixed with the stock polymer
solution containing a small amount of FITC-labeled polymer (200 μg/mL, 50 μL) in a 96-well
polypropylene microplate, which was not treated for tissue culture (Corning #3359). After a 45 min
incubation at 37 ◦C, propidium iodide (PI) aqueous solution (16 μM, 10 μL) was added to the mixture
and then incubated for additional 15 min. Confocal fluorescence microscopy images of the mixtures
were recorded using Eclipse Ti Confocal Microscope C1 (Nikon, Melville, NY, USA). FITC and PI were
excited at 488 and 561 nm, respectively.

2.5. Cryo-TEM Observation

The specimen for cryo-TEM was prepared by rapid freezing of a polymer solution at
a concentration of 10 mg/mL. A 200 mesh copper microgrid was used and pretreated with
a glow-discharger (HDT-400, JEOL, Tokyo, Japan) to make the microgrid surface hydrophilic.
An aliquot (3.0 μL) of a polymer sample was placed on the mesh and immediately plunged into liquid
propane using a specimen preparation machine (EM CPC, Leica, Wetzlar, Germany). The temperature
of the specimen was maintained below −140 ◦C during the observation using a cryo-transfer holder
(Model 626.DH, Gatan, Pleasanton, CA, USA). Microscopic observations were carried out using
a transmission electron microscope (JEM-3100FEF, JEOL, Tokyo, Japan) at an acceleration voltage
of 300 kV in zero-loss imaging mode. The microscopic image was recorded using a CCD camera
(Model 794, Gatan, Pleasanton, CA, USA) installed in the microscope.

3. Results and Discussion

3.1. Polymer Design, Synthesis, and Antimicrobial Activity

In this study, amphiphilic block (B3826) and random (R4025) poly(IBVE-co-AEVE)s with almost
the same degree of polymerization (DP ~40) and compositions of hydrophobic IBVE (~25 mol %) were
used. The synthesis and antimicrobial activities of these copolymers have been reported previously [15].
Briefly, the copolymers were synthesized by living cationic polymerization using protected monomer,
PIVE, followed by removing the phthalate groups to give primary amine groups. The deprotected
copolymers were denoted as R/BXy (R: random, B: block, X: total DP, y: mol % of IBVE) using the
values of protected polymers (Table 1). We also prepared a cationic homopolymer H44 for comparison.

Table 1. Characterization, bactericidal activity and hydrophobic dye uptake behaviors for
poly(IBVE-co-AEVE)s.

Polymer Copolymer Structure DP 1 MPIBVE
1

(mol %)
BC99.9

2

(μg/mL)
HC50

(μg/mL)
CDPH

4

(μg/mL)
CAC 5

(μg/mL)
RH

6, Rg
7

(nm)

H44 Homopolymer 44 0 1.6 ± 0.0 >1000
(42.5 ± 6.3%) 3 90 N.D. N.D.

B3826 Block copolymer 38 26 2.4 ± 0.91 >1000
(37.7 ± 2.8%) 3 124 36 250 6

R4025 Random copolymer 40 25 1.6 ± 0.0 0.49 ± 0.17 125 380 27 7

1 See [15]; 2 Determined in HEPES buffer against E. coli; 3 Local minimum values of hemolysis induced by
each polymer; 4 Determined by dye uptake experiment in HEPES buffer; 5 Critical (intermolecular) aggregation
concentration, determined by SLS; 6 Hydrodynamic radius, determined by DLS; 7 Radius of gyration, determined
by SLS.

These copolymers showed a bactericidal activity against E. coli [15]. The lowest polymer
concentration to kill E. coli at least 99.9% of initial seeding concentration after 4-h incubation in
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HEPES buffer at 37 ◦C (BC99.9) was determined as a measure of the bactericidal activity of copolymers.
We used a non-growth defined medium of HEPES buffer for our antimicrobial assay, as well as for
characterization of the polymer aggregation. The BC99.9 values of B3826 and R4025 were very similar,
indicating that the copolymer structures (random vs. block) do not determine the antimicrobial
activity against E. coli. On the other hand, R4025 was highly hemolytic, showing a small HC50 value,
while B3826 did not cause significant hemolysis (Table 1) [15]. Here, the HC50 values were defined as
the polymer concentration required to cause 50% hemolysis relative to the positive control.

3.2. Dye Uptakes by Copolymers

In the previous study, we determined the formation of aggregates of B3826 and R4025 by static and
dynamic light scattering (SLS and DLS) [15]. We found that B3826 formed large spherical aggregates
with a diameter of 400–500 nm above CAC of 36 μg/mL, whereas R4025 formed smaller aggregates
with a diameter of 54 nm above CAC of 380 μg/mL (Table 1).

To further examine the role of hydrophobic side chains in copolymer aggregation, we first
determined the critical aggregation concentration of polymers (CDPH) by monitoring uptake of
a hydrophobic dye, DPH into the hydrophobic domains of formed polymer aggregates. The DPH
probe has been widely used in the field to determine the critical aggregation concentrations of
polymers, because its fluorescence property is sensitive to the polarity of the surrounding environment;
the fluorescence of DPH increases upon partitioning into a non-polar or hydrophobic environment,
while DPH in aqueous media is only slightly or not at all fluorescent [21]. The fluorescence intensity
would increase when the polymer chains associate to form hydrophobic domains, and then take up
the dye. Therefore, the DPH uptake would reflect the formation of microscopic hydrophobic domains
due to association of hydrophobic side chains or block segments of polymers studied here.

All the polymers showed similar DPH uptake behaviors, resulting in the similar CDPH values
of 90–125 μg/mL (Table 1, Figure 2). This result indicates that the formation of aggregates of these
polymers is not dependent on (1) the hydrophobicity of polymers (homopolymer vs. amphiphilic
copolymers) and (2) copolymer amphiphilic structures (random vs. block copolymers). Other block
and random copolymers with larger MPIBVE values also showed similar DPH uptake behaviors
(Table S1 and Figure S1), supporting the conclusion.

Interestingly, the homopolymer H44 exhibited DPH uptake, although this polymer has no
hydrophobic iBu side chains. This result suggests that the cationic homopolymer can form hydrophobic
domains and bind DPH molecules, likely as a result of their hydrophobic polymer backbones.
Such hydrophobic domains can be formed by single polymer chains intramolecularly, or association of
multiple polymer chains (intermolecular aggregation). Therefore, the CDPH value may reflect either the
onset of DPH binding curves by single polymer chains or the formation of intramolecular aggregates,
but not necessarily formation of large polymer aggregates such as micelles.

On the other hand, B3826 and R4025 also showed similar DPH uptake behaviors to H44, indicating
that the hydrophobic iBu side chains or blocks are not involved in the DHP binding. Therefore,
the DHP uptake was likely a result of the intrinsic hydrophobicity of polymer backbones as postulated
for H44 above. In the literature, amphiphilic polymers are reported to show the DHP uptake by
the formation of aggregates due to the association of hydrophobic side chains [22,23]. However,
the reported polymers generally have strong hydrophobic moieties such as long alkyl chains and/or
higher molecular weights, which are likely to readily form hydrophobic domains in water. However,
our copolymers used in this study are relatively short (DP ~40), and the iBu group is relatively small,
so that these copolymers may not be able to form strong hydrophobic domains. Instead, the intrinsic
hydrophobicity of the polymer backbone is likely to play a more dominant role in the DHP uptake.
Therefore, the observed CDHP values may not present the critical concentration for the formation of
polymer aggregates. Taken together, the results of the DPH uptake experiments suggest that the iBu
side chains or blocks do not form strong microscopic hydrophobic domains. In addition, the results
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also indicate that the polymer aggregates previously observed by SLS and DLS are not conventional
aggregates formed by strong microscopic hydrophobic domains.

Figure 2. Fluorescence intensity of DPH (50 nM) versus polymer concentrations of (A) homopolymer,
H44 and (B) poly(IBVE-co-AEVE)s with MPIBVE ~25 mol % in HEPES buffer (pH 7). The data points
represent the average from duplicate measurements.

3.3. Cryo-TEM Observations of the Block Copolymer Aggregates

The results of the DHP uptake experiments indicated that the hydrophobicity of the PIBVE blocks
of B3826 is not sufficient for the DHP uptakes. However, our previous study demonstrated that the
B3826 polymer chains were able to form large aggregates with diameters of 400–500 nm. To investigate
the aggregation mechanism of B3826, we examined the structure of the aggregates at 10 mg/mL,
which is substantially higher than the critical concentration observed in the DPH uptake experiments
using cryo-TEM (Figure 3). The aggregate particle in the cryo-TEM image presented as a spherical
blur shadow with no clear boundaries. The diameter of the particle was found to be around 500 nm,
which is consistent with the results of the SLS and DLS measurements (Table 1). In our previous study,
the SLS data suggested that the density of the polymer chains in the B3826 aggregates was relatively
low, and the aggregates were relatively large, such that we speculated that B3826 formed a vesicle
(polymer bilayers). However, the aggregate structure presented in the cryo-TEM image does not
appear to have any polymer bilayers, but seems rather to consist of low-density polymer aggregates
without any defined structures.

 

Figure 3. The cryo-TEM image of B3826 rapidly freeze-dried from 10 mg/mL solution in HEPES buffer.

Recently, Takahashi et al. demonstrated both experimentally [24–26] and theoretically [27] that if
the amphiphilicity of a block copolymer is not strong enough, the copolymer does not form micelles;
rather, a liquid-liquid phase separation takes place in the solution. The amphiphilicity of B3826 may be
too weak to form micelles, and the large aggregate of a 500-nm diameter may be colloidal droplets of
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the phase-separated concentrated phase. If the concentration of the concentrated phase is not high,
the droplet will contain a considerable amount of water, which prevents DPH uptake, and thus the
contrast between the concentrated and dilute phases may be so weak that the cryo-TEM image may
be blurred.

3.4. Fluorescnt Study of Block Copolymer Aggregates

We further investigated the formation of B3826 aggregates and interaction with bacteria using
fluorescence spectroscopy. Here, the block copolymer B3826 was labeled with FITC (FITC-labeled
B3826: F-B3826) [15]. The molar absorbance coefficient of F-B3826 was 37,000 M−1 cm−1 in HEPES
buffer. Based on the molar absorbance coefficient of F-B3826 and the free fluorescein (83,000 M−1 cm−1),
the average number of FITC molecule per B3826 chain was estimated to be 0.45, assuming no significant
difference in the absorbance of fluorescein before and after FITC conjugation.

First, we investigated the concentration dependence of fluorescence emission from F-B3826.
A small amount of F-B3826 was added to non-labeled B3826 with in HEPES buffer. Based on the
absorbance of 20 μg/mL polymer solution and free fluorescein absorbance, the FITC content in
this mixture was estimated to be 5.3 mol % or 5.3 FITC in 100 polymer chains. The fluorescence
intensity increased proportionally as a function of polymer concentration, and it exhibited a flexion
point at 83 μg/mL, which may indicate that the surrounding environment of FITC in polymer
chains might be changed, whereas the maximum absorbance was almost insensitive to changes
in polymer concentration (Figure 4). This might reflect the onset of the formation of polymer
aggregates, which change the polymer conformation and density as compared to the polymer chains
free in solution.

Figure 4. (A) Absorption and (B) emission spectra of B3826 containing F-B3826 in HEPES (1% DMSO),
and (C) the maximum absorbance and (D) maximum fluorescent intensity versus polymer concentration.

Finally, we examined the interaction between the polymer aggregates and bacterial cells.
The E. coli cells were incubated with B3826 containing a small amount of F-B3826 at 100 μg/mL,
which was a higher concentration than CAC. We previously demonstrated that the polymer aggregates
can be seen in fluorescence images as fluorescent particles with ~500 nm in diameter (Figure 5A) [15],
which is close to the aggregate size estimated by DLS (RH = 250 nm). The perimeters of E. coli
cells treated with F-B3826 were fluorescent green, indicating the binding of the polymer on the cell
surfaces (Figure 5B). However, the resolution of the images was not sufficient to identify the structure
of the polymer aggregates bound on the bacterial cell surfaces. The E. coli cells were also stained
by PI, which can only penetrate cells with damaged membranes, and shows red fluorescence [28].
The E. coli cells bound with F-B3826 showed red fluorescence, indicating that the cell membranes were
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damaged (Figure 5C). Liu et al. speculated that cationic polymer nanoparticles with a diameter of
177 nm caused steric hindrance and crosslinking of peptideglycans in the cell wall, disrupting cell
membranes and cell death [29]. The cationic particles reported here are relatively large (400–500 nm
of diameter), so the aggregates may not be able to penetrate into the cell wall structure. However,
we have previously demonstrated that the BC99.9 values are smaller than the CAC values, suggesting
that the free single polymer chain could be responsible for the bactericidal activity. Therefore, although
the polymer aggregates may not be directly active against bacterial cell membranes, the polymer
chains may dissociate from the polymer aggregates, and the free polymer chains may penetrate the
cell wall and disrupt bacterial cell membranes to kill bacteria. The polymer aggregates are likely to
have a high net-positive charge, which would facilitate the binding of aggregates onto anionic bacterial
cell surfaces. The results of DPH uptake experiments and cryo-TEM observations indicate that the
polymers may weakly associate to form aggregates or colloidal droplets. Therefore, the polymer
chains may be able to readily dissociate to attack bacterial cell membranes after the aggregates bind
to bacterial cell surfaces. The polymer aggregates may serve as a reservoir that can deliver active
polymer chains to the bacterial cell surface and release them for antimicrobial actions. Our previous
computational model of cationic amphiphilic methacrylate copolymers also demonstrated that the
copolymer formed aggregates in an aqueous environment, but the aggregate dissociated to individual
polymer chains upon binding to bacterial cell membranes [30]. Then, the free polymer chains bound
to the bacterial cell membrane for antimicrobial action. These previous data also support the new
perception of polymer aggregates as a delivery reservoir proposed in this study.

 

Figure 5. Confocal fluorescent microscopic images of (A) 50 μg/mL solution of B3826 containing
F-B3826 (FITC: 5.3 mol %) in HEPES buffer, (B) E. coli (OD600 ~0.05) incubated with 100 μg/mL
solutions of B3826 containing F-B3826 and (C) PI (1.6 μM) in HEPES buffer (0.5% DMSO). The images
are projected images of 42 image stacks acquired with a z-step of 0.1 μm (total height: 4.2 μm).

4. Conclusions

In this study, we studied the aggregation behaviors of amphiphilic poly(vinyl ether)s with
antimicrobial activity using fluorescent dye, DPH uptake assay, and fluorescent microscopy. The results
of the DPH uptake experiments indicated that the hydrophobic side chains of our polymers may
not form microscopic strong hydrophobic domains. The cryo-TEM images also indicated that the
polymer aggregate of B3826 appears to have a low density of polymer chains without any defined
microscopic structures. We speculate that the block copolymer, B3826, formed large aggregates by
liquid-liquid separation due to the weak association of polymer chains, rather than the conventional
core-shell type micelles or vesicles. The fluorescence microcopy images showed that B3826 bounds to
E. coli cell surfaces although it was not clear that the structure of aggregates remained when bound
on the cell surface. The E. coli cells with B3826 were stained by PI, indicating that the cell membranes
were significantly damaged. These results suggest that the polymer aggregates may act directly by
disrupting bacterial cell membranes. It is also possible that the polymer aggregates may not act directly,
but that free polymer chains released from the aggregates may attack the bacterial cell membranes.
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This study showed the discrepancy between methods for determining the CACs of copolymers.
The CAC values determined by different methods are likely to reflect different dimensions and
molecular processes (microscopic hydrophobic domains, polymer chain association, and particle
formation) in the formation of polymer aggregates. It would be a subject for a future study to link the
CAC values to the aggregation mechanism using different methods and determine the cause of the
discrepancies. The expected results would also shed light into the polymer aggregate structures and
dynamics, which would be useful for designing new antimicrobial polymer aggregates.

Many polymer platforms have been studied, including random and block copolymers, star-shaped
polymers, and graft copolymers [15,31,32]. However, the role of aggregates in their antimicrobial
mechanisms is not clear yet. The physicochemical properties (charge density, size, etc.) and dynamics
(exchange between polymer chains and aggregates) of polymer aggregates are likely to control the
interactions with bacterial cell membranes, thus determining their antimicrobial activity. In particular,
this study proposes the role of polymer aggregates as a delivery reservoir for antimicrobial action.
Such properties and dynamics of polymer aggregates can be tuned by chemical compositions and
structures of polymer chains. Therefore, block copolymers may provide a new programmable platform
to design and develop antimicrobial materials that can utilize assembled structures and properties.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4360/10/1/93/s1,
Table S1: Characterization, bactericidal activity and hydrophobic dye uptake behaviors for poly(IBVE-co-AEVE)s
with different MPIBVEs, Figure S1: Fluorescence intensity of DPH (50 nM) versus polymer concentrations for
poly(IBVE-co-AEVE)s with different MPIBVEs.
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Abstract: Mixed Pluronic micelles from very hydrophobic and very hydrophilic copolymers
were selected to scrutinize the synergistic effect on the self-assembly process as well as the
solubilization capacity of ibuprofen. The tendency of mixing behavior between parent copolymers was
systematically examined from two perspectives: different block chain lengths at same hydrophilicity
(L92 + F108, +F98, +F88, and +F68), as well as various hydrophobicities at the same PPO moiety
(L92 + F88, +F87, and +P84). Temperature-dependent micellization in these binary systems was
clearly inspected by the combined use of high sensitivity differential scanning calorimeter (HSDSC)
and dynamic light scattering (DLS). Changes in heat capacity and size of aggregates at different
temperatures during the whole micellization process were simultaneously observed and examined.
While distinction of block chain length between parent copolymers increases, the monodispersity
of the binary Pluronic systems decreases. However, parent copolymers with distinct PPO moieties
do not affirmatively lead to non-cooperative binding, such as the L92 + P84 system. The addition
of ibuprofen promotes micellization as well as stabilizes aggregates in the solution. The partial
replacement of the hydrophilic Pluronic by a more hydrophobic Pluronic L92 would increase the
total hydrophobicity of mixed Pluronics used in the system to substantially enhance the solubility
of ibuprofen. The solubility of ibuprofen in the 0.5 wt % L92 + 0.368 wt % P84 system is as high as
4.29 mg/mL, which is 1.4 times more than that of the 0.868 wt % P84 system and 147 times more than
that in pure water at 37 ◦C.

Keywords: polymer micelles; Pluronic; mixed micelle; micellization; synergistic effect; differential
scanning calorimetry

1. Introduction

Block copolymer molecules undergo self-assembly in solvent, which has preferential solubility
for one of the blocks. With a progressive increase in concentration, polymer micelles transform to
hexagonal, lamellar structures and further spontaneously pack into crystal lattices. In some amphiphilic
block copolymer aqueous solutions, temperature plays a crucial role in solvent selectivity of certain
polymer blocks. Micelles exhibit the property of thermosreversibility between unimers and organized
aggregates. For example, Pluronics (or Poloxamers), a kind of amphiphilic block copolymers of poly
(ethylene oxide)n-poly(propylene oxide)m-poly(ethylene oxide)n, are well known to form various
kinds of aggregates and biocompatible properties.

Micellization arises from the entropy-driven process where the middle poly (propylene oxide)
block gets dehydrated and shrinks to form core-shell aggregates while system temperature increases.
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Micelles formed by amphiphilic block copolymers would increase hydrophobic drug solubility,
metabolic stability, and circulation time [1]. As a promising nanomedicine carrier for anti-cancer
drugs, polymer micelles have been evaluated in several clinical trials [2,3]. Due to poor aqueous
solubility and systematic toxicity, anticancer drugs are extremely limited in terms of clinical application.
Most chemotherapeutic drugs have a narrow therapeutic window and short elimination half-life so
that higher doses are needed. However, the toxicity in the formulation would limit the maximum
intravenous dose that can be used safely. Hence, Pluronics have been more and more attractive as
drug carriers due to their non-toxicity.

A wide array of Pluronics is accessible depending on their molecular characteristics through
varying the propylene oxide (PO)/ethylene oxide (EO) composition ratio and/or its molecular weight.
Certainly, thermophysical properties of Pluronics micelles and their applications to controlled drug
release have been extensively examined [4,5]. It has been found that Pluronic block copolymers are
able to interact with multi–drug resistance (MDR) cancer cells leading to drastic sensitization of these
tumors with respect to doxorubicin and other anticancer agents [6]. Individual Pluronic micelles have
been studied for the solubilization capacity of drugs in pharmaceutical applications [7–10].

Mixed Pluronic systems have also been investigated as well to search for better formulations.
For example, Gaisford et al. [11] suggested that similar PPO moiety would perform cooperative binding
between two copolymers, while a distinct length of PPO does not. Oh et al. [12] conducted a series
of tests of system stability on several mixtures consisting of extremely hydrophobic and hydrophilic
Pluronics. It was found that the combination of L121 + F127 in a 50/50 mixture of a similar PPO moiety
is the most stable one and shows an outstanding capacity to solubilize hydrophobic dyes. Many studies
were then conducted to study the practical use of binary Pluronic systems based on the perspective
of two copolymers with a similar PPO moiety [1,8,13,14]. From those reports, it was evidenced that
the combination of a hydrophobic copolymer and a hydrophilic copolymer with a similar PPO chain
length could be an ideal candidate for drug delivery and pharmaceutical use. In order to overcome
low drug loading efficiency and the MDR-caused failure of chemotherapy in the treatment of cancer,
Chen et al. [8] chose the formulation of P105 + F127 for the high sensitizing MDR cancer efficacy of
P105, as well as the relatively similar hydrophobic moieties of F127.

On the other hand, the distinct PPO chain length between parent copolymers performing
unimodal behavior to form mixed micelles was also observed. The F127 + L61 mixed system was used
as one of the formulations for doxorubicin and is under clinical trial phase escalation [2]. Note that the
F127 and L61 did not have a similar PPO moiety. Two combinations, F127 + P105 and F127 + L64, were
applied to study the influence of the non-identical PPO block chain on the mixing behavior [15]. It was
pointed out that not only Pluronics with a similar PPO moiety show cooperative binding, but distinct
PPO chain lengths could also exhibit unimodal behavior via cooperative binding.

Micelles with spherical conformation are usually stable in aqueous solutions because of their
core-shell structure. On the other hand, the lamellar and cylindrical morphology provides stable
nano-environments from the interstitials between copolymers on the continuous architectures. It was
calculated by the molecular theory of solubilization [16] and then experimentally evidenced for highly
capable drug loading, but it was usually large and unstable in an aqueous solution [12]. Herein,
use of mixtures of Pluronic block copolymers is an alternative to compensate for drawbacks of a neat
system. The stability of the more hydrophobic copolymer in an aqueous solution could be substantially
improved by adding another hydrophilic one. In other words, the solubilization capacity of the
hydrophilic copolymer for drugs could be enhanced by the presence of the more hydrophobic one.
Hence, the main advantage of the binary mixed Pluronic systems is to overcome the limitations of
each neat system, allowing copolymer rearrangement to form stable nano-environments to enhance
drug solubility.

Intrigued by those interesting studies, we conducted a series of experiments to study mixing
behavior from two different perspectives: the different block chain length at the same hydrophilicity
(L92 + F108, +F98, +F88, and +F68), as well as various hydrophobicities at same PPO moiety (L92 +
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F88, +F87, and +P84). Pluronic L92 was chosen as the hydrophobic parent copolymer and the other
constituent was selected based on the two perspectives to systematically vary the resemblance between
parent copolymers. Temperature-dependent micellization in binary Pluronic systems was inspected
by the combined use of the high-sensitivity, differential scanning calorimeter (HSDSC) and dynamic
light scattering (DLS). Heat capacity changes and aggregate sizes at different temperatures during
the whole micellization process were scrutinized and correlated. Moreover, we used a nonsteroidal
anti- inflammatory drug ibuprofen into the binary systems to examine the size distribution and
solubilization capacity. This study endeavored to clarify the tendencies between mixing behaviors and
tried to find out some principles for establishing binary systems.

2. Materials and Methods

2.1. Materials

Pluronics L92 and F108 were purchased from Sigma-Aldrich, and Pluronics F98, F88, F68,
F87, and P84 were purchased from BASF Corporation. All these Pluronics were used as received
without further purification. Their physicochemical and molecular characteristics are described in
Table 1 and the molecular structure of Pluronic is schematically illustrated in Figure 1a. The drug
α-methyl-4-(isobutyl) phenylacetic acid, known as ibuprofen, was bought from Alfa-Aesar and used
as received. The molecular structure of ibuprofen is illustrated in Figure 1b. NaOH was bought from
SHOWA, and its purity is 96%. Water was purified by double distillation followed by a PURELAB
Maxima Series (ELGA Lab Water) purification system with a resistivity better than 18.2 MΩ cm.

Table 1. Physicochemical characteristics of Pluronics used.

Pluronic Average (Mw a) Structure [11,17–21] HLB a CP at 1% a (◦C)

L92 3650 (EO)8(PO)50(EO)8 1–7 26
F108 14,600 (EO)127(PO)48(EO)127 >24 >100
F98 13,000 (EO)118(PO)45(EO)118 28 >100
F88 11,400 (EO)97(PO)39(EO)97 28 >100
F68 8400 (EO)80(PO)30(EO)80 >24 >100
F87 7700 (EO)61(PO)40(EO)61 >24 >100
P84 4200 (EO)19(PO)39(EO)19 12–18 74

a Information from BASF.

(a) (b) 

Figure 1. Molecular structures of (a) Pluronic and (b) Ibuprofen. Molecular weight of ibuprofen:
206.28 g/mol; solubility in water at 20 ◦C: 0.021 mg/mL [22]; partition coefficient (logP): 2.48 [23]; pKa:
5.38 at 25 ◦C [24].

2.2. High Sensitivity Differential Scanning Calorimetry (HSDSC)

HSDSC (VP-DSC, MicroCal) was used to determine the critical micelle temperature (CMT).
After loading the reference and sample cells, the cell port air space was compressed to reach
positive pressures up to approximately 0.2 MPa by using the pressurizing cap equipped with an
o-ring-sealed piston. The detailed experimental procedure can be found in our previous studies [25–27].
All experiments were conducted at a scanning rate of 30 or 60 ◦C/h from 5 to 120 ◦C for 7 scans
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and reproduced in duplicate. The standard deviation of the CMT is always within ±0.15 ◦C for
replicate measurements.

2.3. Dynamic Light Scattering (DLS)

Zetasizer Nano system equipped with a He-Ne laser operating at a wavelength 633 nm (Nano-ZS,
Malvern, UK) was used to determine particle size distributions of Pluronic aggregates in solution.
The system temperature can be controlled in a range of 0–80 ◦C. The intensity basis of the DLS data
was adopted and presented in the study.

2.4. UV/Vis Spectroscopy and Drug Solubility

To prepare saturated drug-loaded solutions, an excess of drug (ibuprofen) powder was mixed
with Pluronic aqueous solutions through stirring at 140 rpm at 37 ◦C for one day. Solutions were
filtered by a syringe fitted with a 0.22 μm PTFE filter (Millipore) to remove unsolubilized drug before
UV detection. The dissolved ibuprofen concentration in the solution was determined by measuring
absorbance at 264.8 nm by using UV-Vis double beam spectrophotometer (CARY 100nc, Agilent
Technologies, Santa Clara, CA, USA). Blank experiments without copolymer were conducted for the
determination of drug solubility. Dilute solutions of ibuprofen dissolved in 0.1 N NaOH solution
were used for the calibration according to the Beer-Lambert law, as illustrated in Figure S1 in the
Supplementary Materials. The absorbance peak maximum of ibuprofen in neat and binary Pluronic
solution was consistent with that in 0.1 N NaOH solution [28], as illustrated in Figure S2 in the
Supplementary materials, which validates the applicability of this calibration curve. Some other details
about this calibration curve can be found in the Supplementary Materials. For each neat and binary
Pluronic system, at least 3 samples were prepared to perform the solubility measurements. Standard

deviation (sd) of these multiple measurements for each system was determined by sd =

√
∑N

i=1(xi−x)2

N−1 ,
where x stands for the average value of solubility.

3. Results and Discussion

In this study, six Pluronics, F108, F98, F88, F68, F87, and P84, in water, were chosen to examine their
self-assembly process and drug (ibuprofen) solubility by using HSDSC, DLS, and UV-Vis spectroscopy.
In addition, the synergistic effect of binary mixed Pluronic systems by adding L92 to each Pluronic
mentioned above on the self-assembly process and drug (ibuprofen) solubility were also explored.
Four Pluronics, F108, F98, F88, and F68, in water, were applied to systematically examine the effect
of molecular weight of Pluronics with same hydrophobicity on the aggregation behavior of pure
and mixed Pluronic L92 + Fx8 in water. On the other hand, three Pluronics F88, F87 and P84, were
used to examine effect of hydrophobicity of Pluronics at a fixed PPO block length on the aggregation
behavior of pure and mixed Pluronic L92 + F8x in water. In addition, the molecular weight and
hydrophobicity of Pluronic copolymers were also manipulated to explore how to enhance the solubility
of drug (ibuprofen).

3.1. Effect of Molecular Weight of Pluronic Fx8 (x = 6, 8, 9 and 10) at a Fixed PEO/PPO (80/20) Mass Ratio on
the Thermophysical Properties of Pure and Mixed Pluronic L92 + Fx8 in Water

First of all, the influence of molecular weight of Pluronic Fx8 on the self-assembly process of mixed
Pluronic L92 + Fx8 mixtures was systematically examined. Four very hydrophilic Pluronics: F108, F98,
F88, and F68, with a fixed PEO/PPO mass ratio (80/20), were chosen. The HSDSC thermograms of
pure 1.0 wt % solutions of these Pluronics along with 0.5 wt % L92 in water are shown in Figure 2.
Molar ratios of Fx8/L92 are 0.50, 0.56, 0.64, and 0.87 for x = 10, 9, 8 and 6, respectively. Usually, there are
three methods applied to determine the CMT, i.e., the onset temperature Tonset, the inflection point
temperature Tinf, and the peak maximum temperature Tm from the thermograms [29]. For example,
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the CMT (Tonset) of F108, F98, F88, and F68 are 29.4, 30.7, 35.9, and 47.4 ◦C respectively. It is obvious
that the CMT increases with decrease in the molecular weight for the Pluronic Fx8.

Figure 2. The HSDSC thermograms of pure Pluronic solutions.

For 0.5 wt % solution of L92 system, phase separation occurred around 25 ◦C to form large
aggregates of size of 450 nm, due to its hydrophobic nature as illustrated by DLS results in Figure 3c.
The variation of aggregate size as a function of temperature for all systems is listed and reported in
Tables S1–S6 in the Supplementary Materials. Nagarajan [16] pointed out that Pluronic L92 aggregates
are lamellar structures because of their short PEO chain. The apparent hydrodynamic diameter of
micelles formed by pure 1.0 wt % F108 is approximately 23.8 nm. The mixed Pluronic 0.5 wt % L92 +
1.0 wt % F108 system still exhibits large aggregates of ~190 nm in size below 25 ◦C, comparable to the
size of aggregates formed by neat L92. Further increase in temperature up to 30 ◦C would dramatically
decrease the micelle size to around 30.3 nm. It is interesting to note that the HSDSC thermogram
illustrated in Figure 3a demonstrates a second peak with Tm = 27.2 ◦C appearing right after the
1st endothermic peak with Tonset = 19.0 ◦C (initiation of phase separation due to L92). This second
peak is located between the endothermic peaks of neat L92 (Tonset = 18.9 ◦C) and F108 (Tonset = 29.4 ◦C).
The appearance of this second peak suggests that F108 actively participates in the micellization process
at Tm = 27.2 ◦C by integrating the L92 into mixed F108/L92 micelles via breaking down the large
aggregates of L92, as revealed by sudden drop in micelle size around 30 ◦C illustrated in Figure 3c.
The size of mixed F108/L92 micelles remains almost constant ~30 nm within the temperature range
from 30 to 60 ◦C. The DLS results of the L92 + F108 system show a single sharp peak with a narrow
distribution (polydispersity index (PDI) < 0.2) [30]: PDI = 0.17 at 25 ◦C and PDI = 0.10 at 35 ◦C. Note that
the PPO block length of F108 (with 48 PO units) is almost equal to that of L92 (with 50 PO units).
The similar PPO moiety between F108 and L92 indeed enhances the cooperative binding between
these two copolymers to form mixed micelles, consistent with the findings of Oh et al. [12].
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Figure 3. HSDSC thermograms (a,b) and evolution of size of aggregates (c,d) as a function of
temperature from DLS; (a,c) Mixed Pluronic 0.5 wt % L92 + 1 wt % F108 system; (b,d) Mixed
Pluronic 0.5 wt % L92 + 1 wt % F98 system. Red solid line and diamond ( ) for mixed Pluronic
system. Black dashed line and open square (�) for L92. Blue dashed-dotted line and open circle (�)
for F108/F98.

Instead of F108, a slightly shorter PPO block length of F98 (with 45 PO units) was applied to
examine the self-assembly process of the mixed Pluronic 0.5 wt % L92 + 1.0 wt % F98 system. Figure 3b
illustrates the HSDSC thermogram of the mixed Pluronic L92 + F98 system. The micellization process
of the mixed Pluronic L92 + F98 system is rather similar to that of the L92 + F108 system. A second peak
appears at 28.0 ◦C (Tm), which is also between the endothermic peaks of neat L92 (Tonset = 19.0 ◦C)
and F98 (Tonset = 30.7 ◦C). The diameter of micelle formed by pure F98 is approximately 25.0 nm, as
the DLS data shown in Figure 3d. Addition of F98 to the L92 system breaks down the size of L92
aggregates from 358.4 nm to 27.9 nm after the occurrence of the second peak (i.e., T > 30 ◦C). The size
of mixed F98/L92 micelles remains almost constant ~28 nm within the temperature ranging from
30 to 60 ◦C. However, PDI value of the solution is 0.70 at 27 ◦C and remains around 0.55 at high
temperatures. This implies that the F98 is not as capable as F108 to stabilize the mixed micelles with a
narrow size distribution due to a shorter PPO block length of F98.

In these two binary mixed Pluronic L92 + F108 and L92 + F98 systems, the size of mixed micelles
is slightly larger than the one formed by neat F108 and F98 systems, respectively, and pronouncedly
much smaller than L92 aggregates. Furthermore, the size of mixed micelles is stable and remains
almost constant even at high temperatures without further agglomeration.

Pluronic F88 with a shorter PPO block length (39 PO units) than that of F98 was then used to
examine its capability of breaking down the L92 aggregates to form mixed micelles. It is interesting to
find out that there appear two additional kinks at 31.2 ◦C (the second peak maximum temperature
Tm2) and 40.1 ◦C (the third peak maximum temperature Tm3) in the HSDSC thermogram of the mixed
Pluronic 0.5 wt % L92 + 1.0 wt % F88 system, as illustrated in Figure 4a. The DSC thermogram of
the L92 + F88 system almost coincides with that of neat L92 system from 10 to 30 ◦C, as well as the
temperature-dependent size of aggregates, as the DLS results shown in Figure 4b. This implies the
presence of aggregates in the L92 + F88 system at temperatures below 30 ◦C are mainly formed by
pure L92. Note that the second peak with Tm = 31.2 ◦C is located in-between the endothermic peaks
of neat L92 (Tonset = 18.9 ◦C) and neat F88 (Tonset = 35.9 ◦C). Around this first kink at 31.2 ◦C in the
DSC thermogram, the L92 + F88 system starts to deviate from that of neat L92 system. It is plausible to
conjecture that F88 also participates in the aggregates to increase the size of aggregates up to 632 nm,
which is larger than the size of aggregates formed by neat L92 system.
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Figure 4. HSDSC thermograms (a) and evolution of size of aggregates (b) as a function of temperature
from DLS for pure 0.5 wt % L92, pure 1 wt % F88, and mixed Pluronic 0.5 wt % L92 + 1 wt % F88
systems. Red solid line and diamond ( ) for L92 + F88. Red solid line and open diamond (�) for
L92 + F88 (the other coexisting aggregates). Black dashed line and open square ((�) for pure L92.
Blue dashed-dotted line and open circle (�) for pure F88.

While the third peak (the second kink) with Tm3 = 40.1 ◦C is located in-between the Tonset = 35.9 ◦C
and Tm = 42.2 ◦C of the neat F88 system. When the temperature is increased up to 40.1 ◦C and beyond,
F88 is able to break down the L92 aggregates of into smaller ones. With a further increase in temperature
up to 44 ◦C and beyond, the L92 + F88 system exhibits bimodal behavior: small mixed F88/L92 micelles
(~26.6 nm in diameter) and large aggregates (~300 nm in size) coexist. Note that the size of mixed
L88/L92 micelles (~26.6 nm) is obviously larger than the size of micelles (~20.4 nm) formed by neat
1.0 wt % F88. The capability of F88 to break down the aggregates formed by L92 is not as efficient as
for F108 and F98 as described before. Most of F88 molecules are incorporated into the mixed micelles
(~26.6 nm) and only relatively small amount of F88 molecules join the aggregates formed by L92
(~300 nm).

There are only two peaks observed in the DSC thermogram of the 0.5 wt % L92 + 1.0 wt % F68
system, as shown in Figure 5a, compared to three peaks for the L92 + F88 system. Large aggregates
(>400 nm) were observed at temperatures above 30 ◦C. Micelle size of neat F68 system is around
16.7 nm. It is obvious that the addition of F68 to L92 could not break down the size of large aggregates
according to the DLS results shown in Figure 5b. It is interesting to note that the size of aggregates
decreases to 350 nm at 45 ◦C while approaching the onset temperature of neat F68 system, but increases
back to 467 nm at 55 ◦C. It may be attributed to the micellization of F68 by partially integrating in
L92 aggregates. Very few small aggregates (~55 nm), less than 0.1% of the total number of aggregates,
were observed in the temperature ranging from 40 to 60 ◦C. In other word, L92 + F68 system also
exhibits bimodal behavior: small aggregates (~55 nm in size) and large aggregates (~400 nm in size)
coexist within the temperature ranging from 40 to 60 ◦C.
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Figure 5. HSDSC thermograms (a) and evolution of size of aggregates (b) as a function of temperature
from DLS for pure 0.5 wt % L92, pure 1 wt % F68, and mixed Pluronic 0.5 wt % L92 + 1 wt % F68
systems. Red solid line and diamond ( ) for L92 + F68. Red solid line and open diamond (�) for
L92 + F68 (the other coexisting aggregates). Black dashed line and open square (�) for pure L92.
Blue dashed-dotted line and open circle (�) for pure F68.

It is pronounced that the evolution of self-assembly process of mixed Pluronic L92 + Fx8 systems
as a function of temperature depends on the molecular weight of copolymers. On initial heating
of the mixed copolymer solutions, more hydrophobic L92 aggregates first form in the solution, and
agglomeration may bring some hydrophilic Fx8 together into the aggregates. This could be evidenced
by the larger aggregate sizes of mixed systems compared to the size of neat L92 system below 25 ◦C.
With a further increase in temperature close to critical micelle temperature (CMT) of hydrophilic
copolymer, dehydration of hydrophobic PPO block triggers the copolymers starting to aggregate.
The performance of this second aggregation is then dominated by the block chain length of hydrophilic
copolymer relative to the hydrophobic one. Large aggregates formed by neat L92 system could be
suppressed by the introduction of hydrophilic Pluronic F108 with a large molecular weight. At a
fixed PEO/PPO mass ratio of 80/20, Pluronic Fx8 with long PPO block length would disintegrate
large aggregates of L92 dramatically to be integrated into the mixed Fx8/L92 micelles. In addition,
the longer the PPO block length of hydrophilic copolymer Fx8, the more powerful the ability of Fx8
of breaking down the size of large aggregates to form stable mixed micelles in aqueous solution.
For hydrophilic copolymers with a shorter PPO block, mixed Pluronic systems exhibit the coexistence
of large aggregates and mixed micelles. Figure 6 summarizes the evolution of self-assembly process of
pure and mixed Pluronic L92 + Fx8 systems as a function of temperature.
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Figure 6. The evolution of self-assembly behavior of pure and mixed Pluronic L92 + Fx8 and L92
+ F8x systems as a function of temperature. Symbols on the stacking bars represent characteristic
temperatures measured by HSDSC. For pure Pluronic systems, Tonset (yellow triangle) and Tm (yellow
circle) of the endothermic peak in the HSDSC thermograms. For the mixed Pluronic systems, Tonset

(yellow triangle) of the first endothermic peak, Tm (yellow circle) of the 1st peak, Tm2 (yellow diamond)
of the 2nd peak, and Tm3 (yellow square) of the 3rd peak in the HSDSC thermograms.

3.2. Effect of PEO Block Length of F8x (x = 8, 7 and 4) at a Fixed PPO Block Length on the Thermophysical
Properties of Pure and Mixed Pluronic L92 + F8x in Water

The effect of PEO block length of Pluronic F8x (x = 8, 7, and 4) on the self-assembly process of
mixed Pluronic L92 + F8x systems was systematically examined. Three Pluronics F88, F87, and P84
with a fixed PPO block length (~39 PO units) but varying PEO block length (respectively, 97, 61, and
19 EO units) were chosen in this study. In order to fix a constant amount of PO units of F8x added into
the system, 1.0 wt % F88 was converted into 8.77 × 10−7 m F88 in water. Therefore, 8.77 × 10−7 m F87
and P84 aqueous solutions were equivalent to 0.675 wt % F87 and 0.368 wt % P84 in water. The HSDSC
thermograms of pure 1.0 wt % F88, 0.675 wt % F87, 0.368 wt % P84, and 0.5 wt % L92 are compared and
shown in Figure 7. Molar ratios of F8x/L92 are fixed at 0.64 for x = 8, 7 and 4. Note that the HSDSC
thermogram of 0.675 wt % F87 system almost coincides with that of 1.0 wt % F88 system. It is obvious
that CMT of 0.368 wt % P84 system is lower than that of the other two F8x systems. The CMTs (Tonset)
of the 1.0 wt % F88, 0.675 wt % F87, and 0.368 wt % P84 are 35.9, 36.4, and 29.8 ◦C, respectively.

There exist two kinks after the first endothermic peak in the HSDSC thermogram of the mixed
Pluronic 0.5 wt % L92 + 0.675 wt % F87, as shown in Figure 8a, similar to that of 0.5 wt % L92 + 1 wt %
F88 system (Figure 4a).
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Figure 7. The HSDSC thermograms of pure Pluronic F88, F87, P84, and L92 system. 1.0 wt % F88,
red line; 0.675 wt % F87, blue line; 0.368 wt % P84, orange line; and 0.5 wt % L92, black line.

Figure 8. HSDSC thermograms (a) and evolution of size of aggregates (b) as a function of temperature
from DLS for pure 0.5 wt % L92, pure 0.675 wt % F87, and mixed Pluronic 0.5 wt % L92 + 0.675 wt %
F87 systems. Red solid line and diamond ( ) for L92 + F87. Black dashed line and open square (�) for
pure L92. Blue dashed-dotted line and open circle (�) for pure F87.

For the 0.5 wt % L92 + 0.675 wt % F87 system, the second and third peaks (two kinks) appear at
Tm2 = 33.3 ◦C and Tm3 = 42.2 ◦C, respectively. However, evolution of size of aggregates as a function
of temperature from the DLS results for the L92 + F87 system (Figure 8b) is rather different from that
of the L92 + F88 system (Figure 4b). For the 0.5 wt % L92 + 1.0 wt % F88 system, major aggregates
(in terms of number of aggregates) detected in the solution are mixed micelles of ~26 nm in size
coexisting with very few large aggregates of ~300 nm in size when system temperature is higher than
45 ◦C. In contrast, for 0.5 wt % L92 + 0.675 wt % F87 system, only large aggregates around 245 nm are
detected without any small aggregates when system temperature is higher than 40 ◦C. The PDI value
after the second peak was around 0.37 and aggregate size distribution could be found in Figures S3
and S4 in the Supplementary Materials. Obviously, adding F87 to the L92 system does not break down
the size of large aggregates like F88 does, since F87 is slightly more hydrophobic than F88 (the PEO
block length of F87 is shorter than that of F88).
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Instead of F87, an even shorter PEO block length P84 (19 EO units) was used to prepare the mixed
Pluronic 0.5 wt % L92 + 0.368 wt % P84 aqueous solution for comparison. The HSDSC thermogram
of this L92 + P84 system, as illustrated in Figure 9a, shows that as the temperature is increased from
10 ◦C to 18.6 ◦C (=Tonset), the first endothermic peak occurs to trigger phase separation due to the
Pluronic L92 to form large aggregates. When the temperature is further increased up to ~30 ◦C, another
endothermic peak appears for P84, precipitating the self-assembly process to form mixed P84/L92
micelles. Simultaneously, the size of aggregates dramatically drops from 492 nm down to about
18.3 nm, which is slightly larger than the size of micelles formed by neat P84 (16.5 nm), as revealed
by DLS results shown in Figure 9b. PDI value is around 0.55, implying the polydispersity of size of
aggregates in the solution, but the system is dominated by the mixed micelles (18.3 nm). When the
temperature is further increased up to 45 ◦C and beyond, large aggregates about 450 nm are detected,
but only in the proportion of less than 0.1% (on number basis), and coexisting with the mixed micelles.
The observed large aggregates above 45 ◦C may arise from the intrinsic intention of phase separation
for neat 1% P84 in water (cloud point = 74 ◦C). The hydrophobicity of these Pluronics increases along
with temperature.

Figure 9. HSDSC thermograms (a) and evolution of size of aggregates (b) as a function of temperature
from DLS for pure 0.5 wt % L92, pure 0.368 wt % P84, and mixed Pluronic 0.5 wt % L92 + 0.368 wt %
P84 systems. Red solid line and diamond ( ) for L92 + P84. Red solid line and open diamond (�)
for L92 + P84 (the other coexisting aggregates). Black dashed line and open square (�) for pure L92.
Blue dashed-dotted line and open circle (�) for pure P84.

It is surprising that the addition of P84 would break down large aggregates and develop small
aggregates (micelles) that stably exist in the solution. P84, more hydrophobic than F87 and F88,
was predicted not to be as stable in the solution as F88 for the shorter PEO chain length, nor as being
powerful enough to entangle with L92 molecules that break down the size of large aggregates as F108.
At lower temperatures, Pluronic L92 stacks into a lamellar form. Increasing temperature to the CMT
of 0.368 wt % P84 promotes molecular interaction between P84 and L92, owing to the driving force
of aggregation for P84. This rather hydrophilic and slightly larger copolymer compared to L92 may
be incorporated into lamellar structure mainly formed by L92 and gradually breaks down size of
aggregate. Due to the dehydration of P84 molecules, micellization process of P84 would probably be
accompanied by L92 molecules to form mixed micelles. However, owing to the shorter PPO block
length of P84, the ability of entangling with L92 is limited and large aggregates still exist in the system.
Raising temperature would enlarge the micelles and make them more hydrophobic.
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For a binary-mixed Pluronic system including an extremely hydrophobic Pluronic copolymer
(L92 used in this study) and a hydrophilic one, Pluronics with large molecular weight would
disintegrate large aggregates pronouncedly, as well as diminish the cloud point at room temperature
efficiently. Under the condition of a fixed PPO block length, Pluronic copolymers with a shorter
PEO block length would, in contrast, disintegrate large aggregates more efficiently. The evolution of
aggregation behavior of pure and mixed Pluronic L92 + F8x systems as a function of temperature is
also summarized and illustrated in Figure 6.

3.3. Enhancement of Solubility of Ibuprofen in Neat and Mixed Pluronic Systems

The drug (ibuprofen) solubility in neat and mixed Pluronic systems was then carefully measured
to examine the effect of molecular weight and hydrophilicity of copolymers. Firstly, solubility of
ibuprofen in 1.5 wt % neat Pluronic F108, F98, F88, and F68 system at 37 ◦C was examined. It is
obvious that solubilization capacity of F68 for ibuprofen is inferior to the other three Pluronics,
and no significant differences exist among neat F108, F98, and F88 systems. However, based on the
experimental results listed in Table 2, the capability of drug incorporation for the four copolymers
could still be distinguishable. It is interesting to find out that the solubilization capacity of neat
Pluronics with different block chain lengths at the same hydrophilicity is in the order of F98 > F108>
F88 > F68. It seems that the micelles formed by longer block chain solubilize more ibuprofen, except
F108. This may be attributed to the long PEO block length of F108 inducing a steric hindrance for the
entrapment efficiency. Liveri et al. [31] performed a systematic spectrophotometric study of the kinetic
of solubilization process of the poorly water soluble drug tamoxifen. They pointed out that PEO corona
may act as the steric barrier that hampers the transfer of tamoxifen into the micelle core. Pluronic
F108 has 127 EO units on each side of the copolymer, which may contribute a stable environment
for the hydrophobic core inside the micelle with PEO block chains stretching toward the solution,
but simultaneously may probably hinder the transfer of ibuprofen leading to limited incorporating
amount of drugs.

Table 2. Hydrodynamic Diameter of aggregates (Dh, nm) and solubility of ibuprofen in neat Pluronic
Fx8 (1.5 wt %) and binary mixed Pluronic 0.5 wt % L92 + 1.0 wt % Fx8 systems at 37 ◦C.

Neat Pluronic F108 (1.5 wt %) F98 (1.5 wt %) F88 (1.5 wt %) F68 (1.5 wt %)

Dh (nm)
without ibuprofen 27.5 ± 0.4 25.5 ± 0.4 6.8 ± 0.2 5.6 ± 0.2

Dh (nm)
Saturated ibuprofen 26.6 ± 0.2 24.6 ± 0.2 23.9 ± 0.1 25.2 ± 1.8

Solubility of ibuprofen (mg/mL) 1.61 ± 0.03 1.75 ± 0.03 1.53 ± 0.03 0.67 ± 0.02

Mixed Pluronic
L92 (0.5 wt %)

+ F108 (1 wt %)
L92 (0.5 wt %)
+ F98 (1 wt %)

L92 (0.5 wt %)
+ F88 (1 wt %)

L92 (0.5 wt %)
+ F68 (1 wt %)

Dh (nm) *
without ibuprofen 30.3 ± 0.1 30.3 ± 1.5 632 ± 25 550 ± 85

Dh (nm)
Saturated ibuprofen 327 ± 20 314 ± 11 254 ± 8 590 ± 27

Solubility of ibuprofen (mg/mL) 3.33 ± 0.11 3.37 ± 0.05 3.34 ± 0.12 2.58 ± 0.18

* The data measured at 35 ◦C.

Particle size distribution and PDI values for the systems with/without ibuprofen at 37 ◦C were also
measured and used as an index to evaluate system stability. The micelle hydrodynamic diameters of
neat Pluronic F108 and F98 system are 27.5 nm and 25.5 nm, respectively, whereas for ibuprofen-loaded
micelles they are 26.6 nm and 24.6 nm, respectively. There is no obvious change in particle size after
drug incorporation. It should be noted that the CMTs of neat (1.5 wt %) F88 and F68 system are higher
than 37 ◦C. Therefore, the F88 and F68 molecules exist as unimers at 37 ◦C in neat F88 and F68 system
without ibuprofen, as the particle size reported in Table 2. The addition of ibuprofen would trigger
the micellization process at lower temperature 37 ◦C to form uniform micelles with around 25 nm
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in diameter, larger than the micelle size of the neat Pluronic system without ibuprofen (say at 60 ◦C,
see Tables S3 and S4 in the Supplementary Materials). All of the PDI values drop down below 0.15 for
these systems after adding ibuprofen.

In addition to the 1.5 wt % F88 system, solubility of ibuprofen in 1.175 wt % F87 and 0.868 wt %
P84 system at 37 ◦C was carefully measured. Solubilization capacity of neat Pluronic F8x at a fixed PPO
block length with various hydrophilicity is in the order of F88 ∼= F87 < P84, as reported in Table 3. It is
pronounced that the solubility of ibuprofen increases along with an increase in the hydrophobicity of
Pluronic used. Similar to the 1.5 wt % F88 system, the CMT of neat 1.175 wt % F87 system is also higher
than 37 ◦C. Pluronic F87 molecules exist as unimers at 37 ◦C in neat F87 system without ibuprofen.
Addition of ibuprofen to the Pluronic F87 system promotes the micellization at 37 ◦C to form uniform
micelles of ~20 nm in diameter, larger than the micelle size of pure F87 system without ibuprofen, e.g.,
the micelle size of 0.675 wt % F87 system at 45 ◦C is ~18 nm. On the other hand, neat Pluronic F84
system already forms micelles of ~18 nm in diameter at 37 ◦C, and addition of ibuprofen to neat P84
system would increase the size of aggregates up to 88 nm to enhance the solubility of ibuprofen as high
as 3.02 mg/mL, larger than that in the 1.5 wt % F108 system (1.61 mg/mL). This finding is consistent
with that of Singla et al. [32]. They explored the solubilization of hydrophobic drug (oxcarbazepine) in
different Pluronics F108, F127, and P84, revealing that the solubilization capacity of P84 is the highest
among these three copolymers.

Table 3. Hydrodynamic Diameter of aggregates (Dh, nm) and solubility of ibuprofen in neat Pluronic
F8x and binary mixed Pluronic L92 + F8x systems at the same total mass concentration at 37 ◦C.

Neat Pluronic F88 (1.5 wt %) F87 (1.175 wt %) P84 (0.868 wt %)

Dh (nm)
without ibuprofen 6.8 ± 0.2 5.7 ± 0.1 17.9 ± 0.8

Dh (nm)
Saturated ibuprofen 23.9 ± 0.1 20.1 ± 0.1 88.2 ± 0.04

Solubility of ibuprofen (mg/mL) 1.53 ± 0.03 1.80 ± 0.07 3.02 ± 0.12

Mixed Pluronic
L92 (0.5 wt %)
+ F88 (1 wt %)

L92 (0.5 wt %)
+ F87 (0.675 wt %)

L92 (0.5 wt %)
+ P84 (0.368 wt %)

Dh (nm) *
without ibuprofen 632 ± 25 406 ± 18 18.3 ± 1.0

Dh (nm)
Saturated ibuprofen 254 ± 8 144 ± 4 130 ± 7

Solubility of ibuprofen (mg/mL) 3.34 ± 0.12 3.26± 0.12 4.29 ± 0.18

* The data measured at 35 ◦C.

Note that the solubility of ibuprofen in pure water is as low as 0.0206 mg/mL at 35 ◦C and
0.0264 mg/mL at 40 ◦C [33], which can be linearly interpolated to estimate the solubility of ibuprofen
at 37 ◦C around 0.0229 mg/mL. The solubility of ibuprofen in 1.5 wt % F98 system (1.75 ± 0.03 mg/mL)
is dramatically increased by 75 times more than that in pure water. Furthermore, the solubility
of ibuprofen in 0.886 wt % P84 is even increased up to 130 times more than that in pure water.
All these Pluronics demonstrate the outstanding solubilization capacity for incorporating hydrophobic
drug (ibuprofen).

Based on our experimental results, Pluronics with larger molecular weight (F98 in Fx8 series) and
more hydrophobic characteristics (F84 in F8x series) exhibit better solubilization capacity for ibuprofen.
To follow along this line, it is plausible to conjecture that the solubility of ibuprofen can be enhanced
by simply increasing the hydrophobicity of Pluronic through replacing partially the Pluronic (0.5 wt %
Fx8 or F8x) by a more hydrophobic Pluronic (0.5 wt % F92). Thus, all the 1.5 wt % Fx8 systems are
replaced by the 1.0 wt % Fx8 + 0.5 wt % F92 systems. On the other hand, the 1.175 wt % F87 (and
0.868 wt % P84) system is replaced by the 0.675 wt % F87 + 0.5 wt % F92 (and 0.368 wt % P84 + 0.5 wt %
F92) system for further exploration of enhancement of ibuprofen solubility.
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For the binary mixed Pluronic L92 + Fx8 systems (see Table 2), L92 can be stabilized by F108 (and
F98) to form mixed F108/L92 (and F98/L92) micelles of ~30 nm in diameter via cooperative binding
between parent copolymers. Addition of ibuprofen dramatically increases the size of aggregates from
30 to 320 nm, forming a stable and rather monodisperse system where the PDI value is around 0.20 for
these two L92 + F108 and L92 + F98 systems. For the L92 + F88 system, the size of aggregates drops
down from 632 to 254 nm at 37 ◦C after ibuprofen is loaded. The size of aggregates was stabilized to
around 30 nm after 45 ◦C for the L92 + F88 system without ibuprofen, as mentioned above. Below
45 ◦C, large aggregates (above 600 nm) with broad distribution were still observed in the solution.
Inclusion of ibuprofen makes the size of aggregates decrease and become more uniform, and the
PDI value dropped from 1.00 to 0.19. That is, the large aggregates (632 nm) in the solution could be
stabilized by ibuprofen developing monodisperse distribution (254 nm). Meznarich and Love [34]
revealed that methylparaben, a common food and drugs additive, enhances monodisperse micelles
formed by Pluronic F127 and promotes its gelation behaviors on the kinetic studies. Similar trend was
observed from the L92 + F68 system for the decrease in PDI value from 0.34 to 0.12. However, the size
of aggregates after drug loaded does not change (from 550 to 590 nm), indicating that the block chain
length of Fx8 is strongly associated with the capability to stabilize the aggregates. This observation
again supports our conclusions: the longer the block chain length of the hydrophilic parent copolymer,
the more capable this copolymer is to break down large aggregates. The addition of ibuprofen to
the L92 + Fx8 system induces large aggregates in the solutions due to the insufficient amount of
hydrophilic PEO chains that is necessary to assemble into micelles.

For all the mixed Pluronic L92 + Fx8 (x = 10, 9, 8, and 6) systems, the solubility of ibuprofen
indeed is dramatically enhanced at least 2 times higher than that of neat Pluronic systems, as can be
seen in the solubility data listed in Table 2. It is interesting to find out that the solubilization capacity of
the mixed Pluronic L92 + Fx8 systems with different block chain lengths at the fixed PEO/PPO mass
ratio (80/20) is in the order of F98 ∼= F108 ∼= F88 > F68. The solubility of ibuprofen in the mixed L92 +
F98 system is 3.37 mg/mL, around 147 times larger than that in pure water.

For the mixed Pluronic L92 + F8x (x = 8, 7 and 4) systems, the addition of ibuprofen to the L92
+ F87 and L92 + F88 systems would decrease the size of aggregates (see Table 3), as well as the PDI
value compared to that without ibuprofen. Replacement of 0.5 wt % F87 by L92 in the system would
enhance the solubility of ibuprofen by 1.8 times than that of neat F87 system. Self-assembly behavior
of the mixed L92 + P84 system is similar to that of the mixed L92 + F108 system. The size of aggregates
is increased from 18 to 130 nm before and after ibuprofen loaded, but the aggregates still remain rather
monodisperse (PDI = 0.24) after ibuprofen loaded. Replacement of 0.5 wt % P84 by L92 would enhance
the solubility of ibuprofen up to 4.29 mg/mL, around 147 times higher than that in pure water.

Lee et al. also demonstrated that solubilization capacity of pure P123 system was lower
than that of the mixed Pluronic L121 + P123 system by using a water-insoluble dye Sudan III [1].
The lamella-forming L121 provides a hydrophobic pool to increase in the solubilization capacity
compared to pure P123 system. Dutra et al. reported that solubilization capacity of P123 + F127 system
for griseofulvin is higher than that of pure F127 and increases along with the proportion of P123 [35].
These observations [1,35] are in good agreement with our experimental results that the replacement of
hydrophilic Pluronic by L92 in the systems increases solubility of ibuprofen compared to that in neat
Pluronic systems. Indeed, either the mixed Pluronic L121 + P123 system or the P123 + F127 system is
composed of parent copolymers with similar PPO moiety. It should be noted that the Pluronic L92
has 50 PO units and F68 has 30 PO units, as can be seen in the molecular structures of neat Pluronics
illustrated in Table 1. That is, the difference of the numbers of PO units between L92 and F68 is as high
as 20. The solubility of ibuprofen in the mixed 0.5 wt % L92 + 1.0 wt % F68 system is around 4 times
larger than that in the 1.5 wt % F68 system. In other words, introducing more hydrophobic Pluronic
L92 into the neat F68 system would obviously enhance the solubility of ibuprofen, even having quite
different PPO block lengths between L92 and F68.
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For all the six mixed Pluronic systems substituted by 0.5 wt % L92, the solubility of ibuprofen
indeed is dramatically enhanced compared to that of neat Pluronic systems, as shown in Tables 2 and 3.
The partial replacement of the Pluronic (Fx8 or F8x) by a more hydrophobic Pluronic (F92) would
increase the total hydrophobicity of Pluronics used in the system to enhance the solubility of ibuprofen.

4. Conclusions

Through the investigations of a series of binary mixtures concerning various block chain lengths
and hydrophobicity, observations from the temperature-dependent self-assembly process using DLS
and HSDSC demonstrated the tendencies between mixing behaviors. By simultaneously detecting
heat capacity change and particle sizes, the evolution of PDI values reflect the mixing process along
with temperature. The PDI value was around 0.50 at a lower temperature for the system L92 + F108,
while it gradually decreased to 0.08, reflecting uniform mixed-micelles formation. On the other hand,
the PDI value remained around 0.20 at a higher temperature for the system L92 + F68. For the binary
Pluronic systems, while the distinction of block chain length between the parent copolymers increases,
the monodispersity of the binary Pluronic systems decreases. However, the parent copolymers
with distinct PPO moieties do not affirmatively lead to non-cooperative binding, such as L92 + P84.
Small particle sizes around 30 nm were still detected after the CMT of P84 in the mixed system.

Ibuprofen was added into the mixed systems to observe solubilization capacity and stability.
The addition of ibuprofen promotes micellization and stabilizes aggregates in the solution. Also,
participation of the drug unifies the distribution of particle size developing a nearly monodisperse
system. The solubility of ibuprofen in the mixed Pluronic systems is dramatically enhanced compared
to that of the neat Pluronic systems for all the six mixed systems substituted by 0.5 wt % L92.
The capability to incorporate ibuprofen into the system L92 + P84 is the most outstanding one:
4.29 mg/mL, which is 147 times more than that in pure water at 37 ◦C. In addition, the smallest particle
size (130 nm) was measured from the L92 + P84 system.

From our systematic studies, the system of parent copolymers with a similar PPO moiety certainly
leads to synergistic mixing (L92 + F108 or + F98), while the parent copolymer with intermediate
hydrophobicity (P84) also has the ability to cooperatively bind with L92, forming well dispersing
systems. With the participation of the model drug—ibuprofen—the solubilization capacity of the
mixed Pluronic systems increases as the hydrophobicity of the system increases (L92 + F87 or + P84).
It is interesting to point out that the particle size of the mixed systems decreases as the hydrophobicity
of Pluronic increases. This may imply that the parent copolymers with a similar PPO moiety are
suitable for drug encapsulation. Systems with distinct block chain lengths of parent copolymers, such
as L92 + P84, demonstrate high solubilization capacity, as well as stability after drug incorporation.
Additionally, the long-term stability of these binary Pluronic systems is crucial with regard to the
practical applications of such systems. We are still in the process of examining the long-term stability
of these binary Pluronic systems for further applications. Up until now, these binary Pluronic systems
remain homogeneous at room temperature for at least one month. Our result also indicates that
synergistic mixing of the systems with incorporated drugs could not only depend on the combinations
of copolymers, but also the characteristics of drug-forming stable systems. Systematic studies from
the series of experiments prove the influence of block chain length, as well as hydrophobicity, on the
two copolymers.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/10/1/105/s1,
Figure S1. Calibration line of Ibuprofen in 0.1 N NaOH. Figure S2. UV absorbance of ibuprofen vs. wavelength in
different solvents. Figure S3. Volume based Size Distribution of L92 + F87 system at 50 ◦C. Figure S4. Number
based Size Distribution of L92 + F87 system at 50 ◦C. Table S1. Hydrodynamic Diameters of neat F108, L92 and
binary mixed 0.5 wt % L92 + 1 wt % F108 system. Table S2. Hydrodynamic Diameters of neat F98, L92 and binary
mixed 0.5 wt % L92 + 1 wt % F98 system. Table S3. Hydrodynamic Diameters of neat F88, L92 and binary mixed
0.5 wt % L92 + 1 wt % F88 system. Table S4. Hydrodynamic Diameters of neat F68, L92 and binary mixed 0.5 wt %
L92 + 1 wt % F68 system. Table S5. Hydrodynamic Diameters of neat F87, L92 and binary mixed 0.5 wt % L92 + 1
wt % F87 system. Table S6. Hydrodynamic Diameters of neat P84, L92 and binary mixed 0.5 wt % L92 + 1 wt %
F84 system.
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Abstract: Spatial distribution of bromobenzene (BrBz) and 4-bromophenol (BrPh) as hydrophobic
aromatic compounds incorporated in polymer micelles with vesicular structure consisting
of poly(ethylene glycol)-b-poly(tert-butyl methacrylate) (PEG-b-PtBMA) in aqueous solution is
investigated by anomalous small-angle X-ray scattering (ASAXS) analyses near Br K edge.
Small-angle X-ray scattering (SAXS) intensities from PEG-b-PtBMA micelles containing BrBz and
BrPh were decreased as the energy of incident X-ray approached to Br K edge corresponding to the
energy dependence of anomalous scattering factor of Br. The analysis for the energy dependence of
SAXS profiles from the PEG-b-PtBMA micelles containing BrBz revealed that BrBz molecules were
located in hydrophobic layer of PEG-b-PtBMA micelles. On the contrary, it was found by ASAXS
that BrPh existed not only in the hydrophobic layer but also in the shell layer. Since ASAXS analysis
successfully accomplished to visualize the spatial distribution of hydrophobic molecules in polymer
micelles, it should be expected to be a powerful tool for characterization of drug delivery vehicles.

Keywords: anomalous small-angle X-ray scattering; polymer micelle; drug delivery system

1. Introduction

When amphiphilic block copolymers are dissolved in aqueous solution, they undergo
self-assembly into polymer micelles consisting of hydrophobic core and hydrated corona [1].
The polymer micelles have been expected to be drug carriers in drug delivery system (DDS) because
they can uptake hydrophobic drug compounds in their hydrophobic cores in aqueous solution [2–4].
For the DDS particles, stable retention of drug compounds is the critical issue to reduce side effects [5].
The stability of retention of hydrophobic compounds should be related to their spatial distributions in
polymer micelles. Therefore, it should be important to reveal the spatial distribution of hydrophobic
compounds in polymer micelles.

In this study, we focus on anomalous small-angle X-ray scattering (ASAXS), which is small-angle
X-ray scattering (SAXS) depending on the energy of incident X-ray near absorption edge of a targeted
element, to reveal the spatial distribution of hydrophobic compounds incorporated in polymer
micelles [6–9]. The ASAXS method has been applied for hard materials containing high atomic number
elements because the K edges of high atomic number elements are generally located within the energy
range of available synchrotron X-ray. Recently, the ASAXS method has also been applied for structural
analyses of soft materials, such as micelles and polymer nanoparticles [9–14]. ASAXS corresponds
to the variation of the atomic scattering factor f of a targeted element near its X-ray absorption edge.
The energy dependence of f is described by the following equation.

f (E) = f0 + f ′(E) + f ′′ (E), (1)
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where E is the energy of incident X-ray, f 0 is the normal atomic form factor and f′ and f
′′

are the real
and imaginary parts of anomalous scattering factor, respectively. Owing to the energy dependence
of f′ and f

′′
, X-ray scattering intensity shows energy dependence, which corresponds to scattering

contribution of the targeted element, near the absorption edge. Therefore, analysis of the energy
dependence of X-ray scattering intensity in small-angle region leads to the spatial distribution of
targeted element. Thus, in this study, we apply the ASAXS method to reveal the spatial distribution
of Br-labeled aromatic compounds incorporated in polymer micelles. Further, we discuss relation
between molecular characteristics of aromatic compounds and their spatial distribution in polymer
micelles.

2. Materials and Methods

Reagents. Poly(ethylene glycol) methyl ether (4-cyano-4-pentanoate dodecyl trithiocarbonate)
(Mn = 5.4 × 103, Mw/Mn = 1.1) as a chain transfer agent (CTA) was purchased from Sigma-Aldrich
Co. Ltd. (St. Louis, MO, USA). tert-Butyl methacrylate (tBMA) was purchased from Tokyo Chemical
Industry Inc. (Tokyo, Japan). 2,2′-Azobisisoputyronitrile (AIBN) was purchased from Kanto Chemicals
Co. Ltd. (Tokyo, Japan). 4-Bromophenol (BrPh), bromobenzene (BrBz) and other solvents for syntheses
were purchased from Wako Pure Chemicals Co. Ltd. (Tokyo, Japan). tBMA was purified by distillation
under reduced pressure before polymerization. AIBN was recrystallized before it was used. The other
reagents were used as obtained.

Synthesis of Poly(ethylene glycol)-block-poly(tert-butyl methacrylate) (PEG-b-PtBMA). Scheme 1
indicates the synthesis of PEG-b-PtBMA as an amphiphilic block copolymer. PEG-b-PtBMA
was synthesized by reversible addition-fragmentation transfer (RAFT) radical polymerization.
CTA (300 mg, 6.00 × 10−2 mmol) and AIBN (1.41 mg, 6.00 × 10−3 mmol) and N,N-dimethylformamide
(DMF) (20 mL) were added into a flame-dried Schrenk Flask and purged with dry N2. Then, tBMA
(853 mg, 6.00 mmol) was added to the flask with stirring under dry N2 atmosphere. After all
reagents were dissolved in DMF, the flask was subjected to three freeze-pump-thaw cycles.
RAFT polymerization was allowed to proceed for 20 h at 80 ◦C under dry N2 atmosphere and
then quenched by immersion in liquid N2. PEG-b-PtBMA was isolated by precipitation from DMF
solution to n-hexane. The number- and weight averaged molecular weight (Mn and Mw) determined
by 1H-NMR and size-exclusion chromatography (SEC) were 1.4 × 104 and 1.7 × 104, respectively.
SEC elugrams and 1H-NMR spectrum of the resulting PEG-b-PtBMA were shown in Figures S1 and S2,
respectively, in supplementary materials. 1H-NMR measurements for PEG-b-PtBMA in chloroform-d1

were performed by using a JEOL JNM ECP500 spectrometer. SEC measurements were performed by
using a Shodex GPC K-804 column (eluent: chloroform, range of molar mass: 7000~300,000) combined
with a JASCO RI-4030 differential refractive index detector and a JASCO PU-2087 HPLC pump at a
flow rate of 1 mL·min−1.

Scheme 1. Synthesis of PEG-b-PtBMA by RAFT polymerization.

Preparation of PEG-b-PtBMA micelles incorporating aromatic compounds. BrBz and BrPh were
used as Br-labeled hydrophobic compounds. The PEG-b-PtBMA and BrPh or BrBz were mixed
together at 10 wt % of aromatic compound against PEG-b-PtBMA. Micellization of the mixtures
was induced by dissolving in tetrahydrofran (THF), stirring at an ambient temperature to ensure a
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homogeneous solution, followed by the gradual addition of 5 times the amount of ion exchanged
water at a rate of 0.1 mL·min−1 via a syringe pump. The resulting solution was transferred to a dialysis
tube (10 kDa MWCO) and dialyzed in a large amount of ion exchanged water for 3 days to remove
THF. Finally, ion exchanged water was added to the micelle solution to a micelle concentration of
1.5 mg·mL−1. This concentration of hydrophobic compounds is the lower limit to obtain satisfactory
data of anomalous small-angle X-ray scattering.

Small-angle X-ray scattering (SAXS) and anomalous SAXS (ASAXS) measurements. SAXS and
ASAXS measurements were performed at the BL-40B2 beamline of SPring-8, Japan. A 30 cm × 30 cm
imaging plate (R-AXIS VII, Rigaku, Japan) was placed at a distance of 2 m from the sample position
to cover a q range from 0.06 to 2.0 nm−1 at λ = 1.0 nm. Here, q = (4π/λ)sin(θ/2), where θ is the
scattering angle and λ is the wavelength of the incident X-ray. A sample solution was packed in a
quartz capillary with a light path length of 2.0 mm (Hilgenberg GmbH, Malsfeld, Germany). The X-ray
transmittance of the samples was measured with ion chambers located in front of and behind the
sample. The two-dimensional SAXS images obtained with an imaging plate were converted into one
dimensional scattering intensity versus q profiles by circular averaging. To obtain excess scattering
intensity I(q) at each q, scattering from the background were subtracted from the raw scattering data
after an appropriate correction of transmittance. I(q) was corrected to the absolute scale using the
absolute scattering intensity of water (1.632 × 10−2·cm−1) [9]. The exposure time of each SAXS
measurement was kept at 1 min to avoid radiation damage and data were accumulated five times for
each sample to obtain high signal-to-noise ratio. In addition, we have confirmed that SAXS profiles
for just prepared samples agree with those for the sample aged for several weeks. Therefore, leakage
of aromatic compounds and degradation have not occurred. Conventional SAXS measurements
were carried out at an energy (wavelength) of incident X-ray of 12.40 keV (0.1 nm). For ASAXS
measurements, three different energies 13.383, 13.463 and 13.473 keV were used as incident X-rays.
Figure 1 shows the energy-dependence of the anomalous scattering factor of Br [9]. The K-edge of Br
was determined as 13.483 keV. Because the three energies used here gave large differences of f′ near
the Br K-edge, they were selected as incident X-ray energies to obtain sufficient energy-dependence
of scattering intensities for accurate ASAXS analyses. Table 1 summarizes the f′ and f

′′
values of Br

at 13.383, 13.463 and 13.473 keV. The numerical analyses for SAXS and ASAXS data were carried out
self-made programs on Igor 7 software.

Table 1. Values of real and imaginary parts of anomalous scattering factors (f’ and f”) at 13.383, 13.463
and 13.473 keV.

Energy/keV f′ f
′′

13.383 −4.56 0.508
13.463 −6.76 0.503
13.473 −9.33 0.502

Transmission electron microscope (TEM) observation. TEM was performed by using JEM-3010
(JEOL, Akishima shi, Japan). An accelerated voltage of 200 kV was used. The freeze-dried samples
were placed on a carbon-spattered Cu grid and stained with Ti blue and lead acetate (II) to enhance
TEM contrast.
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Figure 1. Energy dependences of f′ and f
′′

of Br (solid lines) obtained by convolution of theoretical
anomalous dispersions [15] and energy distribution in BL-40B2 station. Red circles indicate the energy
of incident X-ray used in this study and corresponding f′ and f

′′
.

3. Results and Discussion

Figure 2 shows SAXS profiles of PEG-b-PtBMA micelles with and without aromatic compounds.
Because of dilute concentration of PEG-b-PtBMA micelles, the SAXS profiles are regarded as form
factors of micelles. The SAXS intensity of PEG-b-PtBMA micelle in low q region shows q−2 dependence.
The q−2 dependence of SAXS intensity indicates that PEG-b-PtBMA micelles take disk-like or vesicular
forms. TEM photo for freeze-dried PEG-b-PtBMA micelles shown in Figure 3 reveals that the
PEG-b-PtBMA forms vesicular micelles. The SAXS profiles of PEG-b-PtBMA micelles containing
BrBz and NrPh also show the q−2 dependence in low q regions. Therefore, the vesicular structure
of PEG-b-PtBMA micelles is maintained by incorporating aromatic compounds in their inside.
Although the radius of PEG-b-PtBMA micelles cannot be estimated by SAXS because of their extremely
large size as shown in TEM photo, the thickness of the membrane of PEG-b-PtBMA micelles can be
estimated. The solid lines in Figure 2 show the same theoretical SAXS curves calculated for a core-shell
platelet model as described by the following equation [16]:

I(q) ∝

[
4π

q4

{
(ρC − ρS) sin

(
q

tC

2

)
+ (ρS − ρ0) sin

[
q
(

tS

2
+ tS

)]}2
]

, (2)

where tC and tS are the half thicknesses of a core and overall of a plate, respectively and ρC, ρS and
ρ0 are the electron densities of core, shell and solvent, respectively. By assuming the cross-sectional
electron density profile as shown in Figure 4, the calculated SAXS curve can be fitted to experimental
SAXS profiles of PEG-b-PtBMA micelles with or without aromatic compounds. The half-thickness
of hydrophobic core layer and thickness of shell layer are estimated to 4.7 and 7.8 nm, respectively.
As shown in Figure 2, the scattering curve calculated by the cross-sectional electron density profile
shown in Figure 4 can describe all SAXS data of PEG-b-PtBMA micelles and the micelles with BrBz
and BrPh. These thicknesses well agree with the radii of gyration estimated by molecular weights of
PtBMA and PEG chains. Hence, PEG-b-PtBMA micelles are consisting of single core layer sandwiched
by hydrophilic shell layers. Therefore, effect of addition of small amounts of hydrophobic compounds
on structure of polymer micelles can be ignored. For the PEG-b-PtBMA micelles incorporating BrBz
and BrPh, ASAXS measurements near Br K edge are applied to figure out the spatial distribution of
BrBz and BrPh in the micelles.
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Figure 2. SAXS profiles from PEG-b-PtBMA micelles (gray), BrBz-containing PEG-b-PtBMA micelles
(red) and BrPh-containing PEG-b-PtBMA micelles (blue).

Figure 3. TEM micrograph of freeze-dried PEG-b-PtBMA micelles.

Figure 4. Cross-sectional electron density profile giving the best result in fitting analyses for SAXS
profiles of PEG-b-PtBMA with and without Br-labeled compounds.
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Figures 5 and 6 show the energy dependences of SAXS profile from BrBz- and BrPh-containing
PEG-b-PtBMA micelles, respectively, measured at 13.383 keV (0.927 nm), 13.463 keV (0.921 nm) and
13.473 keV (0.920 nm). In both systems, SAXS intensities are decreasing as the energy of incident X-ray
approaches from lower energy to Br K edge, although the features of energy resonance are different.
The energy dependence of SAXS intensity originated from that of the f ’ of Br as shown in Figure 1 is
described by the following equation.

I(q, E) = N
{

P0(q) + 2 f ′(E)A(q)V(q) +
(

f ′2(E) + f ′′ 2(E)
)

V2(q)
}

, (3)

where P0(q) is the non-resonant (normal) form factor of micelle and V2(q) is the form factor of resonant
part. In this case, the V2(q) corresponds to the form factor of the area where Br atoms are existing.
Consequently, difference of V2(q) profiles causes the difference of features of energy resonance in
SAXS profiles. Therefore, it is strongly suggested that the spatial distribution of BrBz in PEG-b-PtBMA
micelles is much different from that of BrPh. By dissolving simultaneous equation of the SAXS profiles
measured at three different energies of incident X-ray, we can obtain V2(q) profile as described by the
following equation.

V2(q) =
1
K

[
ΔI(q, E1, E2)

f ′Br(q, E1)− f ′Br(q, E2)
− ΔI(q, E1, E3)

f ′Br(q, E1)− f ′Br(q, E3)

]
, (4)

where

K = f ′Br(E2)− f ′Br(E3) +
f ′′Br

2(E1)− f ′′Br
2(E2)

f ′Br(E1)− f ′Br(E2)
− f ′′Br

2(E1)− f ′′Br
2(E3)

f ′Br(E1)− f ′Br(E3)
, (5)

Figure 7 shows V2(q) profile of BrBz-containing and BrPh-containing PEG-b-PtBMA micelles.
Because of low resolution of ASAXS treatment in high q region, detail analysis for V2(q) by using
scattering function of model particle is difficult. However, both V2(q) profiles obviously show
q−2 dependences in low q region. This means the area where Br-labeled aromatic compounds are
distributed takes a platelet form. Therefore, the vesicular structure of PEG-b-PtBMA micelle is reflected
to the spatial distribution of BrBz and BrPh, like templates. For platelet particles like a membrane
of vesicle, relation between scattering intensity I(q) (or resonant scattering term V2(q)) and q in low q
region is given by the following equation.

q2 I(q) ∝ exp
(
−t2q2

)
, (6)

where t is the half-thickness of a platelet particle. Therefore, the slope of plots of q2V2(q) against
q2—so-called thickness Guinier plots—half-thicknesses of platelet particles can be estimated. From the
thickness Guinier plots as shown in the insert of Figure 7, the half-thicknesses of the platelet areas
are estimated to 4.7 and 7.2 nm for BrBz and BrPh, respectively. As shown in the insert of Figure 7,
the thicknesses estimated in low q region are obtained with sufficient accuracy, although the SAXS data
in high q region include large uncertainty. By using these results, scattering curves for V2(q) profiles
for BrBz- and NrPh-containing micelles are calculated by using disk-like particles. The solid lines
in Figure 7 are calculated curves. Although the V2(q) profiles in high q region contain large noise,
the calculated curves agree with V2(q) profiles in low q region. The thickness of BrBz area is close
to that of hydrophobic layer of PEG-b-PtBMA micelles shown in Figure 4. Therefore, it should be
considered that BrBz molecules are homogeneously dispersed in hydrophobic layer of PEG-b-PtBMA
micelles. On the contrary, the half-thickness of BrPh area is much larger than that of hydrophobic
layer of PEG-b-PtBMA micelle. This result means that a part of BrPh filtrates to hydrated shell
layer of PEG-b-PtBMA micelles. This result is consistent with the spatial distribution of a phenol
derivative incorporated in spherical polymer micelles reported by Sanada et al. [14] and some of our
previous studies [13,17]. BrPh can form hydrogen bonds with both PtBMA and PEG. In addition,
the number density of PEG chains near core-shell interface is much higher than in the outer region
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of shell. Consequently, BrPh can exist in shell layer composed of PEG near the core-shell interface.
According to the result in this study, it is strongly suggested that spatial distribution of hydrophobic
compounds incorporated in polymer micelles can be controlled by tuning interactions not only between
hydrophobic compounds and not only hydrophobic polymers but also water-soluble polymers of
amphiphilic block copolymers.

Figure 5. Energy dependence of SAXS profiles of PEG-b-PtBMA containing BrBz near Br K edge
(13.483 keV).

Figure 6. Energy dependence of SAXS profiles of PEG-b-PtBMA containing BrPh near Br K edge
(13.483 keV).
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Figure 7. V2(q) profiles of BrBz- (red) and BrPh-containing (blue) PEG-b-PtBMA micelles. Solid lines are
calculated by theoretical scattering functions for disk-like particles with 4.7 and 7.2 nm of half-thickness
estimated from thickness Guinier plots. Insert shows thickness Guinier plot of V2(q) of BrBz- and
BrPh-containing PEG-b-PtBMA micelles. The half-thickness of BrBz and BrPh areas are estimated to
4.7 and 7.2 nm, respectively.

4. Conclusions

ASAXS near Br K edge was applied for analyses of the spatial distribution of hydrophobic
aromatic compounds (BrBz and BrPh) encapsulated in polymer micelles consisting of PEG-b-PtBMA.
It was found that BrBz was dispersed in hydrophobic layer of PEG-b-PtBMA micelles, while BrPh
was infiltrated to hydrophilic shell layer. This result inevitably leads the conclusion that the spatial
distribution of hydrophobic compounds encapsulated in polymer micelles can be controlled by tuning
intermolecular interactions, such as hydrogen bonds, between hydrophobic compounds and each
chain of amphiphilic block copolymers.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/10/2/180/s1,
Figure S1: GPC elugrams of PEG (blue) and PEG-b-PtBMA (Red), Figure S2: 1H-NMR spectrum of PEG-b-PtBMA
in CDCl3.
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