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ABSTRACT: We report in this paper the release and uptake of charged
payloads in redox responsive electrostatic micellar systems composed of
negatively charged soft iron coordination suprapolymers and positively
charged block copolymers. This micellar system was reported in our previous
work (Yan, Y.; Lan, Y. R.; de Keizer, A.; Drechsler, M.; Van As, H.; Stuart, M.
A. C.; Besseling, N. A. M. Redox responsive molecular assemblies based on
metallic coordination polymers. Sof t Matter, 2010, 6, 3244−3248), where we
proposed that the system can be used as a redox-triggered release and uptake
system. In this paper, we successfully selected a negatively charged
fluorescent dye, eosin B, as a model cargo to track the release and upload process. Upon being compacted in the mixed
micelles of coordination polymers and diblock copolymers, the fluorescence of eosin B was effectively quenched. Once reduction
was conducted, excess negative charges were introduced to the mixed micelles so that the negatively charged eosin B was expelled
out which was accompanied by the recovery of the fluorescence. The free negatively charged eosin B was able to be taken up by
the Fe(II) micelles again if oxidation of Fe(II) was carried out since excess positive charges were produced. Beside eosin B, other
charged species, such as various charged macromolecules, were tested to be capable of uptake and release by this micellar system.
We suppose this system can be potentially used as a redox-gated micellar carrier for uptake and release of charged cargos.

1. INTRODUCTION
Electrostatic micelles have attracted considerable interest due to
their potential application as carriers for functional cargos.1−3

Different from conventional micelles that formed through
hydrophobic interactions, these micelles are formed between
oppositely charged components; thus, electrostatic interaction
is the main driving force for micellization. This mechanism
enables the packing of charged cargos using oppositely charged
components,2 and can be used as a carrier system for water-
soluble molecules.4,5 For instance, Lindman and co-workers,6,7

and Wang and co-workers8,9 have investigated compactation of
DNA using electrostatic micelles. The advantage of these
micellar carriers is their controllable loading amount since
micelles may form at different payload to carrier molecule
ratios.11,12

In the past decade, a large variety of molecules have been
explored as carriers for charged cargos, such as surfactants8,13,14

and block polyelectrolytes.15−17 Among which, the formation of
polyion complex (PIC) micelles between a pair of charged
block copolymer and an oppositely charged cargos is of special
interest.18 The only requirement for the successful loading of
target cargos in this strategy is the suitable block length of the
charged block copolymers. No critical aggregation concen-
tration is particularly emphasized because electrostatic inter-
action will anyway brings about formation of electrostatic
micelles even at concentrations of a few ppm. Therefore, no
hydrophobic section is needed in the design of this kind of
carrier system.
Lately, much effort has been directed toward engineering

“smart” polymeric micellar systems featuring stimuli-responsive

encapsulation and release.5,19 Fabrication of redox active
micelles is one of the most attractive approaches to this
end.21−26 The most popular design is to introduce redox
sensitive groups into the polymeric chain.21,25,26 Then the gate
to encapsulation or release is controlled by the switch between
the reduced and oxidized state of the polymers. This means that
complicated lab synthesis must be done before use of these
systems, which greatly restricts the broad exploration of such
smart systems. Herein, we report a redox responsive system
based on a smart soft coordination suprapolymer which is
formed conveniently by Fe3+ ions and bisligand L2EO4 in
aqueous solution, as demonstrated in our previous work.27 We
have verified that, upon addition of a block polyelectrolyte
PMVP41-b-PEO205 to this solution, core−shell type redox
switchable micelles can be formed. The unique feature of these
micelles is that the micelles keep alive before and after a redox
stimulus, but the charge density shifts.27 Then by utilizing
electrostatic forces properly, charged cargos can be smartly
uploaded or released from the core of these micelles. This was
foreseen in our previous work, but by then we could not find a
proper cargo to experimentally verify this because the micellar
core is very small so that any change of core structure can
hardly be detected microscopically. Therefore, we turned our
eyes to the spectra method, and finally found a fluorescent dye
eosin B that exhibits distinct fluorescence quenching after
micellization. In this paper, we report the detailed experimental
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proof for the uptake and release of eosin B when the micelles
are treated with a redox stimulus. In addition, we also found
that,by analyzing the zeta potential of the particles in various
cases, the system was verified to be potentially used as redox-
gated nanocarrier for many charged species, as demonstrated in
Scheme 1.

2. EXPERIMENTAL SECTION
2.1. Materials. The bisligand L2EO4 and diblock polyelectrolyte

poly(N-methyl-2-vinylpyridinium iodide)-b-poly(ethylene oxide)
(PMVP41-b-PEO205,Mw = 18.5 K, PDI = 1.05, about 90% quaternized)
used in this work were prepared according to previously reported
procedures.28−32 Eosin B (Alfa Aesar Chemical Co. A.R.),
FeCl3·6H2O, FeCl2·6H2O, NaBH4 (Beijing Chemicals Company,
AR), and H2O2 (Beijing Chemicals Company, 30%) were used
without further purification.
2.2. Sample Preparation. Stock solutions of PMVP41-b-PEO205,

L2EO4, eosin B (abbreviated as EB in the following), and FeCl3 (or
FeCl2) were prepared at appropriate concentrations using ultrapure
water. To prepare the Fe(III) coordination supramolecular complexes,
5 mM L2EO4 solution and freshly prepared 50 mM FeCl3 (or FeCl2)
solution were mixed at equal molar ratio. The coordination complexes
and/or eosin B solutions were added in stoichiometric amounts to a
PMVP41-b-PEO205 aqueous solution ([+] = 1 mM) to reach charge
neutral mixing. Here, [+] stands for the molar concentration of
positive charges carried by the polyelectrolyte PMVP41-b-PEO205. The
positive charge fraction or mixing ratio is defined as f+ = [+]/([+] +
[−]), with [−] being the molar concentration of the negative charges
of the Fe(III) coordination polymers or eosin B.
2.3. Characterization. A Hitachi F-4500 fluorescence spectrom-

eter was used to measure the fluorescence emission of eosin B. The
excitation wavelength was set at 514 nm. Emission spectra were
recorded in the range of 500−650 nm. The measuring temperature
was 30 °C, and pH of solutions was controlled between 6 and 7 by
adding HCl or NaOH to avoid the hydrolysis of iron. The pH values
were measured using a SevenMulti type pH meter with InLab Semi-
Micro electrodes (Mettler Toledo, Switzerland).
Dynamic light scattering measurements were carried out using a

spectrometer of standard design (ALV-5000/E/WIN Multiple Tau
Digital Correlator) with a Spectra-Physics 2017 22 mW Ar laser
(wavelength: 632.8 nm). The temperature was controlled at 30 ± 0.5

°C using a Haake C35 thermostat. To prepare dust-free solutions for
light scattering measurements, the solutions were filtered through a
0.22 μm membrane of hydrophilic PVDF filter into light scattering
cells before the measurements. The scattering angle was 90°, and the
intensity autocorrelation functions were analyzed by using the method
of CONTIN.

A JEM-2100 instrument was employed to observe the morphology
of micelles. Drops of samples were put on to 230 mesh copper grids
coated with ultrathin carbon film. Excess water was removed by filter
paper and samples were then allowed dry in ambient air at room
temperature, before transmission electron microscopy (TEM)
observation.

X-ray photoelectron spectroscopy (XPS) measurements were
carried out on an AXIS-Ultra instrument from Kratos Analytical
using monochromatic Al Kα radiation (225 W, 15 mA, 15 kV) and
low-energy electron flooding for charge compensation. Target PIC
micelle solutions were dropped onto a clean silicon wafer, followed by
drying naturally. To compensate for surface charge effects, binding
energies were calibrated using the C 1s hydrocarbon peak at 284.80
eV. The data were converted into VAMAS file format and imported
into CasaXPS software package for manipulation and curve-fitting.

Zeta potentials were measured using a temperature-controlled
ZetaPALS zeta potential analyzer (Brookhaven Instruments Corpo-
ration).

3. RESULTS AND DISCUSSION

Iron-containing PIC micelles were easily obtained in the mixed
aqueous solution of iron, L2EO4, and a block polyelectrolyte
PMVP41−PEO205 as reported in our previous work,27 where
iron and L2EO4 form negatively charged soft coordination
polymers. Then, like other PIC systems, these negatively
charged coordination polymers interact with the positively
charged PMVP41 block of MVP41−PEO205 to form PIC
micelles. The micelles were found to exist in a wide range of
charge ratios, ranging from f− = 0.25−0.8 for Fe(III) and
0.35−0.8 for Fe(II) ( f− is the molar fraction of the negative
charges over the summation of the positive and negative
charges on the polymers).33 This wide micellar formation range
enables both micelles to keep alive after a redox stimulus.27

3.1. Qualification of Cargoes. Before conducting reduce-
triggered release of payload in the Fe(III) micellar system, we
tried to find a proper cargo for this study. In principle, the
target cargo can be a wide category of negatively charged
molecules or nanometer-sized particles. However, for the
convenience of characterization, here we have to choose a
negatively charged one that has significant response to
micellization with PMVP41−PEO205 while being inert to
Fe(III)−L2EO4. After delicate selection, we focused on a
negatively charged dye, eosin B, which is fluorescent in aqueous
media and the fluorescence is not affected by the presence of
iron coordination polymers but can be effectively quenched by
PMVP41−PEO205. This is because the eosin B carries charges of
the same sign as coordination polymers but also opposite to the
charges of the PMVP41 block. As a result, the local
concentration of eosin B can be enhanced in the presence of
PMVP41−PEO205 which results in self-quenching (Figure 1). It
can be seen from the inset in Figure 1 that the fluorescence
intensity decreases almost linearly with increasing the charge
ratio of eosin B to that of the PMVP41−PEO205, suggesting that
any electrostatic complexation of eosin B with PMVP41−
PEO205 leads to quenching of fluorescence. This means that by
measuring the fluorescence intensity we can conveniently know
whether the dyes are released or taken up by the micelles.
Next, the micellization abilities of eosin B/PMVP41−PEO205

and Fe(III)−L2EO4/ PMVP41−PEO205 were compared. We

Scheme 1. Illustration of the Structure of L2EO4 (upper) and
Demonstration of the Redox Triggered Uptake and Release
of Fluorescent Eosin B by the Micellesa

aBefore being entrapped into micelles, eosin B shows strong
fluorescence (FL) (FL ON); whereas the fluorescence is quenched
after being taken up into micelles (FL OFF).
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first prepared the mixed micelles between eosin B, Fe(III)−
L2EO4, and PMVP41−PEO205 at charge-neutral mixing ratio,
where the summation of the negative charge concentration of
eosin B and Fe(III)−L2EO4 is equal to the overall positive
charges provided by PMVP41−PEO205. Dynamic light scattering
(DLS) results (Figure 2) clearly demonstrate that well-defined

micelles with an average hydrodynamic radius of 23 nm were
formed. This size is larger than that of the micelles formed by
directly mixing Fe(III)−L2EO4 and PMVP41−PEO205 (18 nm),
and is also different from that of the mixed micelles formed by
eosin B and PMVP41−PEO205. In the latter case, two groups of
colloidal particles were formed: one is of the same hydro-
dynamic radius of 18 nm, and the other is about 86 nm. Upon
comparison with micelles in the Fe(III)−L2EO4 /PMVP41−
PEO205 system, the 18 nm particles can be attributed to
micelles formed by Fe(III)−L2EO4 and PMVP41−PEO205,

whereas the particles at 86 nm are loose clusters of eosin B/
PMVP41−PEO205 complexes. The presence of these loose
clusters suggests a weaker interaction between EB and
PMVP41−PEO205 than that between Fe(III)−L2EO4 and
PMVP41−PEO205. Figure 3 shows that the loose cluster appears

only at charge concentration below 0.67 mM, indicating that
well-defined micelles are formed at concentrations beyond a
critical value, which is common in such micellar systems.34 This
weaker interaction is also reflected in the larger size of eosin B/
Fe(III)−L2EO4/ PMVP41−PEO205 mixed PIC micelles, which
leads to an increase of the micellar size from 18 to 23 nm.
It is well-known that charge density matching between the

oppositely charged block plays a very important role in the
formation of stable micelles.35 For covalent polyelectrolyte
systems, it is often that not well-defined micelles, but loose
clusters, can be formed if the charge density is considerably
mismatched.36 In mixed systems that can form micelles, the
interaction between charge-matched pairs is much stronger
than those mismatched ones. This is also the case in the eosin
B/Fe(III)−L2EO4/PMVP41−PEO205 mixed micellar system.
Since the size of Fe(III)−L2EO4 matches the PMVP block of
PMVP41−PEO205 better than that of eosin B, PMVP41−PEO205
favors complexation with Fe(III)−L2EO4 so that eosin B has to
be released from the mixed micelles upon addition of Fe(III)−
L2EO4. This release of eosin B can be recognized from the
recovery of the fluorescence, since we have verified in Figure 1
that any form of complexation of eosin B with PMVP41−
PEO205 leads to significant fluorescence quenching. As
demonstrated in Figure 4, the fluorescence intensity indeed
recovers gradually with increasing the amount of Fe(III)−
L2EO4 in the eosin B/PMVP41−PEO205 mixed systems,
suggesting successful release of eosin B from the micelles.

3.2. Reduction-Triggered Release of Eosin B. The
preferable binding of Fe(III)−L2EO4with PMVP41−PEO205
allows us to perform reduction-triggered release of eosin B
from the mixed micelles of eosin B/Fe(III)−L2EO4/PMVP41−
PEO205 at charge neutral mixing ratio. It is known that, after
reduction, the elementary charges at every coordination center
of Fe(III)−L2EO4 increase from −1 to −2, as demonstrated in
Scheme 2. This means that there will be excess negative charges
in the micelles after reduction. Therefore, the micelles have to
expel out some negative species, either eosin B or Fe(III)−
L2EO4. According to the results in the previous text (Figure 4),
we expect that eosin B will be released from the micelles due to

Figure 1. Influence of coordination polymer Fe(III)−L2EO4, block
polyelectrolyte PMVP41−PEO205 on the fluorescence intensity of 0.02
mM eosin B. NaBH4 or H2O2 shows no influence on the fluorescence
of eosin B, which will be mentioned in section 3.2, and for reference in
section 3.3. The numbers on the top of each curve are the molar
charge ratio between eosin B and PMVP41−PEO205. The inset shows
the linear decrease of fluorescence with increasing eosin B to
PMVP41−PEO205 charge ratio.

Figure 2. Comparison of micelles formed between eosin B or Fe(III)−
L2EO4 and PMVP41−PEO205. For Fe(III)−L2EO4/PMVP41−PEO205
mixed micelles(■), [Fe(III)−L2EO4] = [PMVP41−PEO205] = 0.67
mM; eosin/PMVP41−PEO205 mixed micelles (▲), [eosin B] =
[PMVP41−PEO205] = 0.67 mM; Fe(III)−L2EO4/eosin B/PMVP41−
PEO205 mixed micelles(●), [Fe(III)−L2EO4] = [eosin B] = 0.335
mM, [PMVP41−PEO205] = 0.67 mM.

Figure 3. Formation of mixed micelles between eosin B and PMVP41−
PEO205 at different concentrations. Loose clusters appear at
concentration lower than 0.67 mM.
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it is weaker interaction with PMVP41−PEO205. If this occurs, an
increase of the fluorescence intensity will be observed. This is
indeed the case. As demonstrated in Figure 5, with increasing

the amount of a reducing agent NaBH4 in the mixed micellar
systems of eosin B/Fe(III)−L2EO4/PMVP41−PEO205, the
fluorescence of eosin B increases gradually. Since NaBH4 has
no effect on the fluorescence intensity of eosin B whereas
PMVP41−PEO205 quenches it significantly (Figure 1), this
verified that reduction-triggered release of cargos from the
micelles indeed occurred.
The reduction-triggered release of eosin B from the micelles

is also reflected in changes in dynamic light scattering of the
system. It can be found from Figure 6 that, before reduction,
well-defined micelles with average hydrodynamic radius about
18 nm were formed; however, after reduction, micelles of this

size are still there, but a new family of micelles with average
hydrodynamic radius around 100 nm occurs.
Since the binding between eosin B and PMVP41−PEO205 is

much weaker than that between Fe(III)−L2EO4 and PMVP41−
PEO205, the larger micelles are probably loose clusters involving
eosin B. This can be verified by TEM observations (Figure 7)
for the micelles with varying molar ratios of eosin B: Fe(III)-
L2EO4. As can be found in Figure 7a and b, at [eosin B]/
[Fe(III)−L2EO4] less than 1:1, well-defined micelles can be
formed, whereas the size of the micelle slightly swells, which is
in agreement with DLS measurements. However, at the [eosin
B]/[Fe(III)−L2EO4] beyond 1:1 (Figure 7c), the micelles
become ill-defined and loose clusters with unclear boundaries
appear. The formation of loose clusters also explains the lower
fluorescence intensity after reduction: the fluorescence of eosin
B was quenched in the clusters so that it cannot recover to its
original strength.
To further verify that Fe3+ in the Fe(III)−L2EO4 was

reduced to Fe2+, rather than iron nanoparticles, we compared
the XPS spectra of the micelles before and after reduction. In
the presence of excess NaBH4, only the characteristic peak of
Fe2+ was observed, suggesting that the Fe3+ was indeed
successfully reduced into Fe2+ (Figure 8).37−40

It is well-known that NaBH4 often reduces Fe3+ directly into
Fe owing to its strong reducing ability. However, the chelating
interaction increases the redox potential of metal ions, which
makes it difficult to be reduced. We found in cyclic
voltammetry experiments that the half-wave potential of Fe3+

on a glassy carbon surface was enhanced by about 0.2 V after
formation of Fe(III)−L2EO4 with L2EO4. Therefore, we may
confirm that the following reaction occurred when the original
Fe(III) micelles were stimulated with NaBH4:

+ +

= + ↑ + +

+ −

+ +
4Fe BH 3H O

4Fe 2H H BO 3H

3
4 2

2
2 3 3

3.3. Oxidation-Triggered Uptake of EB. The formation
of Fe2+ after reduction enables our micellar system mutual
switch between the oxidation and reduction state. Therefore, it
can be expected that the free eosin B can be taken up into
micelles if oxidant was added to the system. This indeed occurs.
Figure 9 shows that after addition of H2O2 to the Fe(II)
micellar system that contains free eosin B, the fluorescence

Figure 4. Recovery of the eosin B fluorescence upon expelling eosin B
from the 0.02 mM eosin B/0.03 mM PMVP41−PEO205 mixed micelles
with addition of Fe(III)−L2EO4.

Scheme 2. Illustration of the Change of the Charge Density
in a Coordination Center after a Redox Stimulus

Figure 5. Recovery of eosin B fluorescence upon reducing the micelles
with NaBH4. The original micelles were formed by 0.02 mM eosin B/
0.15 mM Fe(III)−L2EO4/0.30 mM PMVP41−PEO205. The spectra
demonstrate the variation of fluorescence intensity with increasing the
amount of NaBH4.

Figure 6. Comparison of the size of micelles before (■) and after (●)
reduction with 2 mM NaBH4. The concentration of positive charges is
0.67 mM, where the overall concentration of negative charges is 0.67
mM as well. [Fe(III)−L2EO4] = [eosin B] = 0.335 mM.
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gradually decreases, suggesting encapsulation of eosin B into
the micelles. Meanwhile, a scattering peak appears at 518 nm,
which indicates that more colloidal particles were formed in the
process of uptake of eosin B. According to our previous result,
it is believed that loose eosin B/PMVP41−PEO205 clusters with
larger hydrodynamic were formed besides the original iron
micelles. Since the eosin B/PMVP41−PEO205 clusters are larger
than the Fe(III)−L2EO4/ PMVP41−PEO205 micelles, strong
scattering of light occurs during measurement of fluorescence,
which is in accordance with the lowering of fluorescence

intensity of eosin B in the process of oxidation. The peak at 518
nm is caused by particle scattering and can also be verified by
measuring the fluorescence of a micellar solution without eosin.
We found that this peak was observed as well when solely a
Fe(III)−L2EO4/PMVP41−PEO205 micellar solution was meas-
ured.

3.4. Generality of Redox Gated Uptake and Release.
In section 2 and 3, we have demonstrated that eosin B can be
used as a model cargo that may trace the occurrence of uptake
and release of materials from the micelles formed by Fe(III/
II)−L2EO4 and PMVP41−PEO205 upon a redox stimulus.
Herein we are to verify that this is a general behavior of this
micellar system. To do this, we examined the variation of the
zeta potential of micelles after a redox treatment. It can be
found that the starting charge neutral micelles have a very small
potential that is below 1 mV. However, upon reduction of the
Fe(III) micelles and oxidation of the Fe(II) micelles, the
potentials become more negative and positive, respectively.
This is attributed to the developed excess negative or positive
charges in the cores of the two micelles. These excess charges
can be used to sequester any oppositely charged materials in
their neighborhood. For instance, upon addition of positively
charged PEI (polyethyleneimine) to the NaBH4 treated Fe(III)
micelles, the negative potential drops back to around zero,
whereas the addition of PSS (sodium polystyrene sulfonate) to
the H2O2 treated Fe(II) micelles leads to a decrease of the
positive potential to around zero, too (Figure 10). Although
this is a very small change, it provides proof for the appearance
of excess negative charges. The fact that one does not observe a
significant zeta potential is because of the presence of a thick
PEO corona outside the micellar core, which would bury most
of the mobile countercharges.41 Actually, other charged
molecules may have the same effect on the potential changes
for an oppositely charged micellar system given that the charge
density of the molecules is larger enough.42 So far, we have
confirmed that that the electrostatic micelles containing iron
coordination polymers can indeed serve as a redox gated uptake
and release system.

4. CONCLUSIONS

In summary, we have verified the possibility of uptake and
release of charged cargos in redox responsive electrostatic
micellar systems using a fluorescent dye eosin B as the model
cargo. The micelles were formed by a negatively charged soft
iron coordination suprapolymer and a positively charged block
copolymer via electrostatic interaction at charge neutral mixing
ratio. Upon redox treatment, the micelles may acquire excess

Figure 7. Micelles formed in eosin B/Fe(III)−L2EO4/PMVP41−PEO205 mixed systems. In all the samples, the charge concentration of PMVP41−
PEO205 [+] equals to that of the summation of negative charges [−] from eosin B and Fe(III)−L2EO4 to be 0.67 mM, whereas the molar ratio for
(a−c) are [−]eosin B/[−]Fe(III)−L2EO4

= (a) 1:2, (b) 1:1, and (c) 2:1.

Figure 8. Fe 2p XPS spectrum of 0.335 mM Fe(III)−L2EO4/0.335
mM EB/0.67 mM PMVP41−PEO205 micelles after reduction with 2
mM NaBH4.

Figure 9. Oxidation-triggered fluorescence quenching of eosin B. The
original micelles are 0.30 mM, where the negative charges from
Fe(III)−L2EO4 are 0.30 mM and the positive charges from PMVP41−
PEO205 are 0.30 mM. The concentration of eosin B is 0.02 mM.
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positive or negative charges depending on the starting oxidation
state of iron. Thus, the negatively charged eosin B can be
repelled out or taken up into the micelles, as was reflected by
the change of the fluorescence intensity of eosin B. The
fluorescence was quenched after uptake, whereas it was
increased after release. This redox controlled uptake and
release can be generalized to other charged materials, where the
encapsulation of oppositely charged materials into the charged
micelles leads to a decrease of the potential. During redox
switches, the iron-containing micelles do not disintegrate so
that we expect that this system can be potentially used as
“miceller carriers” to ship cargos.
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