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Dynamic Assembly of Micellar Mesostructures
Yigit Altay, Imke A. B. Pijpers, Loai K. E. A. Abdelmohsen,* and Jan C. M. van Hest*[a]

Transient structural organization as a result of reversible
interactions between individual structures is a significant
characteristic of biological systems. Rearrangements of individ-
ual cells and cellular populations constantly take place as a
result of interaction between different cells, in response to
chemical cues. Colloidal systems that operate out-of-equilibrium
attempt to replicate the interactivity and, in particular, dynamic
association displayed in biological systems. To probe such
dynamic behavior, we present an out-of-equilibrium micellar
nanosystem, which is able to engage in assembly and
disassembly processes. Utilizing reversible disulfide chemistry
via simultaneous oxidation and reduction of thiol-functionalized
micelles results in formation of dynamic mesostructures. Such
transient behavior is well-controlled under non-equilibrium
conditions.

In nature, the transient organization on the cellular level of
(supra)molecular biological structures permits switching be-
tween various out-of-equilibrium states and underlies biological
processes such as cell-cell communication and interaction,
synchronization of signaling pathways and tissue development.
Scientists active in the area of artificial cell research have in
recent years developed many biomimetic platforms to recreate
such biological processes,[1] but have mostly been focused on
individual compartments with life-like behavior.[2] However, in
order to mimic effectively the abovementioned processes,
artificial cells that interact with each other should be
investigated.[1c] Only recently, the first examples have been
reported on such artificial cell communities, exchange informa-
tion and affect each other’s function, however without chang-
ing the physical interactions between the individual artificial
cells.[3] In this respect, artificial cell research can profit much
from developments in the field of colloid science. Over the past
years increased attention has been given to engineering

interactions between colloidal particles; a shift from single-
particle function to communal behavior. For example, it has
been demonstrated that anisotropic, ’patchy’ microparticles can
undergo directed assembly into complex mesoscopic arrays.[4]

By tuning the mode of inter-particle interactions, such patchy
particles were used to form extended networks, reminiscent of
bacterial colonies.[5] Other colloidal systems have also been
engineered to demonstrate higher order assembly in a more
responsive fashion.[6] However, most of these studies were
performed on solid particles, and self-assembled soft particles
that interact in a dynamic fashion remain underexplored.[7] Here
we present a dynamic soft nanosystem, which is able to engage
in a transient structural organization process to allow the
formation of dynamic mesostructures. The system is controlled
by out-of-equilibrium assembly/disassembly – mediated by
reversible disulfide chemistry – and controlled by the influx and
efflux of chemical fuel. Our system is based on polymeric
micelles, surface-modified with thiol moieties. Incorporation of
these thiols on the micellar surface allows these particles to
associate reversibly via the formation of disulfide bonds.
Addition of a reducing agent, in this case tris(2-carboxyethyl)
phosphine (TCEP), leads to disulfide bond cleavage and
consequent disassembly. Contrarily, addition of an oxidizing
agent (such as sodium perborate) results in formation of
disulfide bonds and hence the assembly of mesostructures.
Simultaneous supply of oxidizing and reducing agents keeps
the system far from equilibrium and prevents complete
aggregation or complete disassembly at the steady state
(Scheme 1).
Polymeric micelles were prepared from the amphiphilic

block copolymer poly(ethylene glycol)-block-poly(ɛ-caprolac-
tone-gradient-trimethylene carbonate) (PEG22-b-P(CL36-g-TMC36)),
using our previously reported direct hydration procedure[8]

(Scheme 1). To endow the micelles with dynamic association
capability, copolymers comprising a thiol functionality at the
PEG chain end were admixed during micelle formation. This
polymer was synthesized by ring opening polymerization of ɛ-
caprolactone and trimethylene carbonate, with ortho-pyridyldi-
sulfide (OPSS) functionalized PEG as macroinitiator. In order to
facilitate thiol-disulfide exchange, a longer PEG chain was used
for the thiol-functional building block (OPSS-PEG44- b-P(CL34-g-
TMC26)). The ortho-pyridyl thiol (OPS) functionality acted as a
protecting group and prevented interaction between the
formed micelles prior to the addition of redox reagents. In order
to optimize the conditions for both the self-assembly and the
dynamic interactions, different concentrations ranging from 5
to 20 wt% of OPSS-PEG44-b-P(CL34-g-TMC26) were used. With this
small library of micelles, first the propensity to form mesostruc-
tures was investigated. For this purpose the OPS protecting
groups were removed by a reducing agent and subsequently
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an oxidizing agent was supplied to facilitate association. Results
showed that the incorporation of 5 wt% OPSS copolymer was
insufficient to induce effective micellar association, whereas
micelles comprising more than 10 wt% OPSS copolymer formed
large mesostructures upon oxidation (Figure SI 5–9). Therefore,
we decided to continue our experiments with the 10 wt%
OPSS-functionalized micellar system.
Having optimized the thiol content of our micelles, we

tested their ability to assemble and disassemble reversibly over
10 red/ox cycles in a discrete manner. First, we prepared a
micellar stock solution (5 mg/mL) and divided this into 20
aliquots as exact replicates (Figure SI 10). Then, we started to
reduce and oxidize the micelles in a way that each sample
would represent a certain stage of the ten redox cycles (i. e., the
first sample was only reduced, the second sample was reduced
and oxidized, the third sample was reduced, oxidized and
reduced, and so on). At the end, 5% TFA was added to the
solutions to impede the thiol-disulfide exchange. Thus, micelle
samples were quenched at their current state, allowing further
characterization. Dynamic light scattering (DLS) analysis (Fig-
ure 1 and Figure SI 12–21) and visual investigation of the
sample solutions (Figure SI 11) confirmed the reversibility of
both assembly and disassembly. Although, due to the irregular
shape of the mesostructures, the hydrodynamic radii obtained
by DLS from the oxidized samples did not reflect their actual
size, they provided evidence for mesostructure formation.

Variation of size in the oxidized samples was mainly due to
dilution effects in combination with the short oxidation time
which lower the probability of disulfide formation. Additionally,
cryo-transmission electron microscopy (cryo-TEM) was used to
visualize the formed micellar mesostructures. Cryo-TEM images
of the first cycle showed that the reduced micelles had a
diameter of 63.02�10.82 nm (Figure 1b), the oxidized ones
showed clear aggregation. To further confirm the reversible
behavior of the system, additional images were recorded from
both the reduced and oxidized samples during the tenth cycle
(Figures 1d and 1e, respectively). Indeed, only free floating
micelles with diameter of 62.62�12.76 nm were detected and
no large mesostructures could be observed in the reduced
sample. Similar to the first cycle, the oxidized sample clearly
formed large micellar mesostructures, confirming the reversi-
bility and the robustness of our dynamic micellar system.
After demonstrating the redox-directed reversibility of the

association process, we investigated whether our micellar
system was able to engage in out-of-equilibrium transient
structural organization into mesostructures by continuous
addition of chemical fuel. To this end, a solution of OPSS-
functionalized micelles (5 mg/mL) was continuously stirred, and
solutions of redox agents sodium perborate (oxidizing agent)

Scheme 1. Schematic representation of transient mesostructured formation
based on the association of polymer micelles. Thiol-functionalized micelles
are formed by self-assembly of amphiphilic block copolymers via direct
hydration. The protecting moiety ortho-pyridyl disulfide (yellow hexagon) is
cleaved with a reducing agent. Subsequent addition of an oxidizing agent to
the resulting solution oxidizes the free thiols to disulfides, which promotes
the association of the micelles into mesostructures. Upon addition of a
reducing agent, the disulfide bonds are reduced, which triggers the
disassembly.

Figure 1. a) DLS results for the average hydrodynamic radii of micelle
solutions at different stages of the redox cycles. Cryo-TEM images taken
from solutions of b) reduced and c) oxidized samples in the first cycle;
d) reduced and e) oxidized samples in the tenth cycle. Scale bar=100 nm.
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and TCEP (reducing agent), both 6 mM in concentration, were
continuously added at a constant flow rate (10 μL/h; Figure 2a).
In order to provide continuous exchange between micelles and
the micelle mesostructures, and also to keep the micelle
concentration and volume constant in the reaction vial, we
supplied a fresh micellar solution at the same rate of addition
as the redox reagents (i. e. 10 μL/h) and at the outlet of the
stirred vessel, we withdrew a part of the solution non-selectively
(30 μL/h). Nanoparticle tracking analysis (NTA) was used to
analyze the transient process. With NTA the micelles could be
selectively detected as this technique cannot visualize particles
that are larger than 1 μm since Brownian motion of such
particles is negligible. We could therefore use this method to
count the number of free-floating micelles in solution during
the course of the experiment. After 56 h, the number of
particles dropped from ca. 60 particles/frame to ca. 20 particles/
frame, and reached a constant value in this range over 4 turn-
overs (Figure 2c, turn-over time is 33.3 h). During our measure-
ments, the concentration of particles was between 1.0×109 and
1.0×107 particle ·mL� 1 which falls in the effective concentration
range of NTA analysis. In addition, cryo-TEM images confirmed
the coexistence of mesostructures with the free floating
micelles in the stationary state (Figure SI29–30). In the time-
frame of our experiment, we did not observe a significant
increase in the average size of the particles smaller than 1 μm
(Figure SI 23a–b). Similarly, we did not observe any significant
change in the average size and the PDI of the stock solution of
micelles over 48 days (Figure SI 22). However, as we increased
the concentrations of both reducing and oxidizing agent, we
observed a constant decrease in the number of particles per
frame and after 3 turnovers, there were no free micelles
detectable by NTA in the solution (Figure 2b).
In conclusion, we have developed a highly controllable and

dynamic micellar nanosystem that can transiently form meso-
structures via reversible disulfide bond formation. Following the
optimization of the thiol content of micelles for effective

congregation, we showed that the system is highly reversible
and the chemical triggers do not disrupt the morphology of the
micelles even after ten cycles. We have also successfully
demonstrated that the system can be operated at out-of-
equilibrium conditions and a stationary state can be sustained
for several turnovers. These results mark an important step in
out-of-equilibrium research as the transient behavior observed
in our system can also be applied to various adaptive systems
using such a basic design principle. We envisage that engineer-
ing functional single particles to display decentralized complex
communal behavior via inter-compartmental interactions,
would allow the construction of stimuli-responsive adaptive
synthetic systems with life-like emergent properties.

Experimental Section

General Procedure for Micelle Preparation

In order to prepare micelles with 10% thiol content, 180 μL of
PEG22-b-P(CL36-g-TMC36) block-copolymer and 20 μL OPSS-PEG44-b-P
(CL34-g-TMC26) block-copolymer (both 10% in PEG350 w/w) were
premixed. A magnetic stirring bar (15×4.5 mm) was added and the
polymers were let to mix for 5 min. Subsequently, 800 μL of PBS
buffer (pH 7.4) was directly added and the resulting cloudy solution
was let to stir for 5 min. Afterwards, micelles were diluted until the
desired concentration was reached.

General Procedure for Reduction/Oxidation Cycles

Ca. 2.2 mL of micelle solution (5 mg/mL) was prepared via the
procedure described above and was divided equally across 20 vials
– each equipped with a stirring bar. All samples were stirred at
300 rpm. In a stepwise fashion, samples were reduced and oxidized,
i. e. the first sample was only reduced, the second sample was
reduced and oxidized, the third sample was reduced, oxidized and
reduced, and so on. In this way, the ability of our micellar system to
engage in multiple numbers of assembly and disassembly cycles
was tested. 1 μL of 55 mM of TCEP and sodium perborate were
used as reducing and oxidizing agent, respectively. 5% TFA was
added to quench the thiol-disulfide exchange, prior to analysis.

All samples were characterized by DLS and NTA.

Flow Experiments

For all the flow experiments, 1.0 mL solution of micelles (5 mg/mL)
was loaded into an HPLC-vial (1.5 mL) equipped with a stirring bar.
TCEP, sodium perborate (1.2 mL, 6.2 mM or 9.3 mM) and the
micellar solution (5 mg/mL, identical to the initial solution in the
stirred vial) were loaded into 1.0 mL gas-tight syringes and air
bubbles were removed. In order to eliminate the dead volume in
the withdrawal syringe, a small amount of PBS buffer was
withdrawn. For all the infusion syringes, 10 μL/h flow rate was
applied and 30 μL/h flow rate was applied to the withdrawal
syringe, keeping the volume constant throughout the whole
experiment. During sampling, syringes were paused and after
sampling, equal amount of fresh micelle solution (identical to the
initial solution) added to keep the volume constant.

Other experimental details are given in the Supporting Information.Figure 2. a) Schematic representation of the out-of-equilibrium system;
b) and c) show the number of particles per frame using nanoparticle tracking
analysis for the experiments where b) [TCEP]= [Perborate]=9.3 mM and
c) [TCEP]= [Perborate]=6.2 mM. Turn-over time is 33.3 h.
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