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ABSTRACT: The release of nanoscale structures from
microcapsules, triggered by changes in the capsule in response
to external stimuli, has signiﬁcant potential for active
component delivery. Here, we describe an orthogonal strategy
for controlling molecular species’ release across oil/water
interfaces by modulating their intrinsic self-assembly state. We
show that although the soluble peptide Boc-FF can be stably
encapsulated for days, its self-assembly into nanostructures
triggers jet-like release within seconds. Moreover, we exploit this self-assembly-mediated release to deliver other molecular
species that are transported as cargo. These results demonstrate the role of self-assembly in modulating the transport of peptides
across interfaces.
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intervention.15,16 We focused initially on the release characteristics of the short peptide Boc-diphenylalanine (Boc-FF)
building block. Carriers based on peptide nanostructures acting
as drug delivery systems can diminish the toxicity of various
drugs, improve their bioavailability and enable their administration via alternative routes.17 The diphenylalanine (FF)
structural motif and its derivatives are among the most studied
minimal building blocks that allow the formation a rich variety
of ordered assemblies at the nano- and microscale ranging
from tubular to spherical structures,18−20 along with various
functional physical and chemical properties.21−25 The type of
self-assembly structure formed by the Boc-FF building block
depends on the solution composition.26,27 In particular, in the
present paper, we study Boc-FF self-assembly in a 50:50 (v/v)
water−ethanol solution, conditions under which spherical
nanostructures are formed.27,28
We followed initially the assembly process of Boc-FF into
nanospheres inside microdroplets and their potential for
release through the droplet interface. To do so, we used a
double-junction co-ﬂow microﬂuidic device fabricated using

he controlled release of cargo from vesicles, capsules, or
other microcompartments is of pivotal importance in
materials science, cell biology, pharmacology, and biomedicine1−4 and has recently been explored in the context of drug
delivery.5−7 The ability to transfer molecules through barriers
formed by membranes or interfaces in a controlled manner has
long been envisioned as a key process for the treatment of
various conditions, as well as for bringing biological and
chemical reactive molecules to targeted locations.8,9 As such, a
range of strategies have been developed and explored for
enabling the release of active components from capsules
composed of diﬀerent polymers.10,11 Conventionally, the
release is triggered through changes in the permeability of
the capsule in response to environmental stimuli, including
photoactivation or changes of pH and temperature.12−14 In the
present work, we explore an orthogonal strategy for controlling
the release of cargo. The proposed strategy exploits changes in
the properties of the cargo itself rather than through alterations
of the compartments. The modulation of the physicochemical
properties of the cargo is achieved through self-assembly of
molecular building blocks in nanostructures and we show that
this strategy allows for the eﬀective transfer of species across
phase boundaries.
The increasing availability of novel protein- and peptidebased drugs oﬀers new opportunities for therapeutic
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Figure 1. Boc-FF nanosphere formation within droplets driven by solution evaporation. (a) Design of the double junction microﬂuidic mixing
device and schematics depicting on-chip mixing of the reaction solution and its immediate encapsulation in droplets. (b) High resolution images of
formed droplets within the double junction microﬂuidic mixing device. Scale bar represents 50 μm. (c) Formed droplets at Boc-FF concentration of
1−8 mg/mL were monitored on a glass slide under these conditions. Within seconds, nucleation of nanospheres could be detected within the
droplets, followed by their jet-like release into the oil phase. Scale bar represents 50 μm.

soft-lithography methods29,30 (Figure 1a). We generated the
reaction solution on-chip by mixing the Boc-FF stock solution
in ethanol with an aqueous stream with equal ﬂow rates in the
ﬁrst coﬂow junction. This solution was subsequently
encapsulated into a microemulsion at the second junction
acting as a microﬂuidic droplet maker through coﬂow with an
immiscible oil phase (Figure 1b). The formed droplets
contained Boc-FF monomers in well-deﬁned concentrations
that we varied between 1 and 8 mg/mL by changing the
concentration of precursor Boc-FF in the organic phase
(Figure 1c).
Under these conditions, emulsion droplets could be stored
for several days without any apparent changes in the reaction
solution. However, the self-assembly of Boc-FF into nanospheres could be triggered by increasing the concentration of
the precursor peptide inside the microdroplets. To this end,
the solvent was removed after droplet formation through
evaporation induced by drying when the droplets were
deposited onto a glass slide. The process of Boc-FF selfassembly into nanospheres within the formed microdroplets
was monitored over time using bright ﬁeld microscopy. As the
droplets began to shrink due to evaporation of the water/
ethanol solution, the spontaneous self-assembly of spheres
within the droplets could be detected (Figure 1c).
Remarkably, we observed that the formation of nanospheres
was accompanied by their rapid release through the droplet
interface into the continuous phase even though the
monomeric form of the peptide was encapsulated within the
droplets in a stable manner over time scales of several days and
is highly insoluble in the ﬂuorinated oil phase (Figure 2a).
Moreover, the Boc-FF nanospheres did not emerge uniformly
throughout the entire microdroplet surface, but rather were
observed to emanate as jets originating from localized areas of
the microdroplet interface displaying an initial release velocity
of 22.5 ± 3.2 μm/s (Figure 2b and Video S1). These results
indicate that a controlled release of the self-assembled

Figure 2. Controlled jet-like release of nanospheres through droplet
interface. (a) Bright-ﬁeld images of Boc-FF containing droplets
stability over 60 h when no evaporation takes place. (b) High
magniﬁcation images of a single microdroplet releasing its nanosphere
content during evaporation. Scale bar represents 30 μm. When the
nanosphere assembly inside the droplet has reached a critical mass,
nanosphere release could be detected within seconds.

structures from droplets can be achieved by alteration of the
surrounding environment, allowing ﬁrst for the self-assembly to
take place and subsequently for the assembled peptide
structures to be released from the droplets (Figure 2b).
To explore the mechanism of release, we varied systematically both the concentration of Boc-FF peptide in the dispersed
phase and the concentration of surfactant in the soluble phase
and monitored the release of nanospheres by time lapse
microscopy. The results of these experiments are shown in
27579
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Figure 3. (a) Scheme displaying the jet-like release of spheres through droplets and phase diagram indicating the condition for jetting. (b) Brightﬁeld images of Boc-FF sphere release from evaporating droplets as a function of surfactant and peptide concentration.

Figure 3b and demonstrate that jetting is observed only for
high concentrations of peptide as surfactant ratio is increased.
We further explored the role of the surfactant used in the
context of its ability to interact with the nanoparticle interface
and modulate the jetting behavior. To this aﬀect, we repeated
the systematic exploration of peptide concentration and
surfactant ratio shown in Figure 3b with a Krytox-based
surfactant (see Materials and Methods section in the
Supporting Information). Similar to the previous surfactant
used, Krytox is composed of a perﬂuoropolyether (PFPE) tail,

yet contains a carboxylic acid hydrophilic headgroup instead of
polyethylene glycol (PEG). Thus, it was chosen based on its
altered interactions with the assembled particles. While under
conditions where the oil phase containing Krytox at a
concentration of less than 2% w/w droplets was unstable, we
could determine that at ratios of 2 and 4%, nanospheres could
be seen to form. However, their jetting was suppressed even at
peptide concentrations as high as 4 and 8 mg/mL (see Video
S3). This ﬁnding suggests a key role for immersional wetting
mediated by surfactant/nanosphere interactions in driving the
27580
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suggests that the release of the nanostructures aﬀects the
interface layer. Inhomogeneities in the surface coverage of
surfactant create surface tension gradients at the interface that
generate Marangoni ﬂows toward regions of higher surface
tension. As mass transport of spheres is toward the region of
release, this location must correspond to a zone of higher
surface tension, suggesting that in this area surfactant
molecules are depleted by the exiting spheres. The
eﬀectiveness of these gradients at entraining particles into a
jet mechanism depends on a competition of two time scales.
One time scale, τd, is the time required for the depletion zone
in the surfactant layer left by a newly ejected particle to be
replenished by diﬀusion of surfactant from the continuous bulk
phase. The second time scale, τc, is the time required for
Marangoni convection to move nanospheres over a length
scale set by their average separation distance within the surface
so as to form a continuous train of ejections from the same
neighborhood−that is, a jet (Figure 3a). We then expect jetting
to occur whenever τd is large compared to τc.
The time scale τd for surfactant diﬀusion from the
continuous phase to cover the area that has been depleted
through the release of spheres is governed by concentration cs
of surfactant molecules in the continuous phase; as cs increases,
τd decreases. The second time scale in the problem, governing
the frequency by which nanospheres are released, is associated
with Marangoni surface ﬂow. This time scale is given as τc=S /u,
where S is the average spatial separation between nanospheres
on the surface of the drop and u is the average Marangoni ﬂow
velocity. In general, the surface and bulk concentration of
nanospheres increases as the peptide cp concentration
increases, leading to decrease in S . The average Marangoni
ﬂow velocity is obtained by balancing surface tension Δσ/S and
viscous stresses μu/S , yielding u ≈ Δσ/μ, where Δσ is the
surface tension increment and μ is the kinematic viscosity. In
the system described here, a 1:1 ratio of water:EtOH was
found crucial for the formation of nanospheres (see ref 28).
Although the presence of EtOH may have an eﬀect on the
surface tension change, Δσ, of the formed droplets, all
experiments were conducted in the presence of solvent
evaporation. Thus, the impact of the solvent on surface
tension is expected to be negligible. Considering the general
concentration dependencies of the diﬀusional and convection
time scales in the condition for jetting τc < τd shows that
increasing the peptide concentration cp or decreasing the
surfactant concentration cs in the continuous phase favor jetlike release of the nanospheres, in agreement with the
experimental results in Figure 3b.
Finally, we demonstrate that the self-assembly mediated
release of Boc-FF oﬀers the opportunity to co-transport other
molecular species from the droplet interior to the continuous
phase if such additional cargo possess an aﬃnity to the Boc-FF
nanospheres. In this manner, the Boc-FF spheres are able to
act as carriers facilitating the transport across the droplet
interface. We demonstrated this idea through the release of
rhodamine (Figure 4a). On its own, rhodamine is encapsulated
in a stable manner inside the droplets. However, it can be
cotransported out of the droplet together with Boc-FF.
Fluorescence time-lapse microscopy reveals that the droplets
remain ﬂuorescent over several seconds, followed by a partial
quenching of the ﬂuorescence when the rhodamine molecules
are incorporated into growing Boc-FF nanostructures. These
spheres, which can be seen to be ﬂuorescent due to the
interaction with the rhodamine dye, were able to then be

nanosphere release into the continuous phase. The associated
thermodynamic driving force is the change in surface energy S
= σsphere/water − σsphere/oil, where σsphere/water and σsphere/oil are the
surface tensions of the nanosphere/water, and nanosphere/oil
interfaces, respectively, thus when S > 0, nanosphere release is
favorable. The presence of surfactant molecules in the
continuous phase that can interact with the surface of the
self-assembled nanospheres lowers the contribution σsphere/oil,
favoring nanosphere release from droplets. These considerations show that in order for the release process to occur at
observable rates, the surface energy cost in the continuous
phase has to be lowered through speciﬁc interactions between
self-assembled nanoparticles and surfactant molecules (Figure
3a). To this eﬀect, we further explored whether particle surface
charge may aﬀect their ability to jet form the microdroplet
interface. We have ﬁrst considered the negative surface charge
of the Boc-FF assembled nanospheres (see ref 28) on their
ability to be rapidly released. In order to verify this prediction
and probe the speciﬁcity of such interactions allowing the
release process to take place, we studied several other peptides
which are prone to self-assemble. In this manner, we were able
to compare the release of Boc-FF spheres and similarly sized
spheres composed of other peptide building blocks.
Fluorenylmethyloxycarbonyl diphenylalanine (Fmoc-FF) and
Carboxybenzyl diphenylalanine (Z-FF) which are known to
self-assemble into hydrogels under aqueous conditions were
chosen as a comparison to Boc-FF. Fmoc-FF and Z-FF were
dissolved in dimethyl sulfoxide (DMSO) and ethanol
respectively and were then mixed on chip with water to form
the reaction solution, and were then encapsulated into droplets
as before (see Methods section). Following solvent removal,
both the Fmoc-FF and Z-FF can be seen to self-assemble into
spherical structures within the droplets. Moreover, Fmoc-FF
ﬁlled droplets showed a high propensity for the release of their
sphere cargo in comparison to the Boc-FF spheres which were
discussed earlier, while in the case of Z-FF, sphere release was
reduced (see Figure S2a). We have furthermore determined
the particle size formed within the droplet and their radii at the
moment of jetting, which correspond to a lower and upper size
distribution of 400 and 800 nm, respectively. By encapsulating
inert polystyrene colloids labeled with rhodamine with a
similar diameter to the Boc-FF spheres, we explored their
release under similar experimental conditions. Thus, colloids
were diluted in water and were then mixed on-chip with
ethanol at the same ratio as that employed for the Boc-FF
system. The droplets formed in this manner were collected and
left to undergo evaporation on a glass slide. Both bright ﬁeld
and ﬂuorescence microscopy was used to monitor any release
of colloids from the droplets. The results show that the large
majority of the colloids remain encapsulated within the
droplets, even after very signiﬁcant increase in concentration
as a result of droplet shrinkage, and no jet-like release patterns
such as those seen for the Boc-FF case were observed for the
polystyrene colloid particles (see Figure S2b). Thus, this
control experiment allows us to determine that the size of
particles is not the deﬁning parameters for their release, but
instead it is their ability to interact with the interface.
The ability of the Boc-FF spheres to form jets while being
released spontaneously from microdroplets indicates that this
phenomenon involves a level of cooperativity and is not simply
governed by a stochastic interface crossing by independent
nanostructures, as the latter case would result in spatially
isotropic rather than directional release. As such, this result
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Video S2 Co-transport of Boc-FF nanoparticles and
rhodamine molecules demonstrating the application of
peptide self-assembly for the transport of cargo
molecules across water-oil phase boundaries (AVI)
Video S3 Self-assembly of Boc-FF nanospheres within
microdroplets. The jet-like release of particles is
inhibited by the presence of Krytox at the water-oil
interface (AVI)
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released from the droplets, maintaining their ﬂuorescence in
the oil phase (Figure 4b and Video S2) demonstrating the
cotransport of rhodamine across the droplet interface.
We have shown that the self-assembly of Boc-FF spheres can
be controlled using a microﬂuidic platform that encapsulates a
reaction mixture on chip to form microdroplets. The peptide
was observed to be able to undergo stable storing in a soluble
state over several days. However, its rapid release could be
triggered by inducing the self-assembly into nanospheres. In
the nanoparticulate form, the peptide was able to cross the
droplet interface and form a jet transporting the nanostructures
into the continuous phase. The released Boc-FF spheres was
not accompanied by the release of the entire solution into the
oil phase, but rather a speciﬁc release of the encapsulated
particles observed. Moreover, we have demonstrated the ability
of the Boc-FF spheres to act as carriers for other molecular
species, and transport them through the droplet interface.
These results establish a new paradigm for the release of cargo
species from microcompartments by modulating their supramolecular assembly state and open up the possibility of using
triggered self-assembly to control the transport of molecular
species across interfaces.
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