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Self-assembly of molecular amphiphiles (for example, surfac-
tants or amphiphilic block copolymers (BCPs)) into vesicles
mimics the construction of biological membranes composed
of lipid bilayers.!! These vesicles, namely liposomes or
polymersomes, have received considerable attention owing
to their appealing applications in drug delivery,”! biosens-
ing,® and catalysis.¥! The incorporation of inorganic nano-
particles (NPs) into vesicular membranes can endow them
with advanced functionalities (for example, plasmonic, mag-
netic, and luminescent properties)®! while preserving the
well-established properties of organic components. The
presence of NPs with inherent rigidity can also significantly
extend the elastic modulus of vesicles, thus offering mechan-
ical advantages over their organic counterparts.’’ Recently,
polymer-tethered amphiphilic NPs have received consider-
able attention as a new class of nanoscale colloidal building
blocks for fabricating functional materials.’**”1 Resembling
molecular amphiphiles, these materials merge the nature of
polymers and inorganic NPs to organize into a wide range of
nanostructures, including micelles, vesicles, wires, and tubu-
1€S.[SC_[’7]

Giant vesicles having diameters of 1-100 um are attractive
for a variety of applications, including microreactors for
chemical or biomimetic synthesis,® artificial biomembranes
for mimicking live cells and modeling protocells,” and
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delivery vehicles for drugs or biomolecules.!"”! The introduc-
tion of inorganic NPs in giant vesicles can have a significant
impact on their properties and applications. Toyota et al.
recently demonstrated that giant vesicles loaded with iron
oxide NPs display a significant enhancement of contrast for
magnetic resonance imaging of single cells."®! These vesicular
contrast agents not only generate high signal levels compa-
rable to microsized iron oxide particles, but also are easily
cleared out as discrete nanoparticles after the dissociation of
vesicles.

Current strategies for the self-assembly of vesicles from
colloidal amphiphiles typically include solvent mixing, dial-
ysis, and film rehydration methods that are commonly used
for molecular self-assembly."'! These methods show poor
batch-to-batch reproducibility and limited control over the
size of the vesicles (usually 50 to 500 nm).!'! Microfluidic
approaches have demonstrated superior controllability in the
self-assembly of lipids and amphiphilic BCPs.''>'? However,
to date, there has been no report of a template-free approach
to the high-throughput self-assembly of giant vesicles with
controlled dimensions using inorganic NPs, especially poly-
mer or BCP-tethered NPs.

Herein we report a simple yet robust microfluidic plat-
form for the continuous self-assembly of polymer-tethered
amphiphilic NPs into various structures with controlled size
and morphology. This novel strategy uses hydrodynamic flow
to control the kinetic aspects of the assembly process, thus
achieving non-equilibrium structures. In contrast to conven-
tional building blocks of molecular amphiphiles, the use of
BCP-tethered amphiphilic NPs enables the reproducible
generation of monodispersed giant vesicles comprising a mon-
olayer of NPs in the membranes (Figure 1). These materials
are unattainable by other current approaches. The size of
giant vesicles can be tuned in the range of 500 nm to 2.0 um by
controlling the flow rates of each fluid. Of note, the self-
assembly mechanism of our giant vesicles differs conceptually
from the fabrication of conventional colloidosomes by using
emulsions or double emulsions as templates."” Furthermore,
the pathways of NP self-assembly can be selected to produce
other types of nanostructures, such as micelles and disk-like
structures comprising a monolayer of NPs (Figure 1b). This
general approach is applicable to NPs with different shapes as
well. Furthermore, we demonstrate the encapsulation of
hydrophilic molecules in vesicles and the subsequent remote-
controlled burst release of the payload using near infrared
(NIR) irradiation.

PDMS-based  microfluidic ~ flow-focusing  devices
(MFFDs) were used to control the self-assembly of poly-
mer-tethered NPs (Figure 1).l"*1% Gold nanorods (AuNRs)
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Figure 1. a) Hydrodynamic self-assembly of amphiphilic NPs tethered
with BCPs using microfluidic flow-focusing devices (MFFDs). A THF
solution of polymer-tethered NPs was focused by two water streams
on the sides. b) TEM images of assemblies of PEO,s-b-PS,;; tethered
to AuNRs and obtained at different hydrodynamic conditions in
MFFDs.

(40 nm in length and 10 nm in diameter) were chosen as
a model system owing to their unique tunable plasmon
absorption in the NIR region, and their resulting biomedical
applications in drug delivery, imaging, and diagnosis.'¥ The
AuNRs were modified with amphiphilic linear BCPs of
PEO,s-b-PSy;; (M,=239kgmol™!, PDI=1.15) terminated
with a thiol group at the PS end by ligand exchange in
dimethylformamide. The thiol-terminated PEO,s-b-PS,;, was
synthesized by reversible addition fragmentation chain-trans-
fer polymerization, followed by the reduction of dithioester
groups.” The self-assembly of BCP-tethered AuNRs was
triggered by focusing a tetrahydrofuran (THF) solution of
AuNRs (ca. 0.02 mgmL™") between two streams of water at
a junction to enter a common outlet channel in the MFFD
(Figure 1a). Because of the low Reynolds number (Re < 6) in
microchannels, the two miscible fluids formed a laminar flow
with well-defined mixing between adjacent laminar streams.
The diffusive boundaries between the miscible streams
provide a precisely regulated environment for the rapid and
continuous self-assembly of NPs. The self-assembly of BCP-
tethered NPs is driven by amphiphilicity, as a result of the
conformation change of BCP tethers on the surface of
AuNRs.P By varying the flow rates of each fluid, the
microfluidic strategy allows for precise control of the width
of the central stream as well as the diffusive mixing at the
boundaries of streams, thus tuning the pathways of NP self-
assembly.

Figure 2 shows representative electron micrographs of
giant vesicles generated by MFFDs. Such giant vesicles are
composed of a monolayer of AuNRs in the shell, with rods
side-by-side aligned along the periphery of vesicles (for more
images, see the Supporting Information). The formation of
giant vesicles occurs within a specific window of hydro-
dynamic conditions, which are defined by the volume flow
rates (Q) of THF and water streams. For example, at Qpyr =
10 pLmin " and Qy,0 =90 pLmin " (the total flow rate of two
water streams that were operated at the same flow rate), giant
vesicles with an average diameter of 1.28+0.4 um are
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Figure 2. Representative SEM (a,c) and TEM (b,d) images of giant
vesicles prepared at Qryp=10 uLmin~' and Qy,0=90 pLmin~". The
insets in (c,d) are high-magnification images of vesicles. Scale bars are
3um in (a,b), 1 um in (c,d) and 100 nm in the insets of (c,d).

produced (for optical images and more low-magnification
SEM/TEM images, see the Supporting Information). The
formation of rather monodispersed vesicles can be ascribed to
the solely diffusive transport of solvents and NPs during the
assembly process without the disturbance of hydrodynamic
convection. The hollow interior of vesicles was confirmed by
confocal fluorescence microscopy images (hydrophobic dyes
were loaded in membranes of the vesicles) and multiphoton-
absorption-induced luminescence (MAIL) images (Support-
ing Information).”) In both cases, the luminescent images
present typical ring-shaped patterns, indicating the hollow
interior of vesicles. The hollow vesicular structures were also
confirmed by the wrinkle features of the assemblies in SEM
and TEM images, which are a result of the buckling and
flattening of vesicular shells on the substrate during drying.
We emphasize that the direct mixing of a solution of BCP
tethered to AuNRs in THF with water at various adding
speeds and the same final water content cannot generate the
giant vesicles mentioned above, but rather can only form
small clusters or small vesicles of AuNRs.”!! This observation
suggests that the appropriate kinetic control in channels plays
a critical role in microfluidic-assisted NP self-assembly
process. Note that the microfluidic approach is also applicable
to assembling BCP-tethered spherical AuNPs (Supporting
Information).

The microfluidic approach allows us to fine-tune the
assembled structures by controlling the fluidic environment.
The morphologies of assemblies are largely dependent on the
flow-rate ratio, FRR, of the water phase to THF-AuNR
phase, FRR = Qy,0/Qryr Figure 3a maps the hydrodynamic
effect on the morphologies of assembled NPs onto the
(log Ou,0, log Orur) space. The product diagram outlines the
hydrodynamic regions of NP assemblies with various mor-
phologies including micelles, giant vesicles, and disks. When
FRR >7.5, that is, Qpyr < Oy,0, the central THF stream is
strongly focused by two water streams, and is depleted rapidly
in the downstream channel close to the junction. The
amphiphilic AuNRs assembled into small micelles with
diameter smaller than 100 nm in this high focusing region
(rather than in the downstream channel). The resulting
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Figure 3. a) The product diagram of the self-assembly of polymer-
tethered AuNRs in the [log Qryf, log Qu,0] space: micelles (1), disks
(2), giant vesicles (0), and no assemblies (x). b) The size of giant
vesicles as a function of the flow rate of central THF phase at a fixed
water flow rate: 90 pLmin~" (), 45 uLmin™' (4), and 30 uLmin™" (0).

micelles are composed of randomly packed AuNRs. For
example, at QOrgrp=1pLmin~' and Q=230 pLmin,
micelles of AuNRs with a diameter of 83.8+23.9nm are
obtained (Supporting Information, Figure S11). When
decreasing the FRR to 2.5 <FRR < 7.5, the self-assembly of
NPs undergoes a sharp transition from micelles to giant
vesicles with diameter above 500 nm. In this case, a relatively
wider center THF stream is focused to form a laminar flow
with three side-by-side streams. The self-assembly of AuNRs
mainly occurs at the boundary of the fluidic streams in the
downstream region (rather than in the flow-focusing region),
resulting in the formation of giant vesicles. With further
decrease of FRR below 2.5, AuNRs assemble into disk-like
micelles containing a single layer of AuNRs (Supporting
Information, Figure S12). The disk-like structures can be
considered as intermediate structures before their enclosure
to form giant vesicles.'"! The formation of disk-like micelles
was further confirmed using cryo-TEM (Supporting Informa-
tion, Figure S13). The diameter of the disks is in the range of
300-500 nm. The spacing between NRs is 11.4 nm, which is
slightly larger than that in giant vesicles owing to the swelling
of polymers in a large fraction of THF.

It is noteworthy that the formation and morphological
transition of assemblies are largely determined by the mixing
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time of the two streams (that is, the flow-rate ratio of two
phases),['> rather than by the solvent compositions, as direct
mixing cannot yield these nanostructures. Moreover, the
assemblies are stable in solution or with the further addition
of water, and the integral structures of giant vesicles are well-
maintained after six months. AuNR assemblies with different
morphologies in solution were also confirmed by measuring
the surface plasmon resonance (SPR; Supporting Informa-
tion, Figure S17). The organization of AuNRs significantly
reduces the distance between neighboring NRs, leading to
a clear red-shift (up to about 120 nm) in their SPR peak owing
to plasmonic coupling between NRs.

Apart from control over the kinetic pathways of assembly,
this microfluidic method enables simple control of the
dimension of the assembled structures. In the case of giant
vesicles, the size can be controlled in the range of 500 nm to
2.0 um by varying the FRR in the range of 2.5 <FRR <7.5.
At constant Qy,o, the diameter of giant vesicles decreases
approximately linearly with the increase of Qryr (Figure 3b).
This flow-dependent variation in sizes of assemblies is
opposite to the microfluidic self-assembly of molecular
amphiphiles (that is, BCPs or lipids) reported previous-
ly.110:122.17 The sizes of the BCP or lipid micelles increase with
increasing flow rate of the fluids carrying the amphiphiles.

To achieve a better understanding of microfluidic-con-
trolled assembly process, we simulated the microfluidic
mixing between the neighboring miscible phases in a two-
dimensional model using COMSOL Multiphysics 4.1. The
system was modeled using the steady incompressible Navier—
Stokes equation in the convection and diffusion application
modes (see the detailed simulation method in the Supporting
Information).!"® ! We first studied the concentration profile
of NPs in the central stream at various FRRs and fixed Qy,o.
When the FRR=18 (Quo=30pLmin"' and Q=
1.67 uLmin™"), the narrow central stream is hydrodynami-
cally focused, resulting in a short mixing time, f,,;,,['* between
the water phase and the central phase containing THF and
NPs (Figure 4a). The rapid depletion of the central stream
quickly changes the polarity of solvent media surrounding
NPs, leading to the quenching of the NP assembly to form
smaller micelles (Figure 3a). With the decrease of the FRR,
the central stream becomes wider and extends to the down-
stream channel (Figure 4b,c). The concentration of NPs
remains high in the central stream, and the mixing between
neighboring phases is largely determined by mutual molec-
ular or particle diffusion in the direction normal to the
streamlines. In this case, a large #,;, (1.3s<t,,<7.4s) is
required to deplete the central stream gradually by forming
a temporal spatial concentration gradient at the boundary.
This gradient region offers a long-duration intermediate
environment for the continuous growth of the assemblies into
larger vesicles (Figure 3 a). Figure 4 e shows the concentration
profile of NPs as a function of the transverse coordinate of the
microchannel 4.8 mm away from the junction for various
FFRs (Qy,030 uLmin™"). The concentration of NPs in the
central stream significantly decreased with an increase in the
FRR.

In contrast to molecular amphiphiles, the significantly
reduced diffusion coefficient of colloidal amphiphiles owing
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Figure 4. a—d) Simulated NP (a—c) and THF (d) concentration distribu-
tion in the focused stream at various FRRs. The size of NPs was set at
45 nm. Q0 =30 uLmin~". e) Simulated NP concentration profiles as
a function of the transverse coordinate of the microchannel at

a 4.8 mm distance away from the junction at various FRRs.

On,0=30 uLmin". f) A comparison of the concentration profile of
NPs (——) and THF (-----) as a function of the transverse coordinate
of the microchannel 4.8 mm away from the junction at various FRRs.

QOrue=10 pLmin~".

to their large size (ca. 45 nm in diameter) may influence the
mutual diffusion between miscible solvents and NPs. Figur-
es 4b,d show the concentration distribution of NPs and THF
from the same system, respectively. It is clear that the
suspended NPs are focused and follow the well-defined
central streamline, while THF mixes more rapidly with the
water phase owing to faster diffusion. This difference
becomes more significant with the decrease of the FRR,
owing to the dominant role of diffusive mixing at a lower FRR
(Figure 4 f). Therefore, at a low FRR, NPs remain stationary
in the direction vertical to the streamline while water and
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THF exchange more rapidly. This effect leads to a shallower
region of NP concentration gradient at the stream boundaries.
We presume that this mechanism explains the size decrease of
the giant vesicles with the increase of Qyr (or decrease of the
FRR) in Figure 3b.

AuNRs are known for their strong photothermal effects in
the NIR range. Upon irradiation of NIR light (700 to
1000 nm), giant vesicles can be disrupted and burst to deliver
the payload owing to localized intense heating. We exposed
a solution of 1.08 pm-diameter vesicles made from AuNRs to
a 60 mW NIR pulsed laser beam at 800 nm. Photo-triggered
rupture and fusion of vesicles were observed under an optical
microscope (see the Supporting Information). It is remark-
able that this disruption was complete within milliseconds of
laser irradiation. After laser exposure, AuNRs were deformed
to spherical AuNPs owing to the photothermally induced
melting of AuNRs (Figure 5a,b; see the Supporting Informa-
tion, Figure S22 for high-magnification images). The photo-
thermally induced shape transformation of AuNRs arises
from an electron—phonon relaxation process that results in the
heating of free electrons of AuNRs by the absorbed
photons." This feature enables the application of such
giant vesicles for remote-controlled release.’” To validate
this concept, the hydrophilic dye Rhodamine B (RB) was
encapsulated in the vesicles during preparation. After the
removal of free RB, the solution of loaded vesicles was placed
in a dialysis tube and immersed in 1.5 mL of water. The
release of RB was recorded by measuring the fluorescence
intensity of RB in water every five minutes (see the
Supporting Information for details). Without NIR laser
irradiation, no obvious fluorescence intensity change in
water was observed. However, when the vesicle solution
was exposed to NIR laser, the RB concentration in water
continuously increased with prolonged laser irradiation. As
shown in Figure 5c, the increase of fluorescence intensity of
RB is indicative of the release of RB from vesicles. The
fluorescence increase in two independent experiments with
the laser on and off clearly indicates the controlled release of
RB using NIR irradiation (Figure 5d). The almost linear
increase of the fluorescence intensity as a function of
irradiation time implies the possibility of modulating the
release dose of drugs using remote-controlled NIR switches.
Compared to light-responsive vesicles based on organic
chromophores,”! AuNR vesicles are responsive to NIR
light with readily tunable wavelengths by varying the aspect
ratio of the NRs.”

In summary, we have developed a hydrodynamically
controlled self-assembly method for amphiphilic NPs in
MFFDs. This strategy enables both the dimension and the
morphology of NP self-assemblies to be controlled. The key
to manipulating this self-assembly is to balance the competi-
tion of the mixing of solvents and the assembly kinetics of
AuNRs. By varying the flow rate of water and THF phases,
AuNRs can assemble into a variety of nanostructures,
including micelles, giant vesicles and disk-like micelles. In
particular, giant vesicles were continuously generated without
the use of templates through the self-assembly of amphiphilic
NPs. This ability to use flow to control the organization of NPs
into complex structures paves a new route to fabricating
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Figure 5. a) NIR-triggered release using giant vesicles. The photother-
mally induced shape deformation of AuNRs to spherical AuNPs
creates extra spacing between AuNPs for the release of encapsulated
molecules. b) SEM images of giant vesicles before and after exposed
to NIR laser. The AuNRs in the vesicles deformed to spherical AuNPs
upon irradiation. Scale bars are 200 nm. c) The fluorescence emission
spectra of the released Rhodamine B (excitation at 540 nm) with

a 5 min interval under the irradiation of 800 nm laser. d) The release
profiles of Rhodamin B giant vesicles with laser on (0) and off (o).
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materials and devices through NP self-assembly. We have
further demonstrated the NIR-triggered burst release of
encapsulated compounds from the giant vesicles. These smart
vesicles may find applications in noninvasive on-command
drug delivery or chemical reactions. This work will also have
an impact in the areas of composites, optical resonators,
sensing, catalysis, and electronics and photonics.
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