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ABSTRACT: Block copolymer self-assembly has enabled the creation of a
range of solution-phase nanostructures with applications from optoelec-
tronics and biomedicine to catalysis. However, to incorporate such materials
into devices a method that facilitates their precise manipulation and
deposition is desirable. Herein we describe how optical tweezers can be used
to trap, manipulate, and pattern individual cylindrical micelles and larger
hybrid micellar materials. Through the combination of TIRF imaging and
optical trapping we can precisely control the three-dimensional motion of
individual cylindrical block copolymer micelles in solution, enabling the
creation of customizable arrays. We also demonstrate that dynamic holographic assembly enables the creation of ordered
customizable arrays of complex hybrid block copolymer structures. By creating a program which automatically identifies,
traps, and then deposits multiple assemblies simultaneously we have been able to dramatically speed up this normally slow
process, enabling the fabrication of arrays of hybrid structures containing hundreds of assemblies in minutes rather than
hours.
KEYWORDS: optical trapping, block copolymers, self-assembly, directed assembly, nanofibers

Nature is adept at controlling the organization of
complex multicomponent systems over length scales
from nanometers to micrometers. For synthetic

materials the use of bottom-up approaches, such as self-
assembly, has enabled the creation of nanoscale assemblies from
a diverse range of molecular and polymeric species. However,
because of the inherently stochastic nature of self-assembly,
which is reliant on controlling the random interactions of
nanoscale subunits, this approach has often struggled to navigate
the kinetic traps which plague hierarchical assembly across
multiple length scales. Additional methods are therefore needed
that marry top-down and bottom-up approaches to yield greater
deterministic control over material design and to produce
functional materials across multiple hierarchical levels. Such
approaches aim to control the thermodynamic landscape that
governs the organization of the nanoscale components,
potentially enabling their incorporation into devices and
realizing emergent macroscale behavior.
The solution-phase self-assembly of block copolymers has

emerged as a promising bottom-up method to produce a broad

range of nanoscale soft-matter structures with potential
applications in optoelectronics, biomedicine, and catalysis in
addition to other fields.1−10 Spheres, cylinders, platelets, and
more complex morphologies have all been produced through
variations of the block ratio, overall molar mass, and
experimental conditions such as temperature, solvent, and
concentration.5−7 The functionalization of these nanoparticu-
late materials has been achieved either through manipulation of
the component polymer chemistries or by the use of templating
approaches.8−11 However, despite their promise, the use of
block copolymer micelles in a variety of applications has been
limited by difficulties in controlling the transfer of such
structures into the solid state. In particular, methods are needed
that enable the fast and efficient manipulation of micelle-based
materials and allow control over the density and placement of
individual elements in large-scale arrays.
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A number of methods for the formation of ordered arrays
from solution-phase dispersions of 1D-nanomaterials have been
demonstrated. For metallic nanowires these can be separated
into those that utilize external fields, such as dielectropho-
resis12,13 or magnetic field-based approaches,14 and those that
use shear, such as Langmuir−Blodgett,15,16 fluid-flow direc-
ted,17−19 and nanocombing20,21 processes. Despite the develop-
ment of such a diverse range of techniques, few have been
successfully applied to block copolymer micelles, which exhibit
limited interaction with external fields and are generally
relatively fragile unless core- or corona cross-linking is
performed.
Since their introduction in 1970,22 optical tweezers have

become an important tool for the manipulation of colloidal
materials. By harnessing the interaction of light with dielectric
objects such techniques have allowed for unmatched control
over the movement of a variety of high refractive index, solution-
phase materials. Optical manipulation has found widespread
applicability to micro/nanofabrication and assembly,23−25 with
particular benefit for fragile objects where noncontact
manipulation is highly desirable.26−28 Important recent work
in this area has demonstrated manipulation speeds using optical
tweezers of 170 and 150 μm/s for dielectric and metallic
nanoparticles, respectively.29 This work shows optical tweezers’
ability to compete with other common, serial rapid prototyping
and nanofabrication approaches in both speed and precision.
While the optical trapping of polymer latex particles is now

commonplace, for self-assembled micelles based on amphiphilic
copolymers this has only been achieved for uncontrolled clusters
in the form of micrometer-sized particles30−32 or, more recently,
for large supermicelle assemblies (approximately 5 μm) by our
group.33 Key challenges are to show the controlled manipulation
and deposition of individual structures but also provide routes to
the scalable production of devices and arrays. Herein, we

describe how, through the use of optical tweezer techniques,
precise three-dimensional control over individual cylindrical or
fiber-like micelles can be achieved, as well as the automated
formation of arrays.

RESULTS

Preparation of Individual Cylindrical Micelles. The
preparation of cylindrical or fiber-like micelles by the solution
self-assembly of a diverse array of block copolymers (BCPs) with
crystallizable core-forming blocks has now been reported.34−47

In particular, stable cylindrical micelles with a polyferrocenylsi-
lane (PFS)48 core can be produced with controlled length and
varied functionality through seeded growth protocols. A wide
range of functionalization routes for PFS micelles has been
reported, including the incorporation of fluorescent dyes,8,9 and
templating to form metals oxide nanowires10 making them
interesting for a variety of applications. The high refractive index
of PFS49 should make these cylindrical micelles promising
candidates for optical manipulation. Unfortunately, research in
this area has been limited by the difficulty of visualizing
individual micelles in solution as their dimensions are far below
the diffraction limit of light. While traditional laser fluorescence
techniques have been successful in imaging dye-functionalized
block copolymer nanostructures over relatively short time
scales,8 the photobleaching of most commonly available dyes
has made the continuous monitoring of micelles for the long
time periods required for manipulation difficult. Here we use
total internal reflection fluorescence microscopy (TIRF) to
overcome this problem, enabling the optical manipulation of
individual micelles. TIRF operates by utilizing the evanescent
wave generated at the glass−solution interface when the incident
beam undergoes total internal reflection. As this wave decays
exponentially away from the interface, visualization of a very
specific axial slice (around 100 nm) of the solution is possible.

Figure 1. (A) Graphical representation of a PFS-b-PDMS cylindrical micelle with a bodipy dye-functionalized corona. (B) TEM image showing
the cylindrical micelles drop cast from solution. Scale bar is 1 μm. (C, E) Schematic showing hybrid dandelion structure and cross section.
Images of hybrid dandelion structure taken by (D) brightfield optical microscopy and (F) TEM. Scale bars are 5 and 1 μm, respectively.
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By imaging such a narrow range of the z axis the majority of the
background fluorescence from latent cylindrical micelles is
removed, enabling visualization at low laser power and thus
greatly reducing photobleaching.
To enable the visualization of single cylindrical PFS-b-PDMS

(PDMS = poly(dimethylsiloxane), block ratio 1:ca. 14) micelles
in solution, a 4,4-difluoro-4-bora-3a,4a-diaza-s-indacen (bodi-
py) dye was grafted onto the polysiloxane corona-forming
segment containing a small percentage of vinyl groups via a
thiolene “click” reaction as has been reported previously.8 To
prepare the cylindrical micelles, a solution of the block
copolymer in THF (a good solvent for both blocks where the
polymer exists in the form of unimers) was added to a selective
solvent for the corona-forming block (n-hexanes). The resulting
cylindrical micelles were then sonicated to form crystallite seeds,
before additional unimer was added in solution to create
uniform monodisperse cylindrical micelles approximately 1000
nm in length (length dispersity = 1.03). The cylindrical micelles
consist of an approximately 7 nm diameter crystalline PFS core
(estimated by TEM measurements and in accordance with
previous work),50 with a refractive index of ca. 1.649 and a
solvated PDMS corona (Figure 1A). It is the high-refractive-
index PFS core which enables the optical manipulation of the
micelles.33

A drop-cast transmission electron microscope (TEM) image
of the micelles is shown in Figure 1B. The images show only a
few aggregated bundles, consistent with the micelles being well

dispersed in solution, a characteristic that has been demon-
strated by other techniques.8

Optical Trapping.A custom-built microscope based around
a Nikon Eclipse Ti Chassis fitted with a Nikon Apo TIRF
objective ×100 NA 1.49 was used for both TIRF illumination
and optical trapping. For the TIRF imaging a 10 μL drop of
micelle solution in hexanes was placed on a glass slide before a
coverslip was placed on top and sealed. Initial inspection of the
samples showed clearly visible, well-dispersed, and highly
mobile cylindrical micelles in solution (Supporting Information
Figure 1). The low laser power used meant that photobleaching
took in excess of 5 min to render the micelles imperceptible.
When a laser trap was created in close proximity to a PFS-b-

PDMS cylindrical micelle (number-average length Ln = 1073
nm, PDI = 1.03), the micelle was pulled into the trap and held in
a stable state in three dimensions. As has been predicted for
other crystalline rod-like systems, the cylindrical micelles
generally became orientated parallel to the trapping beam
(Figure 2D−F). Nevertheless, in certain cases when there was
significant flow present, either due to convection currents or
because it was created with a syringe pump, the micelles were
observed to trap perpendicularly to the trapping beam (Figure
2B,C). Manipulation of the cylindrical micelles in solution was
achieved by translating the stage. In this way, complete three-
dimensional control over the position of a single micelle was
possible (Figure 2D−F and Supporting Information Video 1).

Figure 2. (A, G) Schematic illustrating the optical trapping of a single cylindrical micelle. (B, C) TIRF images of a single micelle (Ln = 1073 nm)
trapped perpendicular to the incident beam. (D−F) TIRF images showing the translation of a single cylindrical micelle held in an optical trap.
The position of the trapping beam is shown by the red rings, and the direction of movement is indicated by the red arrows. Scale bars are 5 μm.
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Deposition To Form Customized Single Micelle
Arrays. Solution-phase block copolymer self-assembly has
yielded a range of complex colloidal structures with varied
functionality, including luminescent nanopixels,8,51 theranos-
tic52 and magnetic10,53 materials, and electroactive nano-
wires.54−56 The development of methods to control the
deposition of such soft-matter structures could lead to
hierarchical nanostructures with applications in a variety of
fields. Using optical manipulation we can direct the deposition
and immobilization of individual cylindrical micelles (Figure 3).
By trapping individual cylindrical micelles andmoving them into
the bottom side of the glass channel, the micelles became
immobilized and resistant to further movement. Some control
over the orientation of the deposited micelle was achieved by
placing one end of the trapped cylindrical micelle against the
surface and then moving the trap to direct the alignment of the
micelle during deposition, as has been demonstrated for metallic
nanorods elsewhere.57 With this method we were able to
produce arrays of arbitrary design, including a circle (Figure 3B),
a square (Figure 3C), a triangle (Figure 3D) and a line (Figure
3E). The orientation of the micelle was deemed to be the most
significant limit on the positional accuracy of the deposition,
which was measured as 219 ± 120 nm. The use of smaller
micelles and a visualization method with higher resolution
would greatly reduce this value.

Deposition of Hybrid Structures. We also demonstrate
the automated creation of ordered customizable arrays of block
copolymer structures. By using dynamic holographic assembly
with an image matching and collision avoidance algorithm,
arrays containing hundreds of objects can be fabricated quickly
and efficiently. The use of a spatial light modulator (SLM)
enables the creation of multiple traps and the manipulation of
multiple structures simultaneously.58 This multiplexing ap-
proach significantly improves throughput, but involves sharing
the laser beam between multiple traps reducing the time-
averaged optical power in each trap. To improve the trapping
efficiency, and thereby the reliability and speed of manipulation,
we use hybrid micelle-nanoparticle “dandelion” materials
recently described elsewhere by Jia et al.59 These are formed
by coating a 900 nm silica bead with short PFS-b-P2VP (P2VP =
poly-2-vinylpyridine) micelle seeds and which subsequently act
as nucleation sites for the growth of long cylindrical micelle arms
which enable easy deposition and functionalization. The
uniform, isotropic and high refractive index silica core leads to
a high trap stiffness and a relatively predictable interaction with
light making the optical manipulation of the hybrid structures
significantly more efficient.

Visualization and Trapping. Initial experiments confirmed
that the dandelion structures were easily visualized using a
bright-field optical microscope (Figure 1) and could be

Figure 3. (A) Graphical representation of a circular array of cylindrical micelles. (B−E) TIRF images showing arrays formed by the deposition
of trapped cylindrical micelles (Ln = 1073 nm) onto the glass surface using optical tweezers. Scale bars are 5 μm.
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manipulated with a 1064 nm trapping laser. When a laser trap
was moved into close proximity to a mobile dandelion structure,
the latter was pulled into the trap and held in a stable state in
three dimensions. By bringing an optically trapped hybrid
dandelion structure in solution into contact with the glass
substrate, thematerial became quickly immobilized and resistant
to further movement. Here, we believe the van der Waals force
between the high surface area micelle arms, and hydrogen
bonding between the Si−OH groups on the glass surface and the
P2VP coronal segment are important. Because of the ease with
which the hybrid structures trap, multiple dandelions could be
deposited simultaneously or in quick succession.
With the control allowed by optical tweezers, the fabrication

of arrays of completely customizable shape is possible. To
demonstrate this we fabricated arrays of a variety of arrange-
ments, from a smiley face to the letters UOB (Figure 4A−D).
Automation. To further enhance the efficiency of this

process and remove the need for user direction, we created a
program to automate the deposition process. This program is
able to quickly detect, capture, and deposit multiple hybrid
dandelion structures simultaneously, as shown schematically in
Figure 5.
First, the user initializes the process by manually translating

the stage to the desired initial deposition point. The program
then proceeds to analyze the brightfield camera image and
identify any hybrid dandelion structures within this region
(Figure 5A). This is achieved using the LabVIEW vision
acquisition toolbox, which searches the image for a predes-
ignated shape. If no particles are identified within the field of
view, the program instructs the motorized stage to move an

incremental distance along the optical axis, so that an additional
volume/area of the sample can be searched. When a hybrid
structure is detected, the spatial light modulator is automatically
reconfigured to place an optical trap at the location of the object
(Figure 5B). Similarly, if multiple dandelions are detected,
multiple optical traps are created. With multiple hybrid
structures trapped, the positions of the optical traps are
automatically reconfigured, moving the trapped objects into
the configuration necessary to create the array design specified
initially by the user (Figure 5C). To ensure that the object
remains in a stable trapped state throughout the process, a
maximum trap movement speed can be set by the user.
When automatically manipulating the positions of multiple

objects simultaneously, it is necessary to ensure that collisions
between trapped objects are prevented to stop any of the objects
being knocked from their trap. Here we use an algorithm
adapted from that reported by Chapin et al.60 The program
preemptively simulates each movement of the trapped hybrid
structure to check for possible collisions. If an overlap is found,
the planned movement is adjusted to prevent one object being
knocked from its trap by another. To ensure that the micellar
arms of the hybrid structures were kept separate, a safeminimum
distance between two objects was initially set according to TEM
images of the materials.
Having trapped and manipulated several hybrid structures in

solution, the objects are automatically deposited on the surface
by moving the focal plane to that initially specified as the
substrate by the user. Using this method, large arrays can be
quickly and automatically fabricated with reasonable accuracy. A
50 by 50 μm array comprising 100 objects (Supporting

Figure 4. (A−C) Brightfield optical microscope images of customized patterns created by deposition of multiple hybrid dandelion structures in
solution. Scale bars are 3 μm. (D) SEM image showing a single deposited hybrid structure. Scale bar is 1 μm. (E) Schematic.
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Information Figure 1) was fabricated in 10 min; with further
optimization of the setup and materials we expect this process
could bemade substantially quicker andmore precise.While this
is still a long way from the rates needed for many industrial
applications, it is an important step toward the production of
smaller devices, sensors, and prototypes from block copolymer
nanostructures.

CONCLUSIONS
In summary, we have demonstrated that through the
combination of TIRF imaging and optical trapping we can
precisely control the three-dimensional motion of individual
cylindrical block copolymermicelles in solution. By directing the
deposition of trapped single micelles, we were able to fabricate
arrays with almost complete positional control. We also

demonstrate how by utilizing dynamic holographic assembly
the creation of ordered customizable arrays of complex hybrid
block copolymer structures is possible. Such structures would be
impossible to make using top-down or bottom-up methods
alone. By automating the process using image matching and a
collision avoidance algorithm, arrays containing hundreds of
objects can be fabricated quickly and efficiently. The techniques
described here should be applicable to a wide range of block
copolymers with crystalline core-forming segments, including
those with electroactivity,38,46,47,61 enabling greater levels of
solution-phase control and potentially facilitating the creation of
micelle devices with a wide variety of potential applications.

METHODS
General Procedures and Materials. All polymerizations were

carried out in an inert atmosphere glovebox. PFS56-b-(PDMS775-r-
GreenDye20) (PDI = 1.23, the subscripts refer to the number-average
degree of polymerization) was synthesized via living anionic ring-
opening polymerization (ROP),8 followed by postpolymerization
derivitization.62 The 900 nm silica beads were purchased from Bangs
Laboratories. PFS63-b-PDMS513 and PFS20-b-P2VP140 were prepared by
previously described methods involving living anionic ROP.10,48

Transmission Electron Microscopy (TEM). Samples for TEM
were prepared by drop-casting 5 μL of the micelle solution onto a
carbon coated copper grid which was placed on a piece of filter paper to
remove excess solvent. Brightfield TEMmicrographs were obtained on
a JEOL1200EX II microscope operating at 120 kV and equipped with
an SIS MegaViewIII digital camera.

Sample Preparation for Optical Tweezing with TIRF
Apparatus. To produce a sample for the trapping experiments, a 50
mm borosilicate capillary tube (wall thickness 0.1 mm) was filled with a
solution containing the block copolymer micelles. This capillary tube
was then placed on a glass microscope slide where a small amount of
epoxy adhesive was used to seal it at either end and fix it in place.
Occasionally the surface of the capillary tube was found to be curved,
disrupting the TIRF microscopy. As a result, for some of the
experiments a small amount of micelle solution (approximately 10
μL) had to be drop cast onto a glass slide where a coverslip was placed
on top and sealed round the edges with nail varnish. This produced a
sample chamber which had a much smaller volume but still contained
micelle solution.

Sample Preparation for Automated Deposition. To produce a
sample for the trapping experiments, a 50 mm borosilicate capillary
tube (wall thickness 0.1 mm) was filled with a solution containing the
hybrid block copolymer structures. This capillary tube was then placed
on a glass microscope slide where a small amount of epoxy adhesive was
used to seal it at either end and fix it in place.

Optical Setup for TIRF Apparatus. The microscope was fitted
with two stacked filter turrets. A Nikon TI-TIRF adapter was used to
align a 488 nm laser beam (Omicron LightHUB) for TIRF and variable
angle illumination. The dichroic elements and filter sets were optimized
for 488 nm excitation and greater than 505 nm emission. This excitation
wavelength was chosen to match the absorption spectra of the BODIPY
FL dye attached to the corona of the micelles.

Images were recorded with an electron-multiplier charge-coupled
device (Andor iXon EMCCD). The optical trap was created by
coupling a 1090 nm laser (SPI) to an Elliot scientific E3500 system
modified such that the beam diameter slightly underfilled the objective
aperture. The optical trapping path is via the upper filter stack with a
dichroic element that transmits light below 800 nm and reflects the
1090 nm laser beam. As a reference the trapping force exerted on
polystyrene beads (1 μm diameter) dispersed in water measured using
an escape force technique was 0.15 pN/mW.

Preparation of Crystallite Seed Micelles in EtOAc. A sample of
long PFS63-b-PDMS513 cylinders (>10 μm) was prepared by heating a 1
mg/mL solution in EtOAc for 1 h at 75 °C and then allowing the sample
to cool to room temperature and stand for 7 days. PFS63-b-PDMS513
crystallite seeds were then prepared by sonication of 4 mL of this

Figure 5. (A−C) Schematic showing the automated deposition
process. (A) Identification. The current focal plane is scanned for
objects matching the preprogrammed image of the hybrid structure.
If nomatching objects are found within the current focal plane, the z
stage is moved to check another region. (B) Trapping. The SLM is
reconfigured to place optical traps at the positions of the identified
objects. (C) Deposition. The positons of the optical traps are moved
in conjunction with the z position of the stage to deposit the trapped
hybrids at the preprogrammed positions.
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solution for 4 h at 0 °C using a 50 W sonication processor equipped
with a titanium sonotrode at 50% power. A stock solution (0.1 mg/mL,
used in subsequent experiments) was prepared by diluting 1 mL of
seeds in 9 mL of EtOAc.
Ln = 34 nm; Lw = 39 nm; PDI = 1.15; σLn = 0.38; N = 253.
Preparation of Green Fluorescent Micelles. To a 7 mL screw-

cap vial was added 1.9 mL of EtOAc and 100 μL of a 0.1 mg/mL
solution of EtOAc seeds. To this mixture 65 μL of PFS56-b-PDMS775/
GREEN20 stock unimer solution (10 mg/mL in THF) was added while
shaking.
Ln = 1073 nm; Lw = 1105 nm; PDI = 1.03; σ/Ln = 0.17; N = 208.
Structure of Green Fluorescent BCP.

Polymer = PFS56-b-(PDMS775/GREEN20); Mn = 79,800; Block
Ratio = 1:14; PDI = 1.23.
Preparation of Hybrid Block Copolymer Structures.A solution

of 900 nm silica beads in isopropanol was added to a solution of stub-
like PFS20-b-P2VP140 seed micelles in the same solvent (approximately
60 nm in length), such that hydrogen bonding causes the micelles to
bond to the silica surface.
The excess seeds were then removed by centrifugation before

additional PFS20-b-P2VP140 unimers in THF (20 μL of 10 mg/mL)
were added to the seed coated beads in isopropanol (1 mL) causing the
growth of extended cylindrical micelle arms from the exposed
crystalline faces of the cylindrical micelle seeds attached to the central
bead.
Automated Dynamic Holographic Assembly. One major

obstacle which hindered the automated creation of large-scale micelle
arrays was differentiating between a desirable single, unaggregated
hybrid structure and the occasional aggregated larger structure, which
when rotated along the z axis could appear identical. The other major
hindrance was the uncontrolled sedimentation of the hybrid objects,
causing them to become immobilized in undesirable locations. Both of
these issues were overcome by using the top surface of the flow cell or
capillary tube for the deposition process. This meant that no unwanted
sedimentation could take place in the deposition area, and also that any
large and therefore heavy aggregates dropped quickly out of the search
area and remained unencountered. The automated deposition process
was initiated by first setting the z position of the deposition surface.
Next the deposition coordinates were loaded from a text document, and
a previously taken brightfield optical microscope image of the desired
object in the focal plane of the camera was loaded. Parameters such as
the stage’s speed of movement, z axis search interval, trap speed of
movement, and the required match between the preset image of an
object and the observed image could all be modified.
Optical Setup for Automated Deposition Experiments. Our

system, similar to that described elsewhere,58 is designed around a
commercially available inverted microscope (Axiovert 200, Zeiss). A 3
W 1064 nm wavelength laser beam is expanded to fill an electrically
addressed spatial light modulator (P512-0785, Boulder Nonlinear
Systems) controlled using a LabVIEW (National Instruments)
interface, with each hologram calculation performed on a PC graphics
card (nVidia, Quadro FX 5600). The beam is then passed through a
polarizing beam splitter and imaged onto the back aperture of an
objective lens (1.3NA 100× Plan-Neufluar, Zeiss). This simultaneously
focuses the trapping beam creating the optical traps, and images the
sample. Approximately 40% of the laser beam’s power is passed by the
objective and is shared between the traps. Movement of the field of view
around the sample is achieved with a motorized x−y stage (MS2000,

ASI) and a piezoelectric objective focusing system (Mipos 140 PL,
Piezosystem Jena).

Custom Flow Cell Fabrication.To enable ease of use with a range
of solvents, for the deposition experiments an adhesive-free fabrication
process known as anodic bonding was used for the cell preparation of
the cell.63−65

First, a rectangular channel was cut into a 1 mm thick piece of silicon
wafer. Two holes, separated by the length of the channel, were then cut
in a 1 mm thick piece of borosilicate glass chosen for its low coefficient
of thermal expansion. This was then positioned on top of the silicon
wafer, and both were placed in a box furnace. Graphite electrodes were
positioned on top of and underneath the materials, before heating to
500 °C and applying a potential difference of 500 V across the materials.
This caused the diffusion of dissociated oxygen ions in the glass to the
boundary between the glass and silicon, forming silicon dioxide and
generating a strong bond between the two layers.

PTFE tubes were then stretched and pulled through the holes until
held snugly in place before being trimmed. A thin layer of parafilm was
then stretched across the silicon wafer and a 0.1 mm thick coverslip
clamped on top. The device was then heated to 60 °C sealing the
coverslip in place, but allowing it to be removed after the deposition of
BCP assemblies.
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