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H
ollow nanoparticles of either spheri-
cal or cylindricalmorphologies (nano-
cages and nanotubes) are highly

desirable due to their potential utility as
nanoreactors,1 nanocontainers,2 purification
agents,3 delivery vehicles,4 and nanofluidic
materials.5 Several synthetic approaches
have been developed for their fabrication
in solution and in bulk, including layer-by-
layer deposition,6 templated synthesis,7 and
block copolymer (BCP) self-assembly.8,9 The
latter is of particular importance due to the
versatility of BCPs for generating nanoparti-
cles of controlled size and shape (spheres,10,11

cylinders,12,13 and bilayers).14,15

Pioneering work by Wooley et al. utilized
poly(acrylic acid)-b-polyisoprene (P(AA)-b-PI)
spherical micelles as scaffolds for the synthesis
of nanocages by sequential shell cross-linking
and core degradation,8 an approach that
was subsequently extended to other BCP
systems.16�18 Liu and co-workers applied a
similar methodology to spherical and cy-
lindrical reverse micelles to fabricate nano-
cages and nanotubes in organic solvents.19,20

Recently, Ho et al. utilized the bulk phase
separation of polystyrene-b-polylactide

(PS-b-P(LA)) block copolymers to form
hexagonally ordered cylinders, with sub-
sequent P(LA) hydrolysis affording PS
nanotubes.21 Cohen and co-workers re-
ported the formation of cavitated spherical
nanoparticles based on polymeric micelle
templates by a core-swelling/shell-rupture
method performed on micelle thin films.22

While these reports illustrate the potential
of BCP self-assembly for the synthesis of
hollow nanoparticles, they all involve addi-
tional synthetic and characterization steps.
Efficient, reliable, and scalable processing
methods for hollow nanoparticle genera-
tion are still needed to match the experi-
mental simplicity of BCP self-assembly.
Two common real-space approaches for

examining BCP self-assembled nanostruc-
tures are conventional transmission elec-
tron microscopy (TEM) and cryogenic-TEM
(cryo-TEM). In many conventional TEM ex-
periments, samples are imaged in the pre-
sence of heavy metal staining agents that
are essential for enhancing the otherwise
poor electron density contrast between co-
polymer domains, and between the polymer
nanostructures and the support.23 We note
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ABSTRACT The spontaneous one-step synthesis of hollow nanocages and nanotubes

from spherical and cylindrical micelles based on poly(acrylic acid)-b-polylactide (P(AA)-b-

P(LA)) block copolymers (BCPs) has been achieved. This structural reorganization, which

occurs simply upon drying of the samples, was elucidated by transmission electron

microscopy (TEM) and atomic force microscopy (AFM). We show that it was necessary to

use stain-free imaging to examine these nanoscale assemblies, as the hollow nature of

the particles was obscured by application of a heavy metal stain. Additionally, the internal topology of the P(AA)-b-P(LA) particles could be tuned by

manipulating the drying conditions to give solid or compartmentalized structures. Upon resuspension, these reorganized nanoparticles retain their hollow

structure and display significantly enhanced loading of a hydrophobic dye compared to the original solid cylinders.

KEYWORDS: polymer . hollow nanostructures . drying . microscopy . solution assembly . block copolymer . nanoparticles

A
RTIC

LE



PETZETAKIS ET AL. VOL. 7 ’ NO. 2 ’ 1120–1128 ’ 2013

www.acsnano.org

1121

that there are cases where low voltage TEM24 and
energy filtered-TEM (EF-TEM),25,26 for example, also
can be used to overcome these contrast limitations.
Though there have been a small number of studies on
the effects of drying and staining procedures on the
examination of BCP solution assemblies,27,28 these
effects have not been explored in systematic detail.
This has not only led tomisinterpretation of some TEM-
based analyses of solution-based assemblies,29 but it
also presents a significant barrier to the discovery of
new phenomena that spontaneously occur upon the
drying of nanostructured polymer specimens.
Recently, it has been demonstrated that dry state

TEM can be performed using a graphene oxide (GO)
support.30,31 The GO substrate allows organic polymer-
based particles (low�zmaterials) to be imagedwithout
heavymetal stains. Thus, all the structural information of
the dried particles is retained and directly imaged. Here-
in, we demonstrate the spontaneous formation of hol-
low block copolymer nanoparticles examined through
this sample preparation technique. Hollow spherical
(nanocages) and open-ended cylindrical (nanotubes)
particles are produced by simply drop-casting aqueous
solutions of P(AA)-b-P(LA) micelles onto GO substrates.
The extent of this spontaneous structural reconstruction
is tunable, as shown below. By altering the method of
dehydrationduring the casting anddryingprocess, core-
compartmentalized or solid core�shell nanoparticles
were produced in a controlled fashion. These hollow
nanoparticles can be “harvested” from a surface by
resuspension, and they have been demonstrated to
display increased uptake of small molecule hydrophobic
cargoes compared to the precursor cylindrical micelles.

RESULTS AND DISCUSSION

Cylindrical and Spherical Micelle Synthesis. Both cylindri-
cal and spherical polymeric micelle solutions were

obtained from poly(acrylic acid)-b-polylactide (P(AA)-
b-P(LA)) block copolymers, where poly(tetrahydro-
pyran acrylate) [P(THPA)] was used as a precursor to
P(AA), as reported previously (Scheme 1)32 (see Sup-
porting Information for further polymer synthesis and
characterization details). Incorporation of a semicrys-
talline L-lactide block (P(L-LA)) followed by crystalliza-
tion-driven self-assembly afforded P(AA)333-b-P(L-LA)37
cylindrical micelles of controllable length.13 Alterna-
tively, the use of an amorphous D,L-lactide block
(P(D,L-LA)) with subsequent P(THPA) hydrolysis and
self-assembly of the resultant amphiphile produced
P(AA)93-b-P(D,L-LA)32 spherical micelles.

Solution-state characterization confirmed the ex-
pected core�shell structure of these cylindrical and
spherical micelles. Cryo-TEM also gave valuable infor-
mation regarding the morphological identity of the
nanoparticles in their solution state. This information
was particularly useful for the cylinders, whose light
andneutron scatteringdata analysiswasmore challeng-
ing due to the particle length scales and anisotropy.
Analysis of the cryo-TEM data for the cylindrical mi-
celles confirmed the presence of a solid core, with no
distinct corona contrast noted (Figure 1a). The lack of
corona contrast is attributed to solvation of the PAA
chains; a common feature in acrylic acid based assem-
blies. From the cryo-TEM images, the average core
radius of the cylindrical micelles was 16.0 ( 1.5 nm.
To further characterize the nanoscale structure of the
cylinders, small angle neutron scattering (SANS) ex-
periments were performed on samples prepared in
D2O (see Methods section for further details regarding
sample preparation). The SANS data and pair distance
distribution function [P(r)] for P(AA)333-P(L-LA)37 are
shown in Figure 1b.33,34 The tail at larger r in the P(r)
supports that the micelles are elongated, with a radial
cross-section of 27( 2 nm.34�36 Comparing the overall

Scheme 1. Synthesis of P(AA)-b-P(LA) Amphiphilic Block Copolymers
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radial cross-section from SANS (27( 2 nm) to the core
radius from cryo-TEM (16.0 ( 1.5 nm), indicates the
presence of a core�shell structure with a PAA corona
thickness of∼11 nm. Further analysis of the SANS data
with a form factor model for cylinders37 suggested that
the cylinders were greater than 100 nm in length; how-
ever, thefit resultswerenot sensitive to values larger than
100 nm.

For the spherical micelles, cryo-TEM indicates the
presence of a solid core with average core radius of
8.9 ( 0.6 nm (Figure 1c). Comparing the core size and
the number average hydrodynamic radius (Rh) of
13.6 nm (Figure S4, Supporting Information) from dy-
namic light scattering (DLS), gave a PAA corona thick-
ness of 4.7 nm, suggestive of crew-cut micelles. Anal-
ysis of the P(r) from the SANS data (Figure 1d) further
supports that the spherical micelles were solid (i.e., not
hollow) in solution,34 giving a radius of gyration (Rg) of
11 nm. Additionally, the obtained Rg/Rh ratio of 0.81 is

consistent with the theoretical value for hard spheres
(0.78).38,39

Hollow nanoparticle synthesis. Aqueous solutions of
cylindrical and spherical micelles (0.25 g 3 L

�1) were
drop cast onto GO TEM grids and imaged directly. First,
a drop of GO dispersed in nanopure water was depos-
ited on a lacey carbon support to give a virtually elec-
tron transparent substrate. Then 2 μL of micelle solu-
tionwas slowly air-dried to the grid in a desiccator, with
full evaporation of the solvent taking 30 min.31 The
resulting images showed that both the cylindrical and
spherical micelles had undergone a spontaneous cavi-
tation on drying on the grid (Figures 2a and 3a). These
hollow cylinders were noted uniformly across the GO
TEM grids and were found to have an average core
radius (Rcore) of 9.8( 0.9 nm. Additionally, the cylinders
had lower electron density at the two ends, strongly
suggesting the formation of nanotubes. This formation
of nanotubes is related to the crystallization driven

Figure 1. Cryo-TEM image of (a) P(AA)333-b-P(L-LA)37 cylindrical micelles (scale bar = 200 nm) and (c) P(AA)93-b-P(D,L-LA)32
sphericalmicelles (scale bar = 50 nm); SANSdata (symbols) andfit by the indirect Fourier transformation (line) for (b) P(AA)333-
b-P(L-LA)37 cylindrical micelles in D2O; inset: pair distance distribution function [P(r)] and d) P(AA)93-b-P(D,L-LA)32 spherical
micelles.
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self-assembly methodology that was used, which is
known to produce cylinders containing uncapped
ends.40

To further examine the particles and confirm that
the noted electron density contrast was not the result
of phase contrast; the same GO grids also were char-
acterized by high angle annular dark field scanning
TEM (HAADF-STEM). In this method, the collected
electrons are scattered in wide angles where incoher-
ent scattering dominates, and therefore exclusively
z-contrast dependent images are created. Again, the
particles appeared hollow, and the contrast effects

were similar to conventional TEM, likely ruling out
phase contrast as a source of this observed effect
(Figure 2b). Further analysis by energy-filtered TEM
(EF-TEM) also supported that the noted core�shell
contrast was a consequence of a decreased density
of carbon and oxygen (and therefore polymer) at the
center of the cylinders (Figure 2c) and spheres
(Figure 3b), revealing that the micelles had dried to
form truly hollow structures on the GO surface. One of
the previously demonstrated advantages of GO-coated
grids is the ability to use them for multi-technique
imaging of the same sample grid.31 Atomic force
microscopy (AFM) analysis of the hollow particles
dried to a GO grid revealed that the cylindrical nano-
particles hadnot collapsed, but rather had retained their
circular cross-section (Figure S9 and S10, Supporting
Information). Additionally, the AFM height measure-
ments (32.0 ( 2.1 nm) were in reasonable agreement
with the cylindrical micelle diameter values obtained
by TEM (28.0 ( 1.8 nm), which indicates that the
structures could be described as nanotubes consist-
ing of 1-dimensional nanochannels with an internal
diameter of 20 nm and a wall thickness of ∼6 nm
(Figure 2d). Traditional dry-state TEM using the nega-
tive stain phosphotungstic acid (PTA) revealed cylind-
rical nanoparticles with Dmicelle = ∼27 nm (Figure S13,
Supporting Information) in reasonable agreement with
unstained images. However the stainingprocess obscured
the hollow nature of the particles, with a uniform
electron density found across all nanoparticles.

Analysis of the spherical micelles cast on the GO
surfaces also showed a drying effect with a greater
density at their edges than at their centers. These
hollow spheres were found to have an average radius
(Rav) of 9.1( 1.1 nm (Figure 3a). In addition, AFM anal-
ysis indicated that the hollow spheres had an average
height of 6.6( 1.8 nmabove the surface (Figure 3c, S11
and S12, Supporting Information), which suggests that
the particles had collapsed to some extent, as this
height is significantly less than the particle diameter.
Again, dry-state TEMusing PTA stain revealed spherical
particles with sizes in agreement with unstained
images, Rav = 8.9 ( 1.3 nm (Figure 3d).

The extent of the structural reconstruction of the
nanoparticles can be controlled by altering the drying
method. In contrast to the slow evaporation method
(Figure 2a), drop-casting of the cylindrical micelles on a
GO grid followed by blotting after 1 min (fast-drying)
produced dried particles that had undergone a recon-
struction to form necklace-like structures (Figure 4a
and S15, Supporting Information). In this case, the
compartments have an average length of 23.0 (
3.1 nm and are separated by P(LA) layers that are as
thin as 4 nm. This effect is related to the nonuniform
degree of crystallinity along the core of the cylinders.
We hypothesize that the blotting/fast-drying method
provides less time for morphological rearrangement.

Figure 2. (a) TEM image of hollow P(AA)333-b-P(L-LA)37
cylinders; (b) HAADF-STEM image of hollow P(AA)333-b-P(L-
LA)37 cylinders; (c) EF-TEM carbon map of hollow P(AA)333-b-
P(L-LA)37 cylinders; (d) AFM image of hollow P(AA)333-b-P(L-
LA)37 cylinders. All scale bars = 100 nm.

Figure 3. (a) TEM image of hollow P(AA)93-b-P(D,L-LA)32
spheres (scale bar = 100 nm); (b) EF-TEM carbon map of
hollow P(AA)93-b-P(D,L-LA)32 spheres (scale bar = 100 nm);
(c) AFM image of hollow P(AA)93-b-P(D,L-LA)32 spheres (scale
bar = 200 nm); (d) PTA stained TEM imageof hollowP(AA)93-
b-P(D,L-LA)32 spheres (scale bar = 100 nm).
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As a consequence, the “hollowing” of the cylinders
does not occur uniformly along the cylinder core, likely
resulting from the fact that the crystalline P(LA) regions
are relatively stable in comparison to the amorphous
material. Furthermore, structural reconstructions can
be eliminated entirely by using a freeze-drying pre-
parationmethod for both cylinders (Figure 4b and S16,
Supporting Information) and spheres (Figure S18,
Supporting Information). After drop-casting the sam-
ple, the GO grid was immediately plunged into liquid
nitrogen and freeze-dried to remove water.41 The
resulting TEM images of both spherical and cylindrical
micelles revealed solid particles with a uniform density
across their diameter, in agreement with their solution-
state nanostructures, as determined by cryo-TEM.

“Harvesting” of Hollow Nanoparticles. After their struc-
tural reorganization upon drying, hollow nanotubes
could be “harvested” by resuspension in water. This
was achieved by the addition of a solution of solid
micelles (1 mL, 0.25 g 3 L

�1) to a 1.5 mL Eppendorf tube,
that was subsequently placed in a desiccator at re-
duced pressure to slowly remove the water. After 16 h,
the particles had dried to the plastic surface of the
Eppendorf tube, at which point addition of nanopure
water allowed resuspension of the hollow particles at a
chosen concentration.

Resuspended nanotubes were visualized by cryo-
TEM (Figure 5). There is a clear contrast difference
across the diameter of the hollow nanotubes, revealing
a lower density (i.e., hollow) core, in comparison to the
solid walls. The average radius of the hollow core is
8.0 ( 1.3 nm, with the higher contrast polylactide
adding a further 13.8 nm to radius (giving a total of
21.8( 2.4 nm for the visible radius of the particles). This
lower density core indicates that the hollow nanotubes
likely have an internal water pool, suggesting that the
hydrophilic poly(acrylic acid) forms both the internal
and external interfaces. Comparison with the solid
micelles (Figure 1), which have a uniform contrast
across their diameter, gives clear evidence that the
hollow nanotubes have survived the resuspension
process. Also, it was found that the hollow nanotubes
are open-ended, in agreement with the hollow struc-
tures imaged on a GO support (Figure 2). As expected,

when a solution of solid micelles was freeze-dried and
then resuspended, the cryo-TEM images showed un-
changed solid particles.

When the “harvesting” procedure was repeated for
the hollow spherical nanocages, cryo-TEM images
again provided evidence that the resuspended parti-
cles had undergone amorphology change (Figure S19,
Supporting Information). However, due to the much
smaller size of the spherical particles in comparison to
the cylinders, it was difficult to unambiguously identify
spheres with a hollow core.

The solution of hollow cylinders shown in Figure 5
was reimaged by cryo-TEM one month after resuspen-
sion (Figure S20, Supporting Information). On this
occasion only a small proportion of the cylinders
retained a hollow core, while the majority had re-
equilibrated to their initial solid core structure.

Mechanism of Hollow Particle Formation. We propose
that the spontaneous cavitation of the P(AA)-b-P(LA)
nanoparticleswhen slowly dried to a substrate is due to
hydrogen-bonding between the polylactide core and
poly(acrylic acid) corona, which will become fully pro-
tonated upon drying. During the slow evaporation
preparation method, a contraction of the core to the
corona occurs, leaving a hollow center (Figure 6).When
the hollow particles are resuspended in water, it is
expected that the hydrogen-bonding between the
poly(lactide) and the now solvated poly(acrylic acid)
blocks would be disrupted, leading to aggregation of
poly(lactide) chains. As the block ratio P(AA):P(LA) > 1,
it is also possible that some poly(acrylic acid) units
remain hydrogen bonded to poly(lactide), while the
remainder are solvated. As discussed above, it was
observed that this kinetically trapped hollow state re-
equilibrated over time to the initial solution state
morphology. We believe that this proposed collapsed
structure for the hollow particles is more likely than a
bilayer structure for a number of reasons. The high

Figure 4. TEM images of P(AA)333-b-P(L-LA)37 cylindrical
micelles on GO substrates prepared by (a) blotting and (b)
freeze-drying. All scale bars = 200 nm.

Figure 5. Cryo-TEM image of “harvested” hollow cylindrical
nanotubes. Scale bar = 100 nm.
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curvature of the initial micelles resulting from the
large P(AA):P(LA) block ratio, the similarity in size of
particles before and after hollowing, and the large
energetic barrier required for the significant reorgani-
zation to a bilayer structure all disfavor the existence of
a bilayer.

In order to test this theory, poly(ethylene oxide)
[P(EO)] was utilized as an alternative, non hydrogen-
bond donor corona block. Solid spherical micelles with
number average Rh of 8.0 nm (as measured by DLS)
were obtained from commercially available P(EO)5k-b-
P(D,L-LA)4k as previously demonstrated.42,43 Then,
these particles were dried on GO TEM grids using the
same slow evaporation preparation used with the
P(AA)-b-P(LA). The resulting nonstained TEM images
revealed a uniform electron density across the surface
of the particles, with the complete absence of hollow
structures, indicating that no structural reconstruction
had occurred (Figure S21, Supporting Information).

We anticipate that other particles containing differ-
ent hydrogen bonding donor�acceptor polymer
blocks (potentially already existing on the shelves of
many laboratories) will be able to undergo similar
spontaneous reconstructions, providing direct access
to nanocages and nanotubes of different chemical
compositions and functionalities. Furthermore, it is
conceivable that one could control the internal tube/
cage diameter simply by tuning the length of the core
block of the BCP.

Hollow Particle Loading. The hydrophobic dye Nile
Red has previously been used asmodel small molecule
cargo to demonstrate the increased loading capacity of
nanocages, when compared to analogous solid
nanoparticles.1 To investigate whether previously “har-
vested” solution of hollow P(AA)-b-P(LA) particles had
an increased encapsulation ability compared to their
solid precursors, a series of Nile Red loading experi-
ments was performed. First, aqueous solutions (1 mL,
0.25 g 3 L

�1) of solid cylindrical and spherical micelles,
and a control (1 mL nanopure water) were added to
Nile Red (2 mg), and the mixtures were incubated for

16 h. After filtration (0.45 μmNylon filter) and dialysis to
remove excess Nile Red, UV�vis spectroscopy revealed
aminor increase in absorption compared to the control
sample. However, when the procedure was repeated
with the resuspended hollow nanotubes (see Figure 5),
a significant absorption due to Nile Red was observed,
which indicates the sequestration of dye by the hollow
nanotubes (Figure 7). Interestingly, when the proce-
dure was repeated with hollow nanocages, there was
no improvement in uptake of Nile Red, compared to
the original solid spherical micelles (Figure S22, Sup-
porting Information). It is proposed that the open ends
of the hollow cylinders allow diffusion of Nile Red into
the vacant core, leading to a greater loading ability in
comparison to the solid cylinders. We propose that the
lack of such an opening in the spheres provides a
similar energetic barrier for crossing the poly(acrylic
acid) corona for both solid and hollowparticles, thus no
improvement in loading is noted for the hollow
nanocages.

CONCLUSIONS

In summary, we have demonstrated that cylindrical
and spherical block copolymer nanoparticles of P(AA)-
b-P(LA) undergo a spontaneous cavitation upon drying

Figure 6. Schematic depiction of hollow particle formation, showing a cross-section of a cylindrical or spherical particle.

Figure 7. UV�vis spectra for Nile Red (NR) loading experi-
ments with cylindrical nanoparticles.
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on a substrate to form nanocages and nanotubes of
controlled length. We have shown that by manipulat-
ing the drying conditions, we can impart control over
the morphology of the nanostructures formed. Addi-
tionally, hollow particles can be “harvested” by the
resuspension of slowly dried micelles, and these hol-
low nanotubes show an increased loading capacity for

a model hydrophobic dye. Furthermore, it was illu-
strated that this phenomenon is obscured when ap-
plying heavy metal staining agents commonly used in
transmission electron microscopy. The spontaneous
structural reconstruction method presented herein
should have wide-ranging potential for the synthesis
of a broad range of hollow particles.

METHODS

Micelle Self-assembly. Spherical micelles were formed by
direct dissolution of the lyophilized polymer. P(AA)93-b-P(D,L-
LA)32 was added to nanopure water to a final polymer concen-
tration of 0.25 g 3 L

�1. The solution was stirred at 55 �C for 3 h
before being stirred at room temperature overnight. Cylindrical
micelles of P(AA)333-b-P(L-LA)37 were formed by crystallization
driven self-assembly, which takes place in situ sequentially after
the PTHPA block hydrolysis of P(THPA)333-b-P(L-LA)37. The cy-
lindrical micelles were redispersed in nanopure water by direct
dissolution at 0.25 g 3 L

�1. By altering the tetrahydrofuran (THF)
content during the hydrolysis process cylinders of predictable
lengths can be generated.

Formation of Hollow P(AA)-b-P(LA) Nanocages and Nanotubes by Slow
Evaporation. Solutions of micellar assemblies (2 μL) were drop-
cast onto a preprepared GO TEM grid. Then, the grid was left to
air-dry for 30min in a desiccator. The dried grid could be directly
imaged by TEM, AFM, or SEM. Alternatively, phosphotungstic
acid (PTA) stain (2 μL) was applied to the sample on the grid and
blotted after 1 min to give stained grids for additional TEM
analysis.

Formation of Compartmentalized Necklace like P(AA)333-b-P(L-LA)37
Cylindrical Nanoparticles by Blotting. Solutions of P(AA)333-b-P(L-LA)37
cylindrical micelles (2 μL) were drop-cast onto a preprepared GO
TEM grid. Then, the grid was left to air-dry for 1 min before excess
solutionwas removed by blotting. The dried grid could be directly
imaged by TEM, AFM, or SEM.

Formation of Solid P(AA)-b-P(LA) Spherical and Cylindrical Nanoparticles
by Freeze-drying. Solutions of micellar assemblies (2 μL) were
drop-cast onto a preprepared GO TEM grid. Then, the grid was
immediately plunged into liquid nitrogen, and water was
removed by freeze-drying the grid inside a glass ampule. The
dried grid could be directly imaged by TEM, AFM, or SEM.

“Harvesting” of Hollow P(AA)-b-P(LA) Spherical and Cylindrical Nano-
particles. Solutions of micellar assemblies (1 mL, 0.25 mg) were
added to a 1.5 mL Eppendorf tube. The tube was placed in a
desiccator (P2O5), at reduced pressure (10 mbar) for 16 h.
Addition of a known quantity of nanopure water produced
solutions of hollow nanoparticles at the desired concentration.

Nile Red Loading. A solutionof nanoparticles (1mL, 0.25g 3 L
�1)

was added to an excess of Nile Red (2 mg). The mixture was
stirred for 16 h, before filtration (0.45 μm Nylon syringe filter)
and dialysis (Millipore “AmiconUltra” centrifugal filter 10 kDa) to
remove excess Nile Red. A control experiment using Nile Red
(2mg) and nanopurewater (1mL) was used as a background for
UV�vis spectrometry. Spectra were normalized using the ab-
sorption of the polymeric RAFT end-group (λmax = 307 nm).

Self-assembly of P(EO)5k-b-P(D,L-LA)4k to Give Spherical Micelles, and
Subsequent Formation of Solid Nanoparticles. P(EO)5k-b-P(D,L-LA)4k
(10 mg) was dissolved in THF (5 mL) by sonicating for 2 h.
Nanopure water (5 mL) was added dropwise to the polymer
solution using a metering pump, and the mixture was stirred
overnight at room temperature. Then, the mixture was exhaus-
tively dialyzed (MWCO 3.5 kDa dialysis tubing) against nano-
pure water. The resulting solution was drop-cast onto a pre-
prepared GO TEMgrid. The grid was left to air-dry for 30min in a
desiccator. The dried grid could be directly imaged by TEM,
AFM, or SEM.

Transmission Electron Microscopy (TEM). Dry-stained images were
obtained on 300 mesh Formvar/carbon grids. GO imaging was
performed on 400mesh lacy carbon films that contain deposited

GO films. GO solutions30 (0.10�0.15 g 3 L
�1) were sonicated for

30 s prior to use. Lacey carbon grids (400 Mesh, Cu) (Agar
Scientific) were cleaned using air plasma from a glow-discharge
system (2 min, 20 mA). This step is not essential, but increases
the hydrophilicity of the lacy carbon, which improves the
coverage of GO to typically >70%. One drop (∼0.08 mL) of
the sonicatedGO solutionwas deposited onto each grid and left
to air-dry for 30 min. Once dry, the grids could be stored for
several weeks before sample deposition. A video abstract is also
available on how to prepare the GO grids.44 Average sizes of the
micelles were determined from counting the sizes of at least 100
particles for 3 different images. Images were taken using a Jeol
2010F TEMoperated at 200 kV and imaged using a GatanUltrascan
4000 camera. Images were captured using Digital Micrograph
software (Gatan).

The cryo-TEM image in Figure 5 was taken a Jeol 2010F TEM
operated at 200 kV and imaged using a GatanUltrascan 4000
camera. Images were captured using Digital Micrograph soft-
ware (Gatan). A 3 μL droplet the sample solution at 25 �C was
added to a holey carbon-coated copper grid, and the grid was
blotted to remove excess solution. Subsequently, the grid was
plunged into liquid ethane to vitrify the sample. The tempera-
ture of the cryo-stage was maintained below�170 �C. All other
cryo-TEM images were taken at the Laboratory of Materials and
Interface Chemistry of Eindhoven University of Technology.
Sample preparation for cryo-TEM was carried out in an auto-
mated vitrification robot (FEI Vitrobot Mark III) using liquid
ethane as cryogen. TEM grids (Quantifoil R2/2, Quantifoil Micro
Tools GmbH, Jena, Germany) were glow discharged prior to use
in a Cressington 208 carbon coater for 40 s. CryoTEM samples
were imagedwith the TU/e CryoTitan (FEI,www.cryotem.nl). The
CryoTitan is equipped with a field emission gun (FEG), a post
column Gatan Energy Filter (GIF) and was operated at 300 kV.
Images were recorded on a post-GIF 2k x 2k Gatan CCD camera
using zero-loss energy filtering with a 20 eV energy window.

Atomic Force Microscopy (AFM) and Scanning Electron Microscopy
(SEM). AFM was conducted in tapping mode on a Multimode
AFMwith Nanoscope IIIA controller with Quadrex, or an Asylum
ResearchMFP3D-SA. Silicon AFM tips (MikroMasch NSC18) were
used with a nominal spring constant and resonance frequency
of 3.5N/mand75 kHz, respectively. SEM imageswere acquiredona
Zeiss Supra55VP operating at an accelerating voltage of 2 kV.

Small Angle Neutron Scattering (SANS). SANS data for P(AA)93-b-
P(D,L-LA)32 were collected at the ISIS neutron facility, Rutherford
Appleton Laboratories, on the time-of-flight LOQ diffract-
ometer. The incident wavelength range of 2.2�10 Å gave rise
to a q-range of 0.009�0.249 Å�1. Absolute intensities for I(Q)
(cm�1) were determined within 5% bymeasuring the scattering
from a partially deuterated polymer standard. Standard proce-
dures for data treatmentwere employed.45Measurements were
made at 25 �C, and the sample was prepared in D2O and run in a
2 mm quartz cell.

SANS data for P(AA)333-b-P(L-LA)37 in D2O were collected at
the National Institute of Standards and Technology (NIST) Center
for Neutron Research (NCNR). Experiments were performed on
the NG-7 30 m SANS instrument using an incident wavelength
of 6.0 Å with a wavelength spread (Δλ\λ) of 0.12 and sample to
detector distances of 1.0, 4.0, and 13.5 m to cover a scattering
vector range from 0.004 Å�1 < q < 0.4 Å�1. Absolute intensities
were determined using the direct beam flux method and
the data were reduced using standard procedures provided
by NIST.37
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The pair distance distribution function [P(r)] was deter-
mined using the indirect Fourier Transformation method in
the SansView Program developed by the University of Tennes-
see as part of the Distributed Data Analysis of Neutron Scatter-
ing Experiments (DANSE) project.
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