ABC Triblock Copolymer Vesicles with
Mesh-Like Morphology
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ABSTRACT Polymer vesicles made from poly(isoprene-b-styrene-b-2-vinyl pyridine) (PI-b-PS-b-P2VP) triblock
copolymer confined within the nanopores of an anodic aluminum oxide (AAO) membrane are studied. It was

found that these vesicles have well-defined, nanoscopic size, and complex microphase-separated hydrophobic

membranes, comprised of the PS and Pl blocks, while the coronas are formed by the P2VP block. Vesicle formation

was tracked using both transmission and scanning electron microscopy. A mesh-like morphology formed in the

membrane at a well-defined composition of the three blocks that can be tuned by changing the copolymer

composition. The nanoscale confinement, copolymer composition, and subtle molecular interactions contribute

to the generation of these vesicles with such unusual morphologies.
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formed by polymeric amphiphiles have

been widely studied. Bilayers, cylinders,
and spheres form spontaneously when dis-
persed in water, depending on the size and
shape of the hydrophobic and hydrophilic
portion of the macromolecules." Among all
those motifs, vesicles play a special role as
synthetic mimics of lipid-based living cell
membranes. Block copolymer vesicles
(polymersomes) exhibit superior mechani-
cal and physical properties compared to
lipid-based vesicles. Higher copolymer mo-
lecular weights lead to increased bending
rigidities and critical areal strain before rup-
ture as well as the membrane
permeability.?* Based on these proper-
ties, polymeric vesicles hold promise for
many potential applications in areas such
as drug delivery, microreactors, and
microcapsules.®>

ABC triblock copolymer vesicles have
been investigated as mimics of natural
membranes, most of which are asymmetric
to help orient membrane proteins to fulfill
their biological function.’® '3 The introduc-
tion of three different blocks provides addi-
tional means to manipulate the size, shape,

] n recent decades, the morphologies
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and stability of the vesicle structure. Stoe-
nescu et al. reported the forming of asym-
metric membranes in poly(ethylene oxide)-
b-poly(dimethyl siloxane)-b-poly(methyl
oxazoline) (PEO-b-PDMS-b-PMOXA) triblock
copolymer, which has been shown to prop-
erly orient a trans-membrane protein.'*""
Biocompatible asymmetric membranes
have also been reported for poly(ethylene
oxide)-b-poly(caprolactone)-b-poly-(acrylic
acid) (PEO-b-PCL-b-PAA) triblock copoly-
mers.'? Liu et al. studied the change of ag-
gregate morphologies of the biamphiphilic
triblock poly(acrylic acid)-b-polystyrene-b-
poly(4-vinyl pyridine) (PAA-b-PS-b-P4VP) as
a function of pH in DMF/THF/H,0O mixtures
and found a reversible conversion from
vesicles (pH around 1) to solid spherical or
ellipsoidal aggregates (pH from 3 to 11) and
finally back to vesicles (pH around 14).'3
Brannan et al. also achieved asymmetry in
vesicle membranes by using an ABCA co-
polymer poly(ethylene oxide)-b-
polystyrene-b-polybutadiene-b-
poly(ethylene oxide) (PEO-b-PS-b-PBD-b-
PEO), which was attributed to the high in-
terfacial tension between PBD and water
causing the former chains located toward
the inner leaflet.’*

Polymer vesicles are commonly gener-
ated using methods like solvent switching,
film rehydration, electroformation, and
microfluidics.”>'® On the other hand, nu-
merous polymer nanostructures can be pro-
duced using porous templates, like anodic
aluminum oxide (AAO) membranes. These
membranes are characterized by their nar-
row pore size distribution and regular ar-
rangement of the pores.'” Currently acces-
sible pore diameters range from 8 to 500
nm, which enable the systematic variation
of the degree of confinement from nearly
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bulk to highly confined, i.e., to dimensions smaller than
the radius of gyration. By tuning the confinement and
the surface properties of the cylindrical pore, nanorods
of polystyrene-b-polybutadiene (PS-b-PBD),
polystyrene-b-poly(4-vinyl pyridine) (PS-b-P4VP), and
polystyrene-b-poly(methyl methacrylate) (PS-b-PMMA)
have been prepared within AAO membranes, and the
resultant morphologies were studied.'® 22 Novel mor-
phologies, including helices and stacked toroids, were
obtained due to the forced curvature and the confine-
ment induced entropy loss.'®?*2* In addition, porous
nanotubes®>~?° and other mesoporous
nanostructures®®~3* were produced using AAO mem-
branes from other copolymers, including polystyrene-b-
polyacrylonitrile (PS-b-PAN), PS-b-P4VP, and poly(ethyl-
ene oxide)-b-poly(propylene oxide)-b-poly(ethylene
oxide) (PEO-b-PPO-b-PEO).

However, the potential use of AAO membranes to
guide and control the formation of polymer vesicles
has not been well studied. Previously Chen et al. re-
ported a promising method to make mesoporous nano-
structures by annealing block copolymer materials
within the confinement of AAO membrane nano-
pores.®? Here we further explored the use of this
method in making polymer vesicles. A schematic dia-
gram of the sample preparation is shown in Scheme 1.
Polyisoprene[1,4-addition]-b-polystyrene-b-poly(2-vinyl
pyridine) (PI-b-PS-b-P2VP) triblock copolymer vesicles
with relatively uniform size were produced within the
nanopores of AAO membranes. Moreover, these
vesicles were found to have a unique mesh-like mor-
phology inside the hydrophobic membrane (Figure 1A).
This morphology, more than likely, arises from the co-
polymer composition and the moderate volume frac-
tion of Pl block in the PI-b-PS-b-P2VP copolymer. We
found the morphologies to be extremely sensitive to
changes in molecular weight and composition of tri-
block copolymer. This process offers a simple way to
fabricate block copolymer vesicles with tunable uniform
size and complex structures interior to the bilayer of a
well-controlled length scale, which could be further uti-
lized as nanostructured templates.
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RESULTS AND DISCUSSION

Typical morphologies of PI-b-PS-b-P2VP (IS2VP80k)
triblock copolymer generated after 5 min heating of
the AAO membrane in ethylene glycol are shown in Fig-
ure 1. The transmission electron microscopy (TEM) im-
age in Figure 1A shows a vesicular structure, exhibiting
a red blood cell-like shape, as shown in the scanning
electron microscopy (SEM) image of Figure 1B. This con-
cave shape indicates that a hollow structure (vesicle)

Average diameter:

704 \\: _\ 204.5+24.5 nm
) 60 >§§ '\.\
§ 50 //' §§ ‘.\.

Diameter (nm)

Figure 1. Electron micrographs of a typical vesicle structure gener-
ated from 1S2VP80k triblock copolymer in 200 nm AAO membrane:
(A) TEM image of vesicles with Pl microphase selectively stained by
0s0,. Most of the hollow vesicular shape remains stable due to the fact
that after quenching the temperature is below T, of PS block, which
forms the major part of the hydrophobic membrane. Insert: zoomed-in
view of one vesicle, showing the fine morphology inside the hydro-
phobic layer. (B) SEM image of the same vesicles and (C) size distribu-
tion of vesicles obtained from the SEM images.
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Figure 2. TEM images of structures generated from IS2VP80k tri-
block copolymer within confinement of 200 nm AAO membrane
nanopores after heating in ethylene glycol for different periods of
time: (A) 12's, (B) 15 s, (C) 30 s (inserted with zoomed-in view), (D)
1 min (inserted with zoomed-in view), (E) 1.5 min (inserted with
zoomed-in view) and (F) 3 min. All the samples were prepared by
dropping suspension solution onto copper grids, dried, and then
selectively stained by OsO,.

formed during the process collapsed upon drying. The
histogram in Figure 1C reflects a moderately narrow
size distribution with an average diameter of 204.5 nm,
which is consistent with the mean diameter of the nan-
opores in the membrane. Here the data are gathered
from several SEM images, and both spherical and cylin-
drical diameters of the vesicles are counted. Vesicular
structures were generated, since ethylene glycol is a se-
lective solvent for the P2VP block at elevated tempera-
tures,®? and the volume fraction of P2VP block in this tri-
block copolymer IS2VP80k is only 12.8%. The relatively
short P2VP block biases the formation of bilayered
(vesicle) structures in a selective solvent, consistent
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with the results for PS-b-P4VP reported previously.>?
An expanded view of one vesicular morphology reveals
a finer morphology formed within the hydrophobic
layer. Since OsO,4 was used to selectively stain the PI,
while PS remained unstained and appeared light gray
in color, the mesh-like morphology indicates mi-
crophase separation occurs within the vesicular
structure.

A control experiment was performed by directly dis-
persing a bulk sample of 1IS2VP80k in ethylene glycol
heated at 150 °C for 1 day. Instead of forming vesicles,
the bulk copolymer barely dissolved in ethylene glycol.
We also investigated the structural evolution inside the
nanopores of the AAO membrane by changing the
heating time at 150 °C from several seconds to 5 min.
After quenching in ethylene glycol at temperatures be-
low the glass-transition temperature (T4) of PS and
P2VP (~100 °C), structures at different stages were ki-
netically trapped and released from AAO membranes
for characterization.

The resultant structures formed at different times
are shown in Figure 2. As the starting point, the block
copolymer solutions were drawn into the nanopores
of AAO membrane by capillary action and, after solvent
evaporation, left as a thin layer deposited onto the
walls of the nanopores. Upon exposure to ethylene gly-
col at high temperature (150 °C), which is a selective sol-
vent for the P2VP block, for just 12 s, the IS2VP80k dis-
solved and formed cylindrical micelles inside the
nanopores of the membrane. As shown in Figure 2A,
these cylindrical micelles are separated and disperse af-
ter release from the membrane. However, after a few
more seconds of heating, the cylindrical micelles began
to fuse together. Because of this, a tubular shape was
obtained, as shown in Figure 2B, even after separation
from the AAO membrane. After longer heating times,
hollow tubes formed, as shown in Figure 2C. The tube
diameter is ~100 nm, similar to the size of cylindrical
micelle bundles shown in Figure 2B and much smaller
than the nanopore diameter (~200 nm). Moreover, the
tube ends remained open at this stage, and microphase
separation began to take place. In Figure 2C, the Pl mi-
crophase is shown as isolated black dots and lines dis-
persed in a gray PS matrix. In the next stage, the tube
ends closed, presumably to minimize the free energy
cost associated with vesicle edges, as shown in Figure
2D. The tube diameter and microphase separated mor-
phology remained almost the same as in the previous
stage, but the distribution of PI microdomains changed
from being a random dispersion along the entire hydro-
phobic membrane thickness in Figure 2C to a concen-
trated layer shifted away from the outer edge of the
membrane. After another 30 s of heating, the tube di-
ameter, as shown in Figure 2E, increased to ~200 nm,
which is equal to the size of the nanopores in the AAO
membrane. The morphology also changed during the
swelling process, where the concentrated, but still
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isolated, Pl layer changed from being continuous to a
layer perforated with holes. This is the morphology ulti-
mately observed in the vesicles. Fluid cylinders are un-
stable to long-wavelength surface fluctuations and gen-
erally undergo a Rayleigh instability in which they break
into spherical drops.?*3? Indeed, we observed that the
tubules became wavy or undulated along the tube axis,
while the internal morphology remained unchanged,
as shown in Figure 2F. With even longer heating time,
the undulating tubes broke into spheres or shorter
tubes, resulting in the vesicle structures of the final
stage.

Expansions of the TEM images in Figure 2D and E
lead to the following question: Does the apparent
asymmetry along the direction across the hydrophobic
membrane come from an asymmetric structure? We
know that asymmetry may be due to a real asymmet-
ric structure or a particular direction of projection of
three-dimensional structures onto a two-dimensional
plane. To further investigate the inner morphology of
the hydrophobic membrane, microtomed cross sec-
tions were obtained, and the TEM images are shown in
Figure 3. The first two images show the morphology ob-
tained in the hydrophobic membrane of 1IS2VP80k
tubes confined within the AAO membrane after heat-
ing in ethylene glycol for 1 min. In Figure 3A, Pl was se-
lectively stained, and the microdomains appeared as
dark dots and lines. Then P2VP block was subsequently
stained and appeared as gray regions around the Pl do-
mains in Figure 3B. From a comparison of these two im-
ages, it is evident that there is a P2VP corona on both
sides of the hydrophobic layer, further evidence of the
vesicle structure. In addition, the small white gap be-
tween the P2VP region and the PI lines in Figure 3B in-
dicates the presence of PS layers on both sides of the
continuous PI layer. The presence of the continuous Pl
layer is further supported by the results in Figure 3C and
D, which shows the morphology obtained from
I1S2VP80k samples after heating in ethylene glycol for 5
min. A dark mesh-like layer with white holes inside is
seen in Figure 3C, and a diffuse gray region around the
edge after the P2VP was stained (Figure 3D). Since
0s0, only stains PI, the dark mesh is Pl, and the white
holes are PS perforating the middle Pl layer.

Based on these results, the morphology can be de-
scribed as: P2VP chains form corona on both sides of
the hydrophobic membrane in the vesicle; and Pl with
the PS form the hydrophobic membrane, with Pl com-
prising a continuous mesh layer sandwiched and perfo-
rated by PS. This is shown schematically in Scheme 2.
The observation that the Pl block remains between
two PS layers can be attributed to two factors. First is
the higher interfacial tensions of Pl and ethylene gly-
col, in comparison to PS and ethylene glycol,'* and the
second is the sequencing of the three blocks, where PS
is the center block bridging between the Pl and P2VP
blocks. This architecture essentially excludes the forma-
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Figure 3. TEM images of morphologies in the hydrophobic membranes
of structures generated from IS2VP80k triblock copolymer within con-
finement of 200 nm AAO membrane nanopores after heating in ethyl-
ene glycol for: (A and B) 1 min and (C and D) 5 min. All the samples
were prepared by microtoming, while (A and C) were stained by 0sO,
where Pl microdomains appear to be dark, and (B and D) were further
stained from (A), and (C) separately by C;Hsgl,, where P2VP micro-
domains appear to be gray and Pl remains dark.

tion of an asymmetric hydrophobic membrane in the
vesicle with a selective solvent for P2VP present,
strongly favoring the formation of a double-layered
membrane with the block copolymer, arranged as
P2VP—PS—PI—PI—PS—P2VP. The apparent asymmetry
shown in Figures 1A and 2D and E results from the pro-
jection of a three-dimensional, symmetric bilayer struc-
ture onto a two-dimensional image plane. The forma-
tion of the perforated Pl morphology is due to the
specific composition of Pl in PI-b-PS-b-P2VP triblock co-
polymer, which is only 12.8% (by volume).

To support this model for the meshed structure
formed inside the hydrophobic membrane, two addi-
tional sets of experiments were performed. First, we
used PI-b-PS-b-P2VP triblock copolymers with two dif-
ferent molecular weights, 1IS2VP99k and 1S2VP102k,

Scheme 2. Schematic of vesicle structure formed from
1S2VP80k block copolymer after 5 minute heating in ethyl-
ene glycol with confinement of 200 nm AAO membrane.
White and gray layers represent Pl and PS regions, respec-
tively. Black lines that reside at outer and inner side repre-
sent P2VP coronas.
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each with a composition similar to the IS2VP80k de-
scribed above. The volume fractions of Pl were 14.9%
and 13.9%, respectively. Under identical preparation
conditions to generate the vesicular structures from
IS2VP80k, these two block copolymers also form
vesicles. After selective staining with OsO,, the mor-
phologies obtained are shown in Figure 4A and B, re-

spectively. In both cases asymmetric hydrophobic - T o ’
Figure 5. TEM images of: (A) bilayer hollow silica spheres gen-

membranes were forrT?ed wlth Plin the middle of the erated by using vesicles obtained from IS2VP80k in 200 nm AAO
membrane. However, in Figure 4B the dark Pl layer has membrane as scaffold; and (B) vesicles of IS2VP80k block co-

only a few perforations, and in Figure 4A no perfora- Polymer with ferritin nanoparticles encapsulated. Sample is

100 nm
=N Te

k-

tions were observed. This can be explained by the in- stained by 2% uranyl acetate(.; for 30 min.
creased volume fraction of P, while maintaining the
relative PS and P2VP compositions unchanged. The
changes in the number of perforations are directly cor-
related with variations in the volume fraction of the Pl in
each of the block copolymers (Table 1). In a second ex-
periment, an AAO membrane with a smaller average
nanopore diameter (~100 nm) was used to generate
the vesicles shown in Figure 4C. This AAO membrane
had a relatively broad pore size distribution and, conse-
quently, the size of vesicles also varied, as seen in Fig-
ure 4C. Nevertheless, the morphology produced was
the same as that obtained with the 200 nm AAO mem-
brane. This is consistent with the proposed molecular
description of these vesicles. Although the number of
molecules in one spherical vesicle will increase with in-
creasing diameter, the area that the Pl chains need to

100 nm

Figure 4. TEM images of vesicles generated from various
conditions: (A) IS2VP99k (inserted with zoomed-in view) and
(B) IS2VP102k (inserted with zoomed-in view) triblock co-
polymers within confinement of 200 nm AAO membrane
nanopores, and (C) IS2VP80k triblock copolymer within con-
finement of 100 nm AAO membrane after heating in ethyl-
ene glycol for 5 min. All the samples were prepared by drop-
ping suspension solution onto copper grids, drying, and
then selectively staining by 0sO,.

AN 17 . .
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cover the interface, while forming the middle layer, in-
creases accordingly, assuming a fixed layer thickness. In
fact, with an almost fixed hydrophobic membrane and
Pl middle layer thickness, both the number of molecules
and the area of the middle layer scale roughly as the
square of the diameter, and thus the area that needs
to be covered per chain remains essentially constant.
As a result, under the condition that the copolymer
composition remains similar, the vesicular structure is
maintained, and the Pl volume fraction is the only fac-
tor that determines the coverage and the morphology
in the middle layer. Therefore, we can conclude that the
mesh-like middle layer morphology is generated be-
cause of the specific amount of Pl block in the triblock
copolymer IS2VP80k, which can be adjusted by chang-
ing the molecular composition, alone.

Finally, to demonstrate the potential application
of these vesicular structures, two experiments were
performed. First, they were used as a template for
the generation of the corresponding silica nano-
structure, as shown in Figure 5A. Copper grids, cov-
ered with vesicular structures shown in Figure 1A,
were immersed in a hydrolyzed silica precursor solu-
tion for 10 min to let the precursor complex with
the P2VP chains. The grids were then washed in eth-
anol for several seconds to remove the excess sol
precursor. Subsequently, the copper grids were
heated to 400 °C in air for 1 h to remove the block
copolymer surfactant, and the block copolymer tem-
plate bilayered, hollow silica spheres formed, indi-
cating a successful replication. In a second applica-
tion the vesicular structures were used as solvent-
free stable capsules for nanocargo delivery. Ferritin
nanoparticles having polyPEGMA ligands were used
as a demonstration. An AAO membrane containing
IS2VP80k block copolymer nanotubes was immersed
and heated at 150 °C in ethylene glycol containing
a dispersion of ferritin nanoparticles. As shown in
Figure 5B, ferritin was encapsulated within the
vesicles and could be retained within the vesicles
for a lengthy period of time, and the vesicles could
be broken, to deliver the ferritin to a specific tar-
geted area.
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TABLE 1. Summary of Triblock Copolymer Compositions and Observed Morphologies

code M, PI (kg/mol) M,, PS (kg/mol) M,, P2VP (kg/mol)
1S2VP80k 9 60 1l
1S2VP102k 12.5 74 15
1S2VP99k 13 70 16
CONCLUSION

The fabrication of PI-b-PS-b-P2VP triblock copoly-
mer vesicles with novel mesh-like hydrophobic mem-
brane morphology was investigated. Nanoporous AAO
membranes were used as templates to guide the fabri-
cation and control the vesicle size. Ethylene glycol, a se-
lective solvent for P2VP block at elevated temperature
(150 °C), was used to induce a series of structural and
morphological transitions within the confined volume
of AAO membranes, from cylindrical micelles to nano-
tubes to vesicles. The P2VP block forms the coronas of
the vesicles surrounding a hydrophobic domain of the
Pl and PS blocks, with Pl forming a meshed middle layer

EXPERIMENTAL SECTION

Materials. Triblock copolymer PI-b-PS-b-P2VP with three differ-
ent molecular weights was used as received from Polymer
Source Inc.: PI(9k)-b-PS(60k)-b-P2VP(11k) (ME = 9, MFS = 60,
and ME2® = 11 kg/mol), with polydispersity (PDI) of 1.14
(IS2VP80K); P1(12.5k)-b-PS(74k)-b-P2VP(15k) (M = 12.5, MES =
74, and Mi?? = 15 kg/mol) with polydispersity of 1.17
(IS2VP102k); and PI(13k)-b-PS(70k)-b-P2VP(16k) (M} = 13, Mp® =
70, and Mi?? = 16 kg/mol) with polydispersity of 1.14
(IS2VP99Kk). Tetraethyl orthosilicate (TEOS, 98%) was purchased
from Acros Organics. The AAO membranes with two different
pore diameters were used. A larger membrane has a thickness
of ~60 wm and an average pore diameter of ~200 nm, while a
smaller one has the same thickness and an average pore diam-
eter of ~100 nm. Both AAO membranes were purchased from
Whatman.

Preparation of Vesicles. The ABC triblock copolymers were
placed in the AAO membrane from solution. As described
previously,?®2° one drop of the PI-b-PS-b-P2VP solution (0.5
wt.% in toluene) was placed on glass slide, followed by placing
the AAO membrane on top of the solution. Capillary force draws
the solution into the membrane instantaneously. After solvent
evaporation at ambient conditions, thin films are left on the walls
of the nanopores in the AAO membrane. The AAO membrane
with the polymer nanotubes inside was immersed in ethylene
glycol and heated at 150 °C for several minutes. Vesicles (and
other structures) were thus generated inside the nanopores of
AAO membrane. After quenching to room temperature, the
membrane was dissolved in 5 wt % NaOH.q), releasing the
vesicles that were then collected by filtration. The vesicles were
dried in a vacuum oven at 45 °C for 1 day for further character-
ization.

Preparation of Ceramic Materials. As described previously,* a
well-established synthetic process was used to generate the
silica nanostructure. At first, 2.08 g (0.01 mol) of TEOS was
mixed with 3 g of hydrochloric acid (HCI) (0.2 M), 1.8 g of H,0,
and 5 mL of ethanol, and the stirred mixture was heated to 60
°C for 1.5 h to complete the acid-catalyzed hydrolysis—
condensation of the silica precursor.>> Copper grids covered
with the PI-b-PS-b-P2VP vesicular nanostructures were immersed
in the hydrolyzed precursor solution for 10 min and washed in
ethanol for a few seconds to remove excess sol precursor. Sub-
sequently, the copper grids were heated to 400 °C in air for 1 h
to remove the block copolymer surfactant. In so doing, the PI-b-
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0.139
0.149

fis fowe used AAO membrane sizes (nm) perforation extent
0.746 0.126 100, 200 high
0.725 0.136 200 medium
0.703 0.148 200 low

sandwiched between and perforated by two PS layers,
where the number of perforations in the mesh could be
controlled by controlling the molecular weight and
the fraction of the Pl block. These hollow vesicular struc-
tures are stable at room temperature without solvent
for months and can be used as scaffolds for generat-
ing inorganic nanostructures or capsules for transport-
ing nanoobjects. These results offer a novel way to gen-
erate polymer vesicles of relatively uniform size having
adjustable, internal morphologies. The use of this
method and the novel morphology as templates to fab-
ricate interesting nanostructures is still under
exploration.

PS-b-P2VP vesicular nanostructures were successfully replaced
by silica.

Preparation of PolyPEGMA-Grafted Ferritin Nanoparticles.”* Atom-
transfer radical polymerization (ATRP) was used to grow poly-
(ethylene glycol) methacrylate (PEGMA) from the surface of fer-
ritin to improve the stability of the bionanoparticles. Ferritin
macroinitiator was prepared first by amidation of NHS-
functionalized tertra(ethylene glycol) isobutyl bromide initiator
with surface-available amines. Polymerization from ferritin mac-
roinitiator was performed in aqueous solution with CuBr and
2,2'-bipyridine (bpy), using PEGMA (M,: 475 g/mol) monomers
with the feed ratio of monomer over initiator 50. CuBr and bpy
were added to a degassed ferritin macroinitiator solution, fol-
lowed by an addition of a degassed aqueous solution of PEGMA.
Passage of the reaction mixture over a Sephadex G-25 column
gave the polyPEGMA-grafted ferritin nanoparticles as pure con-
jugates. The final polymer grafted ferritin nanoparticles are 17
nm in diameter with 45 of polymer chains (5.7 kDa per chain).

Characterization. A SEM (JEOL 6320) with an accelerating volt-
age of 5 kV was used to investigate the nanostructures. Samples
were coated with 2 nm of Au before performing SEM measure-
ments. Bright-field TEM studies were conducted with a JEOL
2000 FX TEM operated at an accelerating voltage of 200 kV. For
TEM, part of the samples were placed onto Formvar-coated cop-
per grids and selectively stained by osmium tetroxide (OsO,), 1,4-
diiodobutane, or uranyl acetate. Other samples were embed-
ded in an epoxy resin which was purchased from Polysciences
and consisted of three components: araldite resin, dodecenyl-
succnic anhydride, and DMP-30. After curing the resin at 60 °C for
24 h, the samples were cut into thin sections by using a Leica Ul-
tracut microtome equipped with a diamond knife. TEM studies
were then performed after selective staining.
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