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ABSTRACT We have used a very large scale integration process to generate well-defined patterns of polymerized 2-hydroxyethyl
methacrylate (HEMA) on patterned Si(100) surfaces. An atom transfer radical polymerization initiator covalently bonded to the
patterned surface was employed for the graft polymerization of HEMA to prepare the poly(2-hydroxyethyl methacrylate) (PHEMA)
brushes. After immersing wafers presenting lines of these polymers in water and cyclohexane, we observed brush- and mushroom-
like regions, respectively, for the PHEMA brushes, with various pattern resolutions. The PHEMA brushes behaved as “tentacles” that
captured ferritin complexes from aqueous solution through entanglement between the brushes and the ferritin proteins, whose ferritins
were trapped due to the collapsing of the PHEMA. Using high-resolution scanning electron microscopy, we observed patterned ferritin
iron cores on the Si surface after thermal removal of the patterned PHEMA brushes and ferritin protein sheaths.
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1. INTRODUCTION

Functionalization of silicon surfaces with organic ma-
terials is emerging as an important area in the devel-
opment of new Si-based devices, such as biomicro-

electromechanical systems, three-dimensional micro- and
nanomemory chips, and DNA- and protein-based biochips
and biosensors (1-3). Stable polymer brushes can provide
a substrate with excellent mechanical and chemical protec-
tion, alter the electrochemical characteristics of the interface,
and provide new pathways for the functionalization of Si
surfaces (3-5). One particular advantage that polymer
brushes have over spin-coated polymer layers is their supe-
rior stability toward solvents and/or harsh conditions (e.g.,
high temperatures), because they are bonded covalently to
the substrates. The use of polymers as building blocks for
surface modification allows the preparation of “smart” or
responsive surfaces that operate on the basis of conforma-
tional changes in the polymer backbones. Micropatterned
polymer brushes are finding crucial applications in the
development of biochips, microarrays, and microdevices for
cell growth, regulation of protein adsorption, and drug
delivery (6-8). Several techniques have been developed for
fabricating patterned polymer brushes, including microli-

thography (6, 9) and microcontact printing techniques,
developed by Whitesides and co-workers (10). Micropattern-
ing of end-grafted polymer brushes on gold and silica surfaces
has been achieved (11). While there have been multiple pub-
lications reporting the synthesis and properties of patterned
polymer brushes on gold substrates, there have been very few
publications on patterned polymer brushes on silica surfaces
through e-beam lithography. The applicability of these pat-
terned polymer films has been restricted by their limited
stability in solvents, their tendency to undergo subsequent
chemical reactions, and difficulties encountered during their
preparation over large areas and/or complicated topographies.

Recent advances in biomedicine and biotechnology have
led to an increasing demand for materials that can undergo
specific biological interactions with their environment. Such
behavior requires novel surface functionalization strategies
(12). There have been many reports describing the prepara-
tion of “graft form”-type polymer brushes through atom
transfer radical polymerization (ATRP), by manipulating this
technique’s living nature and extending its applicability to
a variety of monomers (13). Surface-initiated ATRP (SI-ATRP)
is an effective method for the production of biomedically and
biotechnologically interesting brushes (14-17). Another
interesting example is polymer brushes based on N-isopro-
pylacrylamide, which displays a lower critical solution tem-
perature (LCST) behavior and can be switched reversibly
from hydrophilic biologically inert states to hydrophobic
protein- and cell-adhesive states merely by changing the
temperature (18).
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Ferritin is a protein complex found in most organisms; it
functions principally to sequester excess iron from the cell.
Ferritin has a diameter of 12.0 nm; it comprises a 2.0 nm
thick protein sheath surrounding a “ferrihydrite” mineral
core (19). The protein sheath is composed of 24 individual
subunits assembled to give a roughly spherical quaternary
structure. The 3-fold sites of contact form hydrophilic chan-
nels, through which Fe enters the protein (20). Unlike
synthetic polymer coatings on metal (e.g., magnetic) nano-
particles that are biodegradable (21) and, thus, not suitable
for implanting, ferritin is naturally occurring, is biocompat-
ible in the body over long periods of time, and does not pose
toxicity risks. In this study, we used polymerization to
chemically amplify surfaces patterned with a very large scale
integration (VLSI) system into patterned poly(2-hydroxyethyl
methacrylate) (PHEMA) brushes. We covalently bonded
ATRP initiators onto hydroxylated surface patterns, prepared
using electron beam lithography and oxygen plasma treat-
ment, and then amplified the system vertically using ATRP.
This surface-initiated polymerization process allowed the
rapid fabrication of high-resolution patterns of polymers
(Figure 1 and Scheme 1). After immersion in water and
cyclohexane, we observed distinct brush- and mushroomlike
structures, respectively, for the patterned lines of PHEMA
brushes. In addition, we used these patterned PHEMA thin
films to extract ferritin from fluid systems. After removing
the coating proteins from the ferritin complexes and the
PHEMA brushes through treatment of the wafers at high
temperature, we observed the primary adsorption of pat-
terned iron cores on the Si surface (22).

2. EXPERIMENTAL SECTION
2.1. Materials. Figure 1 and Scheme 1 present our basic

strategy for the fabrication of the patterned polymer brushes
using the VLSI process. The Si wafer was first treated with
hexamethyldisilazane (HMDS) in a thermal evaporator at 90 °C
for 30 s to transform the surface hydroxyl (OH) groups into an
inert film of Si(CH3)3 groups. The chemical amplified ArF
photoresist, obtained from Sumitomo Chemical Co. (Tokyo,
Japan), was then spun onto the HMDS-treated Si wafer at a
thickness of 780 nm. E-beam lithography was then used to
pattern the photoresist with an array of trenches having dimen-
sions ranging from 500 nm to 10 µm under a dose of 10 µC/
cm2. The sample was then subjected to oxygen plasma treat-
ment (OPT) to form OH groups on the HMDS-treated surface;
this process caused the surface to become chemically modified
(strongly hydrophilic or polar) only in those areas not covered
by the photoresist (23), thereby providing a more wettable
surface for the preparation of a self-assembled monolayer (SAM)
for graft polymerization, which requires an OH-terminated
surface. To immobilize the ATRP initiator ((11-(((2-bromo-2-
methyl)propionyl)oxy)undecyl)trichlorosilane, BPOTS), the Si
substrate that had been treated with HMDS and oxygen plasma
was immersed in a 0.5% (w/v) solution of BPOTS in toluene at
50 °C for 3 h. The BPOTS units assembled selectively onto the
bare regions of the Si surface after OPT, where it reacted with
SiO and SiOO species. This procedure resulted in a surface
patterned with regions of BPOTS for ATRP and regions of
photoresist. Single-crystal silicon wafers, Si(100), polished on
one side (diameter 6 in.) were supplied by Hitachi, Inc. (Japan)
and cut into 2 cm × 2 cm samples. The initiator BPOTS was
ordered from HRBio Co. (China). The materials used for graft
polymerizationsHEMA, copper(I) bromide, and 2,2′-bipyridine

(Bip)swere purchased from Acros Organics. HEMA, Bip, and
BPOTS were purified through vacuum distillation prior to use.
All other chemicals and solvents were of reagent grade and
purchased from Aldrich Chemical. All solvents were of reagent
grade and were used without further purification. To remove
dust particles and organic contaminants, the Si surfaces were
ultrasonically rinsed sequentially with methanol, acetone, and
dichloromethane for 10 min each and subsequently dried under
vacuum. The Si substrates were immersed in hydrofluoric acid
(50 wt %) for 5 min at room temperature to remove the silicon
oxide film. The HF-treated substrates were then immersed in a
mixture of HNO3 and H2O2 (2:1, mol %) for 10 min and
subsequently rinsed with doubly distilled water a minimum of
five times to oxidize the Si surface. This treatment process
reduced the water contact angle of the surface from 45((1) to
10((2)°. Polymer-modified Si surfaces were analyzed using
ellipsometry (SOPRA SE-5, France) and XPS (Scientific Theta
Probe, U.K.).

FIGURE 1. Schematic representation of the process used to fabricate
surfaces chemically nanopatterned with PHEMA brushes: (A) Si wafer
treated with HMDS in a thermal evaporator; (B) photoresist spin-
coated onto the Si surface presenting Si(CH3)3 groups; (C) advanced
lithography used to pattern the photoresist with arrays of trenches
and contact holes on the surface; (D) oxygen plasma etching used
to chemically modify the exposed regions presenting Si(OCH3)3

groups and to convert the topographic photoresist pattern into a
chemical surface pattern; (E) initiator (BPOTS) selectively assembled
onto bare regions of the Si surface; (F) sample grafting via surface-
initiated ATRP of HEMA from the functionalized areas of the
patterned SAM; (G) photoresist removed through treatment with
solvent.
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2.2. Initiator-Modified Si Surfaces. Plasma treatment of the
Si substrates was performed between two horizontal parallel
plate electrodes (area 12 cm × 12 cm). The plasma power
supply was 300 W at a frequency of 13.5 MHz. The substrate
was placed on the bottom electrode with the Si(100) surface
exposed to the glow discharge at an O2 pressure of ca. 5 × 10-3

Torr for a predetermined period of time to form hydroxyl
peroxide species for the subsequent graft polymerization ex-
periment. Because the glow discharge chamber was purged
thoroughly with a continuous O2 stream prior to ignition,
residual air or water vapor in the chamber had negligible, if any,
effect. The functionalized Si substrates were removed from the
solution, washed with toluene for 15 min to remove any
unreacted material, dried under a stream of nitrogen, and
subjected to surface-initiated polymerization reactions. Finally,
the surfaces were dried under vacuum and stored under a dry
nitrogen atmosphere.

2.3. Surface-Initiated ATRP. HEMA (10 mL, 82.6 mmol),
CuCl (55 mg, 0.55 mmol), CuBr2 (36 mg, 0.16 mmol), and Bip
(244 mg, 1.85 mmol) were dissolved in water (10 mL), and then
the solution was stirred and degassed with Ar for 20 min. The
Si-BPOTS substrate was then added to the solution at room
temperature. After various polymerization times, the wafers
were placed in a Soxhlet apparatus to remove any unreacted
monomer, catalyst, and nongrafted material. The remaining
photoresist was removed from the HMDS-treated surface by
propylene glycol methyl ether acetate (PGMEA) rinsing, leaving
behind the chemically nanopatterned surface, which was dried
under vacuum at 80 °C for 20 min. The PHEMA brushes were
measured using AFM (Veeco Dimension 5000 Scanning Probe
Microscope) and high-resolution scanning electron microscopy
(HR-SEM, JEOL JSM-6500F, Japan) with a 25° oblique angle.

2.4. Solvent Treatment and the Adsorption of Ferritin.
The resolution of the patterned lines of PHEMA brushes after
solvent treatment were measured using AFM and HR-SEM.
Ferritin (diameter 13 nm; iron core diameter 7 nm) and ferritin
removing agent were obtained from MP Biomedicals. The

sample with ferritins is treated under a moist environment to
remove the protein around ferritin by bacteria (Escherichia coli
cells) digesting. After protein removal of ferritins, the iron cores
aggregate without adhesion on the surface. Then the surface
was cleaned using cyclohexane to wash away any ferritin that
was not absorbed on the PHEMA brushes. Processing at high
temperature (500 °C) was performed to remove PHEMA,
BPOTS, and the protein sheath of the ferritin units prior to SEM
imaging of the absorption of ferritin.

3. RESULTS AND DISCUSSION
3.1. Characterization of Si Surfaces Presenting

PHEMA Brushes. The idea behind plasma treatment was
to create a very reactive gas environment enclosed under a
vacuum. Surfaces in contact with the plasma experience
interactions that may result in sputtering and chemical
reactions caused by highly reactive radicals, low energy ions,
and electrons created in the plasma. Because the chemical
properties of Si resemble those of carbon, it can be deduced
that OPT of a Si surface, followed by atmospheric exposure,
can also introduce some active oxygen species, such as SiO
and SiOO units, that increase the O/Si ratio. We used these
active oxygen species for reactions with the graft polymer-
ization initiator. The introduction of polar groups through
plasma treatment also provided a more wettable surface, as
indicated by the decreased contact angle for water from
45((3) to 5((3)°.

To prepare polymer brushes, it was necessary for us to
immobilize a uniform and dense layer of initiators on the Si
surface. We used XPS data (C/Si and O/Si ratios) to determine
(Figure 2) the chemical compositions of the Si surfaces at
various stages during the surface modification process

Scheme 1. Synthetic Route toward PHEMA Brushes Patterned through OPT, Advanced Lithography, and
ATRP on Si Wafers A
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(Si-HMDS, Si-OPT, and Si-BPOTS). Treatment of the
pristine Si(100) surface with HMDS passivated the native
oxide layer and increased the C/Si ratio, confirming that the
Si surface was ideally carbon-terminated after HMDS treat-
ment (24, 25). Additionally, the increasing C/Si ratio and
presence in the Br 2p core level spectrum of a signal at a
binding energy (BE) of ca. 72.3 eV for the BPOTS-function-
alized Si surface indicated that the BPOTS species had been
immobilized successfully on the Si surface (25, 26). We used
XPS analysis (Figure 3) to investigate the presence of grafted
PHEMA brushes on the Si surface. The C 1s core-level
spectrum of the PHEMA brushes on the Si surface could be
curve-fitted to four peak components having BEs of ca.
284.6, 286.4, and 288.8 eV, attributable to C-H, C-O, and
OdC-O species, respectively. The presence of new peaks
at ca. 286.4 and 288.8 eV confirmed the presence of the
PHEMA brushes on the Si surface. The values of the [N]/[Si]
and [C]/[Si] ratios of the Si-HMDS surface obtained from
XPS analysis were 0.45 and 2.72, respectively, which are in
fairly good agreement with their theoretical ratios of 0.5 and
3, respectively. Fairly good agreements also exist between the
XPS-derived and theoretical surface compositions of the Si-OPT
and Si-BPOST grafted Si surfaces. For the HEMA homopoly-
mer, the theoretical values of the [O]/[C] and [CH]:[C-O]:
[OdC-O] ratios are 0.5 and 4:1:1, respectively. The corre-
sponding ratios of 0.46 and 3.7:1.1:1 that we obtained from

XPS analysis of the Si-BPOTS-PHEMA surface are in fairly
good agreement with the respective theoretical ratios.

Ellipsometry and AFM measurements revealed a large
increase in film thickness after the growth of the PHEMA
layer on the Si-BPOTS surface. We performed control
experiments on the Si-H, Si-HMDS, and Si-OPT surfaces
using conditions similar to those used for the surface graft
polymerization via ATRP. In each case, we observed no
discernible increase in the thickness of the control surface.
These results confirm that the increase in thickness observed
was a result of graft polymerization of the BPOTS-function-
alized Si surface. Furthermore, because ATRP is a “living”
polymerization process, we expected that the thickness of
the polymer brushes would increase linearly upon increasing
the polymerization time and the molecular weight of the
graft polymer. Figure 4 displays the thicknesses of the
PHEMA brushes grafted for various times onto the Si-BPOTS
surfaces. We observe approximately linear increases in the
thickness of the grafted PHEMA layer on the Si-BPOTS
surface upon increasing the polymerization time up to 18 h,
providing a so-called brushlike regime of PHEMA brushes.
The thickness reached a plateau slightly, indicating the
formation of a mushroom-like regime of PHEMA brushes
(25). These observations suggest that the PHEMA brushes
formed mushroom- and brushlike regimes when the thick-
ness was greater than 364 nm.

3.2. Brush- and Mushroomlike PHEMA Brush
Structures on Si Surfaces. In a previous study, we found
that polymer brushes transformed into brush- and mush-
roomlike structures after immersion in good and poor
solvents, respectively (25). In our present study, we used
water and cyclohexane as the good solvent and poor solvent,
respectively, to observe the structural transformation of our
PHEMA brushes. For the flat substrate, a PHEMA thin film
having a thickness of 424 nm exhibited structure-responsive
switching when placed in the good and poor solvents (Figure
5a). After immersion in water, the PHEMA brushes featured
predominantly intermolecular hydrogen-bonding interac-
tions with water molecules, providing a hydrophilic PHEMA
film. The PHEMA brushes obtained after immersion in

FIGURE 2. O/Si and C/Si atomic ratios of the Si-HMDS, Si-OPT,
Si-BPOTS, and Si-PHEMA surfaces, calculated from XPS data.

FIGURE 3. XPS C 1s core level spectra of PHEMA brushes grafted from
the Si-BPOTS surface for 24 h.

FIGURE 4. Thickness of the PHEMA layer, grown from the Si-BPOTS
surface via ATRP, plotted with respect to the polymerization time.
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cyclohexane, however, featured intramolecular hydrogen
bonding between the CdO and OH groups, resulting in a
compact and collapsed conformation of PHEMA chains. The
presence of a hydrophilic domain within the PHEMA thin
film and the consequent presentation of the alkyl groups of
the PHEMA brushes on the surface (27) resulted in the
PHEMA film exhibiting slight hydrophobicity after immer-
sion in cyclohexane. Indeed, the water contact angle (CA)
of the PHEMA brushes increased from 52((5) to 73((5)°
after ultrasonic treatment in cyclohexane for 3 h; it returned
to 51((5)° after treating the wafer ultrasonically in water
for 3 h. This behavior was reversible for six cycles (Figure
5a) of transformations between the brush- and mushroom-
like regimes of PHEMA brushes having a thickness of 424
nm. These results suggest that the solvent-responsive switch-
ing between the mushroom- and brush-like regimes was
related to the surface chemical composition of this PHEMA
thin film. We also investigated the brush- and mushroomlike
regimes (in terms of their water CAs) of PHEMA thin films
of various thicknesses after immersion in water and cyclo-
hexane (Figure 5b) (28). The water CA underwent clear
changes after immersion in water and cyclohexane when
the thickness of the PHEMA thin films was greater than 364
nm; i.e., hydrophilic domains formed only within PHEMA
thin films possessing appropriately long PHEMA chains,

thereby exhibiting slight hydrophobicity. We suspect that
shorter PHEMA chains (film thickness <364 nm) possessed
insufficient degrees of freedom to form such hydrophilic
domains within their thin films; as a result, they provided
similar values for their water CAs after immersion in water
and cyclohexane.

We used AFM to visualize the topographies of the PHEMA
brushes grafted onto the Si surfaces through ATRP for 24 h
and then immersed in the solvents (Figure 6). The root-
mean-square surface roughness (Ra) of the pristine Si-H
surface was ca. 0.42 nm; the Si-HMDS and Si-OPT surfaces
remained molecularly uniform, with values of Ra of ca. 0.48
and 0.53 nm, respectively. After surface treatment with
BPOTS, the value of Ra increased slightly to ca. 1.7 nm.
These results suggest that ATRP graft polymerization pro-
ceeded uniformly on the Si-BPOTS surface to give rise to a
dense coverage of PHEMA (29). The PHEMA units on the
surface possessed a brushlike structure after immersion in
water, as evidenced by an Ra value of ca. 2.1 nm (Figure 6a).
The OH groups at the chain ends provided a hydrophilic
surface. After immersion in cyclohexane, the PHEMA brushes
formed a mushroomlike structure having as Ra value of ca.
0.7 nm (Figure 6b). This decrease in the value of Ra from
2.1 to 0.7 nm confirmed that structural transformations of
PHEMA units occurred after immersion of the wafer in these
good and poor solvents. The surface presented a mushroom-
like structure because of the isotropic or nematic collapse of
the PHEMA brushes in the presence of the poor solvent (30).
SEM revealed (Figure 6c) the mushroomlike structure of this
PHEMA thin film, where the formation of islands having radii
of ca. 100 nm presumably resulted from the mushroom-like
regime of the PHEMA brushes after they had been grafted
for 24 h under vacuum in the SEM chamber.

The final step in our strategy was the surface-initiated
polymerization of HEMA from the functionalized areas on
the patterned SAM. The presence of reactive OH groups after
OPT allowed their direct use in the polymerization step. We
used lithography processes with positive photoresists to
fabricate trenches having resolutions ranging from 200 nm
to 10 µm. We then grafted PHEMA brushes from the
Si-BPOTS surfaces of the trenches to form lines of PHEMA
brushes. Figure 7 presents the patterned lines of PHEMA
brushes grafted for 24 h from trenches having a resolution
of 750 nm and then immersed in solvent. Because of the
presence of the mushroom- and brushlike regimes, the
widths of the lines functionalized with PHEMA brushes had
different resolutions after they had been immersed in water
and cyclohexane. Using this strategy, the limit of resolution
of the patterned PHEMA brushes approached 750 nm. We
observed imperfect line patterns for the PHEMA brushes
when the trenches had dimensions of less than 750 nm prior
to graft polymerization. The AFM images in Figure 7 confirm
the success of using the chemical amplification of the
patterned OH-functionalized SAM to form spatially localized
polymer brushes after immersion in water and cyclohexane.
The line pattern of the PHEMA brushes after immersion in
water displayed a more irregular overlayer on the surface

FIGURE 5. (a) Water CAs of brush- and mushroomlike regions of a
PHEMA thin film having a thickness of 424 nm after six cycles of
immersion in water and cyclohexane. (b) Changes in water CAs after
immersion in water and cyclohexane, plotted as a function of the
thickness of the PHEMA thin film.
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because of the brushlike structure of the PHEMA units. After
immersion in cyclohexane, a regular line pattern formed
because of the interpolymer hydrogen bonding within the
mushroomlike PHEMA structures. The line patterns of these
PHEMA structures had different heights after treatment in
water and cyclohexane because of the presence of the brush-
and mushroomlike regimes, respectively. Again, these re-
sults confirmed that the thickness of the polymer brushes
changed after immersion in the good and poor solvents;
furthermore, the grafting density and surface coverage
varied accordingly, suggesting that they are both suitable
alternative parameters for calculating the thickness. We also
used this behavior to establish the “tentacle”-like function
of the PHEMA brushes toward ferritin (see below).

3.3. Capturing Ferritin from Aqueous Solu-
tion. We exploited the OH groups of the PHEMA brushes
obtained after immersion in water as “tentacles” to capture
ferritin from aqueous solution (31). Figure 8a displays our
strategy for ferritin capture. Using a micropump, we passed
an aqueous solution containing dispersed ferritin over the
surface presenting the patterned PHEMA brushes, the OH

FIGURE 6. (a, b) AFM images of PHEMA brushes obtained after
polymerization for 24 h and subsequent immersion in (a) water
and (b) cyclohexane. (c) Side-view SEM images (25° oblique angle)
of PHEMA brushes having a thickness of 424 nm.

FIGURE 7. AFM images of PHEMA brushes grafted from 750 nm
trenches for 24 h and then immersed in (a) water and (b) cyclohexane.
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groups of which were raised into the solution. It is generally
difficult to control protein adsorption on solid surfaces
because nonspecific protein adsorption is the first phenom-
enon when the surface comes in contact with a physiological
environment. The “tentacles” captured the ferritin units
through entanglement between the OH groups of the PHE-
MA brushes and the protein sheaths of the ferritin com-
plexes. Next, we passed a cyclohexane solution over the
surface to transform it from a brushlike to mushroomlike
structure, causing the OH groups of the PHEMA brushes to
becomeburiedsalongwiththeassociatedferritinunitsswithin
the PHEMA thin film to form a hydrophilic domain, whose
ferritins were trapped due to the collapsing of the PHEMA.
We then removed the ferritin species on the PHEMA thin
film surface through degradation of the protein sheath; the
buried ferritin units within the thin film were protected by
the PHEMA brush under these conditions. The PHEMA
brushes and the ferritin protein sheaths buried within them
were then removed under oxygen in an oven at ca. 500 °C
to observe the ferrihydrite cores.

Figure 8b displays an SEM image of a PHEMA surface
prepared through graft polymerization for 24 h and then
treated with an aqueous solution of ferritin. The ferritin
complexes having radii of 13 nm are clearly visible on the

PHEMA surface. After cyclohexane is passed over the PHE-
MA brush surface and then the surface is cleaned through
protein degradation, Figure 8c reveals that only a few ferritin
species remained on the PHEMA surface; indeed, most of
the ferritin complexes were now buried within the PHEMA
thin film. These observations confirmed our notion of PHE-
MA “tentacles” functioning under the influence of good and
poor solvents. In addition, the N 1s core level spectrum
recorded after passage of the aqueous ferritin solution over
the PHEMA surface displayed a signal at a BE of ca. 400.7
eV, indicating that the ferritin units had been immobilized
successfully through interactions with the “tentacles” of the
PHEMA brushes on the Si surface. This signal disappeared
after passing cyclohexane over the PHEMA surface, consis-
tent with the ferritin complexes having become buried
within the PHEMA thin film on the Si surface. To verify this
phenomenon, we monitored the distribution of ferritin after
treating the PHEMA thin film at 500 °C. The resulting surface
displayed two peak components at BEs of ca. 711.8 and
725.7 eV, attributable to Fe-Fe and Fe-O species, respec-
tively, in the Fe 2p core level spectrum (32); in addition, the
signal in the N 1s core level spectrum disappeared, confirm-
ing that this thermal treatment process decomposed the
protein sheaths of the ferritin complexes.

FIGURE 8. (a) Schematic representation of PHEMA brushes behaving as “tentacles” to capture ferritin from aqueous solutions passing over a
PHEMA-modified surface: (I) passage of cyclohexane over the PHEMA brushes presenting bound ferritin; (II) removal of nonadsorbed ferritin
species and thermal treatment of the wafer at 500 °C for 5 h to remove all organic compounds. (b, c) Side-view SEM images of the PHEMA
brushes (thickness 424 nm) obtained after passage of (b) an aqueous solution of ferritin over the wafer surface (45° oblique angle) and (c)
cyclohexane over the ferritin-bound surface and subsequent removal of the nonadsorbed ferritin species (25° oblique angle).
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Next, we repeated the procedure using a Si wafer pre-
senting the patterned PHEMA brushes. Figure 9 displays the
SEM image we obtained from a patterned PHEMA thin film
(grafted from 750 nm wide trenches) after passing an
aqueous solution of ferritin over the PHEMA brush surface,
passing cyclohexane over the surface, cleaning the surface
through protein degradation, and then subjecting the wafer
to thermal treatment at 500 °C to remove all organic
compounds. The protein sheaths of the ferritin complexes
had been removed under these conditions, leaving the iron
core units (7 nm radii) on the trenches grafted from the
PHEMA brushes. A few remnant PHEMA brushes are visible
in Figure 9 around the edges of the 750 nm patterned lines.
The regions that had not featured PHEMA brushes presented
very few ferritin cores, suggesting that only the PHEMA
brushes had captured the ferritin complexes and allowed
them to become buried within the thin film when treated
with cyclohexane. Our observations reveal that the success-
ful capture and release of biomacromolecules from solution
onto Si surfaces is possible when using PHEMA brushes as
smart “tentacles” in various solvent systems.

4. CONCLUSION
We have used the “grafting from” system with ATRP to

prepare well-defined dense PHEMA brushes on Si wafers
through VLSI processing. This novel strategy allows the
fabrication of patterned polymer brushes from Si surfaces
using commercial semiconductor processes. The key feature
of this approach is the use of surface-initiated polymerization
through OPT to chemically amplify patterned SAMs into
macromolecular films. Because this methodology uses com-
mercial photolithographic tools, it provides patterned poly-
meric thin films having surface properties that are readily
controlled on the nanoscale. In addition, the resolution of
the lines formed from the PHEMA brushes can be varied
simply by immersion in water or cyclohexane, resulting in
brush- and mushroomlike regimes, respectively, of the
grafted polymers. We established the ability of the PHEMA

chains to function as “tentacles” for the capture of ferritin
complexes from aqueous solution. Our results verify that the
protein sheaths of the ferritin units were captured specifically
on the PHEMA-patterned areas of the Si surface under
aqueous solvents. At present, we are extending this strategy
toward the development of protein-detecting devices and are
exploring the magnetic properties of iron cores bound to
specific areas on Si wafers.
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FIGURE 9. Side-view SEM images (45° oblique angle) of the Si
surface, the PHEMA brushes grafted through 24 h polymerization
from 750 nm wide trenches, and the captured ferritin cores after
thermal treatment at 500 °C.
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