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Biomimetic porous silica films have been synthesized by polycondensation of tetracthoxysilane on a
soft template formed by an ‘“end-tethered poly(L-lysine)” (“t-PLL”) monolayer with a brushlike
configuration. The silica formation occurs spontaneously inside the t-PLL at neutral pH and room
temperature. The growth of silica fully conforms to the original t-PLL film thicknesses and lateral
micropatterns, regardless of a prolonged reaction time and the monomer concentration. The morphologies
of biomimetic silica are changed from continuous pleated, discrete spherical to fibrous forms according
to the initial t-PLL chain length and surface density. After the t-PLL template is burned off, TEM images
show the creation of nanochannel arrays in silica with an average diameter of 10 nm. Overall, our approach
has provided a straightforward and environmentally friendly route to directly generate silica films with
controllable morphology, thickness, and porosity.

Introduction

The biomimetic synthesis of silica materials has progressed
significantly in the past few years. The conventional syn-
theses of silica usually involve elevated temperature, extreme
pH, and/or the use of surfactants.' > In contrast, the
silicification processes of many biological systems such as
diatoms and sponges occur in water at near-neutral pH and
ambient temperature. Unlike conventional syntheses, the
silicification of the biological systems mostly produces
precisely controlled nanostructures and morphologies of the
resulting silica materials.®” Recent studies have demonstrated
that the biomolecules extracted from biological silica-
containing species (e.g., diatoms, sponges) can induce rapid
silica precipitation from tetraethyl orthosilicate (TEOS) at
ambient conditions in vitro. While these studies suggested
that the biomimetic processes are feasible in vitro, the
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extraction of silica-induction biomolecules required elabora-
tive procedures and yielded only a small quantity of
materials. Thus, seeking synthetic materials that can induce
silicification in the same manner as biomolecules is an
important quest from both industrial and scientific view-
points. In particular, synthetic polypeptides with abundant
available supplies are the most promising candidates for
potential applications. Recent studies have shown that some
synthetic polypeptides,®>® such as poly(L-lysine) (PLL),
poly(L-arginine), and diblock copolypeptides'® (e.g., poly (L-
cysteine-b-L-lysine)), can form silica precipitates or ordered
silica beads by inducing polycondensation of silica from
monomeric TEOS or silicic acid at near-neutral pH and
ambient temperature. More detailed studies in PLL have
shown the effects of its molecular weight and secondary
structures on the resulting silica nanostructures. Hawkins et
al.'! first reported that silica synthesized with PLL exhibited
different pore sizes correlated with the original a-helical (the
formed pore size of the silica is approximately 1.5 nm) or
[-sheet (the formed silica has a broad range of pore size,
2—8 nm) structures of PLL molecules. Patwardhan et al.'?
showed that, via a change in the secondary conformation of
PLL from a-helical to 3-sheet structure, the silica structure
shifts from hexagonal plate to spherelike structures. They
also showed that the handedness of polylysine does not affect
the formation of hexagonal silica. Additionally, many studies
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have been focused on the effects of molecular weight on
the formation of silica.'?~ ' These studies have demonstrated
that silica synthesized by high molecular weight PLL formed
hexagonal silica platelets, whereas silica synthesized by low
molecular weight PLL formed spherical silica particles.

While the above-mentioned systems were reported in the
solution phase, conceivably, development of a preorganized
molecular template at a solid interface is of vast technological
interest, in that the subsequent silica material assembly at
the surface can be greatly simplified. This is especially
advantageous for applications such as integrated circuits,
optical displays, biochips, etc., where the molecular orienta-
tion, surface density, and distribution are of primary manu-
facturing concerns. Previously, the use of self-assembled
monolayers (SAMs) and lithography to form micro- and
nanopatterned silica'®™'® (and other inorganic materials'®~%)
at surfaces has been demonstrated, but all required stringent
process conditions, such as acid—base catalysis and a high
(> 100 ppm) and therefore unstable concentration of silicic
acid.?® Even so, the silica structures formed by these routes
were still not uniform and controllable, and some collapsed
after removal of the template.

Previously, we have shown that a monolayer of an “end-
tethered PLL” (“t-PLL”) film in a brush configuration can
be synthesized by the surface-initiated vapor deposition
polymerization (SI-VDP) technique, a surface polymerization
conducted in the gas phase in a vacuum.?’ The micropatterns
of the t-PLL film are manufacturable on the silicon wafer
when combined with photolithography.*® It is by far the only
reproducible method in producing t-PLL films with the
widest thickness range on the order of 1—100 nm. In
addition, it has been confirmed that, via C-terminal attach-
ment to the amine-functionalized surface, the films are
chemically and mechanically stable while undergoing con-
formational transitions among o-helices, [-sheets, and
random coils, induced by external stimuli. In short, the
previously established ability to fabricate stable t-PLL surface
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patterns with precise control of the molecular conformation,
orientation, length, and density provides a unique opportunity
to conduct biosilicification at surfaces in forming ingrown
silica structures with preorganized features such as pore sizes,
dimensions, thickness, density, morphology, and nanochannel
arrays with tunable diameters and aspect ratios perpendicular
to the surface plane.

The surface polycondensation of TEOS templated by
t-PLL at neutral pH and ambient temperature was designed
and verified by multiple spectroscopic and microscopic
techniques. The successful synthesis of t-PLL/silica nano-
composites and the subsequent removal of t-PLL were
confirmed by circular dichroism (CD) and Fourier transform
infrared (FTIR) spectroscopy. Atomic force microscopy
(AFM), scanning electron microscopy (SEM), and transmis-
sion electron microscopy (TEM) studies have revealed that
the growth of silica films fully conform to the original t-PLL
templates in three dimensions. Further controls of the t-PLL
density, chain length, and patterns have led to ingrown silica
with continuous pleated, spherical, and fibrous forms. The
t-PLL films were stable during the surface reaction due to
the covalent bonding to the surface. Our results have
demonstrated a simple but efficient approach to producing
organized biomimetic silica films.

Experimental Section

Cleaning of Substrates. All solid substrates, silicon wafers
(Siltec Silicon, single side polished, 500 x«m, orientation [100C]used
in FTIR, ellipsometry, and SEM) and quartz plates (Starna Cells
Inc., 45 x 12.5 x 1 mm, used in CD), were cleaned immediately
before the surface chemical treatment. The substrates were cleaned
with freshly prepared piranha solution (H,SO4/H,0, = 7/3 (v/v))
at 120 °C for 40 min. Caution: The procedure of mixing
concentrated sulfuric acid and hydrogen peroxide is highly
exothermic, and the piranha solution reacts violently with organic
solvents, which will cause an explosion. It should be handled
carefully. After being thoroughly rinsed with deionized water and
acetone, the substrates were dried under a stream of nitrogen and
immediately used in the silanization step.

Silanization of the Substrates with Various Amine Densities.
The silanization procedures were similar to those in previously
published papers.?’° The substrates were silanized in the (3-
aminopropyl)triethoxysilane (APS) vapor phase under reduced
pressure for 16 h in a vacuum desiccator. After completion of the
reaction, the substrates were removed from the desiccator, ultra-
sonicated in acetone for 5 min, which was repeated three times,
and finally dried under a stream of nitrogen. The characterization
of the APS initiator layer followed the previously published
methods.?”*° The film thickness, as determined by ellipsometry,
was 8 & 1 A (with an assumption of a fixed refractive index of
1.46), indicating full coverage of APS on the surfaces.

We used the stepwise method° to prepare surfaces with different
amine densities. Chlorodimethylisopropylsilane (CDPS) (0.5%) and
[3-(ethoxydimethylsilyl)propyl]Jamine (EDSA) (1.0%) solutions in
anhydrous toluene were prepared. First, cleaned Si wafers were
immersed in the CDPS solution for 4, 16, and 24 h to produce
various CDPS surface coverages on each sample. The CDPS-
modified substrates were then washed with toluene and baked at
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Figure 1. Schematic illustration of the hypothesized process of the
biomimetic silicification induced by a surface-grafted poly(L-lysine) (t-PLL)
monolayer: (a) t-PLL brushes in distilled water, (b) silicification at neutral
pH and room temperature, (c) calcination at 450 °C for 4 h to burn off the
t-PLL template.
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Figure 2. FTIR spectrum of a t-PLL film on a silicon wafer, followed by
(a) 24 h silicification and (b) 4 h calcination at 450 °C. The proposed
structures of the corresponding films are illustrated in Figure 1. The film
thickness (d) and refractive index (Ny) of each dry film are labeled above
the corresponding FTIR spectrum.

120 °C for 30 min, followed by the second immersion in the EDSA
solution for 24 h to saturate the surface-bound silane layer. The
substrates then were cleaned with toluene and baked at 120 °C for
30 min. Finally, the CDPS/EDSA-modified substrates were soni-
cated in toluene, acetone, and ethanol sequentially to thoroughly
remove loosely bound physisorbed materials.

Synthesis of t-PLL Films. The fabrication of t-PLL films on
the amine-modified planar solid substrates followed the previously
published procedures with minor modification.>”-** End-tethered
poly(N¢-carbobenzyloxy-L-lysine) (t-PCBL), the precursor of t-PLL,
was grown from the amine-modified (APS or EDSA) solid
substrates by SI-VDP of the N-carboxyanhydride (NCA) of N*-
carbobenzyloxy-L-lysine (CBL) at a 102 °C substrate temperature,
the NCA evaporation temperature, and 1.0 x 107°>—1.0 x 107°
Torr with a 1 h reaction time for the samples used in Figures 2—7
and the thicker t-PLL films used in Figure 10a—c or a 40 min
reaction time for the thinner t-PLL films used in Figure 10d—f.
After the SI-VDP reaction was completed, the samples were
sonicated in a mixture of dichloroacetic acid (DCA)/chloroform
(2/8, v/v) for 5 min, washed with chloroform, and dried under a
stream of nitrogen. To remove the N°-carbobenzyloxy protecting
groups of t-PCBL, the samples were suspended in the benzene layer
of the hydrogen bromide/benzene mixture (2/8, v/v) and sonicated
for 40 min, followed by successive rinses with toluene, acetone,
and distilled water, and then dried under a stream of nitrogen,
yielding t-PLL films.

Wu et al.

To create t-PLL surface patterns, SI-VDP and photolithography
were combined, followed by the previously published method with
minor modification.”® The 10 um stripes and 10 um intervals
between the stripes were fabricated, suitable for the studies under
AFM. A 1 mm stripe was also fabricated on the same substrate
next to the micropatterned area, suitable for the ellipsometry
measurements.

Surface-Grafted Polypeptide-Templated Synthesis of Silica.
The t-PLL-bound substrates were fixed on the bottom of a Petri
dish or an ellispometer liquid cell (Gaertner Inc.). A 60 mL portion
of distilled water (pH 6.86) was added to the cells, followed by
the addition of 0.12 mL of TEOS. The TEOS and water are
immiscible, with the TEOS layer on top of the water layer.
According to the definition of “immiscible” (the solubility of the
solute is under 1.0 x 10~* M), the concentration of the silicic
species in our system would be very low and close to that of the
oceans (ca. 70 uM).?>*! This configuration design provides a very
stable TEOS concentration in the water phase during the silicifica-
tion reaction. The TEOS layer was gradually hydrolyzed and
provided a steady source of silicic acid for silicification. In our
case, the distance between the TEOS—water boundary and the
t-PLL film surface was about 2 cm. The cells were opened to
exposure to the atmosphere (temperature 25 °C, relative humidity
60%) throughout the silicification reaction. After the completion
of silicification, the substrates were taken out of the Petri dish or
liquid cell, rinsed with acetone and distilled water, and dried under
a stream of nitrogen. For all of the samples in this paper, a
silicification time of 12 h was used, which was the time required
for the thickest sample to finish the silicification reaction.

Calcination of Surface Silica. To remove the t-PLL template
of the t-PLL/silica films, the samples were calcinated in air by being
heated on a digitally controlled chemical vapor deposition (CVD)
system (Lindberg/Blue-M) for 4 h at 450 °C, with an initial heating
rate of 100 °C/min.

Instrumentation. FTIR spectra of the t-PLL films, t-PLL/silica
films, and calcined silica films (on the silicon substrates) were
recorded using a Nicolet Magna-IR 860 spectrometer in transmis-
sion mode with a clean silicon wafer as the reference. The sample
collection parameters were 32 scans and resolution 4 cm ™" for all
the samples. The spectral measurements were performed under dry
air (Whatman FT-IR purge gas generator) purging to offset
absorption of moisture.

Ellipsometric measurements of the films on silicon wafers, in
both air and solutions, were performed with a Gaertner LSE Stokes
ellipsometer with a He—Ne laser (A = 632.8 nm) and a fixed
incident angle of 70°. The film thicknesses were measured after
each preparation step. After piranha solution cleaning and APS
modification, the substrates were measured to find the N (3.85),
K, (—0.02), and refractive index (1.00) of the ambient. The
refractive indices of the ultrathin layer of the native silicon oxide
layer on the substrates and the APS layer were fixed to 1.46. In
the cases of the dry t-PCBL and t-PLL films, the refractive indices
of the films were automatically calculated by the Gaertner ellip-
someter measurement program. To measure the solvated t-PLL films
at the solid—water interface, a custom liquid cell** was used, and
the refractive index of the aqueous phase (distilled water and buffer
solutions) was simply set to 1.333. The final thicknesses of the
t-PLL films were obtained by subtracting the thickness of the oxide
layer (17.8 A) and APS (8 A) from the calculated thickness. All
the measurements of the thickness and refractive index of the
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samples were performed at least three times with random locations
on each sample.

CD (JASCO J-60 spectropolarimeter) was used to examine the
conformation of t-PLL on quartz, for both t-PLL and t-PLL/silica
films in pH 7 and 9.5 buffers (5 mM bis-tris-propane), respectively.
A rectangular demountable liquid cell (Starna Cells Inc.) with a 1
mm path length was used. To fix the quartz plate to the liquid cell,
a cell holder was used, as described previously.** Three separate
spectra were recorded at a band width of 1 nm and a scanning rate
of 20 nm/min.

All of the SEM images were inspected by using a JEOL-JSM-
6700F scanning electron microscope, with a platinum coating. To
take the cross-sectional SEM image, a custom sample holder with
a 1 cm depth groove was used, and the substrate was tilted vertically
and stuck on the side wall of the groove.

AFM images of the patterned t-PLL film, t-PLL/silica film, and
calcined silica film were obtained with an Asylum Research MFP-
3D atomic force micrscope operated in the tapping mode with an
Al-300 cantilever (Olympus). The image of the patterned t-PLL
film in distilled water was obtained by using a biocantilever
(Olympus).

A goniometer (FDS-OCA15 plus) was used to measure water
contact angles at solid—liquid interfaces. The droplets used were 3
uL, and the measurements were performed at least three times with
random locations on each sample.

The TEM images were acquired with a JEOL-JEM-2100F
transmission electron microscope at high voltage (150 kV). The
sample used for taking the TEM cross-section image required
additional preparations. Seven wafer pieces, each 1 cm in width
and 0.5 cm in length, were fixed to the substrate, with four pieces
fixed with the polished side facing the sample layer of the substrate
and the other three pieces with the polished side facing the back of
the substrate. Both sides of the substrate were polished until the
sample was penetrable by light. Then the filmlike sample was
mounted on a Cu ring and removed from the polish holder. Finally,
the film fixed in the Cu ring was polished by a precision ion
polishing system to make the sample thin enough to image with
the transmission electron microscope.

Results and Discussion

In Situ Synthesis of Silica Nanostructures at Solid
Surfaces. The procedure for the direct synthesis of silica at
surfaces can be separated into three preparation steps: the
preparation of an amino-functionalized surface by silanization
of silicon oxide based surfaces, the formation of t-PLL films
by SI-VDP of CBL, and then the deprotection of the side
chains of t-PCBL (Figure 1a).2”?° The amino acid monomer,
CBL, was heated at 102 °C in a vacuum to generate the
monomer vapor, which was readily polymerized through the
ring-opening surface polymerization when in contact with
the immobilized surface APS initiators or N-terminated
propagated peptide chains. The so-called SI-VDP process
has been shown to produce consistent results previously in
multiple amino acid systems, with the highest thickness of
end-tethered polypeptide films reported by far.?”?%3233 By
changing the reaction parameters such as the reaction time,
temperature, and vacuum pressure, the resulting polypeptide
film thickness could be varied from a few nanometers to
submicrometers, translating to tens to thousands of repeating
amino acids in one chain.?”?>**33 The ability to produce
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multiple lengths of surface-grafting polypeptides with great
chemical stability was the key to successfully producing
biomimetic silica. Previously, the surface properties of t-PLL
films in both ambient and aqueous environments have been
carefully characterized on the basis of the measurements from
ellipsometry, FTIR, CD, and a quartz crystal microbalance
with dissipation. In neutral pH solutions (buffer or water),
the t-PLL chains were fully stretched away from the surface,
adopting an extended randomly coiled conformation as a
result of their highly charged amino side chains at neutral
pH. In contrast to dry t-PLL films in which the t-PLL chains
interweave and collapse, the solvated, preferentially upright
randomly coiled t-PLL chains in neutral pH are more likely
to provide an accessible interchain space for silica penetra-
tion. Here, the t-PLL-bound substrates were fully immersed
in the aqueous phase of the distilled water (bottom layer)/
TEOS (top layer) immisible solutions. The TEOS diffused
to the water phase. At thermodynamic equilibrium, this
design provides a constant TEOS concentration in the water
phase. At neutral pH, TEOS was gradually hydrolyzed into
anionic silica species. The solvated, cationic t-PLL random
coil brushes may serve as the adsorption center to attract
TEOS in close proximity for polycondensation to take place,
thus forming a t-PLL/silica nanocomposite film (Figure 1b).
To create a pure silica porous structure, the nanocomposite
can be calcined at high temperature (450 °C) in ambient
conditions to remove the t-PLL template (Figure 1c).

As a blank control, a silicon wafer without a t-PLL film
was placed in the water/TEOS solution for several days, and
we found no silica precipitation or silica deposition on the
clean silicon wafers, as examined by ellipsometry and FTIR.
When t-PLL-modified substrates were introduced, however,
a spontaneous silicification was induced, as confirmed by
the resulting FTIR spectra (Figure 2). For the t-PLL film on
the silicon wafer prior to the silicification reactions (Figure
2a), the distinct IR peaks at 1652 cm™' (amide I) and 1544
cm™ ' (amide II) were attributed to the characteristic peaks
of PLL. It is noted that, although typically there is an about
18 A native silicon oxide layer on the silicon substrate, the
use of a clean silicon substrate as the background spectrum
when the IR absorbance spectrum was taken resulted in no
observable absorption peak around 1069 cm™', the charac-
teristic Si—O—Si stretching absorption for silica. After 24 h
of immersion in the water/TEOS solution, a strong absorption
at 1069 cm™ ! appeared, suggesting silica formation (Figure
2b). The broader peak width of both amide I and amide II
suggested a change in the environment surrounding the t-PLL
chains. The broad band around 3300 cm™' was assigned to
water absorption. After 4 h of heating at 450 °C, the t-PLL
template was shown to be removed, yielding a pure silica
film, with the disappearance of the amide I and the amide II
absorption peaks altogether (Figure 2c). In the FTIR spectrum
of the calcified silica, the broadened peak centered around
3500 cm ™! corresponded to the presence of silanol groups
(Si—OH), indicating an incompletely polymerized silica
network. The partially polymerized silica network was
characteristic of the silica found in biological materials.®'**33
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Figure 3. CD spectra of (a) a t-PLL film and (b) a t-PLL/silica film in pH
7 and 9.5 buffers (5 mM bis-tris-propane). Quartz substrates were used.

The FTIR spectrum, thickness (d), and refractive index
(Ny) of each dry film are shown in Figure 2. In the dry t-PLL
film, the t-PLL molecular chains were tilted toward the
surface, giving a 52.7 nm thick film with a relatively compact
structure (Ny = 1.521). When the t-PLL film was immersed
in neutral distilled water, the t-PLL molecular chains were
solvated and brushlike,?’ increasing the film thickness to
163.5 nm. More significantly, after the completion of
silicification, the t-PLL/silica film had a thickness of 168.7
nm, which was comparable to the original thickness of the
solvated t-PLL film. The calcination of the t-PLL/silica film
at 450 °C burned off the PLL molecules, resulting in a porous
silica film, as evidenced by the decrease of Ny from 1.498 to
1.412, while the film thickness remained approximately
identical. The calcined film should have a high aspect ratio,
threadlike porous structure as illustrated in Figure 1, as the
imprint of the original presence of t-PLL molecular chains.
This will be further demonstrated in the high-resolution TEM
image.

Molecular Chain Mobility Studied by CD. The chain
conformation of t-PLL before and after silicification could
be characterized by CD spectroscopy because silica had no
absorption in the detected ultraviolet light range (190—260
nm). It is known that the conformations of solvated t-PLL
can be interconverted by pH: at neutral or acidic pH, t-PLL
adopts a randomly coiled structure, while at pH 9.5, it adopts
an o-helical structure (Figure 3a).?” However, in the t-PLL/
silica film, the t-PLL molecular chains were embedded inside
the silica. The chains thereby lose the flexibility to inter-
convert conformations, adopting only the randomly coiled
structure, even in a basic buffer at pH 9.5 (Figure 3b). This
result confirmed the proposed structure of the t-PLL/silica

(35) Parkinson, J.; Gordon, R. Trends Biotechnol. 1999, 17, 190-196.
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Figure 4. Thickness and refractive index (in water) in the course of
silicification induced by a t-PLL film monitored by in situ ellipsometry.
The progress can be divided into four regions. Step I is the induction region,
in which no silica is formed. In step II, silica begins to form around the
t-PLL molecular chains and causes shrinkage of the film thickness and an
increase of the refractive index. Step III is the further growth step, which
causes an increase of the film thickness and refractive index. After all the
space around the t-PLL molecular chains is occupied, silicification is stopped
(step IV).

film shown in Figure 1, in which the embedded randomly
coiled t-PLL molecular chains are fixed by silicification.
Silica Growth Monitored by in Situ Ellipsometry. In
situ ellipsometry, which can monitor the film thickness and
refractive index in a liquid, gave direct observation of silica
growth. Figure 4 shows the changes of the thickness and
refractive index during the silicification process. This process
can be divided into four Steps. Step I is the induction region,
in which the concentration of silica anionic species (hydro-
lyzed from TEOS) is so low that no silica is formed. This
was confirmed by the lack of visible silica when analyzed
by SEM (data not shown). We noted that the ellipsometry
curve in this step was not very stable and may experience
fluctuation between different sets of experiments. When the
silica anionic species are accumulated to a certain concentra-
tion, silica begins to form around the t-PLL molecular chains.
Due to the gravity and charge neutralization, the t-PLL
molecular chains start to shrink and collapse toward the
surface, causing shrinkage of the film thickness and an
increase of the refractive index (step II). As more and more
silica is filled, the t-PLL molecular chains become fixed, and
the film thickness stops decreasing. Futher growth of the
silica causes an increase of the film thickness, with the
refractive index continouesly increasing (step III). After all
the space around the t-PLL molecular chains is occupied,
silicification is stopped (step IV). In this particular case, it
takes approximately 12 h to complete the silicification
process. Overall, the fill of silica into the t-PLL film caused
the refractive index to increase from 1.408 to 1.481 (in
distilled water). The t-PLL/silica film (~162 nm, in distilled
water) had almost the same thickness as the t-PLL film
(~163 nm, in distilled water), indicating that the silicification
only conformed to the t-PLL film. Therefore, the growth of
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Figure 5. (a) SEM (scale bar 100 nm) and (b) TEM (scale bar 20 nm) images of the cross-section of the silica film.

Silica film induced by Silicon
t-PLL film (before Substrate

calcination) ‘ ‘
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Figure 6. SEM images of (a) the micropatterned t-PLL/silica film and (b) the calcined silica film induced by the patterned t-PLL film (the patterned stripes
are 10 um, and the intervals are 10 um). The arrows and captions above the SEM images describe the composition differences between the white and black
strips. The white strips are the t-PLL/silica hybrid film in the SEM image in (a) and the silica film only in the SEM image in (b). The black strips are bare

silicon substrate in the SEM images in both (a) and (b).

silica is completely directed by t-PLL in the vertical direction.
The film thickness of t-PLL can be controlled by the reaction
time during the SI-VDP reaction, ranging from a few
nanometers to hundreds of nanometers, with an accuracy
within 10 nm.?” Therefore, the thickness of the synthesized
silica film can be easily tuned by varying the thickness of
the t-PLL film (data not shown).

SEM and TEM images, shown in Figure 5, further revealed
the nanostructures of the t-PLL/silica films. The cross-
sectional SEM image confirmed the thickness of silica, which
was consistent with the ellipsometric measurements. The
silica granular structures appeared to be grouped along the
surface normal (Figure 5a). The randomly selected cross-
sectional TEM image further revealed the distinct electron
density distribution (Figure 5b). The darker, parallel stripes
suggested preferentially unidirectional cylindrical pores
(around 5—15 nm in diameter) inside the silica film, and
the aspect ratios of the nanosize channels ranged from 10 to
30. According to Daniel et al.,'! the silica synthesized with
solvated PLL in an a-helix conformation possesses cylindri-
cal pores of approximately 1.5 nm diameter, whereas silica
synthesized with PLL in a 5-sheet conformation possesses
larger pores with a broad range (2—8 nm) of pore sizes (the
size being a function of the PLL concentration, or in other
words the size of the aggregates). Unlike those results, our
silica films were synthesized with t-PLL in a randomly coiled

structure, and the formed pore size was in the range of 5—15
nm. The larger pore size and the broader pore size distribu-
tion are likely due to the randomly coiled secondary structure
in the t-PLL films we used as well as the aggregation of the
t-PLL molecular chains. Furthermore, it deserves mentioning,
as we know, the chain length of the t-PLL can be controlled
by the reaction time of SI-VDP (with a range of 1—250 nm
in length in the distilled water or buffer solution); by the
control of the chain length and structure of the t-PLL, the
aspect ratio of the nanochannels could be modulated easily
in a wide range (around 50—0.06).

Formation of Patterned Silica Films. Because silicifica-
tion is templated by the t-PLL film, a micropatterned silica
film can be predetermined by a patterned t-PLL film. In our
work, the patterned t-PLL film served as the template to
organize the deposition of silica. Figure 6 shows the SEM
images of a micropatterned t-PLL/silica film and the calcined
silica film induced by the patterned t-PLL film. In the regions
absent of t-PLL, the surface was clean and no formation of
silica was observed. Silica can be formed only in the regions
where t-PLL is present. Thus, the silicification can be
templated by the t-PLL film in lateral directions, with
precision on the order of 5 nm. The silica film shown in
Figure 6b was calcined at 450 °C in the thermal CVD system,
and the resulting silica film was smooth and crack-free, with
the silica film bonding to the substrate very firmly. To
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Figure 7. AFM images of the micropatterned (a) surface-grafted t-PLL film in air, (b) surface-grafted t-PLL film in distilled water, (c) t-PLL/silica film, and
(d) silica film (scan area 50 um x 50 um). The thickness and Ny values shown under the AFM images were measured by optical ellipsometry.
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2
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Figure 8. Schematic illustration of the surface modification processes: (a)
modification of CDPS, which produces intentional defects on the surface,
(b) full coverage of the surface with EDSA.

confirm the ellipsometry data, we analyzed the film thickness
data of the patterned film in three steps of silica growth by
both optical ellipsometry and AFM (Figure 7). From the
comparison of the data collected by optical ellipsometry and
AFM in Figure 7, we can see that the thicknesses of the
patterned t-PLL film (in air and distilled water), t-PLL/silica
film, and silica film were approximately the same in AFM
scans. The AFM data reconfirm that the ellipsometry-
generated data are authentic.

Binary Silane Treated Surface. Since the silica film
bonds to the substrate very firmly, we attempted to alter the
surface density of t-PLL to determine the density effects on
the silicification reaction and the resulting silica structure.
We used the stepwise method®® to prepare surfaces with
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Figure 9. Water contact angle (a) and thickness (b) measurements as a
function of time for different amine density surfaces: () surfaces modified
with CDPS only, (M) surfaces modified with CDPS and then full coverage
of the intentionally formed defects with EDSA.

lower amine density, which in turn reduced the surface
initiation sites during the SI-VDP process. Briefly, the
method deliberately produces intentional defects by first
immersing the clean silicon substrate in the CDPS (0.5%)
in anhydrous toluene solution for 4, 16, 24, and 48 h,
respectively, followed by a second immersion in EDSA
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Figure 10. Morphologies of silica synthesized with different densities of t-PLL films on the surface. (a) and (d), (b) and (e), and (c) and (f) are the substrates
that were modified by being immersed in 0.5% CDPS toluene solution for 4,16, and 24 h, and then full coverage of the intentionally formed defects of the
surfaces was obtained by immersion in 1.0% EDSA toluene solution for 24 h. The thickness of the t-PLL films in (a)—(c) is ~70 nm and that of the films
in (d)—(f) is ~45 nm in distilled water. The diagram under the SEM images is the proposed model that describes the structure change when the grafting

density of the polymer chains is changed.

(1.0%) solutions to fill the remaining space (Figure 8) with
amine initiators. The contact angle gradually rises with
increased CDPS immersion time (Figure 9a), indicating
effectively changing CDPS coverage. It is noted that, in this
set of experiments, the monosilanes were used to prevent
self-polymerization to guarantee that the functionalized parts
would not be overgrown. The diluted amine-modified
substrates were then used followed by the same procedure
to produce t-PLL and subsequent silica-modified surfaces.

Ellipsometry was used to measure the resulting film
thickness of the t-PLL film. In Figure 10a—c, where the
surfaces were pretreated with 0.5% CDPS for 4, 16, 24 h,
the thicknesses of dry t-PLL films are 12.7, 10.5, and 9.6
nm, and their corresponding thicknesses in water are 78.1,
71.9, and 70.1 nm. The dramatic thickness differences
between dry (neutral, collapsed) and wet (charged, fully
stretched) films indicate successful dilution of the t-PLL
molecular chains at the surfaces.

Influences of the Grafting Density and Molecular
Weight of t-PLL on Silicification. Using the diluted t-PLL
film as the template, we can observe that the silica distribu-
tion was gradually separated by the reduced density of t-PLL
on the surface, as shown by the SEM images in Figures
10a—c. This further proves to us that the silica formation
was specifically directed by t-PLL. Unlike the previous silica
samples, where the final thickness and lateral patterns fully
conform to the t-PLL films’ original thickness and patterns,
in the diluted t-PLL films, the thickness of the t-PLL/silica
films changed to 38.9, 21.0, and 19.8 nm, respectively. From
the SEM images in Figure 10a—c, we can see that the
structure of the t-PLL/silica films shifted from more of a
continuous film to silica spheres. The changes in the silica
structure morphologies and the thickness of the films might

be due to the t-PLL molecular chains being separated by
the surface treatment, providing more free space for the
t-PLL molecular chains to fold, such that the silica structures
preferred to form silica spheres, leading to thickness reduc-
tion. These results are similar to the model (the diagrams
are shown under the SEM images of Figure 10) proposed
by Advincula et al. previously.**** The proposed models
are based on the grafting density of the polymer chains. If
the distance between two anchoring sites were large, the
polymer chain would favor formation of a mushroom
structure, which is similar to our lowest grafting density case
that directs the formation of the spherelike silica structure.
When the grafting density is raised, the distances between
the anchored polymers is shortened and the segments of the
chains avoid each other as much as possible and minimize
segment—segment interactions by stretching away from the
surface to form semidilute and high-density brushes. In our
cases, the directed silica structure forms a thicker and more
continuous silica film as the grafting density is raised. The
proposed model quite conforms to the results we get here.

We also tested the influence of the molecular weight. The
SEM images of t-PLL/silica films that were synthesized with
longer t-PLL molecular chains (~70 nm, in distilled water)

(36) Degennes, P. G. J. Phys. (Paris) 1976, 37, 1445-1452.

(37) Fleer, G.J.; Cohen Stuart, M. A.; Scheutjens, J. M. H. M.; Cosgrove,
T.; Vincent, B. Polymers at Interfaces; Chapman & Hall: London,
1993.

(38) Jones, R. A. L.; Richard, R. W. Polymers at Surfaces and Interfaces;
Cambridge University Press: Cambridge, U.K., 1999.

(39) Advincula, R. C.; Brittain, W. J.; Caster, K. C.; Ruhe, J. Polymer
Brushes: Synthesis, Characterization, Applications; Wiley-VCH:
Weinheim, Germany, 2004.
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are shown in Figure 10a—c, and the SEM images of t-PLL/
silica films that were synthesized with shorter t-PLL mo-
lecular chains (~40 nm, in distilled water) are shown in
Figure 10d—f. The results of Figure 10d—f were similar to
those of Figure 10a—c in that the silica structures were
gradully separated to a more loose structure and the t-PLL/
silica films were thinner than the t-PLL films in water. In
comparison with the samples in Figure 10a—c, it was readily
apparent that silica synthesized with the lower molecular
weight t-PLL resulted in the formation of smaller silica
spheres.

In addition to PLL, other surface-grafted polypeptides were
tested with different side groups, such as poly(L-glutamic
acid) (PLGA) with anionic carboxylic acid groups, poly(L-
ornithine) (PLO) with cationic amino groups, and poly(L-
phenylalanine) (PLPA) with un-ionized groups. There was
no trace of silica formed in the PLGA and PLPA films, while
silicification can be induced by PLO as it was by PLL. These
results suggest that the positively charged side groups (e.g.,
NH;") are responsible for the silicification. These groups
can provide nucleation sites, which bring the negatively
charged silica oligomers close enough for polycondensation
to occur.” Because the negatively charged side groups
(COO™) seem to inhibit the silica formation, by carefully
designing the structure of surface-grafted polypeptides (e.g.,
PLGA-b-PLL block copolypeptide),*® silica films with
complicated structures might be fabricated.

Wu et al.

Conclusions

In summary, inspired by biomimetic silicification in
solutions, this study introduces a mild and environmentally
benign approach to synthesize silica films at the solid—water
interface by using a t-PLL film as a template. The first
innovation of this approach is the mild reaction condition,
combining a neutral pH condition, ambient temperature, and
the absence of any surfactants. This is in contrast to the
sol—gel approach to synthesize mesoporous silica films on
a solid support, in which acidic conditions and surfactants
are essential.*' The second innovation is that the synthesized
silica films are mediated by the t-PLL films both chemically
and geometrically, making accurately patterned silica pos-
sible. Furthermore, in the experiments that combined the
surface-grafted technique with binary silanes, we further
demonstrate that the silica structure could be accurately
controlled by modulating the t-PLL film (such as changing
the grafting density of t-PLL or the molecular weight of
t-PLL). The research here is helpful for us to better
understand the role of PLL in controlling silica formation,
and the techniques might be applied to synthesize other
materials and in further applications.
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