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Abstract: Water soluble a-helical polypeptides were used to prepare silica coated hexagonal single crystal
platelets in concentrated solutions. To our knowledge, there is no other instance where polymer single
crystals, typically formed under high dilution, can be grown in a bulk material. This unprecedented self-
assembly process relies on complex cooperative interactions where silica condensation mediates the growth
of polypeptide crystals, which in turn template silica overgrowth. The helices were also used to align samples
giving monoliths composed of highly oriented layers of platelets. Overall, this procedure allows preparation

of composites with good structural order and complexity

via a simple biomimetic process.

Introduction

Many recent reports have described biomimetic approaches
for the synthesis of inorganic materials with intricate shdpes.
A major goal of this work is the ability to replicate the complex
morphologies found in natural minerals, such as the layered
crystalline calcium carbonate tablets in abalone sRells] the
hierarchical patterns of amorphous silica in diatériibe ability

to realize such structures in synthetic materials holds tremendous

technological potential for applications in separations and
lightweight structural compositédsas well as catalysis and
sensing when the inorganic materials can be selectively func-
tionalized® Many early biomimetic approaches yielded only
materials with high symmetry, such as spheres, cylinders and

sheets that, although well-ordered on mesoscopic and nanoscopic

scales, lacked the complexity of natural materfafsRecent
efforts have focused heavily on the use of polycations, peptides,
proteins, and polypeptides in effort to form more complex
shapes:®15 The simplest of these systems utilize cationic
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Figure 1. Schematic illustrating synthesis of silica-polypeptide crystal
composites. Samples with macroscopic orientation were obtained by
synthesis in the presence of a magnetic field, & rodlike, nonionic water
soluble polypeptide (see Figure 2a). TMGStetramethyl orthosilicate.
Drawings are not to scale.

polylysine, which can be used to organize amorphous silica into
hexagonal platelets, spheres, and other shapes, although only
under dilute condition& Here, we report formation of monoliths
composed of silica-polypeptide composite hexagonal platelets
utilizing a nonionic, a-helical polypeptide in concentrated
solutions (Figure 1). The high polypeptide concentration also
allowed alignment of the platelets normal to an applied magnetic
field, yielding long-range order in the monoliths. This one-pot
assembly process demonstrates cooperativity between the silica
precursors and the helical polypeptides, where the silica directs
unprecedented formation of polypeptide single crystals at high
concentrations, and the resulting crystals then act as templates
for silica condensation. The resulting composites are the first
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example where amorphous silica is organized into macroscopi-

cally oriented monoliths composed of layered crystal shaped A

platelets, demonstrating that complex architectures can be readily R o]
obtained from simple precursors. K, = LH,(JLrHJ:H
Discussion 3

R = -(CH,),NHC(O)CH,(OCH,CH,),0CH,

In polylysine mediated silica synthesis, the water-soluble
polypeptide chains are initially in a disordered configuration
due to electrostatic repulsions between the like-charged am-
monium side-chain® Upon complexation with multivalent _
counterions, these chains can adopt ordered conformations (i.e.gs
p-sheet andr-helix) that are able to crystallize. In the presence
of silicic acid at neutral pH, cationic polylysine interacts with
silicate anions to form helical chains that further condense to
form composites. In dilute mixtures, hexagonal polylysine
single-crystal platelets are formed that become coated with silica
and settle out of the medium as a precipitdt&his technique
can also be used to form silica composite platelets on anionic =8
substrates, such as ITO glass, for sensing applicatfoAs. |
important consideration in this system is that single platelets §
only form under highly dilute conditions<(L wt% polylysine)t”
where formation of polypeptide single crystals is favored by
slow, controlled crystal growtk Virtually all polymeric single
crystals are formed at high dilution for similar reasons:
polycrystalline aggregates and semicrystalline structures will

form at higher concentrations_ Whe_re i_nterchain interactions are Figure 2. Morphologies of silica-K, polypeptide composites andPK
elevatec?® The need to use high dilution to form hexagonally homopolymer. (A) Chemical structure of’K (B) SEM image of silica-
patterned silica composites precludes the formation of monoliths Kss (40 wt.% polypeptide) composite spheres (Ba60 um). (C) SEM
that may be useful in separations or structural applications.  top view image of silica-Re4 (85 wt. % polypeptide) composite hexagonal

. h . plates (Bar= 10 um). (D) Close up SEM image of a silicaflss (65 wt.
To form solid composites, we recognized the advantage of o, polypeptide) composite hexagonal plate (Ba xm). (E) SEM top

performing synthesis at high concentrations of both silica view image of silica-Rs00 (55 wt. % polypeptide, 1:1 mixture af- and
precursor and polypeptide. Landmark studies utilizing lyotropic L-polypeptides) composite hexagonal plates (Ba2 um). (F) Optical
liquid crystal phases of surfactants or amphiphilic block microscopy image of Reoo Spherulites grown by evaporation from a TFA/
copolymers to organize mesoporous silica structures provided Vate" solution (Bar= 50 um).

the guidelines for preparation of polypeptide-silica monofiti¥s.

However, the strong interaction between highly charged polyl- phase. We were especially interested to see if the silica yvould
ysine and silica precursors prevents use of this polypeptide atPenetrate the I_'C’ where Fhe_ rorbd spacing of the p‘."ypept"?‘?
high concentrations since the rapidity of condensation and chains should increase with increasing volume fractions of silica.

coprecipitation prevents formation of well-ordered materiéls, !N @ny event, we reasoned that the interactions between

Consequently, ethylene glycol-modified lysine building blocks it?tempe(_jia}e S"ici splclacie_-s anr:j thelponionliab?ains thL:Id
were utilized to prepare water soluble, nonionic polypeptides, e relatively weak, allowing the seff-assembling molecules to
KP, (n = number of residues, Figure 2H)that were expected anneal into well-ordered structures, even under highly concen-

to interact with silica precursors in a manner similar to the poly- trated conditions.
(ethylene glycol) segments of pluronic block copolymers, used Results
extensively to form ordered silica composife§.

An added feature of the i polypeptides is that they adopt When neat TMOS was added to LC solutions di,Kthe

very stablex-helical conformations, and these rodlike molecules high viscos_ity of the LC phase preve_nted good _rr_1ixing and only
macroscopically phase separated mixtures of silica and polymer

are capable of forming lyotropic liquid crystalline (LC) phases btained after hvdrolvsis. C | .
(cholesteric and hexagonal) at high concentrations in aqueous’'¢€ © tained after hydrolysis. Consequently, composites were

. » e 2 - i - ionsPof¢a
solution?? Initially, we envisioned mixing a silica precursor (e.g., prepared using less co_ncentrated, non-LC solutions'p{¢a.
tetramethyl orthosilicate, TMOS) and a catalyst (e.g., HCI) with 10 wt%), which were mixed with neat TMOS and aqueous HCI

highly concentrated solutions ofPKto form mixtures where ;0 brn;g tzgt_arhoverlaltl_ mixture tto pf';ﬂ?’ Z)EF'\(;I%taStlyss of S.'"ga
the polypeptide LC would serve as a template for the inorganic ormation: € relative amounts of' an Were varie

to give composites where the final weight fraction of polypeptide
(17) Tomczak, M. M.; Glawe, D. D.; Drummy, L. F.; Lawrence, C. G.; Stone, ranged from 25 to 85% after drying. The degree of polymeri-
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OcC. f . H H H
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thoroughly mixed and the initially clear solutions were placed
in 1.5 mm diameter quartz capilliary tubes and allowed to react
at ambient temperature. The samples became opaque within 3

min, and had formed solid gels after 48 h. The samples were & .

then removed from the capilliaries and dried in a vacuum oven
at 20°C to constant weight. Analysis of the samples usiigj
NMR showed the presence o2 @3, and @ species indicating
that the samples are hydrated silica.

The composites prepared using the short chain polypeptide

KPse, regardless of polymer content (25 to 57 wt.%), crumbled
into powders after drying. However, samples prepared with

polypeptides greater than 200 residues long were obtained as

solid monoliths that retained the cylindrical shape of the

capilliaries even after shrinkage caused by drying. The samples
were cleaved to reveal the interior structure, which was imaged #

using SEM. All samples with low weight fractions of polypep-
tide formed highly irregular morphologies, with the degree of
regularity improving with increasing polymer weight fraction.

At higher fractions of Kse (€.g., 40 wt.%), composites were

obtained as uniform spherical particles approximately 5 to 10
um in diameter (Figure 2b). More importantly, composites

prepared with greater than 40 wt.% of long€t, Khains were

| _

B

e

Figure 3. Images of silica-K, polypeptide composite structure. (A) SEM
image of silica-K300 (50 Wt.% polypeptide) composite hexagonal plates
after removal of polymer by calcination (Bar 2 um). (B) TEM image of

a 200-nm thick cross-section of a silicdig (46 wt. % polypeptide)
composite plate. Arrows show orientation of plate surface 8&0 nm).
(C) SEM image of silica-Ras0 (55 wt.% polypeptide) composite hexagonal
plate cross sections after fracture showing multilamellar structure {Bar

obtained as agglomerates of well-defined hexagonal plateletssoo nm). (D) SEM image of silica-%zo (65 wt. % polypeptide) composite

(Figure 2c).
Many of the platelets were unilamellar single crystals,
however some were found to be multilamellar or contain a

hexagonal plate cross sections with partial silica deposition. Large arrows
indicate uniform band of polypeptide, small arrows indicate irregular silica
coating (Bar= 200 nm).

central screw dislocation (Figure 2d), similar to polylysine single
crystals?* The screw dislocations could be suppressed by use
of 1:1 mixtures of enantiomerio-KP, andL-KP, helices, which
gave only unilamellar platelets (Figure 2e). Composite formation
usingp/L-random copolymer R, chains, which are nat-heli-
cal?® or KP, chains with large chain length distributions (i.e.,
Mw/M, > 1.4) resulted in disordered composites with no
hexagonal platelets. In the absence of silica, a concentrated
solution of KP3o crystallized only as large polycrystalline
spherulites upon evaporation (Figure 2f), showing the impor-
tance of polypeptide-silica interactions during assembly.
Sample compositions were determined by TGA analysis,
where it was found that the polypeptide could be removed by
calcination above 300C. The samples were found to contain
little water (<3 wt. %) and polypeptide weight fractions were
within 3% of predicted values. SEM images of calcined samples
showed little change from those with polypeptide, indicating
the hexagonal platelets contain enough S|I|ca_ to maintain their Figure 4. X-ray scattering data from silicafk polypeptide composites.
shape even after removal of the polypeptide (Figure 3a). (a) Two-dimensional X-ray pattern from an unaligned silicBs (43 wt.%
Analysis of the samples by WAXS showed the silica to be polypeptide) composited(spacing= 2.35 nm). (B) Two-dimensional X-ray
amorphous since only a single diffraction peak was observed pattern from a magnetic field (4.7 T) aligned silic&slo (43 wt.%
corresponding to the interhelical distance between packed POlyPeptide) composited(spacing= 2.35 nm). Arrow indicates direction
. . . . of applied magnetic field. (C and D) Wide-angle X-ray data of a magnetic
polypeptide rods (Figure 4a). This spacing was found to be |4 (4.7 T) aligned silica-Rsao (43 wt.% polypeptide) composite, loaded
invariant with respect to silica content in the ComDOSIteS, and with 0.1 molar equiv. of EuGlper ethylene glycol side-chain, showing
was identical to the spacing found for pur&,kn the bulk (ca. higher order reflections. (C) Two-dimensional X-ray pattern. Arrow indicates
2.4 nm)!® This result indicated that polypeptide helices were dgggfr?“s?lgmﬁ"eﬂ;‘(gggﬁgf fsielr?{nggt)r R%‘?i‘:‘égfsujq Xgﬁt‘iﬁéscﬁtﬁggwith
tcilfgsﬁglligggked and thatlittle, if any, silica was present between Eiﬁraction lines ?n the rzgtio of 1,};:’32, 2. N{lmbers in%ic)é\?e ?he peak values

of g.

After calcination, the diffraction peak disappeared, confirming !
that it was due to polypeptide and that the silica was amorphous.examined by TEM. A composite sample (46 wt. %k) was
Although well-ordered hexagonal platelets were observable by impregnated with epoxy resin and then microtomed to give a
SEM, no higher order diffraction peaks were seen by WAXS 200 nm thick slice, which was imaged directly. Examination
due to the instrument Configuration. To determine if the helices of the cross-section of a p|ate|et showed a pattern of para||e|
were packed with long range order, individual platelets were |ines ca. 2.3 nm apart running nearly perpindicular to the platelet
surface (Figure 3b). These lines correspond to the individual
rodlike polypeptide helice,which show good long range order
and alignment within a platelet.

(a) ’(oI

C
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All of these data suggest a model where th®, Khains
assemble into hexagonal platelet crystals, which are then coate
with silica to yield composite¥’. Some insights into the growth
process were obtained by SEM of fractured samples. From cros
sectional views, many of the platelets were found to be
multilamellar, with individual platelets having thicknesses of
ca. 80 to 120 nm, regardless of polymer length or concentration §
(Figure 3c). Since the lengths of the polypeptide chains were Bigs B, -
only 45 to 80 nm, and since the platelets remained intact after ;e 5. Images of silica-Bao0 (55 wt.% polypeptide, 1:1 mixture af-
calcination, it was concluded that the extra thickness in each and L-polypeptides) composite monoliths. (A) SEM image of unaligned
platelet was due to silica. This interpretation was substantiated monolith cross section after fracture showing disordered packing of
by SEM images where cross-sections of crystals with partial hexagonal plates (Bar 20um). (B) SEM image of magnetic field (4.7 T)

o . . . aligned monolith cross section after fracture showing layering of hexagonal
SI!Ica coatings were observed rev?ahng crystal l,ayers of uniform plates (Bar= 20 um). Arrow indicates direction of applied magnetic field.
width (ca. 35 nm) surrounded by irregular coatings of ca. 20 to
40 nm thickness (Figure 3d). Interestingly, since each platelet parallel to either a shear flow or an applied magnetic féld.
in a multlilamellar stack was coated with a roughly even Furthermore, addition of metal ions with high magnetic
thickness of silica it implies that polypeptide crystallization and susceptibilities (e.g., Bt) to KP, which can bind to the
silica deposition occur concurrently. If this were not the case, ethyleneglycol side chains of the polypeptide, facilitates align-
then one would expect the multilamellar crystals to be coated ment of the helical chains under mild conditiciisWhen
with a thick layer of silica only on the outermost surfaces of composite preparations were subjected to a 4.7 T magnetic field
the crystal stack. Coordinated polypeptide crystallization and for 8 h immediately after mixing, composites were obtained
silica deposition also explains the cooperativity that occurs with a high degree of helix orientation, as measured by WAXS
between silica species and the polypeptides. Without silica, (Figure 4a,b). Addition of 0.1 equiv of Euger ethylene glycol
formation of single-crystal platelets does not occur at these side-chain of K, to composite preparations combined with
polypeptide concentrations, indicating the inorganic species alignment in a magnetic field gave rise to an even higher degree
mediate the crystal growth process. of orientation, detectable with a wider angle X-ray instrument

Formation of a large number of single crystals, as opposed (Figure 4c). The improved electron density contrast in these
to a smaller number of large polycrystalline spherulites, implies samples also allowed detection of higher order diffraction peaks
a high crystal nucleation rate and a slow controlled growth in a ratio of 1 to 3?to 2 that confirmed the hexagonal ordering
phase. The nonionic nature of théchains as compared to  of helical chains in the crystals (Figure 4c,d).
cationic polylysine leads to a much weaker interaction between The macroscopic orientation of these field-aligned composites
KP, and anionic silica species. However, the ethylene glycol was readily observed by SEM. Figure 5a is an unaligned sample
side-chains of K, can become partially protonated under the where the random orientation of the platelets into a porous
acidic synthesis conditions to give a slightly cationic polypep- network is clearly visable. However, when the sample was
tide?! Alternatively, the ethylene glycol side-chains might prepared in a magnetic field (Figure 5b), the platelets align
hydrogen bond to silica species, or release bound water uponpredominantly perpindicular to the applied field and conse-
complexing to silica, in effect a hydrophobic interaction. It quently form a layered composite with highly anisotropic
appears that during synthesis, some combination of thesestructural features. The ability to readily align the polypeptide
interactions is enough to associate an agglomerate of silica tohelices, and thus control platelet orientation, provides a simple
a nucleus of polypeptide chains, which then grows into a crystal process to tailor the properties of these materials. Platelet
as the silica particles condense. The interaction betweenfthe K orientation is expected to significantly affect the permeability
chains and silica must be robust enough to bring the chainsof these materials in separations, and provides a means to
together in water, which is a good solvent fof.Kyet must prepare coatings and control presentation of surface functional-
also be transient enough to allow annealing of the polypeptide ity. This one-pot process to prepare composites of good
chains into a highly ordered lattice. The balance of these structural order and complexity, which utilizes polypeptides of
interactions under our conditions appears to be near ideal sincedefined structure and functionality, is a promising methodology
attempted syntheses in methanol or without an acid catalystfor biomimetic synthesis of composite materials.
yielded a few hexagonal plates but mainly highly disordered
composites. Overall, the stahilehelical conformations of R,
chains, combined with their ethylene glycol side chains, were
found to be critical features for formation of polypeptide single
crystal composites under highly concentrated conditions.

The helical nature of the polypeptides also provides a means
to modify macroscopic composite properties by alignment of
the helices in electric or magnetic fieléfsSince the helices Supporting Information Available: Details of all materials
are inherently aligned normal to the crystal platelets, alignment and measurements. This material is available free of charge via
of the helices with a field should also yield long range ordering the Internet at http://pubs.acs.org.
of the platelets themselves. In aqueous liquid crystals @f K
we have shown that the rodlike helices can be well-aligned JA0S6227H
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