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ABSTRACT: A simple and versatile approach is proposed to use
cross-linked polypeptide hydrogels as templates for silica
mineralization, allowing the synthesis of polypeptide—silica
hybrid hydrogels and mesoporous silica (meso-SiO,) by
subsequent calcination. The experimental data revealed that the
cross-linked polypeptide hydrogels comprised of interconnected,
membranous network served as templates for the high-fidelity
transcription of silica replicas spanning from nanoscale to
microscale, resulting in hybrid network comprised of inter-
penetrated polypeptide nanodomains and silica. The mechanical

properties of these as-prepared polypeptide—silica hybrid hydrogels were found to vary with polypeptide chain length and
composition. The synergy between cross-link, hydrophobic interaction, and silica deposition can lead to the enhancement of their
mechanical properties. The polypeptide—silica hybrid hydrogel with polypeptide and silica content as low as 1.1 wt % can achieve
114 kN/m* of compressive strength. By removing the polypeptide nanodomains, mesoporous silicas with average pore sizes
ranged between 2 nm and 6 nm can be obtained, depending on polypeptide chain length and composition. The polypeptide—
silica hybrid hydrogels demonstrated good cell compatibility and can support cell attachment/proliferation. With the versatility of
polymer chemistry and feasibility of amine-catalyzed sol—gel chemistry, the present method is facile for the synthesis of green

nanocomposites and biomaterials.
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B INTRODUCTION

Silica-condensing microorganisms such as diatoms and marine
sponges have evolved mechanisms to create exquisite
hierarchical structures over multiple length scales through
precise control of nanoscale building blocks."™ Proteins such
as silaffins from diatoms and silicateins from marine sponges
have been identified to play the key role on directing the uptake
and organization of inorganic matter, leading to the formation
of such intricate silica structures. Inspired by these silicification
processes, there has been growing interest in developing and
fabricating materials with new or unusual properties via
template approaches.”® A variety of self-assembled structures
including micelles and nanofibers can serve as templates for the
deposition of silica.®"'* Secondary conformations of polypep-
tides such as o-helix and f-sheet can be replicated via
silicification to produce microporous and mesoporous
silicas.”*®>7*¢ In addition, the two-dimensional (2D) and
three-dimensional (3D) silica architectures can be created by
silica deposition into/onto the 2D or 3D patterns of scaffolds
comprised of silica-condensing moieties with the aid of other
techniques such as lithography and direct ink writing."’~*° For
example, Kaehr and co-workers reported the capability to create
bioinspired silica microstructures with hierarchical feature over
broad length scales using lithographically patterned protein
hydrogels as templates. Peptidic moieties were commonly
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utilized to direct the deposition of silica onto the designated
structures.

In addition to control silica nano- and microstructures, the
ability to control silica deposition onto the scaffolds can result
in hybrid materials with tunable properties, which might open
up valuable opportunities for a variety of applications such as
tissue engineering, green nanocomposites, and biosensing
devices.2'~** Previously, it has been demonstrated that the
properties of hybrid materials can be tuned by controlling the
constituent organic/inorganic weight ratio with the two phases
interacting on a nanoscale.”**"*° Jones and co-workers
reported the synthesis of gelatin—silica hybrid materials via
covalent interactions between the organic and inorganic
constituents, which enable the precise control of degradation
and mechanical properties (compressive strength of 19—62
kN/m?) by varying the constituent organic/inorganic weight
ratio.”> Pochan and co-workers reported the silica deposition
onto the fibrillar nanostructures of self-assembled peptide
hydrogels and the as-prepared peptide—silica hybrid hydrogels
possessed tunable mechanical properties that can be achieved
by controlling the thickness of the silica shell.® Amine-catalyzed
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sol—gel polycondensation resulted in the uniform silica coating
on the peptide fibrils, which can potentially be a means to tune
the constituent phases on a nanoscale. In addition to the
constituent organic/inorganic weight ratio, controlling the
chemistry of the organic phase can be the alternative approach
to tune the properties of hybrid materials.

Herein, we report the synthesis and characterization of well-
defined polypeptide—silica 3D networks via biomimetic
silicification of cross-linked polypeptide hydrogels. The
influence of polypeptide chemistry on the properties of the
polypeptide—silica hybrid hydrogels and as-calcined silicas was
investigated. Incorporation of hydrophobic block can facilitate
self-assembly of the polypeptides and hence influence the
properties of the as-prepared materials. Poly(1-lysine) (PLL)
and block copolypeptides containing PLL were synthesized via
living polymerization of N-carboxyanhydrides (NCAs) to yield
well-defined chain length and composition.** > Genipin was
utilized to cross-link the lysine side chain to form hydrogels
with interconnected, membranous networks and the lysine
groups acted as directing agents for the condensation of silica
precursor on the cross-linked polypeptide membranes.
Polypeptide molecular weight, block ratio, and composition
were varied to investigate the mechanical properties of the
resulting silicified hydrogels. The silicified hydrogels were
calcined and the porosities of silicas were characterized in order
to investigate the interacting length scale of the polypeptide and
silica phases. To evaluate the feasibility of using these materials
for biomedical applications, a preliminary investigation on the
cytotoxicity of the hydrogels and silicified hydrogels was carried
out, as well as the cell attachment and proliferation on these
hydrogels.

B EXPERIMENTAL SECTION

Materials. L-alanine (>99%) and glycine (>99%) were used as
received from Fluka and Merck, respectively. N -Z-L-lysine (~99%, Z
= carboxybenzyl), bis(1,5-cyclooctadiene) nickel(0) (98+%), and 2,2’
bipyridyl (99+%) were used as received from Sigma—Aldrich.
Trifluoroacetic acid (99%) was supplied by Alfa Aesar. Triphosgene
(98%), tetramethyl orthosilicate (99%), and hydrogen bromide (33 wt
% in acetic acid) were used as-received from Fluka. Ethyl ether (ACS
Reagent) and genipin (98%) were supplied by ECHO and Challenge
Bioproducts Co. (CBC), respectively. THF (ACS Reagent, Merck)
and hexane (ACS Reagent, EM Science) were dried using sodium
metal and calcium hydride, respectively.

Polypeptide Synthesis. Homopolypeptides and block copolypep-
tides were synthesized using the nickel initiator 2,2'-bipyridyl-Ni(1,5-
cyclooctadiene) (BpyNiCOD) by following the literature reported
procedures.’* > These as-prepared N,-Z-L-lysine (Z-Lys), L-alanine
(Ala), and glycine (Gly) N-carboxyanhydrides (NCAs) reacted with
the nickel initiator in THF and the polymerization was carried out
under inert conditions at room temperature. The NCAs were
synthesized in dry THF using triphosgene as described by Daly and
Poche** The Z group on the side chain of poly(i-lysine) was
deprotected by using hydrogen bromide. These as-prepared
polypeptides were then dissolved in deionized (DI) water and
dialyzed against DI water using a dialysis tubing (MWCO 6000—8000;
Sigma, St. Louis, MO, USA). The water was exchanged 2—3 times per
day over the next three days. Finally, these polypeptides were
lyophilized using a freeze dryer to obtain white spongy materials. The
notations for homopolypeptides and copolypeptides used throughout
were Lys,, and Lys,Xa, (Xa = Ala or Gly), where m and n are the
number of amino acids in the respective block.

Preparation of Polypeptide—Silica Hybrid Hydrogels. The
polyeptide hydrogels were prepared by the cross-linking reaction
between genipin and the amine moieties in polypeptides. The freeze-
dried polypeptides dissolved in DI water (S wt %) were first prepared
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and the respective amount of genipin with a genipin/lysine molar ratio
of 0.5 was added to the polypeptide solutions. The gelation was
allowed to proceed at room temperature for at least two days. The
hydrogels were dark blue in appearance. For silica deposition, these as-
prepared hydrogels were immersed in freshly prepared 0.5 M
orthosilicic acid solutions for 2—10 h to allow the deposition of silica
in hydrogels. The polypeptide—silica hybrid hydrogels then were
placed into DI water and washed by changing the water twice a day for
at least two days. The as-prepared hybrid hydrogels were immersed in
DI water before use. To remove organic compounds, these composite
materials were lyophilized and calcined in air at 600 °C for 10 h
(heating rate 10 °C/min).

Mechanical Properties. The compressive strengths of polypep-
tide hydrogels and polypeptide—silica hybrid hydrogels were
determined using an MTS testing machine (AGS-X SOON, Shimadzu,
Japan). Hydrogels with uniform rectangular shapes (n = 4) were
prepared in Teflon mold and placed on the metal plate. The samples
were then pressed at a speed of 0.5 mm/min to obtain the load—
displacement curves.

In Vitro Cytotoxicity Tests. The fibroblast cells (3T3) were
cultured onto a 48-well plate (1 X 10* cells/mL), using Dulbecco’s
modified eagle medium (DMEM, Gibco) with 10% BS (bovine serum,
from Gibco) under a humidified atmosphere of 5% CO, at 37 °C.
After culturing for 24 h, the medium was replaced with extract fluids
obtained by placing the polypeptide hydrogels and polypeptide—silica
hybrid hydrogels (0.1 g/mL of culture medium) in the cell culture
medium at 37 °C for 24 and 48 h, respectively. The viability of
adherent cells then was determined using the MTT assay.>*** By
adding 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
to the cells, the tetrazolium salt was converted to an insoluble purple
formazan salt. After 4 h of incubation, the formazan salt was dissolved
by a detergent solution. The resulting solution was measured at 570
nm, using an ELISA plate reader (Sunrise, Tecan). The number of
viable cells can be quantified by measuring the absorbance intensity at
570 nm (n = S). For the control experiment, the cells were grown in
the culture medium under the same conditions. For cell adhesion test,
fibroblast cells were seeded at 1 X 10* cells/mL onto the wells coated
with the polypeptide or polypeptide—silica hydrogels. Cell cultured on
the bare wells under the same condition acted as controls. After 24 h
of culture, the adherent cells were observed using an inverted phase-
contrast microscope.

Statistical Analysis. All data represent means =+ standard
deviations (SDs) for n independent determinations. Significance of
results was determined with a Student’s t-test on n independent
measurements, where n is specified in the figure legend. Unless
otherwise indicated, significance was taken as p < 0.01.

Instrumentation and Characterization. Gel permeation chro-
matography (GPC) measurements were performed before depro-
tection of the polypeptides, using a Viscotek system equipped with
three detectors: a refractive index (RI) detector (VE3580, Viscotek), a
right-angle light scattering detector, and a viscometer (Dual 270,
Viscotek). Two ViscoGEL I-Series columns (Catalog Nos. I-
MBHMW-3078 and I-MBLMW-3078, Viscotek) were used for
efficient separation and eluted with 0.1 M LiBr in DMF at 55 °C.
The eluent flow rate was 1 mL/min. 'H NMR spectra were recorded
at 300 MHz on a Mercury 300 Varian spectrometer using TFA-d; or
D,0 as solvent. Field-emission scanning electron microscopy (FE-
SEM) was performed using a JEOL JSM-6700F microscope operating
at 1-10 kV. Samples were collected via lyophilization or calcination,
and mounted on carbon tape for imaging. Transmission electron
microscopy (TEM) images were taken with a Hitachi 700 system
operated at an accelerating voltage of 100 kV. The samples were
dispersed in methanol (100%, Aldrich) and dispensed on a carbon-
coated copper grid. Fourier transform infrared (FTIR) spectra were
recorded on a Thermo Nicolet Nexus 670 FTIR spectrometer.
Circular dichroism (CD) spectra were measured over the wavelength
range of 190—260 nm, using a 0.1 cm quartz cell on a JASCO Model J-
815 spectrometer (JASCO, Inc., Japan). The hybrid hydrogels were
ground into finely divided particles and suspended in aqueous solution
for CD measurements. Nitrogen sorption measurements were

dx.doi.org/10.1021/am302016c | ACS Appl. Mater. Interfaces 2012, 4, 6865—6874



ACS Applied Materials & Interfaces

Research Article

performed using a Micromeritics 2020 ASAP instrument at 77 K.
Surface areas were calculated by the Brunauer—Emmett—Teller (BET)
method. Pore volumes and pore size distributions were determined
from nitrogen sorption isotherm data using the t-plot and the Barrett—
Joyner—Halenda (BJH) method. The ratio of organic and inorganic
content in the dried hybrid material was determined from the
thermogravimetric analyses (Perkin—Elmer, TGA7 instrument). The
range of the temperature was 25—800 °C, and the temperature
ramping rate was 10 °C/min.

B RESULTS AND DISCUSSION

The homopolypeptides and block copolypeptides were
prepared by ring-opening polymerization. The molecular
weight and block ratio of these polypeptides can be tuned by
controlling the monomer and initiator concentrations, as well
as the monomer/initiator ratio.”" The list of homopolypeptides
and block copolypeptides studied in this paper is summarized
in Table 1. The molecular weights and polydispersities of these

Table 1. Characterization of Homopolypeptides and Block
Copolypeptides

sample code polypeptide block ratio”  M,? [g/mol] PDI®
a Z Lyspao 32000 1.30
b Z-Lysrs 65 600 120
c Z-Lys;soAlays 6:1 41400 122
d Z-Lysssolas 6:1 95500 117
e Z-LyspoAlays 8:1 34700 1.09
£ Z-LysysAlag 8:1 61000 128
g Z-Lysy<Glysg 6:1 61500 1.56

“Determined by '"H NMR in TFA-d,. YPDI = M,,/M,. The M, and
PDI values of the homopolypeptides and block copolypeptides were
measured by GPC.

as-prepared polypeptides were determined by GPC (see Figure
S1 in the Supporting Information). 'H NMR measurements of

these block copolypeptides in TFA-d; were performed to
determine their block ratios. Poly(i-lysine)-block-poly(L-
alanine) (PLL-b-PLAla) with different molecular weights and
block ratios were used for the preparation of hydrogels. For
comparison, the hydorgels prepared using poly(r-lysine) (PLL)
with different molecular weights were also studied, as well as
the hydrogels prepared using the block copolypeptides with
different hydrophobic blocks such as polyglycine (PGly).

It was found that hydrogels can be prepared via either
genipin or glutaraldehyde cross-linking with the amine moieties
in polypeptides. In this study, polypeptides were cross-linked by
genipin (see Scheme 1), which is a natural and nontoxic cross-
linking agent and has been utilized to prepare polysaccharide
hydrogels.** ™ Recently, our group reported that vesicles
assembled by alkyl-chain-grafted PLL can encapsulate bio-
molecules and subsequently the hydrophilic PLL can be cross-
linked by genipin to form stable hydrogel particles.** The cross-
link of polypeptides was carried out under mild conditions
including aqueous solution, room temperature, and neutral pH.
Previous studies have shown that poly(L-lysine)-b-poly(L-
leucine) block copolypeptide can form hydrogels at low
concentration.*' ™ These physically cross-linked hydrogels
employed reversible physical interactions including ionic or
hydrophobic interactions between polymer chains to form gel
matrix. In this study, polypeptide hydrogels were prepared via
chemical cross-link to form covalently bonded networks, which
would have better physical stability in vivo and control of
physical properties than physically cross-linked hydrogels. It
was found that none of the polypeptides could form hydrogels,
even at 9 wt %, if no genipin is added. The addition of genipin
at 0.125—0.5 of genipin/lysine molar ratio to polypeptide
solutions with concentration higher than S wt % can afford the
formation of hydrogels. It is worth noting that the polypeptide
solutions with lower concentration (<3 wt %) cannot form
hydrogels, even after adding genipin. The solutions became

Scheme 1. (a) Schematic Illustration of the Formation of Polypeptide—Silica Hybrid Hydrogels and Porous Silicas and (b)
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dark blue within a few hours of mixing genipin and polypeptide
together. Then the polypeptides were cross-linked to form
interconnected gel matrices. The cross-linked polypeptide
hydrogels were dark blue in appearance due to the cross-
linking reaction between genipin and the amine moieties in
polypeptides (Figure 1). In the present study, the hydrogels

Figure 1. Photograph of cross-linked Lys ;o hydrogel (S wt %, left)
and the as-prepared Lys,,,—silica hybrid hydrogel (right) after 6 h of
silicification.

were prepared using S wt % of polypeptides with genipin at 0.5
of genipin/lysine molar ratio. The as-prepared polypeptide
hydrogels were subsequently immersed in 0.5 M of freshly
prepared silica precursor solution for 6 h to obtain
polypeptide—silica hybrid hydrogels (see Scheme 1 and Figure
1). The silicified hydrogels were then dialyzed against DI water
for two days and stored in DI water for later characterization.
Previously, it has been demonstrated that the polypeptide self-
assemblies comprising PLL can be silicified and the preciIgitated
silicas can translate the molecular organization.*®'*'*~1¢
Because of electrostatic interactions or hydrogen bonding
between the lysine side chains and orthosilicic acid/silicate
oligomers, the local concentration of silicate precursor
increased in the vicinity of the lysine groups and hence
polycondensation of the orthosilicic acid resulted in silica
depositing onto the cross-linked polypeptide domains. In this
study, it is expected that the polypeptide hydrogels with lysine
residue can be hybridized by amine-induced polycondensation
of orthosilicic acid. The lysine groups induced the deposition of
silica onto the gel networks. It was found that silica deposition
in the gel matrix was slow (on the order of hours), consistent
with previous studies."*'®*° It can be attributed that part of the
amino groups were cross-linked by genipin and, consequently,
the condensation of orthosilicic acid/silicate oligomers was
hindered in the cross-linked gel matrix.

The polypeptide hydrogels (5 wt %) prepared at a genipin/
lysine molar ratio of 0.5 were first characterized by SEM to
investigate the gel structure. The samples were prepared by
freeze-drying the cross-linked hydrogels. Previously, it has been
shown that the native morphology of hydrogels can be
preserved by the freeze-drying procedure.***> SEM analysis
revealed that the freeze-dried polypeptide hydrogels exhibited
interconnected membranes with macropores ranged mostly
between 10 pm and SO pm for all of these samples (for
example, Figures 2a and 2b). The mechanical properties of
these polypeptide hydrogels were studied by measuring their
compressive strengths, which ranged between 160 and 260 kN/
m® (see Table S1 in the Supporting Information). It can be
found that the compressive strengths of these hydrogels were
influenced by polypeptide chain length and composition. The
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mechanical strength of Lys;,, hydrogel (227 kN/m?®) was
comparable with that of Lys,s, hydrogel. Incorporation of a
short PLAla chain (DP < 30) on PLL resulted in the relatively
weak hydrophobic interactions and the aggregated PLA
becoming the weak region, which consequently led to the
poor mechanical properties. LysjjAlags and Lys,,sGlyss
hydrogels possessed compressive strengths of 256 and 238
kN/m?, respectively, which were higher than those of others.
For the block copolypeptides with relatively long hydrophobic
chains such as Lys;Alags and Lysy,sGlyss, the hydrophobic
force exerted by the hydrophobic block could lead to the
formation of compact structures and, subsequently, the
enhancement of their mechanical properties.

The structure and composition of the as-synthesized
polypeptide—silica hybrid hydrogels were then characterized
by a variety of analytical techniques. SEM images showed that
the silicified polypeptide hydrogels, resembling the structures of
polypeptide hydrogels, exhibited interconnected networks (see
Figures 2c¢ and 2d, and Figure S2 in the Supporting
Information). The results suggested that silicas specifically
deposited onto the cross-linked polypeptide networks, resulting
in the high-fidelity transcription of gel matrices. Comparing
with the polypeptide hydrogels, the silicified hydrogels
possessed much well-defined networks with rigidity, because
of the deposition of silicas. It was found that the sizes of the
macropores in hybrid materials (>50 ym) were much larger
than those in the polypeptide hydrogels, which can be
attributed to swelling during silicification process. Energy-
dispersive X-ray (EDX) analysis conducted during SEM
characterization showed that high contents of silicon, oxygen,
and carbon elements were detected in the hybrids, indicating
that the materials contained organic and inorganic compounds
(see Figure S3 in the Supporting Information). FTIR analysis
confirmed the deposition of silica in the polypeptide hydrogels,
as evidenced by the silica absorption bands at 469 (Si—O—Si
bend), 801 (Si—O—Si symmetric stretch), 960 (Si—O—H
stretch), 1092 and 1207 cm™ (Si—O—Si antisymmetric
stretch) (see Figure 3 and Figure S4 in the Supporting
Information).15 From SEM, FTIR, and EDX analysis, the
results indicated that silica precursor infiltrated into the
polypeptide hydrogels and simultaneously silicas deposited
along the cross-linked polypeptide membranes, resulting in the
swelling of polypeptide hydrogels. It was evident that the cross-
linked polypeptide matrix acted as a template for silica
deposition. It can be seen that the amide I and II characteristic
peaks were at 1644—1647 and 1540—1543 cm ™, respectively. It
suggested that the polypeptides occluded in the hybrids
adopted mainly random coil conformation. The IR absorbance
at 1674—1678 cm™" was probably from the lysine side chain.
Furthermore, the CD spectra exhibited a minimum at 199 nm
and a maximum at 218 nm, which are well-known doubly
inflected curve, suggesting that the polypeptides adopted
mainly random coil conformation (see Figure SS in the
Supporting Information). The results from CD measurements
are consistent with those from FTIR measurements. The
influence of silicification time (0—8 h) on the amount of
deposited silica in the hydrogels was studied using TGA
measurements. Based on TGA measurements, the results
revealed that the weight loss of Lys;spAlays—silica and
Lysy0Ala;s—silica hybrid materials decreased with the increase
of silicification time, indicating that the weight percentage of
silica deposited in the hydrogels increased with the increase of
silicification time. As the cross-linked polypeptides were
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Figure 2. FE-SEM images of freeze-dried (a) Lys;3pAlags hydrogel, (b) Lys,soAla,s hydrogel, (c) Lys;oAlags—silica hybrid hydrogel, (d) Lys;soAlays—
silica hybrid hydrogel, (e) silicas obtained by calcining Lys;;Alass—silica hybrid materials, and (f) silicas obtained by calcining Lys,syAla,s—silica

hybrid materials.

calcined to 800 °C, the weight loss was not 100%, suggesting
the cross-linked polypeptides cannot be totally burned off,
because of the presence of genipin (see Figure 4 and Figure S6
in the Supporting Information). EDX analysis detected the
presence of silicon, oxygen, and carbon elements in the calcined
materials, suggesting the as-prepared silicas containing carbon
element originated from the organic compounds (see Figure $3
in the Supporting Information).

In order to gain insights on the silica nanostructures
deposited on the cross-linked polypeptide matrices, the
silicified hydrogels were calcined and the as-prepared silicas
were studied by electron microscopy and nitrogen sorption
analysis. The samples were prepared by immersing the
polypeptide hydrogels in 0.5 M of freshly prepared silica
precursor solution for 6 h. SEM images showed that the
morphology of silicas was the replica of cross-linked
polypeptide matrix (see Figures 2e and 2f, and Figure S7 in
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the Supporting Information). The calcined materials were not
intact due to the brittleness of silicas, and the interconnected
silica networks can be observed. TEM analysis revealed that the
silicas were porous with sizes mostly smaller than 6 nm (see
Figure S and Figure S8 in the Supporting Information). For
comparison, hybrid materials were also characterized by TEM.
TEM micrographs showed that the interconnected silica
networks (dark regions) can be observed and the polypeptide
nanodomains (light regions) were occluded in the silica
networks (see Figure S9 in the Supporting Information).
Previously, it has been demonstrated that silicas can translate
the molecular organization of polypeptides such as a-helix and
P-sheet.”'*'¢ Interestingly, this study suggested that genipin
cross-linking led to the formation of gel matrix comprised of
polypeptide nanodomains, which served as templates for silica
deposition to form polypeptide—silica hybrid gel matrices. The
polypeptide nanodomains adopted mainly random coil
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conformation based on the results from FTIR and CD analysis.
Nitrogen sorption measurements were performed to determine
the influence of polypeptide chain length and composition and
silicification time on the pore size and porosity. From the
sorption data, the total volumes for all samples, representing

the amount of nitrogen adsorbed at p/p, value of 0.98, ranged
between 0.23 cm® ¢! and 0.46 cm® g™' (Table 2). All of these
samples possessed low micropore volume (<0.05 cm® g™).
Except the calcined Lys,,,—silica sample, the mesopore (2—10
nm) volumes for most samples, representing the amount of
nitrogen adsorbed in the pore with size between 2 and 10 nm,
ranged between 0.27 and 0.37 cm® g™'. Based on BJH analysis,
most of the as-synthesized silicas possessed mesopores with
pore size distributions between 2 and 6 nm (Figure 6 and
Figure S10 in the Supporting Information). The average pore
sizes were calculated to be between 2 and 6 nm, depending on
polypeptide chain length and composition (Figure 7). The
additional nitrogen adsorbed beyond the mesopore volume is
due to nitrogen adsorbed on the surface of the materials. The
results suggested that the as-prepared polypeptide—silica hybrid
network comprised of interpenetrated polypeptide nano-
domains and silica. For PLL hydrogels, the polypeptide
nanodomains might also form upon silicification. The
introduction of silica precursor would cause the change of
solution property, leading to the formation of aggregates due to
the poor solvation of the cross-linked moieties and,
subsequently, the deposition of silica. The calcined Lys;,,—
silica sample possessed relatively uniform pore size between 2
nm and 4 nm, compared to other samples, indicating that the
polypeptide domain in the Lys;o—silica sample was the
smallest one among all. This can be attributed that Lys,,,
chains have less entanglement and steric hindrance than the
other polypeptides. In contrast, block copolypeptides would
first self-assemble to form connective bilayer structures in
aqueous solution and genipin cross-link would then lead to the
formation of interconnected network with segregated nano-
domains, which were comprised of hydrophobic segments and
cross-linked moieties. It is also likely the cross-linked moieties
would aggregate to form individual domains upon cross-linking.
The calcined LysyzAlags—silica sample possessed the smallest
average pore size (~3.4 nm) among the calcined block
copolypeptide—silica samples. This suggested that the poly-
peptide domain in Lys;;Alags—silica sample was the smallest
among block copolypeptide—silica samples. This can be
attributed to the relatively high hydrophobic interaction and
chain entanglement. The results showed that the polypeptide

Figure 5. TEM images of silicas obtained by calcining freeze-dried (a) Lyss3o-Alags—silica and (b) Lys,soAla,s—silica hybrid hydrogels.
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Table 2. Nitrogen Sorption Data of As-Prepared Silicas”

micropore volume mesopore volume (2—10 nm)

sample [em® g7 [em® g7']

Lysizo 0.040 0.116
Lys,so 0 0.336
Lysa Alays 0 0.295
Lys,,s Alayg 0.001 0.317
Lysiso Alay 0.013 0.368
Lysyso Alags 0.007 0272
Lys,,s Glysg 0 0.38

BJH pore volume

total pore volume

BET surface area

[Cm3 gfl]c [sz gfl] [mz gfl]
0.136 0.236 407
0.351 0.386 570
0.321 0.359 529
0.334 0.376 560
0.386 0.413 599
0.287 0373 624
0.389 0.453 728

“The silicification time is 6 h. “The micropore volume was calculated using the t-plot method. “The “BJH pore volume” is the total volume adsorbed
over the relative pressure range of 0.1 < p/p, < 0.9 estimated by the BJH formalism.
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Figure 6. Nitrogen sorption isotherms (left) and pore size
distributions (right) of silicas obtained from calcining (a) Lys,0—
silica (@), (b) Lys,so—silica (A), (c) LysspAlags—silica, (H) and (d)
LyssoAlays—silica (4) hybrid materials. The offsets of the BET
isotherms a—d are 0, 10, 95, and 200 g/ cm>-STP, respectively. The
silicification time is 6 h.
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Figure 7. Compressive strength of polypeptide-silica hybrid hydrogels

and average pore size possessed by silicas obtained by calcining
polypeptide—silica hybrid materials.

domains were influenced by polypeptide chain length and
composition, which consequently resulted in the templated
silicas with different pore sizes and porosities. In addition, the
silicas were also prepared by 4 h of silicification (see Table S2
and Figure S11 in the Supporting Information). The as-
prepared silicas possessed higher mesopore volume and
broader size distribution, compared to those obtained from 6
h of silicification, showing that the porosity of the oxides can be
tuned by silicification time. One may argue that the
mesoporosity of as-calcined silicas resulted from the interstitial
space created by the deposition of silica. If this is the case, these
hybrid materials should possess mesoporosity with sizes
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comparable with those of as-calcined silicas. To verify the
validity of this argument, nitrogen sorption measurements were
performed on the selected polypeptide—silica hybrid materials
to determine their pore size and porosity. From the BJH
analysis, all of the as-synthesized polypeptide-silica hybrid
materials possessed mesopores with broad pore size distribu-
tions between 2 and S0 nm (see Table S3 and Figure S12 in the
Supporting Information). The mesopore (2—6 nm) volumes
were much lower than those of the corresponding calcined
materials, suggesting that the mesoporosities of calcined
materials mainly resulted from the polypeptide nanodomains.

Based on electron microscopy and nitrogen sorption analysis,
silicas deposited onto the polypeptide domains on a nanoscale
to form continuous network. The hybrid hydrogels were found
to have very low polypeptide/silica weight percentage (<2 wt
%) and good mechanical toughness (Table 3). As demon-
strated using compression testing, the silicified hydrogels can
have tailorable mechanical property by varying polypeptide
chain length and composition and silicification time. From the
data, the strength for these samples ranged between 30 and 120
kN/m? It can be found that the strength of these hybrid
hydrogels was influenced by polypeptide chain length and the
length of the hydrophobic segment. Lys;,;—silica and
LysyoAla s—silica hybrid hydrogels had better compressive
strength than Lys,s,—silica and Lys,,sAla,g—silica hybrid
hydrogels, respectively. Incorporation of PLA on the
corresponding homopolypeptides with 8:1 Lys/Ala block
ratio did not lead to the enhancement of the mechanical
property. In contrast, for the block copolypeptides with 6:1
Lys/Ala block ratio, Lys,syAlas—silica hybrid hydrogel had
poorer compressive strength than LyssAlags—silica hybrid
hydrogel. The results revealed that the incorporation of short
PLAla chain (<30 mers) on PLL may weaken the hybrid gels
due to the relatively weak hydrophobic interactions.
Lyss3Alags—silica hybrid hydrogel had the best compressive
strength among all, even though the weight percentage of solid
content is the lowest. It can be partly attributed to the relatively
strong hydrophobic interaction exerted by the long PLAla
chains. Lys,,sGly;g—silica hybrid hydrogel had poorer com-
pressive strength than Lys,s,—silica hybrid hydrogels, suggest-
ing that the incorporation of coiled PGly did not enhance its
property. For homopolypeptides or the block copolypeptides
with comparable block ratio, it is interesting to observe that the
hybrid hydrogel with better compressive strength possessed
smaller polypeptide nanodomains (Figure 7). For example,
LysyeAlags—silica (or Lys,,o—silica) hybrid hydrogel exhibited
better mechanical properties and smaller polypeptide nano-
domains than Lys;s,Alay—silica (or Lys,so—silica) hybrid
hydrogel. It is possible that the polypeptide nanodomains
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Table 3. Compositions and Mechanical Properties of Polypeptide—Silica Hybrid Hydrogels (n = 4)

sample code” polypeptide silicification time (h)

Al Lysiz 6 35
A2 Lysyso 6 36
A3 Lysy0Alag 6 38
A4 Lysy,sAlayg 6 39
AS Lys,soAlays 6 34
A6 Lys;30Alags 6 35
A7 Lysy,sGlysg 6 38
B1 Lys,so 3 54
B2 Lysy,sAlayg 3 S5
Cl1 Lys,so

C2 LysssoAlasg

weight loss (%)°

weight percentage of polypeptide and silica (%)° strength (kN/m?*)

13 70.9 + 0.9
1.6 S14+ 1.3
1.1 634 + 1.7
1.3 313+ 1.7
1.1 49.5 £ 9.7
1.1 1141 £ 1.3
1.9 450 + 1.1
1.8 65.1 + 1.0
1.8 484 + 1.0
2.8 90.2 + 94
2.1 66.3 + 5.4

“For samples C1 and C2, the hydrogels (S wt %) were immersed in DI water for two days to reach equilibrium. The variation is within 2%. “The

variation is within 0.2%.

formed by Lys,siAlags chains were compact due to relatively
high hydrophobic interaction and consequently exhibited better
mechanical properties than those formed by other block
copolypeptides, resulting in the good mechanical properties of
LysssoAlagg—silica (or Lysj,o—silica) hybrid hydrogel. In
addition, the polypeptide nanodomains and silica nanostructure
interpenetrated with each other at nanometer scale can possibly
have synergic effect on the mechanical properties of the hybrid
hydrogels. Varying silicification time seemed to cause only the
difference in organic and inorganic weight ratio and, hence, the
difference in the mechanical property. For comparison, the
mechanical properties of selected polypeptide hydrogels after
reaching equilibrium in DI water (2—3 wt%) were also
measured (sample Cl and C2). It can be observed that
LyssjpAlags—silica hybrid hydrogel had better mechanical
properties than Lys;3pAlags hydrogel (sample C1), even though
LyssspAlags—silica hybrid hydrogel had much lower weight
percentage of solid content than Lys;;Alags hydrogel. The
results suggested that the synergy between cross-link, hydro-
phobic interaction, and silica deposition led to the enhance-
ment of their mechanical properties.

Previously, Jones and co-workers reported the synthesis of
gelatin—silica hybrid materials by condensation of silica with
gelatin modified with a coupling agent. The compressive
strengths of the as-prepared hybrid materials ranged between
19 kN/m? and 62 kN/m?, depending on the organic/inorganic
weight ratio.”® Drisko and co-workers reported the synthesis of
mesoporous silica pellets by infusing agarose gels with a silica
precursor and condensation catalyst.*® After calcination,
mesoporous silica monoliths with high compressive strength
((3—25) x 10® kN/m?), high surface areas, and large pore
volumes can be produced. The mechanical properties of hybrid
materials were not characterized. Unlike the previous studies,
this study focused on hybridization of polypeptide hydrogels via
amine-induced polycondensation of orthosilicic acid, resulting
in hybrid networks comprised of interpenetrated polypeptide
nanodomains and silica. The compressive strengths of the as-
prepared hybrid hydrogels ranged between 30 kN/m* and 120
kN/m? depending on the polypeptide chain length and the
length of the hydrophobic segment. Comparing with gelatin-
silica hybrid materials, these hydrogel-based hybrid materials
have relatively good mechanical toughness, even though they
contain very low polypeptide/silica weight percentage (<2 wt
%).

The in vitro cytotoxicity of selected polypeptide hydrogels
and polypeptide—silica hybrid hydrogels was investigated. It has
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been reported that highly positively charged polypeptides were
found to be cytotoxic to various types of mammalian cells.*”**
In this study, it was found that Lys;,, and Lys;s,Ala,s were
found to be cytotoxic to fibroblast cells (data not shown),
consistent with the previous studies.*”*® It can be attributed to
the electrostatic interaction between the cationic polypeptides
and the anionic phospholipids in the cell membrane, leading to
the cytotoxicity of polycations such as the lysine-containing
copolymers. In contrast, Pochan reported that the hydrogels
formed by poly(L-lysine)-block-poly(1-leucine) (PLL-b-PLLe)
block copolypeptides via self-assembly were noncytotoxic.*” In
the present study, it was expected that genipin cross-linking and
silica deposition can lower the charge density on PLL chains
and consequently enhance the biocompatibility of the hydro-
gels. The fibroblast cells (3T3) were used for the cytotoxicity
tests. As shown in Figure 8, the surviving cell detected for the
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Figure 8. Cytotoxicity of Lys 5, Lys;spAlays, Lys yo—silica, and
Lys, soAla,s—silica hydrogels (n = S).

cross-linked polypeptide hydrogels was higher than 80% of
those for the control after 24 h. After 48 h, the cross-linked
polypeptide hydrogels remained ~80% viability, compared to
the control. Genipin cross-linking enhanced the biocompati-
bility of the hydrogels, resulting from a reduction in the charge
density on PLL chains, consistent with a previous study.*’ The
polypeptide—silica hybrid hydrogels showed almost 100%
viability, compared with the control. The results revealed silica
deposition further enhanced the biocompatibility of the hybrid
hydrogels. The population of surviving cell detected between
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the Lys yo—silica hybrid hydrogel and control showed no
statically significant difference (p > 0.01). Also, incorporation of
PLA segments in the hybrid hydrogels did not affect the
number of surviving cells (p > 0.01). The results showed that
the biocompatibility of the hydrogels can be enhanced by
genipin-cross-link and silica deposition, suggesting these
hydrogels were promising substrates for tissue engineering. In
addition to biocompatibility, the ability for these hydrogels to
promote cell attachment and proliferation is also a vital
requirement for a feasible cell growth substrate. Fibroblast cells
were seeded on the polypeptide hydrogels and polypeptide—
silica hybrid hydrogels. After 24 h of seeding, fibroblast cells
were found to grow on the polypeptide hydrogels-modified
slides and were elongated spindle-shaped (Figure 9a). Also,

100pum

Figure 9. Optical microscopy images of fibroblast cells grown on (a)
Lys,5o hydrogel and (b) Lys,so—silica hybrid hydrogel after seeding for
one day.

fibroblast cells grown on the polypeptide—silica hybrid
hydrogels-modified slides had a spindle morphology (Figure
9b). The results indicated that the polypeptide hydrogels and
polypeptide—silica hybrid hydrogels can promote cell attach-
ment and proliferation.

B CONCLUSIONS

In conclusion, we used biomimetic silicification to create well-
defined silicas onto three-dimensional (3D) membranous
nanostructures of cross-linked polypeptide hydrogels. By
calcining the silicified hydrogels, the networks were preserved
and the silicas possessed average pore sizes mostly between 2
nm and 6 nm, suggesting the formation of an interconnected
network comprised of polypeptide nanodomains and silica. The
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compressive strength of the resulting silicified hydrogels, as well
as the porosity of silicas, can be facile controlled by tuning
polypeptide chain length and composition. This study high-
lighted that amine-catalyzed silicification can be a means to
tune the constituent phases on a nanoscale and, hence, the
properties of the as-prepared materials. The preliminary
investigation on the cytotoxicity of the hydrogels and silicified
hydrogels, as well as the cell attachment and proliferation on
these hydrogels, showed that these hydrogels are potential
tissue engineering scaffolds for biomedical applications.
Tunable organic—inorganic composition and benign reaction
conditions are also key advantages that can render this method
amenable for the synthesis of green nanocomposites and
biomaterials. A variety of active agents can be conjugated with
PLL or encapsulated in the hydrogels, which should exert a
synergic effect in biomedical use. In addition, the as-prepared
mesoporous  silicas might be useful as catalyst support,
molecular sieving, and so forth.
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