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ioenabled and bioderived nano-

composite materials have been de-

signed and widely investigated as
prospective advanced materials fabricated
under environmentally benign
conditions."? Biomaterials-based nano-
composites exhibit novel synergetic proper-
ties by integrating features from both bio-
derived and inorganic components and
provide potential as biomedical materials
and biomolecular devices.?> These nano-
materials are prepared by the physical mix-
ing of two components, in situ synthesis of
inorganic nanostructures within organic
matrixes, or by employing bottom-up ap-
proaches with step-by-step component
assembly.*® The latter strategy affords
nanomaterials with enhanced interfacial
strength because it overcomes problems
with poorly controlled phase separation
and allows precisely tailored composition,
function, and tunable thickness, all at the
nm-scale.

Silk fibroin has found growing interest
as a key biomaterial component in hybrid
nanocomposites with advanced perfor-
mance.® Tissue engineering and biomedi-
cal applications are explored because of its
biocompatibility and biodegradability.”8
Silk fibroin from silkworm cocoons can be
processed as an aqueous solution which ex-
tends the range of silk materials from thin
films to coatings and electrospun fibers.>°
Silk has excellent mechanical properties
with high elastic modulus, elongation to
break, and toughness."" However, silk-
based membranes and films still lack me-
chanical robustness for demanding applica-
tions in biotechnology, and therefore an in-
organic filler is frequently needed to
reinforce silk-based nanocomposites. To
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ABSTRACT We report on a novel assembly approach to fabricate ultrathin robust freely standing

nanocomposite membranes. The materials are composed of a pre-cross-linked silk fibroin matrix with incorporated

silica nanoparticles with silsesquioxane cores (POSS) or clay nanoplatelets. These reinforced silk membranes have

enhanced mechanical properties as compared to traditional silk-based nanocomposites reported previously. Up to

6-fold and 8-fold increase in elastic modulus and toughness, respectively, were found for these nanocomposites.

In contrast, traditional LbL-assembled nanocomposites showed only a 3-fold increase in mechanical strength. The

silk nanocomposites obtained also revealed excellent optical transparency in the visible region especially if

reinforced with POSS nanoparticles, which suggests their utility as low cost, nontoxic, and easily scalable reinforced

biomaterials for mechanically demanding applications.

KEYWORDS: silk nanocomposites -
mechanical properties

date, reinforced silk-based bulk materials,
films, and fibers have been obtained by uti-
lizing inorganic nanofillers such as zirconia,
silica, titania, apatite, or metal particles.'>'?

Moreover, silk materials possess remark-
able optical properties such as near-perfect
transparency in a visible range.' In this re-
spect, nanocomposites, consisting of trans-
parent organic or polymeric matrices with
embedded particles of diameters less than
50—100 nm, are finding increased attention
in research on optical materials due to the
low light intensity loss by scattering which
is effectively reduced when compared to in-
corporated particles of larger dimensions.’
The low light intensity loss is an important
characteristic of these nanocomposites for
optical applications such as nonlinear optics
photoconductivity and as transparent UV-
absorbing layers.'®

One of the most popular inorganic rein-
forcing components for polymer and natu-
ral nanocomposites is clay platelets (Figure
1) because of their outstanding mechanical
values, high surface area, high aspect

layer-by-layer - POSS - clay -
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Figure 1. Schematic presentation of MMT (A) and POSS struc-
tures (B). POSS is presented as a mixture of linear (a), branched
(b), ladder-type (c), incompletely condensed polyhedral (d), and
completely polyhedral structures (octahedral as an example,
from ref 25) (e). The MMT structure A is redrawn from http://
serc.carleton.edu/NAGTWorkshops/mineralogy/clay_mineralogy.html.

ratio, and compatibility with polymeric materials.'”'® In-
corporation of clay nanoparticles by either blending or
by layer-by-layer (LbL) assembly resulted in
clay—organic nanocomposites with significantly en-
hanced thermal and mechanical properties and re-
duced permeability.”” We have recently shown that re-
inforced silk—clay nanocomposite films can be
obtained by spin-assisted LbL assembly of a silk fibroin
matrix with clay (montmorillonite) (MMT) nanosheets.?
The silk—clay nanocomposites exhibited significantly
higher toughness and Young'’s modulus then those of
pristine LbL silk membranes studied in our previous
work. Conventional LbL assembly is based on alternat-
ing deposition of oppositely charged species and this
approach has been applied to integrate synthetic and
biological materials with inorganic moieties such as
nanoparticles, nanosheets, and nanowires.?' As known,
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LbL assembly provides an opportunity to obtain well-
defined and stratified films with tunable thickness,
structure, and composition at the nanoscale level,
which cannot be easily accomplished when casting so-
lution mixtures or adding an inorganic component in
the conventional LbL approach.??

Another promising candidate for multifunctional
and lightweight nanocomposites is polyhedral oligo-
meric silsesquioxane (POSS), nanosized silica nano-
particles (Figure 1). Introduced as a new functionalized
inorganic compound, POSS has attracted interest be-
cause of its facile preparation, low polydispersity, high
transparency, high yield, and multiple functionalities.
Moreover, POSS is inert, optically transparent, and stiff,
with the Young’s modulus reaching 7.5 GPa.?* More-
over, it is a low cost and easily scalable material if a one-
pot synthetic route is used to create modestly polydis-
persive POSS-M. The POSS-M material has several
unique features: (1) the chemical composition is a hy-
brid, intermediate (RSiO; 5) between that of silica (SiO,)
and silicone (R2SiO) and the (2) silica nanoparticles
(2—4 nm) are comparable to common polymer dimen-
sions and domains in silk materials.?* Therefore, POSS
has an organic—inorganic core structure, which pro-
vides rigidity while covalently bonded reactive func-
tionalities make POSS compatible with interfaces.?® As
a result, the POSS compound has served as a reinforc-
ing agent for polymer matrices, resulting in improved
bulk thermal and mechanical properties.??’

Despite significant progress in designing silk-based
natural nanocomposites, many challenges remain in
synthetic of natural multifunctional materials with well-
organized structure, homogeneous composition, and
distribution of nanofillers, and nanoscale control over
film thickness especially for ultrathin (below 50 nm)
films. Current attempts to fabricate silk-based nano-
composites usually result in brittle materials with com-
promised mechanical and optical properties. The ability
to precisely construct silk-based architectures at the
nanoscale will provide a means of producing biocom-
patible nanomaterials for advanced applications with
requirements for miniaturization, light in weight, excel-
lent toughness, and high flexibility.

In this study, we introduce a novel method for
bottom-up fabrication of highly cross-linked silk-based
nanocomposite membranes with significantly en-
hanced mechanical properties. The re-enforced nano-
materials were obtained by integrating silsesquioxane
nanoscale cores (POSS-M) and MMT nanoplatelets with
silk matrices which were premixed with glutaraldehyde
(GA) as a cross-linking agent to increase matrix and in-
terfacial strength. To achieve this goal, we introduced a
novel one-step fabrication approach which involved
step-by-step spin-assisted deposition of the three-
component mixture of silk, cross-linking agent, and a
nanofiller, and compared the results with conventional

www.acsnano.org



spin-assisted LbL assembly which is usually employed
for the fabrication of laminated nanocomposites.

The combination of conventional LbL assembly a
with one-step mixed solution route could provide a
unique opportunity to overcome major obstacles for
developing high-performance silk-based nanocompos-
ites. Premixing of components combined with silk
cross-linking affords improved solubility and compat-
ibility of the silk and inorganic materials and, therefore,
a more homogeneous materials deposition in a single
step. The latter issue is a significant challenge in tradi-
tional LbL assembly with alternating deposition of silk
and inorganic nanostructures.?’ At the same time, the
one-step one-solution approach holds advantages over
the traditional LbL such as a nanoscale control over
deposition into hierarchical structures and scaling up
to higher film thicknesses. Thus, in contrast to previous
studies on organic—inorganic composites fabricated
by conventional LbL assembly or bulk mixing, the inte-
gration of approaches suggested in the present work
might afford a higher degree of materials uniformity
and enhanced physical properties critical for designing
ultrathin (tens of a nanometer) biocompatible nano-
composites with advanced mechanical properties for
potential applications as biosensors, as selective mem-
branes, and in biomedical science.

RESULTS AND DISCUSSION

Nanocomposite Assembly. MMT clay exploited in this
study belongs to the class of 2:1 phyllosilicates, nomi-
nally one-dimensional crystals comprising covalently
bonded, aluminosilicate layers, ~0.96 nm thick and sepa-
rated by a van der Waal interlayer, gallery containing
charge-compensating alkali metal or earth cations (Fig-
ure 1a).28 The charge per unit cell (generally between 0.5
and 1.3 for swellable smectites) originates from isomor-
phous substitution within the aluminosilicate layer (e.g.,
tetrahedral Si** by AP* or octahedral AP by Mg?*). The
number of exchangeable interlayer cations, the cation ex-
change capacity (CEC), generally ranges between 60 and
140 mequiv/100 g. Cloisite Na has a nominal unit cell for-
mula of Nage6[Si7 sAlo2016][Al.96F€0.45MJ0.44Ca0.0204(OH)4]
and a CEC of 95 mequiv/100 g.2

POSS used in the study has different compositions
of hydroxyl and tert-amine groups at their peripherals
as illustrated in Figure 1b. POSS has an empirical for-
mula of [RSiO; 5], (where n = ~14 and R represents or-
ganic functional group CH,CH,CH,N[CH,CH(OH)-
CH,OH],) and is composed of a mixture of linear,
branched, ladder-type, completely polyhedra, and in-
completely condensed polyhedra structures. Nanoparti-
cles are very uniform in size and have average dimen-
sions of 2.5 nm.?> Moreover, each POSS molecule
contains a reactive organic shell for solubility and com-
patibility of the POSS segments with the various
matrices.
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Figure 2. Two LbL approaches for the fabrication of rein-
forced silk nanocomposites: traditional LbL assembly (left)
and one-step, one-solution LbL approach (right).
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We found that traditional LbL assembly of silk and
POSS resulted in linearly grown (silk—POSS), nanocom-
posite films with a bilayer thickness of 4.2 nm (Figure
3). The result correlates well with the bilayer thickness
for silk—MMT films.2° Further exposure of the
(silk—POSS), and (silk—MMT),, matrices to glutaralde-
hyde (GA) solutions resulted in no change in film
thicknesses.

In contrast to the traditional method of LbL deposi-
tion of different components, the one-step approach in-
volved premixing silk and GA solutions followed by
adding nanofiller dispersions (Figure 2). Indeed, both
three-component films of (silk + GA + POSS) and
(silk + GA + MMT) showed linear growth, indicating
persistent and robust assembilies, similar to the two-
component silk—POSS and silk—MMT systems. How-
ever, the (silk + GA + MMT) system possessed an incre-
ment 5.35 nm per layer which is thicker than that for a
(silk—MMT) film of 4.1 nm/bilayer. The
(silk + GA + MMT) nanocomposites exhibited similar
linear growth with the layer thickness of 4.7 nm. The
control experiment with a (silk + GA) film demon-
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Figure 3. An increase in thickness of different silk LbL films
with increasing numbers of deposited layers as measured by
ellipsometry.
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Figure 4. AFM topographical (left) and phase images (right) of silk
surfaces with silk layers deposited from solution without cross-linking
(A) and pre-cross-linked in solution before deposition (B). Height is 10
nm and z-scale is 20° (B).

strated that films of pre-cross-linked silk were thicker
than those for the non-cross-linked one-component
(silk) films showing layer thicknesses of 4.5 and 3.9 nm,
respectively (Figure 3).

Surface Morphology. Figure 4 presents atomic force
microscopy (AFM) topographical images of a single-
layer silk film and a (silk + GA) film deposited from un-
cross-linked and pre-cross-linked silk, respectively. AFM
analysis of the images showed that both films have

Figure 5. AFM topographical images of a single layer deposited from
(silk + GA + POSS) (A, B) and (silk + GA + MMT) solutions (C, D).
Heights are 10 nm (A, B), 40 nm (C), and 30 nm (D).
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light-grainy morphology with a surface micro-
roughness (rms) of 1.3 = 0.2 nm and 1.2 = 0.2 nm
(within 1 X 1 um? surface area) for the silk and

(silk + GA) films, respectively. The surfaces were rela-
tively smooth which is indicative of silk deposited from
aqueous solutions on hydrophilic surfaces.>? Slightly
increased microroughness of ultrathin silk films (usually
below 1 nm) can be attributed to grainy and nano-
porous morphology caused by localized polymeriza-
tion of silk chains similarly to that observed for highly
cross-linked ultrathin polymer and aminoacid films as
observed in our recent studies.*

On the other hand, the difference in thickness for
the silk and (silk + GA) films revealed that GA provides
some changes in the silk secondary structure which pro-
moted thicker film formation (Figure 3). The GA-
induced structural changes will be discussed later in
this manuscript. However surface morphology of the
three-component (silk + GA + POSS), obtained by add-
ing POSS into a pre-cross-linked silk solution, remained
similar to that observed for the pristine silk film with a
similar microroughness of 1.1 = 0.2 nm (Figure 5a,b). In
contrast, incorporation of clay into a solution mixture
resulted in more heterogeneous and much rougher and
more porous surface films with a microroughness of
3.9 = 0.2 nm (Figure 5c,d).

The difference in surface morphology in
(silk + GA + POSS) and (silk + GA + MMT) systems can
be attributed to the difference in nanofiller nature. Ap-
parently, 2-nm POSS nanoparticles can be finely mixed
with the silk amorphous phase and thus do not signifi-
cantly affect surface morphology of silk with typical di-
mensions of the amorphous phase of 10—30 nm."" In
contrast, clay nanoplatelets are highly polydisperse and
have irregular sheetlike structures which are ~1 nm
thick and up to 200 nm wide.?%% Despite that the clay
nanoplatelets are well-dispersed and do not form large
microscopic aggregates in solution, they are not ideally
oriented on a surface in a (silk + GA + MMT) film, lead-
ing to the high surface microroughness. This random
structure is in contrast to the almost ideal planar orien-
tation of clay nanoplatelets observed in a conventional
LbL assembly of clay and silk.2° Overall, the smoother
(silk + GA + POSS) films are thinner in contrast to the
(silk + GA + MMT) films.

Silk Structural Conformations Followed by ATR-FTIR. To fur-
ther investigate the mechanism of cross-linking-
induced enhancement of mechanical properties, silk
fibroin was adsorbed on a silicon surface in a liquid cell
followed by introducing the GA cross-linking agent
into the liquid cell. The attenuated total reflection-
Fourier-transform IR spectroscopy (ATR-FTIR) spectrum
in Figure 6 shows that the silk has a random-coil confor-
mation with the major peak centered at 1644 cm™,
which correlates well with our previous results on a
hydrogenated silk layer adsorbed on surfaces.>> How-
ever, a drastic difference in the spectrum was observed
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Figure 6. In-situ ATR-FTIR spectra of a silk layer before
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for different amounts of time. Silk was deposited in situ in a
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in the presence of GA. Cross-linking resulted in a
gradual decrease in random-coil silk | content (band at
1645 cm™') with an appearance of two peaks at 1688
and 1623 cm™! attributed to significant presence of
crystalline ss-sheets of silk 113732 The transition is time-
dependent with silk Il features appearing in the spec-
trum in 5 min until the final transformation was com-
pleted in 60 min (Figure 6). In contrast, the
hydrogenated silk layer retained its random-coil confor-
mation for at least 4 days in the absence of GA.

Mechanical Properties. A typical buckling instability pat-
tern under compressive stress illustrates that the film
is uniform with periodic and equally spaced wrinkles,
which can be exploited for the calculation of the com-
pressive elastic modulus (Figure 7a). Figure 7 panels b
and c also show the representative interference pat-
terns of the silkk—nanocomposite films under various
pressures and stress—strain curves from bulging experi-
ments, which enables the determination of the tensile
mechanical properties.’®* It was shown that mechani-
cal values increased with increase in film thickness un-
til reaching a plateau.'**® In our previous work on thin
silk nanocomposites (<100 nm in thickness), the pla-
teau was reached at 50—60 nm.%° On that basis, in our
current study films of comparable thickness with the av-
erage range of 80 £ 10 nm are taken for the mechani-
cal testing and presented in Tables 1 and 2.

As clear from this data, a significant enhancement
of the mechanical properties is observed. First, it is
worth noting that additional cross-linking of the
(silk—MMT)y films with GA leads to minor changes in
mechanical properties with a 15% increase in Young's
modulus (Table 1). In contrast, (silk + GA + MMT);5
films showed a 6-fold, improved Young's modulus,
reaching 25 = 2 GPa (Table 2). Correspondingly, the
toughness for the films increased 3.5 times to 700 =
80 kim™3,

www.acsnano.org

Moreover, a drastic, 8-fold increase in toughness
was achieved for ((silk + GA)—MMT);5 systems ob-
tained by sequential assembly of (silk + GA) solution
with clay particles which afforded 1600 + 100 k) m~3
(Table 2). We also found that even in the nanofiller-free
(silk + GA)y films, obtained by assembly of silk pre-
mixed with GA, mechanical properties improved with
almost a 2-fold increase in the elastic modulus and
3-fold increase in toughness. These results are in con-
trast to those for the (silk), films exposed to GA after
the film fabrication which showed no significant effect
of the cross-linking on mechanical properties indicating
modest diffusion of the cross-linking agent into silk ma-
trix (Table 1). It is worth noting that in our previous
work a (silk—MMT);, film exhibited a 3-fold increase in
elastic modulus to 12 * 2 GPa and a 4-fold increase in
toughness to 950 = 100 kJ m~3.2° Therefore, overall, by
applying new silk processing, a 2-fold increase in both
mechanical strength and toughness has been achieved
in this study.

A similar trend was observed for POSS-containing
silk nanocomposites. Incorporation of POSS by conven-
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Figure 7. Optical image of a compressed (silk + GA + POSS),
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film during buckling measurements (A). An interference pattern
of the (silk + GA + POSS),, film suspended over a 150 um open-
ing under 0 Pa (top) and 3000 Pa (bottom) in a bulging experi-

ment (B). Stress—strain data for the silk containing pre-cross-
linked films (C).
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TABLE 1. Mechanical Properties of Silk Nanocomposite Films Prepared by the Traditional LbL Assembly“

silk and clay film thickness bulging Young’s buckling Young’s toughness

composites (nm) modulus (GPa) modulus (GPa) (KIm™3)
silkyg 80+ 15 4110 3215 200 = 50
(silk),o, GA* 802 50+1.0 45%15 250 = 50
(silk—MMT)y, 8515 1220 10.7 =15 950 = 100
(silk—MMT),o, GA* 85+ 20 14 £20 12110 800 = 100
(silk—P0SS) 83 +15 103 =15 89+15 850 = 50

%GA* = films exposed to GA solutions after assembly.

tional LbL assembly with silk resulted in a significant en-
hancement of mechanical properties for (silk—POSS),o
as indicated by a 2-fold increase in Young's modulus
and 4-fold increase in toughness to 10.3 * 1.5 GPa and
850 + 50 kJ m~3, respectively (Table 1). An alternative
assembly of the premixed (silk + POSS) solutions lead
to further increased elastic modulus up to 12 * 1.5 GPa
(Table 2). Further exposure of the (silk—POSS),, or

(silk + POSS)y0 systems to the cross-linking solution did
not affect mechanical values of the films (data not
shown). In contrast, the drastic increase in mechanical
properties was observed for the cross-linked blend
(silk + GA + POSS),0 systems which showed elastic
modulus and toughness of 18 = 1.5 GPa and 1000 *
100 kJ m~3, respectively (Table 2).

Finally, the effect of nanofiller volume fraction
on composite performance was tested by varying
the concentration of POSS solutions. The optimum
concentration of POSS solution used to fabricate
(silk—POSS) and (silk + POSS) films was found to be
0.2%. Up to this point, mechanical strength was in di-
rect correlation with concentration, but a further in-
crease in concentration to 1% resulted in brittle
films. For example, 0.05% POSS solution afforded a
2-fold increase of both elastic modulus and tough-
ness for (silk—POSS)y films, as compared to the pris-
tine silk films (data not shown). The results on nano-
filler concentration correlate well with those
previously observed for (silk—MMT) composites.?

Optical Properties. Transparency of silk-based nano-
composite films was measured in a wavelength range
between 190 and 800 nm (Figure 8). Both POSS- and
MMT-containing nanocomposites were highly transpar-
ent in the visible region (400—800 nm) with a slight de-
crease at 228° and 260 nm*3 as a result of clay and silk
absorbances, respectively. However, the transparency

in the UV region (190—350 nm) consistently decreased
for (silk + GA + POSS) and (silk + GA + MMT) systems.
The more pronounced loss in (silk + GA + MMT) trans-
parency can be attributed to the higher scattering of
the films when compared to the highly transparent
(95%) conventional silk—MMT films observed earlier.?°
As supported by the AFM results, the surface micro-
roughness of (silk + GA + MMT) nanocomposites was
higher than that for the (silk + GA + POSS) materials
because of the large dimensions and random orienta-
tion of clay platelets at the interface.

The refractive index and absorption coefficients for
the silk and silk composites are shown in Figure 9. The
refractive indices for the silk, silk—POSS, and silk—MMT
samples, at a wavelength of 543 nm, are unexpectedly
low, being 1.23, 1.29, and 1.37, respectively (Figure 9a).
The measured thicknesses of the samples were 22.8,
32.8, and 74.8 nm for silk, (silk + GA + POSS), and
(silk + GA + MMT), respectively. The results designate
that both POSS and MMT nanofillers induced an in-
crease in the refractive index. The data correlate well
with the previously reported increases in the refractive
index of a material with increasing density and cross-
linking of nanofillers within thin films.3* The fact that the
silk—MMT sample represents the highest value sug-
gests that the MMT platelets contribute more in com-
posite refractive index than very fine POSS nanoparti-
cles, which correlates well with the optical density
data.®®

The refractive index value for the silk films are much
lower than previous results for the refractive index of
silk fibers, n = 1.538.3° Another study determined the
refractive index of silk fibroin filament to be 1.34.3 The
differences may be within the aqueous processing ap-
proach used for the films, compared to silk fibers in their
native form. However, the most probable cause is

TABLE 2. Mechanical Properties of Silk Nanocomposite Films Prepared by Utilizing the One-Step, One-Solution

Approach

silk and dlay film thickness bulging Young’s buckling Young’s toughness

composites (nm) modulus (GPa) modulus (GPa) (Khm™3)
(silk + @A)y, 90 =15 6.8+ 2.0 57%x05 700 = 80
(silk + GA + MMT)y5 80+ 15 25+£20 21+15 700 = 100
((silk + GA)—MMT);5 72+12 20 =20 16.8 = 2.0 1600 = 150
(silk + POSS) 86+ 15 1215 10£15 800 = 50
(silk + GA + P0SS); 95 *15 18 £20 154 +15 1000 = 100
((silk + GA)—P0SS)s 1x15 10+ 2.0 715 1420 = 150
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Figure 8. Transmission of (silk + GA + MMT),5s and

(silk + GA + POSS),, films. Transmission of a pristine (silk),o
film is presented as a dashed line. Data for a quartz substrate
was taken as a background.

highly grainy surface morphology and developed po-
rosity of highly cross-linked silk matrices with nano-
meter thickness in contrast to that of silk films obtained
via conventional spin-casting with uniform surface mor-
phology.'® The excessive porosity at nanoscale does
not bring excessive light scattering but reduces effec-
tive refractive power of polymer films. Considering that
the highest porosity should concentrate along the
substrate—film and air—film interfaces due to exces-
sive interfacial stresses, one should expect this effect
to be much more pronounced for smaller film thick-
nesses and diminished for thicker films. To test this
suggestion, we fabricated a set of multilayered silk
films with an increasing thickness up to 85 nm (Fig-
ure 9b). For these pure silk films with increasing
thickness we indeed observed a gradual increase in
an overall level of the refractive index without sig-
nificant changes of the wavelength variation. For the
thickest silk films tested here, which started reach-
ing regular “bulk” state, we observed refractive in-
dex values approaching 1.52, a common value for
dense bulk silks.3® This trend indicates that decreas-
ing interfacial porosity brings the refractive proper-
ties in line with expected bulk values.

The absorption coefficients were found to be
around 0.03, 0.04, and 0.13 for the silk,
(silk + GA + POSS), and (silk + GA + POSS) samples,
respectively (Figure 9¢). The values were relatively
low indicating that the films exhibited low optical
absorption and were relatively transparent, confirm-
ing the aforementioned conclusion. The trend ob-
served for the absorption coefficient, k, reveals that
both types of nanofillers increased the amount of
light scattering for the silk films, indicating that an
increase in density of the silk-films occurred after
nanofiller inclusion. However, the use of fine silica
POSS nanoparticles resulted in a much lower value
for k, comparabale to the original silk matrices.

General Discussion and Conclusion. The data provided
here indicate that the one-step, one-solution fabrica-
tion LbL route with inclusion of silk matrix cross-linking
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Figure 9. Refractive indices (a, b) and absorption coefficients
(c) obtained for silk, (silk + GA+POSS) and (silk + GA + MMT)
films. Thickness of silk films was of 22.82, 26.36 nm, 68.02 nm,
and 84.92 nm as measured by ellipsometry (B).

appears to be more efficient for obtaining reinforced
nanocomposite films with enhanced mechanical prop-
erties than the traditional LbL assembly route explored
in earlier studies. Both methods allowed for the intro-
duction of nanofillers which significantly improved me-
chanical properties; however, the one-step mixed-
solution approach afforded an additional 2-fold
increase in mechanical strength due to the concurrent
cross-linking. The highest elastic moduli were observed
for (silk + GA + MMT) films, which showed 6-fold and
5-fold enhancements, respectively, when compared to
the pristine silk matrix, reaching a remarkable 25 GPa
for elastic modulus, 1.6 MJ/m3 for toughness, and 150
MPa for ultimate strength.

In situ ATR-FTIR revealed that the GA cross-linker re-
acted successfully with amorphous silk solutions induc-
ing gradual silk crystallization. It has been previously re-
ported that silk fibroin undergoes structural transitions
from random-coil silk | into crystalline silk Il as a result of
dehydration induced by a treatment with organic sol-
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vents, elevated temperatures, or by simple drying.3®
Our results indicate that such transformations can also
be induced by covalent cross-linking as well. Indeed, silk
has hydroxyl and amino groups such as serine, lysine,
and arginine capable of chemical reactions with the GA
cross-linking agent.>>2 The results on silk conforma-
tional changes correlate well with the previously pub-
lished data on cross-linking silk—chitosan blends with
genipin, which also induced formation of B-sheet struc-
tures in initially amorphous silk.3 In the latter case, es-
ter groups of genipin interact with the amino groups of
chitosan and silk, which leads to the formation of sec-
ondary amide linkages. In our case the change in the
silk secondary structure provides an increase in film
thickness observed in Figure 3. Indeed, 3-sheet-rich silk
is more hydrophobic than random silk and promotes
thicker films when deposited on a surface. Moreover,
silk transformation into a partially crystalline structure
is responsible for the improved mechanical properties
of the films.

In contrast, the silk-based nanocomposite films as-
sembled by the traditional route cannot be further rein-
forced by exposure to the cross-linking agent. The re-
sults are in contrast to the previously observed cross-
linking of LbL polylectrolyte films with incorporated
MMT particles.* In that case, GA was utilized to co-
valently cross-link hydroxyl groups of MMT and poly(vi-
nyl alcohol) in the preassembled polyelectolyte—MMT
matrices, which significantly improved mechanical
properties.*® We suggest that in our case exposure to
GA results in no significant enhancement in the pre-
assembled silk films, because of limited diffusion of
GA into the bulk silk. Indeed, dried silk is partially
crystalline and adopts an ss-sheet-rich structure (silk
II) when assembled by spin-assisted LbL, as a result
of chain dehydration during spinning.>? In contrast,
when silk is in the random coil form and soluble in
aqueous solutions the functional groups are easily
accessible for the cross-linker, and efficient covalent
cross-linking occurs in mixed solution. Moreover,
the solution of partially cross-linked silk is clear,
which favors stable aqueous dispersions with uni-
formly distributed components.

Comparison of nanocomposites with POSS vs MMT
reinforcing agents shows that (silk + GA + POSS) films
revealed slightly lower mechanical properties than
(silk + GA + MMT) nanocomposite films: the elastic
modulus reaches 18 GPa and toughness is 1.4 MJ/m3.
Considering that POSS nanoparticles are comparable
with dimensions of the silk random-coils (5—10 nm)
structure, we can expect a significant affect on mechan-
ical properties.'” Moreover, the recent theoretical stud-
ies on the dimensions of crystalline domains in silk fi-
broin showed the nanocrystals to be of 1—2 and 2—3
nm in length and height, respectively.*! This means that
the nanocrystals, which are responsible for the strength
characteristics of silk and formed by either hydrogen-
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bonded B-sheets as physical cross-links or by chemical
cross-linking, have dimensions similar to those of POSS
nanoparticles, thus reducing the entropic barrier for
mixing with the silk matrix. The observation that the
Young's modulus in the case of POSS-containing films
was still lower than that for those with MMT can be ex-
plained by the initially lower elastic modulus of POSS it-
self (7.5 GPa) as compared to that of the clay (270 GPa),
thus reducing the overall reinforcing effect. Both nano-
composites showed high stability upon degradation
for at least 10 months. Further investigation of a long-
time failure mechanism would be interesting to per-
form in the future.

Optical properties were also affected by nanofiller
incorporation. The inclusion of nanofillers did not com-
promise transparency of the films in the visible region,
the refractive index of MMT—silk nanocomposites was
higher than that for the POSS systems. This relationship
correlates well with the ellipsometric results on the ab-
sorption coefficients showing that the MMT-containing
film scatters more light (higher k) than the POSS-
containing samples. Furthermore, much smaller POSS
nanoparticles uniformly distributed in the silk matrix
more efficiently reduce overall fluctuations of the re-
fractive index between the less-ordered phase and
B-crystalline domains thus resulting in minimized opti-
cal losses in POSS-silk nanocomposites. This combina-
tion of enhanced mechanical and good optical proper-
ties suggests the perspective use of the silk-based
nanocomposites as mechanically robust materials with
optical transparency requirements.

In summary, ultrathin novel nanocomposite mem-
branes with remarkable mechanical properties were
generated by using a single-solution approach. In con-
trast to traditional LbL, the approach introduced here is
(1) simpler, (2) more efficient, and (3) affords the assem-
bly of homogeneous dispersions resulting in signifi-
cantly re-enforced composites. The re-enforced nano-
materials were obtained by integrating POSS
nanoparticles and MMT nanoplatelets with silk matri-
ces which were premixed with a cross-linking agent. We
found that covalent cross-linking induced silk crystalli-
zation into B-sheet domains, the effect previously
found for dehydrated silk films as a result of formation
of physical cross-links between neighboring silk seg-
ments. A computational analysis of the reinforcing phe-
nomena, applied recently by Buehler et al. to the spi-
der silk crystallization, could be one of the future
directions for the current work.*?

The attractive characteristics of these
silk—inorganic nanocomposites include transpar-
ency, the use of low cost and nontoxic raw materi-
als, and easy scale-up. The properties of the compos-
ites are attributed to the strong inter- and
intramolecular interactions induced by physical and
chemical cross-linking resulting in crystallization;
and to the excellent dispersion of nanofiller particles
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in the silk matrix. The facile and simplified fabrication
method with the pre-cross-linked silk matrix described
here can be further tailored by applying different con-

EXPERIMENTAL SECTION

Materials. A silk-fibroin solution was prepared from Bombyx
mori silkworm cocoons as described previously.** Briefly, co-
coons were boiled for 30 min in an aqueous solution of 0.02 M
Na,COs of sodium carbonate for 45 min to extract sericin, rinsed
thoroughly with distilled water, and dried. The dry fibroin bundle
was then dissolved in a 9.3 M aqueous solution of lithium bro-
mide at 60 °C for 4 h and dialyzed against distilled water at room
temperature for 3 days to remove the salt. The resulting solu-
tion was extracted from the dialysis cassettes (Slide-a-Lyzer,
Pierce, molecular weight cutoff (MWCO) 3500) and remaining
particulates were removed through centrifugation and syringe-
based microfiltration (5 mm pore size, Millipore). This process en-
ables the production of 8—10% w/v silk fibroin solution which
was dissolved with Nanopure water to a 0.2% solution and used
for LbL assembly. Nanopure water with a resistivity of 18.2 M(}
cm was used in all experiments.

Montmorillonite (MMT, Cloisite Na) was supplied in powder
form by Southern MMT Products (Figure 1). POSS-M, denoted
as POSS in the manuscript, refers to mixed silsesquioxane cores
(polyhedra, incompletely condensed polyhedra, ladder-type
structures, linear structures, and all the possible combinations),
in contrast to the geometrically specific POSS compounds (Fig-
ure 1). The POSS cores were synthesized by hydrolytic condensa-
tion of the precursor on a base of 3-aminopropyl triethoxysi-
lane with a 2-fold molar excess of glycidol according to a well-
established procedure.* Glutaraldehyde (70% in H,O, Aldrich)
was diluted to 2% solution with water.

Instrumentation. AFM images were collected in the tapping
mode with silicon tips with a spring constant of 50 N/m on a Di-
mension 3000 AFM microscope (Digital Instruments) according
to usual procedure.* Transmittance spectra of the composite
films were obtained on quartz substrates using a UV-2450 spec-
trophotometer (Shimadzu).

Ellipsometry was utilized to determine both the thickness
and optical properties of the silk-nanocomposite films. A Wool-
lam M2000U variable-angle spectroscopic ellipsometer system
was used, and the reflected polarization states were acquired
over the range 400—1000 nm at 1.59-nm intervals and at angles
of incidence equal to 65°, 70°, and 75°. All data analyses were per-
formed using Windows version WVASE32 software. The disper-
sion in the refractive index was modeled using a Cauchy fit and
determined from the polarization data of the thin film samples
and derived refractive indices. The complex refractive index is
given by the equation (n = n + ik), where n is associated with
the real part and corresponds to the refractivity of the materi-
al.*® The ik is the imaginary part and corresponds to the light ab-
sorption of the material. The absorption coefficient, k, is a
measure of the light scattering within a medium and absorp-
tion, with low values designating high optical transparency.

Buckling. Buckling tests were conducted to evaluate the com-
pressive elastic modulus of composite membranes from the elas-
tic buckling instability.'® Buckling was achieved by the compres-
sion of the films deposited on PDMS substrate in accordance
with a prior approach.*’ This method uses the strain-induced
elastic buckling instability and can be applied to thin films.*® For
an isotropic thin membrane, a uniform buckling pattern with a
characteristic wavelength, k, is observed when it is subjected to
a critical compressive stress.* The spacing of this pattern is di-
rectly related to the elastic modulus. To initiate the buckling pat-
tern, a 2 mm X 2 mm membrane piece was placed over a 0.6
cm X 0.6 cm X 0.4 cm PDMS substrate, which was slowly com-
pressed with micrometer-sized increments. The compression
was monitored in differential interference contrast (DIC) mode
adjusted for maximum contrast. Optical images were captured
with a Leica MZ16 microscope in reflection mode.
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ditions and the incorporation of inorganic species of
various functionalities into silk matrix to obtain thin
films with unique properties.

Bulging Test. Bulging tests were performed using a custom-
made interferometer equipped with a charge coupled device
(CCD) camera (Logitech) and a He—Ne laser (k = 632.8 nm). Pres-
sures up to 5000 Pa were exerted using a 60 mL syringe regu-
lated by an automatic pump (Kent Scientific, Inc.) and monitored
with an automatic pressure gauge, DPM 0.1 (SI Pressure Instru-
ments). The bulging test data were analyzed using a model for
the elastic deformation of circular membranes, according to pro-
cedures described previously.>® The LbL membranes freely sus-
pended over a copper substrate with a 150-pum hole were first in-
spected under an optical microscope, and a minimal pressure
was exerted to check for symmetrical Newton's ring patterns that
indicate membrane homogeneity before full load.

Construction of Nanocomposite Films. Figure 2 demonstrates two
main fabrication approaches utilized in the study. In the first
route, silk composites were obtained by traditional LbL assem-
bly from silk and nanofiller solutions. The method represents a
traditional two-step approach which utilizes two different solu-
tions in an alternating manner as previously applied to the sys-
tems of synthetic polyelectrolytes and clay nanosheets. First,
multilayer silk and composite films were produced through
deposition by the spin-assisted LbL (SA-LbL) method as de-
scribed elsewhere (Figure 2).'° The depositions were performed
either by the traditional alternating layers of silk and nanofiller
particles (POSS or MMT)®! or by using a one-step, single solu-
tion approach. For the traditional LbL assembly, 30 L of 0.2%
silk aqueous solutions and nanofiller dispersion were sequen-
tially dropped on silicon substrates precoated with sacrificial ac-
etate cellulose and rotated for 20 s with a 3000-rpm rotation
speed, rinsing twice with Nanopure water between the deposi-
tion steps. Thus, n-bilayer silk—MMT or silk—POSS films denoted
as (silk—MMT),, or (silk—POSS), respectively were constructed.
To perform cross-linking with different densities of cross-linking,
the films were exposed to GA for 2, 5, 10, or 20 h.

In the one-step assembling approach, a mixed, three-
component (silk, nanofiller, and GA) solution was sequentially
deposited on a silicon substrate (Figure 2). The final concentra-
tions of silk, nanofiller, and GA in the solution mixture were 0.5%,
0.2%, and 2%, respectively. The films were denoted as
(silk + GA + MMT),, or (silk + GA + POSS),.

In Situ ATR-FTIR. Silk deposition and cross-linking were moni-
tored by infrared spectroscopy using ATR-FTIR.>2 A Bruker FTIR
spectrometer (Vertex 70) was equipped with a narrow-band mer-
cury cadmium telluride detector. The internal compartment of
the FTIR spectrometer containing the liquid cell was purged with
dry nitrogen. The ATR surface was rectangular trapezoidal mul-
tiple reflection of a Ge crystal of dimension 50 mm X 10 mm X
2 mm (Harrick Scientific) whose beam entrance and exit surfaces
were cut at 45 deg. Interferograms were collected at 4 cm™' reso-
lution, and the number of averaged scans was 120. Each interfer-
ogram was corrected on the corresponding background,
measured for the same ATR cell with the same D,0. To elimi-
nate overlap of the IR bands in the 1700—1500 cm ™' region with
the strong water band, D,0O with 99.9% isotope content was
utilized.

For silk deposition in situ, 0.2% silk solutions in D,O were ad-
sorbed onto the surface of an oxidized Ge crystal for 10 min
within the custom-made flow-through ATR-FTIR liquid cell (Har-
rick Scientific). After silk adsorption the silk solution was replaced
with pure D,0. Use of multiple-reflection ATR along with a flow-
trough liquid cell allowed in situ deposition and compositional
monitoring of ultrathin films (~several nm in thickness).”? Cross-
linking was performed in situ by filling the cell with 2% GA in
D,0 solution, keeping the crystal exposed to the solution for vari-
ous amounts of time, followed by extensive rinsing with a pure
D,0 solution. The individual spectrum of GA was obtained in D,0
solution by taking the clean crystal as background. It is worth
noting that on the basis of our ATR results we allowed silk to be
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partially cross-linked for 30 min before performing self-assembly
from the silk-containing solution mixtures. The longer cross-
linking time hindered film deposition because of silk gelation.
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