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ABSTRACT Layers of recombinant spider silks and native silks
from silk worms were prepared by spin-coating and casting of
various solutions. FT-IR spectra were recorded to investigate
the influence of the different mechanical stress occurring during
the preparation of the silk layers. The solubility of the recom-
binant spider silk proteins SO1-ELP, C16, AQ24NR3, and of
the silk fibroin from Bombyx mori were investigated in hexa-
fluorisopropanol, ionic liquids and concentrated salt solutions.
The morphology and thickness of the layers were determined by
Atomic Force Microscopy (AFM) or with a profilometer. The
mechanical behaviour was investigated by acoustic impedance
analysis by using a quartz crystal microbalance (QCMB) as well
as by microindentation.

The density of silk layers (d < 300nm) was determined
based on AFM and QCMB measurements. At silk layers thicker
than 300 nm significant changes of the half-band-half width can
be correlated with increasing energy dissipation. Microhard-
ness measurements demonstrate that recombinant spider silk
and sericine-free Bombyx mori silk layers achieve higher elas-
tic penetration modules Egp and Martens hardness values Hy
than those of polyethylenterephthalate (PET) and polyetherim-
ide (PEI) foils.

PACS 81.05; 87.68.+z; 82.35.Pq

1 Introduction

Natural silk fibres both from spiders [1-3] and silk
worms [4, 5] have outstanding mechanical properties, e.g.,
extreme strength and toughness combined with high elas-
ticity. Sericin free silks [5, 6] show a moderate and subsid-
ing foreign body response and support cell attachment and
growth, e.g., of bone marrow stromal cells and osteoblasts [7].
These properties and the unique mechanical properties rec-
ommends this material as coating and scaffold material in
tissue engineering of tendons, ligaments [8], cartilage [9] and
bone [10, 11]. Natural elastin fibers provide elasticity to many
tissues that require the ability to be deformed repetitively
and reversibly [12]. Spider silk-elastin fusion proteins pro-
mote the proliferation of mammalian cells [13]. Therefore, the

Bd Fax: +49-345-5589101, E-mail: spn@iwmh.thg.de

preparation of layers from different kinds of silk proteins and
the determination of their mechanical parameters is of com-
mon interest for further use of such materials in medical and
technical applications. Despite the preparation of layers of
silk from Bombyx mori was described by many groups [14—
18] to the best of our knowledge no attempts to prepare spider
silk layers was published up to now.

The aim of our experiments was to prepare layers from
recombinant spider silk-ELP fusion proteins isolated from
transgenic tobacco plants (SO1-ELP) [19,20], from recom-
binant spider silk proteins AQ24NR3 and C16 produced in
E.coli [21,22] and to compare preferentially their mechani-
cal properties with those of analogously prepared layers from
Bombyx mori silk. The protein SO1-ELP is a fusion protein
consisting of the amino acid sequence SO1, which is highly
homologous to the repetitive portion of spidroin 1 of the spi-
der Nephila clavipes [19] and of the synthetic elastin sequence
100xELP [20], the gene of which was designed according
to Meyer and Chilkoti [23]. The SO1-ELP protein was iso-
lated and purified from the transformed leafs of the tobacco
plant Nicotiana tabacum cv. SNN as described by Scheller
and Conrad [19].

The genes of the protein AQ24NR3 were expressed in E.
coli strain BLR(DR3) (Novagen) cells, which had been trans-
formed by a designed vector containing the repetitive module
AQ repeated 24-fold and the non-repetitive module NR re-
peated threefold [21]. The gene sequence AQ consists of the
sequences A and Q derived from dragline silk protein ADF-
3. NR3 is a non-repetitive module localized at the C-termini
of the native silk sequences ADF-3 and ADF-4 of the garden
spider Araneus diadematus.

C16 is the 16mer of the structure element C designed
to combine the slight variations displayed in the single con-
served repeat in the repetitive part of the dragline silk protein
ADF-4[21].

Both spider silks and the silk of Bombyx mori are polypep-
tides composed of non-repetitive and repetitive aminoacid se-
quences dominated by L-alanine and glycine. Bombyx mori
silk fibroin consists of a heavy and a light polypeptide chain
linked by a disulfide bridge. The heavy chain with a molecu-
lar weight of 391 KDa dominates the properties of the silk
and consists of 12 domains consisting of GX repeats covering
94% of the sequence with 65% A, 23% S, and 9% Y according
to the complete sequence deduced by Zhou et al. [24]. These
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highly repetitive sequences are interconnected by 11 nearly
identical 43-residue spacer sequences. The heavy chain is ter-
minated by a non-repetitive header sequence and a C-terminal
sequence of 43 residues [24].

The purification of the silk proteins and the preparation
of concentrated protein solutions with a defined concentra-
tion were essential precautions to prepare silk layers or mem-
branes by casting and spincoating. Acoustic impedance analy-
sis and microindentation were applied to investigate the me-
chanical properties of the silk layers. The acoustic impedance
analysis was directed to the measurement of both the shift of
the resonance frequency d f at different harmonics and the
half-band-half width HBH, which correlates with the energy
dissipation D by (1) with the resonance frequency f accord-
ing to [25].
D=2HBH/f (1)
These investigations will help to compare the different silk
protein derived materials and to set up experiments to design
and to characterize coatings and scaffolds for tissue engineer-
ing and other applications.

2 Reagents and materials

Before its use the Bombyx mori silk BP (Fibroin
silk, Chemie Brunschwig AG, Basel, Switzerland) was pu-
rified by boiling from 2 to 4 g of silk suspended in 600 mL
of 5gL~! Nay,CO; solution containing 1 g of sodium do-
decylsulfate for three times of 60 min to remove the sericin
completely. Thereafter the silk is rinsed intensively with bi-
distilled water to remove the salts. The Bombyx mori silk BT
(Thiiringisches Institut fiir Textil- und Kunststoff-Forschung
Rudolstadt-Schwarza, Germany) was used as delivered. The
lyophilized recombinant spider silk protein SOI-ELP was
extracted from leaf material of transgenic tobacco plants as
described [19,20]. The lyophilized proteins AQ24NR3 and
C16 were extracted from transgenic E. coli and purified by the
procedure as described by Huemmerich et al. [21]. The ionic
liquids 1-butyl-3-methylimidazolium chloride ([BMIm]CI,
BNr 99.002-1) and 1-hexyl-3-methylimidazolium chloride
([HMIm]CI, BNr 99.003-1) were from Solvent Innovation
(Cologne, Germany). 1-Butyl-3-methylimidazolium tetraflu-
oroborate ([BMIm]BF,, cat. no. 91508) was from Sigma-
Aldrich (Taufkirchen, Germany). Hexafluoroisopropanol
(HFIP, cat.no 8.04515 for synthesis) was from Merck (Darm-
stadt, Germany). LiBr, LiSCN, guanidinium hydrochloride
(GdmHCI) and all other chemical were of p.a. quality and
from Merck.

3
3.1

Methods and devices
Quartz crystal microbalance (QCMB)

Polished gold coated quartz crystals (Cr/Au coated,
P/N 149273-1, Maxtek) with or without a coating of silk
protein were mounted in a solvent resistent measuring cell
(Maxtek, CHC-100). This set-up is housed in a tightly closed,
thick wall (4—5 cm) and foamed polystyrene box, which was
thermostated by a thermoelectric unit with invertible polar-
ity of the Peltier element, an inner and a outer ventilator
(AA-020-12-22-00-00, Supercool AB), and a home-made

and freely programmable PID controler with a stability of
40.1 K. The measuring cell was connected to the A-port of
the network analyzer E-5100A (Agilent), which is controlled
by a PC with a GPIB interface card (IEEE 488.2, Keithley).
The software package QTZ (Resonant Probes, GoBlar, Ger-
many) was used to adjust the measuring parameters, e.g., the
number of the harmonics, the resonance frequencies and the
amplitude (drive level), and to save and evaluate the meas-
uring results. The resonance frequency f, its shift d f, the
half-band-half width HBH and their change d HBH, which is
correlated to the dissipation D, can be measured and recorded
continuously.

3.2 Atomic force microscopy (AFM) and profilometry

The surface morphology of the deposited silk pro-
tein layers was imaged by atomic force microscopy (CP with
PSI Proscan Data Acquisition and Image Processing, PARC
Scientific Instruments) in the contact mode. Thickness of the
protein layers was determined based on scratches made after
QCMB measurements. The surface morphology was scanned
in contact mode with F =3 nN at a scanrate of 1 line/s.
A 2 um thick silicon cantilever (Contact Ultralevers Model
#ULCT — AUHW, ATOS Pfungstadt) was used.

Layer thicknesses greater than 1 pum were determined
by the profilometer Dektak 3030ST (Veeco, Mannheim,
Germany).

33 FT-IR spectroscopy in an ATR measuring cell

To investigate the silk protein layers by FT-IR
spectroscopy they were deposited on the gold coated quartz
crystals by spin-coating using the device Model WS-400-
6NPP/LITE, Laurel Technologies Corp., North Wales, USA)
or casting. The silk protein layers were fixed between the
quartz crystals and the crystal area of the ATR accessory
(Golden Gate Single Reflection ATR system, Specac Inc.,
Smyrna, USA). The spectra were recorded by the spectrom-
eter IFS 55 Equinox (Bruker, Germany). Five spectra were
recorded for each sample layer. The averaged spectra were
additionally smoothed by floating averaging taking into con-
sideration 20 measuring values and normalized with respect to
the thickness of the silk protein layer, which had been deter-
mined profilometrically by AFM.

34 Microindentation

Depth-sensing (dynamic) microhardness measure-
ments were made on the casted silk protein layers by using
a dynamic ultra microhardness tester DUH 202 (Shimadzu,
Kyoto) according to the standard procedure EN ISO 14577-1.
A Vickers indenter was used with a maximum load of 1 mN.
The load is recorded as a function of depth cycling between
0 and 1 mN of load. The penetration depth h, the maximum
penetration depth A, and the stiffness were calculated from
the recorded penetration depth load curves. The Martens hard-
ness Hy was calculated from the ratio of the load and the
penetration surface of the Vickers pyramide. The penetration
hardness Hp was calculated from the ratio of the maximum
load and the projected area of the penetration. By integration
of the penetration depth — load — and releasing curves between
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0 and hmax both the plastic penetration work Wp.e and the
elastic releasing work Wy, are calculated. The elastic pene-
tration modulus Egp was calculated according to (2) with the
Poisson numbers v; and v of the Vickers pyramide and the
tested

2
1 —v;

2CAYS 705 — (1 - ug) JE;

2

Egp =

material, respectively, the compliance of contact C, the pro-
jected area A, of contact and the modulus E; of the Vickers
pyramide. The penetration depth — load curves are evaluated
by the software Haerte 4.5 [26].

Results and discussion

Investigation of silk solubilities and preparation of
silk protein solutions

The spider silk proteins, and the sericin —free Bom-
byx mori silks BT, and BP were suspended in the correspond-
ing solvents, the ionic liquids or in the aqueous salt solutions.
Only the Bombyx mori silks were investigated in the assem-
bled state of fibres. All other silks were investigated in their
purified and freeze-dried state. Table 1 summarizes the re-
sults.

Both Bombyx mori silks can only be dissolved completely
in aqueous 9.3 M LiBr solutions at room temperature up to
a concentration of 40 g L=!. The silk BT was also completely
dissolved in the ionic liquid [BMIm]CI at 65 °C up to even
higher concentrations. The BP silk could be dissolved only
partially under these conditions. Phillips et al. [27] demon-
strated recently the preparation of Bombyx mori silk in molten
[BMIm]CI at 100°C. The recombinant spider silks SOI1-
ELP [19] and AQ24NR3 [21,22] could easily and completely
be dissolved in 6 M guanidinium hydrochloride and in the
ionic liquids [BMIm]CI at 65 °C and in [HMIm]CI at 25 °C.
Atroom temperature the silk proteins C16 and AQ24NR3 can
be completely dissolved in HFIP. The SO1-ELP and the silks
BT and BP were dissolved quantitatively in HFIP after thor-
ough dialysis of their aqueous 9.3 M LiBr or 6 M GdmHCI1

BP silk BTsilk  AQ24NR3 Cl6 SO1-ELP
H,O0 is, ps* is, ps* ps is ps
9.3 M LiBr s (~40) s (x40) ps is ps
15.4 M LiSCN ps ps ps ps ps
6 M GdmHCI is is s (> 320) is s (=~ 110)
HFIP is, s* is, s* s (>240) s (> 120) ps,s™*
[BMIm]BF,4 is is is is ps
[BMIm]Cl ps S s (> 240) ps s (~ 80)
[HMIm]C1 is is S ps S

s* — completely and ps* — partially soluble after pretreatment by dissolving in
9.3 M LiBr after separation of the sericin from the Bombyx mori silks, dial-
ysis against water and drying, s** — completely soluble after pretreatment by
dissolving in 6 M GdmHCI and dialysis against water and drying

TABLE 1 Dissolution of silks in different media, values in the brackets
corresponds to the maximum solubility in mgmL~!: is — insoluble, ps —
partially soluble, s — soluble; [BMIm]BF,; — 1-Butyl-3-methylimidazolium
tetrafluoroborate; [BMIm]Cl - 1-butyl-3-methylimidazolium chloride;
[HMIm]CI — 1-hexyl-3-methylimidazolium chloride

solutions against bi-distilled water and drying of their aque-
ous retendates. The salt containing silk solutions were dia-
lyzed by means of two serially arranged flow through dial-
ysis cells with meander channels and a membrane exchange
area of 5.5 cm?. A regenerated cellulose membrane (Spec-
tra POR 4, Cut off: 12.000-14.000 Da, Carl Roth, Karlsruhe,
Germany) was used as the separation membrane. The chan-
nels have a width of 1.5mm and a depth of 0.2 mm. Ap-
proximately 10 mL of the silk solutions in 9,3 M LiBr or
in 6M GdmHCI were pumped with 0.43 mL min~! through
the donor side and the 30 mL vessel in a closed loop for
48 h. Bi-distilled water was pumped through the acceptor
side at the same rate. The osmotic flow causes a dilution of
the silk protein by a factor of approximately two. The re-
sulting aqueous protein solutions were dried at a vacuum of
approximately 8 Torr. Then the dried proteins were redis-
solved in HFIP. The protein concentrations of the purified so-
lutions were determined photometrically after the well known
reaction with alkaline Cu(II) solution and complexing the
generated Cu(l) ions by bicinchonic acid (BCA) according
to [28].

4.2 Preparation of silk protein layers

Because of the good solubility after the above de-
scribed pretreatments all silk layers were prepared from the
protein solutions in HFIP.

To prepare thin silk protein layers either a gold coated
quartz crystal slide or a glass slide were fixed on the hol-
low axis of the rotor of the spin-coater WS-400-6NPP/LITE
(Laurell Technologies, North Wales, USA) by a vacuum. In
a control program at first the rotation rate was automatically
adjusted to 1750 rpm for 50 s and then to 2250 rpm for 25 s.
At starting program 600 p L of the silk protein solution were
added drop wise onto the middle point of the rotating target.
Layer thicknesses between 10 nm and 350 nm were prepared
by adjusting the protein concentration.

To prepare silk protein layers thicker than 350 nm a casting
procedure was applied. A glass ring was glued on an evenly
planar glass plate. The thickness was adjusted by adding a de-
fined volume of a silk protein solution with a defined protein
concentration into the glass ring. The solvent was evaporated
by a membrane pump at 8 Torr in an desiccator.

The casting and the spin-coating procedure cause differ-
ent kinds and proportions of mechanical stress. To determine
this influence on the molecular conformation and the assem-
bling of the silk protein molecules layers of a thickness be-
tween 250 to 300 nm were prepared by both methods and
investigated by FT-IR spectroscopy. The normalized spec-
tra (Fig. 1a and b) demonstrate that the procedure of layer
preparation has no significant influence on the protein con-
formation in the AQ24NR3 and C16 protein layers, because
the corresponding spectra are almost identical. There are only
small differences of the intensities between the FT-IR spec-
tra of the casted and the spin-coated layer of the SO1-ELP
protein (Fig. 1c). Because the peak intensities at 1740 cm™!,
1650cm~!, 1550 cm™!, and 1460 cm~! should be increased
by a conformational transformation of random coiled pro-
tein molecules into the antiparallel 8-sheet conformation and
lower signal intensity of the spin-coated in comparison to



256 Applied Physics A — Materials Science & Processing

2.5 2.5

2.0
. g ]
2 g 1
g 2
: s 15
.2 .2 1
£ E ]
= > ]
8 2
R= R=|
0.5
0.0 4— —— — T T o HY—~—-—-———F—"—F+
2000 1800 1600 1400 1200 1000 2000 1800 1600 1400 1200 1000

a wave number/cm-1 b wave number/ cm”

0.8 0.8
. 0.6 4 - 064
2 ] g ;
()
g :
B 0.4 S
= 2
w 2
= 1 5]
[} =
g 0 =

0.0 4A N

T T T L T T 1T T T T 00 L L | T AL T T LI T
2000 1800 1600 1400 1200 1000 2000 1800 1600 1400 1200 1000

[y wave number/cm-1 d wave number/cm_1
FIGURE 1 FT-IR-ATR spectra of silk protein layers, (a) — AQ24NR3 (spin-coated layer ds. =201 nm, casted layer d. =229nm), (b) — Cl16

(dsc =338 nm, d. =326 nm), (¢) —SO1-ELP (dsc = 146 nm, d. = 290 nm) and (d) — Bombyx mori BP silk (dsc = 384 nm, d. = 1017 nm), dotted lines — casted

layers, compact lines — spin-coated layers

the casted protein layer the spin-coating stress did not induce
a significant change of the protein conformation. The absence
of any wave length difference between the absorption peaks
around 1720 cm™! and 1590 cm~" of both kinds of layer sup-
ports this conclusion.

Figure 1d shows the normalized FT-IR spectra of spin-
coated and casted BP silk with an equable and vertical dis-
placement with respect to each other. Besides a very small
wave number difference between the absorption peaks at 1575
and 1585 cm ™! only a slightly higher transmission can be seen
for the spin-coated in comparison to the casted layer. At most
a minor influence of the preparation procedure on the protein
conformation in the deposited layers can be concluded.

Figure 2a—c show the surface morphologies of the three
spin-coated spider silks determined by AFM measurements.
The deposition of AQ24NR3 and C16 resulted in a very
smooth surface. The spin-coated layer of the SO1-ELP pro-
vided a surface with a high degree of surface roughness of
43 nm.

4.3 Microhardness testing

Casted membrane layers of SO1-ELP, AQ24NR3,
C16, and BP silk were investigated with respect to the Vick-

ers load — depth — curves (Fig. 3), the stiffness, hardness and
the elastic penetration modulus. The untreated layers of Bom-
byx mori BP silks showed a rough, deeply textured and sticky
surface. It was not possible to apply either the microindenta-
tion set-up or the AFM procedure described above. The layer
are highly hygroscopic and rapidly take up water forming
a highly viscous gel. Therefore a freshly casted BP silk layer
was heated to 80 °C for 18 h and stored in a desiccator over
freshly activated molecular sieve (pore size 0.3 nm) to obtain
a solid and stable layer, which could be investigated by mi-
croindentation.

Table 2 summarizes the results in comparison to those
of polyethylenterephtalate (PET) and polyetherimide (PEI).
The stiffness of the spider silk protein layers and of the dry
BP silk layer is much higher in comparison to the stiffness
measured on PET and PEI foils with a thickness between 70
and 80 um. The 100 pm thick layer of AQ24NR3 and the
50 pm thick layer of SO1 — ELP showed a 30 and 55-fold
and a 35 and 65-fold higher stiffness, respectively, than that
of PET and PEI foils corresponding to the maximum pene-
tration values /iy, the penetration Hp and Martens hardness
Hyp. The elastic penetration modulus Egp of the SO1-ELP
layer was approximately 165 —and more than 500-fold higher
than those values measured for PEI and PET, respectively. The
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FIGURE 2 AFM images of the outer surfaces of (a) - AQ24NR3, (b) - C16
and (c¢) — SO1-ELP layers, scan range 5 pm X 5 pm

Egp of the 100 pm thick AQ24NR3 was in the same order of
the value measured for the SO1-ELP layer. Also the BP silk
(d ~ 30 um) and the C16 layers (d = 50 um) showed much
higher values both of the stiffness and the Egp in comparison
to the PET and the PEI layer. The penetration hardness Hp of
the BP silk layer was lower in comparison to that measured
in [30].

1,2 3 4 5 6
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0.0+~ i . . .
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penetration depth/um

FIGURE 3  Averaged load - penetration — curves (between 7 and 9 repetitive
measurements at different points of the tested surfaces) recorded for casted
layers of (1) — AQ24NR3 (d = 100 pm), (2) — SO1-ELP (dotted line, layer
thickness d = 50 um); (3) — C16 (d = 55 um), (4) — Bombyx mori silk BP
(d ~ 30 um), (5) — polyethylenterephthalate (PET, d =76 pum) — and (6) —
polyetherimid (PEL d = 71 pm), measuring conditions as shown in Table 2

The penetration work Wi, is the sum of the plastic pen-
etration work Wplas and the released elastic work Wejage with
the ratio 7 = Welast/ Wplast. The SO1-ELP —and the AQ24NR3
- layer are predominately relatively hard plastic materials.
The C16 layer consists of a mainly elastic material. With re-
spect to n the C16 layer behaves similar to the PET and PEI
layers. The BP silk layer showed the highest degree of plas-
ticity combined with a relatively high Martens and penetration
hardness.

It can be concluded that the stiffness and the elastic pen-
etration modules of all silk protein layers are at least one
magnitude higher than the corresponding parameters of the
PET and PEI foils, with the exception of the Egp value of the
C16 layer. The hardness values of all silk layers are consid-
erably higher than those of PET and PEI. Only the C16 layer
combines a high hardness with an elasticity comparable to that
of the technical plastics.

Further experiments are necessary to investigate the de-
pendence of the discussed mechanical parameters of the silk
layers on the humidity and the temperature. To improve the
mechanical properties further, especially to improve the elas-
ticity the preparation of biopolymer blends made from differ-

material AQ24NR3 Cl16 SO1-ELP BP PET PEI
n=10 n=7 n=11 n=10 n=10 n=10

Stiffness/ 123405 1.2740.33 143408 4.814£028  040£0.01  0.2240.07

mNpm~!

I 0354001  1.214£0.22 0354002  1.69+£041  3.004£0.04  5.64£0.27

Wiotal /0J 0.15£0.00  0.60£0.12 0.15£0.01  0.72£0.12  1.54£0.02  3.00£0.17

Wetast /1) 0.05+£0.00  0.46+0.11 0.04+£0.00  0.0940.02 1344001  245+0.19
TABLE 2 Results of the dynamic —y, | -y 0.10+£0.00  0.14£0.02 0.11+£0.01  0.63£0.11  020+001  0.55+0.06
microhardness  testing  performed
with the DUH 202, maximum load P 312+ 19 66.8414.5 296430 18.2+6.4 14.6+0.4 51417
ImN, 7 — number of parallel meas-  Hy/Nmm~2 229411 255+75 225420 148446 4.0+0.1 6.040.2
urements, measured at 7=24.7°C g /Mp, 55534£217 269491 6280353 491 4127 3846 12.1+1.9
at relative humidity of 31.8%, v — (w=023)

assumed Poisson ratio
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ent spider and silk worm proteins as well as spider proteins
with other polymers should be investigated.

4.4 Acoustic impedance analysis

The spin-coated spider silk and Bombyx mori silk
layers were investigated on the quartz crystals at 25 °C with
respect to the shift of the resonance frequencies of the 1.,5.,9.
and 15. harmonic at a drive level (amplitude of exciting volt-
age) of 0dB corresponding to 1 W of power and in air with
a relative humidity between 30 and 50%. At a film thickness
d higher than 5 pm the oscillation of the quartz is damped to-
tally at a drive level of 0 dB.

The thickness of the Bombyx mori BP layer was varied be-
tween 14 and 65 nm. Figure 4 shows the dependence of the
shift d f of the resonance frequency on the thickness of the
silk layer for four different harmonics. The linear dependen-
cies correspond to a behaviour, which can be correlated by
the Sauerbrey equation [29]. This conclusion is supported by
almost constant and very low change of the bandwidth, and
therefore of the dissipation. Another supporting result is the
very tight conformity of the d f-thickness relations normal-
ized with respect to the number of harmonics.

The mass of the deposited silk layer was calculated ac-
cording to the Sauerbrey equation [29]. From the layer thick-
ness, the area of the coated quartz crystal and the measured
mass of the silk layer the density o of the deposited layer was
determined with a relatively small confidence: BP —silk: o =
(1.0540.12) g cm ™ averaged from 8 measurements of d f.

The Fig. 5a—c show the dependencies of the shifts of the
resonance frequency at four different harmonics caused by
three different spider silk layers prepared by spin-coating and
casting, respectively. An almost linear relationship between
log(d f) and the log(d) values was found at thicknesses be-
tween 25 nm and several micrometer. Normalization of the
correlations between d f and d in the range between 25 and
300 nm with respect to the number of the harmonic resulted
in almost identical linear relationships supporting a Sauer-
brey behaviour of thin and highly elastic layers in the fre-
quency range between 5 and 75 MHz. These results allowed
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df/Hz

1000

T
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a d/nm

100000 -
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b d/nm
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Tl
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FIGURE 5 Dependencies of the shift of resonance frequency on the thick-
ness d of spider silk layers on quartz crystals, measured at air, 7 =25 °C,
relative humidity between 30 and 50%, (m) — 5 MHz, (e) — 25 MHz, (a)
— 45MHz, (v) — 75 MHz, (a) — spin-coated and casted AQ24NR3, (b) —
spin-coated and casted C16, (c) — spin-coated and casted SO1-ELP. Layers
with thickness below 350 nm are spin-coated, layers with higher thickness
are casted

us again to calculate the densities of the spin-coated spider
silk layers from the thickness, measured by AFM, the de-
tected mass and the geometric area of the oscillating layer.
Table 3 summarizes the results and demonstrates that the
silk protein layers can be prepared with good reproducibility.



JUNGHANS et al.

Preparation and mechanical properties of layers made of recombinant spider silk proteins . . .

259

d in nm dfinHz minpug  mean density
oingem™
Bombyx mori BP 14.7 91.6 2.5 1.054+0.12
41.8 2727 7.4
63.1 478.9 13.1
AQ24NR3 26.3 230.2 6.3 1.47+0.15
158.9 1050.3 28.6
335.8 2428.2 66.2
Cl6 279 288.6 79 1.64+0.11
1223 1099.3 30.0
303.7 2558.2 69.7
SO1-ELP 20.2 42.7 1.2 0.41+0.03
56.1 1243 3.4
182.1 491.3 13.4
TABLE 3 Calculated density based on measurements in the Sauerbrey

range at layers thicknesses at various thickness lower than 350 nm (d range),
n =7 - 10 at different layer thicknesses, measured at f,, = 5 MHz, only three
selected values of d, d f and m are listed for the different silks

The layer densities can be determined with a relatively high
precision.

The low density of the SO1-ELP layer seems to be in con-
tradiction to its high Egp —and hardness Hy; — values and can,
therefore, only be explained by the high surface roughness of
43 nm measured by AFM (Fig. 2¢). The very high densities of
the AQ24NR3 — and C16 layers are a hint to relatively high
packing densities of the protein molecules and explain par-
tially their high hardnesses and plasticities.

At layer thicknesses d higher than 350 nm significant de-
viations from the linear correlation between d f and d occur
accompanied with an increase of the HBH values as shown
in Fig. 6a—c. Figure 6a—c show that the bandwidths remained
low and stable at low layer thicknesses but are increasing at
layer thicknesses between 350 and 2000 nm. These results
support also the conclusion that the thin spider silk layers
behaves as highly elastic and hard layers at frequencies be-
tween 5 and 75 MHz with an oscillation behaviour which can
be described by the Sauerbrey equation. This highly elastic
behaviour of hard and thin layers at the high oscillation fre-
quencies can be explained by taking into consideration the
long relaxation times > 1 s observed after the microindenta-
tion by the Vickers pyramid. In all cases the change of the
HBH values and the dissipation D, which can be derived by
(1) are a function of the frequency f and, therefore, also of the
number n of the harmonics.

5 Conclusions

Thin layers from both sericin-free Bombyx mori
silk protein purified by dialysis, and recombinant spider silk
proteins from plants and bacteria were prepared by spin-
coating and casting from their solutions in HFIP. The dens-
ity of thinner silk layers (d < 300 nm) were calculated from
their thickness determined by AFM and the mass detected
by a QCMB working in the Sauerbrey regime. Only silk
layers thicker than 300 nm show a significant dissipation cal-
culated from the increase of the bandwidth in comparison to
uncoated quartz crystals. Microhardness testing experiments
demonstrate that recombinant spider silk layers and layers of
Bombyx mori silk show elastic penetration module Egp and
hardnesses superior to those of PET and PEI foils. The C16
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FIGURE 6 Dependencies of change of the half bandwidth dHBH =
HBHy— HBH on the layer thickness d for different spider silks, (m) —
5MHz, () — 25 MHz, (Ao) — 45 MHz, (v) — 75 MHz, (a) — AQ24NR3, (b)
— C16, (¢) — SO1-ELP, for measuring conditions see Figs. 2 and 3

layers combines superior hardness with a predominantly elas-
tic behaviour. Therefore, especially the recombinant spider
silk proteins show a promising potential for the development
of new materials for layers and membranes.

Because the described preparation procedures base on
the deposition from HFIP solutions and provide predomi-
nately amorphous membranes, our investigations will be ex-



260

Applied Physics A — Materials Science & Processing

tended now to the influence of conformation changes due
to pretreatment induced by a methanol or ethanol atmo-
sphere or immersing in aqueous methanol or ethanol so-
Iutions as well as thermal pretreatment on the microme-
chanical properties. Furthermore, additional variants of spi-
der silk proteins will be included. Finally, the dependence
of mechanical properties of recombinant spider silk protein
layers on gene sequences, expression and production sys-
tem, and purification strategies will be systematically in-
vestigated. The combination of the microindentation tech-
nique with the acoustic impedance analysis and the AFM
should be able to obtain quantifiable and comparable infor-
mation about the mechanical behaviour of thin silk protein
layers.
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