


The nanowires yield is not only affected by the interspacing and pillar heads but also by the
concentration of and the speed that the spidroin solution is moved over the surface. For
example, for the production of 30 um long nanowires using a concentration of 0.2 mg/mL,
the formation yield could be increased from 19% to 48% by decreasing the speed from 15
mm/s to 5 mm/s. Increasing the concentration to 0.35 mg/mL further increased the yield to
85%.

Figure 1. Overview spider silk nanowire, nanodisk, and nanochain release and concentration processes.
Illustration of a) nanochain of silk (green) suspended on a superhydrophobic surface (black), b)
ultrasonication based release i) surface is placed in 70% ethanol and ultrasonicated to release the
nanowires, followed by concentration via ii) flocculation at the liquid:air interface collected by pipetting.
iii) Fluorescent image of the collected nanowires and iv) SEM image of one nanowire. v) Surface post-wire
release, coated with PVA (orange), vi) peeled off PVA film with exposed coatings, vii) and submerged in
water to release coatings which flocculate at the liquid:air interface. vii) SEM image of a released nanodisk
(false colored green). c) PVA based release i) Surface with silk nanochains coated with PVA, ii) peeled off
PVA film where the coatings are exposed and the nanowires embedded, iii) etch of silk nanodisks using O
plasma. iv) Etched PVA film submerged in water to release nanowires which flocculation at the liquid:air
interface. v) Unetched PVA sheet submerged in water releasing the connected silk nanochain vi) SEM image
of silk nanochain from a surface with diamond shaped pillars. Scale bar represents 2 u min b, and 10 um
inc.



Release and concentration of nanowires

We used four techniques (ultrasonication, PVA-based transfer, and oxygen plasma etching,
and floatation) to accomplish release from the surface and concentration of three distinct
type of silk nanostructures (nanowires, nanodisks, and nanochains) in solution (Fig. 1). Herein
we describe how these four techniques were used and combined to isolate the
nanostructures.

Ultrasonication allows selectively releasing nanowires from the superhydrophobic substrate.
This was done by placing the superhydrophobic substrate in a Teflon chamber, submerging it
in 20 mL of liquid and then lowering the chamber into an ultrasonication bath. The chamber
was manually moved around in the bath during sonication for 1 minute. The vibrations from
the sonication break the connection between the pillar coatings and the nanowires, releasing
the nanowires into solution (Fig 1b). The nanostructures have a tendency to float to the
liquid:air interface, which can be used for up-concentration. After ultrasonication based
release of nanowires into 70% ethanol, the solution was left a glass petri dish at ambient
conditions. Within 30 minutes the nanowires began to flocculate at the liquid:air interface,
creating a visibly observable cloud (Supplementary Information Fig. S4a verified using wires
stained with FITC tagged bovine serum albumin (FITC-BSA) (Supplementary Information Fig.
S4b-c). The cloud of nanowires could then be pipetted or scoped up from the interface.
Capture in PVA allows mechanical release of the nanostructures from the superhydrophobic
substrate. The superhydrophobic substrate with nanostructures were covered with 20% PVA
solution and allowed to solidify into a film at ambient conditions over night. Prior to
solidification, the PVA solution penetrates the pillars, embedding the nanostructures within
the PVA film (Fig. 1c). After solidification, the PVA film was peeled off from the surface, now
containing the aligned and interconnected nanostructures. By directly dissolving the PVA film
in water, connected nanochains were released. Nevertheless, as the nanodiscs formed at the
pillars connecting the nanowires were not embedded in the PVA, they can be selectively
etched using oxygen plasma. This was done by placing the PVA sheet on a glass slide with the
side containing the nanochains up. The PVA film was then selectively etched from three
directions (45°, 90°and -45°for 5 minutes each. This removed the nanodiscs connecting the
nanowires while leaving them embedded within the PVA film. Dissolving the film in water
released the nanowires. Note that if the surface is not tilted during oxygen plasma etching,
the edges of the silk nanostructures remain and insufficient time during unidirectional
exposure resulted in thinning of the nanostructures (Supplementary Information Fig. S2). It is
also possible to retain the nanostructures generated on top of the pillars by coating the
superhydrophobic surface with PVA post-ultrasonication based release. The silk
nanostructures retain the shape of the pillars enabling facile production of a wide range of
geometries such as discs, squares, and elongated hexagons (Fig. 1c and Supplemental
Information Fig. S3). When the PVA film is placed in a petri-dish with the silk-side up and water
is added, the film slowly begins to dissolve. The dissolution of the film results in the release
of the silk nanostructures, which localize at the liquid:air interface (Supplementary
Information Fig. S5) It is also possible to retrieve these structures by pipetting from the
interface. This can be done before the entire film has dissolved, and thereby limit the amount
of PVA present in the solution containing the released spider silk nanostructures.
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Figure 2. Nanowire properties SEM image showing a) a spider silk nanowire (false colored green) stretched
between two pillars, b) the deformation and c) breakage of a nanowire using an AFM tip (false colored
pink). F/Z curves showing mechanical deformation of the nanowires using an AFM tip of d) one wire
highlighting the elastic properties and e) of a wire until breaking where the first sharp drop in force is due
to the AFM tip piercing the wire and the second due to the wire breaking. f) CPEM image of a released
nanowires on top of an aluminum filter. Plots showing g) Wire length with a normalized gaussian fit, and
h) wire diameter with a normalized gaussian fit for released nanowires. Scale bars represent 2 um.

Nanowire characterization

For the purposes of the characterization, 10 um nanowires were used (Fig. 2a). While still
attached to the surface the nanowires were measured to be 10.6 + 0.7 um long and 520 + 205
nm (N =1, n = 144) in diameter. The mechanical properties of the nanowires were evaluated
while they were stretched between two pillars using a combination of compact AFM
integrated into SEM. This AFM-in-SEM approach enabled three-point-bending tests!”) due to
precise navigation using the SEM (Fig. 2b-c).The low hysteresis in the force-deflection curves
indicates elastic mechanical properties (Fig. 2d). The average distance a wire could be pushed
before breaking was 640 + 500 nm using a force of 3110 + 2260 nN (n = 3) (Fig. 2e and
Supplemental Information Fig. S6). Using the acquired graphs, the Young's modulus of the
nanowires was determined to be 8 + 5 GPa (Supplementary Information, Table S2) This value
is in line with what has previously been measured for B. mori fibril. '8! and other organic
nanofibers and nanowires (Supplemental Information Table S3). There are two factors that
likely influence the measured values. First, the water content of the nanowires. As these
measurements are conducted under vacuum, the nanowires will likely have a higher modulus
and be less flexible as compared to when wet.[1%2% Second, as will be discussed further in the



next paragraph, the nanowires in this work are formed under strain, which has been shown
to increase the axial Young's modulus.’?? As such, the nanowires will likely have a lower
modulus when released and suspended in solution.

The formation of the nanowires on the superhydrophobic surface occurs under strain, which
is observed through their shrinkage upon release. The length of the released nanowires was
measured to be 8.6 £ 1.1 pm (N = 3, n = 100) and the diameter 410 + 160 nm (including a gold
coating of 17-20 nm) (Fig. 2g-h). The average shrinking in length is thus 2.0 um and in diameter
110 nm, both a reduction of 20%. No correlation was found between the length and the
diameter of the nanowires. The released nanowires were further characterized using
Correlative Probe and Electron Microscope (CPEM) technology,? which enables
simultaneous acquisition and correlation of AFM and SEM data. This technique revealed that
the nanowires had an oval cross-section (Fig. 2f). This observation further supports the
previously presented formation theory, that a thin sheet is formed between the pillars, which
during drying rolls up to form a wire.['%

Figure 3. hMSCs grown on top of and adjacent to spider silk nanowires. a,c) DIC and b,d) corresponding
fluorescent microscopy images of phalloiding (green) and DAPI (blue) where cells are growing on top of silk
nanowires, but not on empty areas of an ultra low adhesion plate. White arrows point at the nanowires. e)
fluorescent microscope image of live (green) and dead (red) where cells are growing on nanowires captured
on a glass coverslip and related SEM images of f-g) cells spreading on top of silk nanowires (false colored
green) showing that the cells stretch over and around the nanowires and h) a cell interacting with a spider
silk nanowire. Scale bar in a-d) represent 30 um, e) 200 pm, f) 10 um and g-h) 3 um.

Cell-nanowire interactions

To investigate the potential of the spider silk nanowires to improve the adhesion of human
mesenchymal stem cells (hMSCs) to a surface where they otherwise would not adhere to,
small, localized colonies of nanowires were placed on an ultra low adhesion culture plate. In
control plates where no nanowires were present, the cells did not attach at all. However, in
the areas where nanowires were present, cells both adhered to and stretched out along the
nanowires (Fig. 3a-d). At day 4 after cell seeding, 30-200um colonies of attached cells onto



the nanowires were clearly visible. These results indicates that the nanowires create a
favorable micro-environment for the cells to attach to, stretch out and proliferate on.

To further look at the hMSCs ability to interact with the nanowires, a cloud of nanowires was
captured on glass coverslips. In this case, the hMSCs attached to the glass surface,
independent on if there were wires there or not. Live/dead staining showed that the cells
seeded onto nanowire covered surface remained viable until confluency was reached (Fig.
3e). SEM analysis further revealed that the cells were able to grow both on top of and
underneath the nanowires (Fig. 3f-h). While further tests are needed to verify tissue-like cell-
matrix connections (i.e., focal adhesion points), the initial results show that cells can interact
with the nanowires and that they are compatible with standard cell culturing conditions.
Similar topographies as the nanowires have previously been added to surfaces by electrospun
nanofibers, in an attempt to bridge the gap between flat 2D surfaces and complex 3D hydrogel
networks. These studies have, for example, shown that the added topography increases the
adhesion and proliferation of cells on products made out of engineered spider silk protein
eADF4(C16)3 However, electrospinning required the usage of toxic organic chemicals in both
the spinning process and in post-treatments, making it sub-optimal for further tissue
engineering applications.?4

Conclusion

In conclusion, in this work we present a simple way to form millions of spider silk nanowires,
nanodisks, and nanochains. We introduce two ways to release them into solution, and one
way to concentrate them. While shrinking slightly upon release, the nanostructures still
retained the shape that they had prior to release, as such enabling precise manufacturing of
large amounts of variously shaped nanostructures. After release, the nanowires can be used
to provide an ECM-like 2.5D format that cells can interact with. The cell-nanowire interaction
shows great promise for further applications in tissue engineering and modeling. The scalable
way to produce a wide range of highly controllable shapes and sizes show potential to tailor
silk nanostructures as vehicles for targeted drug delivery.



Methods

Formation, Release, and Concentration of Nanostructures

Spider Silk Protein

Frozen aliqouts of FN-4RepCT at 3 mg/ml in PBS or 20 mM Tris buffer were kindly provided
by Spiber Technologies AB (Stockholm, Sweden). In brief, FN-4RepCT was expressed
recombinantly in Escherichia coli, purified using chromatography, and stored at -20° until use.
For each new experiment, FN-4RepCT was prepared by thawing frozen protein aliquots at
room temperature, followed by centrifugation for 30 s (13 000 rcf) to remove any silk
aggregates formed during thawing. The FN-4RepCT protein was diluted to the desired
concentration in 20 mM Tris buffer.

Surface Manufacturing

Surfaces with arrays of reentrant silicon micropillars with top diameter 15 um and interspace
10 um were fabricated using standard microfabrication techniques as previously described. "
In short, a 1 um silicon dioxide layer was thermally grown on a 6" silicon wafer. The wafer was
coated with HDMS resist 700-1.2 (Microfabrication Materials Technologies, USA) at 4000 RPM
and baked at 100°C for 1 min and 100 for 1 min (Maximus 804, SSE, Germany). The wafer was
exposed under vacuum contact, 140 mJ cm2 (Karl Suss mask aligner, Karl Suss, Germany) and
developed in CD46 for 40 s. The oxide was etched using reactive ion etching (Applied
Materials Precision 5000 mark I, Applied Materials, USA), followed by an isotropic Si etch for
10 s and an anisotropic Si etch for 20 cycles (Centura Il (DPS \& MxP) Applied Materials, USA).
The wafer was passivated by plasma deposition from CsFx for 30 s (ICP, STS, UK) and then
diced. For surfaces with micropillars with top diameter 30 um and interspace 30 um a 3 um
SiO2 layer was grown and the isotropic etch was increased to 60 cycles. Before use, the
surfaces were cleaned in acetone, 2-propanol, and water sequentially.

Wire Formation

Nanowires were formed by dragging a droplet of FN-4RepCT solution over the
superhydrophobic surface using a 3D-printer (K8200, Velleman, Elfa, Sweden). The motors
were controlled using motion control units (TMCM-1110 Steprocker, Trinamic, Elfa, Sweden),
programmed using the Trimanic's software (TMCL-IDE 3.0.25.0). FN-4RepCT solution was
suspended over the surface in a 1 mL syringe (VWR, Sweden) with a blunt 27 GA needle (Elfa,
Sweden). The 3D printer was started, a droplet ejected, and for 10 um long nanowires the
surface was moved back and forth three times before the droplet was removed and a new
was ejected. For 30 um nanowires a new droplet was ejected after every iteration. For 10 um
nanowires the pillar diameter was 15 um, the concentration was 0.15 mg/mL and the velocity
10 mm/s and for 30 um nanowires the corresponding values were 30 um, 0.35 mg/mL and 5
mm/s.

Nanostructure Release and Collection

The nanowires were released from the silicon surface using either ultrasonication or PVA.
For ultrasonication the surface with the suspended nanowires was placed in a homemade
Teflon chamber, submerged in 70% ethanol and manually moved back and forth in a
ultrasonic bath for 1 minute. The ethanol with the released nanowires was poured into an 8
mm diameter soda lime petri dish (VWR, Sweden) and allowed to sit until a cloud of nanowires
was observable at the liquid:air interface. The nanowires were collected by pipetting up the
cloud. The concentration of nanowires was determined by evaporating uL droplets on a glass
slide, imaging the full droplets (Leica DMI6000B) via a Tile Scan at improved contrast in



differential interference contrast mode, and manually counting the nanowires using Leica
Application Suite X.

To release the nanowires with PVA, the surfaces were coated with 20% PVA (Mowiol 4-98,
Aldrich, Sweden), prepared using standard protocols. The PVA was dried over night at
ambient conditions and the dried film was peeled off. The PVA film was placed with the
wire/coating side up in an oxygen plasma chamber and exposed for the desired time (5-7
10! mbar, power 100). The films were either exposed from one direction, or from three
directions (tilted, straight, tilted in the other direction).

The PVA sheets was placed in an 8 mm petri-dish (VWR, Sweden) with the silk structure side
up, and submerged in water. As the PVA dissolved, the silk structures were released and
gathered at the liquid air interface form where they could be collected as described above.
To release nanochains no oxygen plasma treatment was done to the PVA film. To release
nanodisks the surface was coated with PVA after the wires had been released, the film was
peeled off, and dissolved as described above.

Nanowire Characterization

Length and Diameter

The length, diameter, and appearance of the nanowires was characterized using SEM (Gemini
Ultra 55, Zeiss,Germany). After release the nanowires were filtered onto a 0.2 um porous
Alumina filter (VWR, Sweden), coated with 20 nm of gold through metal evaporation
(ProvacPAK 600 Coating System, Germany), and then imaged. The wire dimensions was
determined by converting the images to binary and then using pixel counting in MATLAB
(R2017a). For the imaging done on surface there was not gold coating unless specified. For
characterization post oxygen plasma treatment images were taken at three random locations
on the surface, no images were taken of empty pillars.

CPEM imaging and mechanical characterization

Correlative CPEM (Correleative Probe and Electron Microscopy) imaging and mechanical
characterization of the nanowires were observed using a unique AFM, the LiteScope™ 22
(NenoVision s. r. 0., Czechia), designed for easy integration into SEM (here a MIRA3 XMU,
TESCAN provided by CEITEC BUT). The CPEM imaging technology allows simultaneous
acquisition and real-time correlation of both SEM and AFM signals providing true 3D
morphology, merged with SEM material contrast of the wire on a filter. This method was used
to image released nanowires on alumina filters and was used to determine their thickness.
Three-point-bending was used to characterize the mechanical properties. In this work spider
silk nanowires were attached to pillars and as such characterization could be done without
additional preparation, while in previous work with organic materials the fibers of interest
had to be adhered to grid-like substrates.[!® 25261 The following measurements were done
using LiteScope with diamond tip (PRS 100x48 um SCD Probes (SCL Sensortech, Austria). First,
the nanowires were localized, and the tip was easily navigated to the area of interest by SEM
with the stage tilted to 45°. In this setup, the position of the diamond tip is well visible, and it
is possible to precisely approach and position the tip on the nanowire. Contracting and
expanding the piezo in the scanner underneath the sample pushes the tip towards the wire
causing first elastic and then plastic deformation. The measurements were repeated for eight
wires, where three broke upon contact. Results from wires with a thickness over 450 nm were
disregarded.



Young's modulus (E) was determined by considering the nanowires as a double clamped
beam, and fitting a linear curve to the first region of the force-deformation curve in
accordance with\cite{Wang2017}:
Fa3(Ly—a)?

B 3131z
where F is the applied force, a the distance to the loading point, Lo the initial length of the
wire, | the moment of inertia, and z the deflection. To determine / the nanowires were
assumed to be rods with an oval cross-section, where the thickness of the wires was taken
from the AFM measurements of released nanowires.

Cell Studies

Sample preparation

Coverslips of glass were washed with acetone, 2-propanol, water, and ethanol sequentially.
For nanowire-coating the slides were placed on top of a microscope slide (VWR, Sweden),
which were placed on a hotplate set to 150°C. A droplet of nanowire solution was pipetted
onto the glass slide, allowed to evaporate, and another droplet was added. The process was
repeated until the nanowire solution was depleted. After drying the samples were
autoclaved. Positive controls were prepared by coating the coverslips with soluble FN-
4RepCT. For negative controls no coating was applied.

Cell seeding

Human bone marrow-derived mesenchymal stem cells (hMSCs, Sciencell), P4-11 were
cultivated in T75 flasks (Corning), precoated with Laminin 521 (Biolamina) using DXF medium
(PromoCell). Medium was changed very 2-3 day and cells were split when reaching
approximately 80 percent confluency.

Cell viability studies

Live/dead viability assay (Invitrogen) was performed at days 1 and 3 of culture. The coverslips
were washed with PBS and incubated for 30 minutes with calcein and EthD-1 in growth
medium in cell incubator. Imaging was performed on a Leica DMI6000 B. Images were
processed using NIH Image J software.

Immunocytochemistry

Samples were washed once in PBS and fixed in 4% paraformaldehyde for 10min at RT followed
by three washes in PBS. Permeabilization was done at RT for 15min in PBS with 0.1 % Triton
X-100 followed by blocking for 1h at RT with 10% donkey serum (Jackson ImmunoResearch)
in PBS with 0.1% Tween20. Samples were incubated for 1h at RT with Phalloidin-488, 1:1000
(CytoPainter Phalloidin-iFlour 488, Abcam). Nuclei were visualized with DAPI (Sigma).
Fluorescence was analyzed on a Leica DMI6000 B and images were processed using NIH Image
J software.

SEM preparation

Samples were fixated in 2% buffered glutaraldehyde and left at 4°C overnight. The following
the samples were washed 3 times with 0.1 M HEPES buffer for 5 minutes each under gentle
agitation. The samples were then serially dehydrated in 50, 70, 95, 99% ethanol in Milli-Q
water for 10 minutes, two times each, and 99% ethanol in Milli-Q water for 15 minutes, three
times each, with agitation. Samples were then chemically dried in 2 parts 99% ethanol in Milli-
Q water and 1 part hexamethyldisilazane (HMDS, Sigma Aldrich, St. Louis, MO, USA) for 15
minutes, 1 part 99% ethanol in Milli-Q water and 1 part HMDS for 15 minutes, 1 part 99%
ethanol in Milli-Q water and 2 parts HMDS for 15 minutes and finally, 3 times in HMDS alone



for 15 minutes each. The last HMDS was evaporated overnight, and the samples were coated
with a 12 nm thick layer of gold using thin film deposition as described above.
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Table S1 Overview of work related to the production of spider silk nanowires

Material Formation method Length Diameter Format Dimension Ref.
(um) (nm) control

B. mori Electrospinning - 330 Fibrous mat Low o
Z-4RepCT LBIA 5 340 On surface High 10

B. mori EBL >10 400 On surface High 15
eADF4(C8) Self-assembly - 3 In solution Low 2

B. mori Breaking down 0.3-0.5 20 In solution Low 13

B. mori Drying and dissolution  0.4-0.5 20 In solution Low 14
FN-4RepCT LBIA 8.5 400 In solution High This work

Figure S1. Photograph of the experimental set up, showing the motorized x-y positioner, 1
syringe with a needle suspended over the superhydrophobic surface, in the process of
dragging one droplet (indicated with white arrow). Scale bar represents 2 cm.



Figure S2. SEM images showing how different 02 etching times affects the silk structure
embedded within the PVA. Time of exposure was unidirectional a) and b) 1 min, ¢) and d) 5
min, e) and f) 15 min, and tridirectional g) and h) 5 min / direction. Scale bar in top row
represents 10 um and in bottom 3 um.

Figure S3. SEM and fluorescent images showing silk nanostructures of different shapes.

SEM image of a) nanowires suspended between square shaped pillars, follow by released b)
nanochain and c) released coating. d) Released nanochain from a surface with distorted
hexagonal shapes. Flourescent images of nanochains from a surface with pillar shaped like e)
squares, b) diamonds, and d) elongated hexagons. Scale bar represents 10 um.

Figure S4. a) Photograph of flocculation of nanowires at the liquid:air interface of a standing
solution of 70% ethanol, b-c) fluorescent images of the released nanowires. Scale bar in b-c
represent 60 um.



Figure S5. Photographs of the dissolution of PVA. a) Dry PVA film just released form the
surface with the embedded silk facing up, b) right after the film has been submerged in water,
c) 2 minutes after water has been added the PVA has started to dissolve and the silk structures
are released (indicated by arrow), d) 5 minutes after water submersion and almost all the silk
structures have been released, e) fluorescent image of the released FITC-BSA stained silk
nanochains floating at the liquid:air interface. Scale bar in e represent 30 um.

Table S2 Results from AFM characterization of suspended spider silk nanowires

WireID Lo z e Ls Width Thickness Area Force Young’s
(um) (um) (rad)  (um) (um) (um) (um?)  (mN)  Modolous (GPa)
3 10.1 0.4 1.5 10.1 0.24 0.2 0.05 2007 7.8
4 10.3 1.3 1.3 10.6 0.23 0.2 0.05 6256 2.4
8 10.6 0.2 1.5 10.6 0.23 0.2 0.05 1057 14.9
Average 10.3 0.6 1.4 10.5 0.23 0.2 0.05 3106 8.3
Stdev 0.2 0.5 0.2 0.2 0.00 0.2 0.00 2261 5.3
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Figure S6. Recorded force-deformation curves for nanowires 3 and 8, presented in Table S2.



Table S3. Overview of previous work using three-point bending in AFM to characterize organic

nanofibers and nanowires.
Table S1 Overview of work related to the production of spider silk nanowires

Material Length Diameter Young’s modulus Condition Ref.
(um) (nm) (GPa)

Fibrinogen 12 200 0.0072 + 0.0007 wet %
PCL 13.5 440-1040 0.062 + 0.026 ambient ey
Amyloid Fibrils 0.5 12 3.3+04 n/a 28
Fibrinogen 13.5 30-200 42+3.4 ambient 26
FN-4RepCT 10 520 12 +10 vacuum This work
B. mori 20 300-600 17+3 n/a 17
B. mori + 20% HAp 20 300-600 2612 n/a v
Cellulose - Bacterial ~ 35-90 N/A 78 +17 ambient 29
Cellulose - Cotton 2 74 91+29 ambient 30
Cellulose - Lyocell 5 170 93 ambient 31







