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Enhanced cellular uptake of engineered spider
silk particles †

Martina B. Elsner,a Heike M. Herold,a Susanne Müller-Herrmann, a Hendrik Bargela

and Thomas Scheibel*a,b,c,d,e

Drug delivery systems allow tissue/cell speci � c targeting of drugs in order to reduce total drug amounts

administered to an organism and potential side e � ects upon systemic drug delivery. Most drug delivery

systems are polymer-based, but the number of possible materials is limited since many commercially

available polymers induce allergic or in � ammatory responses or lack either biodegradability or the

necessary stability in vivo. Spider silk proteins represent a new class of (bio)polymers that can be used as

drug depots or drug delivery systems. The recombinant spider silk protein eADF4(C16), which can be pro-

cessed into di � erent morphologies such as particles, � lms, or hydrogels, has been shown to ful � l most

criteria necessary for its use as biomaterial. Further, eADF4(C16) particles have been shown to be well-

suited for drug delivery. Here, a new method was established for particle production to reduce particle

size and size distribution. Importantly, cellular uptake of these particles was shown to be poor in HeLa

cells. Therefore, variants of eADF4(C16) with inversed net charge or incorporated cell penetrating peptides

and receptor interacting motifs were tested, showing much better cellular uptake. Interestingly, uptake of

all silk variant particles was mainly achieved by clathrin-mediated endocytosis.

Introduction
In principle drug delivery systems allow the achievement of
constant drug levels at targeted locations within the body. Two
generally di� erent systems have been developed: depot
systems located specifically within the tissue of choice or
mobile systems that convey drugs embedded in a carrier to tar-
geted tissues/cells. Hydrogels or films can be used as depots,1

whereas mostly particulate systems are used as drug delivery
devices. Amongst the materials employed as carrier systems
are inorganic (nano)particles, lipid vehicles, and most com-
monly synthetic polymers like poly(lactide), poly(lactic- co-
glycolic acid), or poly(glycolic acid) and natural polymers such
as gelatin, alginate, chitosan or silk proteins. 2–7 Polymeric
systems are the preferred material because many polymers
show good biocompatibility, can be chemically modified

according to the desired application, and are suitable for
entrapment of therapeutic agents, allowing controlled release
of the encapsulated drug over days or even months.8,9

However, synthetic polymers often need organic solvents and
harsh formulation conditions for processing. Natural poly-
mers, in contrast, are produced under mild environmental
conditions ( i.e. aqueous bu� er systems) and show much
higher biocompatibility. 10

Amongst natural polymers, silk proteins constitute a prom-
ising new material due to their biocompatibility and bio-
degradability. Recently, materials made of recombinantly
produced spider silk proteins or silkworm fibroin have been
shown to be well tolerated by cells.11–16 In this respect, par-
ticles made of eADF4(C16) have been previously used as drug
delivery vehicles. eADF4(C16) is based on the repetitive core
domain of the spidroin ADF4 of the European garden spider
Araneus diadematusand can be processed into di� erent mor-
phologies including films, 17,18 hydrogels,19 non-woven mats,20

capsules,21,22 and particles.23,24 Particles are produced with
adjustable particle size by salting out, upon varying either
protein concentration or mixing intensity with the salting-out
reagent.24 Diameters of particles were in the range of 250 nm
to 3 µm. Generally, cellular uptake of silk particles is rare 13,25,26

probably due to the size of the particles, lack of binding ligands
or the negative net/surface charge of some silk proteins.

Here, we used three approaches to improve cellular
uptake of eADF4(C16) particles. Firstly, we established a new†Electronic supplementary information (ESI) available. See DOI: 10.1039/c4bm00401a
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technique to process spider silk proteins into particles with
small diameters by using ionic liquids as a starting solvent.
Secondly, silk proteins were functionalized with cell penetrat-
ing peptides (CPP) to enhance the cellular uptake of particles.
CPPs are short (up to 30 amino acids), mostly cationic pep-
tides, able to cross cellular membranes and, thereby, transport
cargo (particles, DNA, RNA, proteins, liposomes) into
cells.27–33 The transport across membranes occurs via energy-
dependent and/or independent mechanisms, with the exact
mechanism of how the particles cross membranes being
largely unresolved. The first discovered CPP was part of the
trans-activator of transcription (Tat) protein of the HI-Virus in
198934,35 (amino acid sequence GRKKRRQRRRPPQ). Nowa-
days, beyond protein-derived CPPs, designed peptides such as
poly-arginines (Rn) are also in use.36–47 Furthermore, both Tat-
and R8-peptides possess nuclear targeting properties which
can be advantageous in some cases of drug delivery.42,48 In
this study Tat- and R8G-peptides as well as RGD49 were
employed as CPPs to functionalize eADF4(C16). Thirdly, since
the net- and surface charge of particles also plays a role in cel-
lular uptake, all glutamic acid residues of polyanionic eADF4-
(C16) were mutated to lysine ones, yielding the polycationic
eADF4(� 16).50

Endocytosis plays an important role in various unspecific
and specific functions ( e.g. nutrient uptake, signal transduc-
tion, regulation mechanism of cell migration, shape and
volume, transcellular transport) of a cell. For the identification
of internalization of substances, particles, etc. pharmacological
inhibitors are commonly used. The choice of an inhibitor for
uptake studies is not easy because many are not very specific
or cause side e� ects. Ivanov51 compared the commonly used
inhibitors for di � erent endocytotic pathways. Based on this
comparison dansylcadaverine and di-methyl-amiloride are the
favourable inhibitors of clathrin-mediated endocytosis and
macropinocytosis due to specificity and low side e� ects. These
inhibitors were here used to determine the cellular uptake
route of the individual spider silk particles.

Experimental
Genetic modification of eADF4(C16)

eADF4(C16) is based on 16 repeats of the consensus sequence
of spidroin ADF4 of the European garden spider (Araneus dia-
dematus) (C-module: GSSAAAAAAAASGPGGY GPENQGPSGPG-
GYGPGGPG), and a T7-tag fused to the aminoterminus for
detection purposes.52 Fusions were made using tags as
described in Wohlrab et al.49 For each tag, DNA cassettes were
created by annealing two synthetic oligonucleotides (R8-peptide
tag: GATCCATGGGCCGTCGCCGTCGTCGCCGTCGCC-
GTGGCTAATGAA and AGCTTTCATTAGCCACGGCGACGGCGAC-
GACGGCGACGGCCCATG; Tat aminoterminal tag:
CATGGGCCGCAAAAAACGCCG CAGCGCCGTCGCGGCTAAT-
GAAA and AGCTTTCATTAGCCGCGACGGCGCT GACGG-
CGTTTTTTGCGGCC; Tat carboxyterminal tag:
CATGGGCCGCAAAAAACGCCGTCAGCGCCGTCGCCCGGGCTAA-

TGAAA and AGCTTTCAT TAGCCCGGGCGACGGCGCT-
GACGGCGTTTTTTGCGGCC). The resulting amino acid
sequences and the modified proteins are shown in Fig. 1. DNA
sequences of the tags were inserted into the cloning vector
pCS-eADF4(C16)by seamless cloning as described by Huem-
merich et al.52 Successful cloning was confirmed by
sequencing.

Production of recombinant spider silk proteins

Recombinant ADF4 derivates were produced in E. coli as
described previously.52 Proteins were purified after lysis using
ultrasonication, centrifugation of the cell debris, heat de-
naturation of E. coli proteins (80 °C, 20 min) and their removal
by a second centrifugation step. The soluble spider silk pro-
teins remaining in the supernatant were precipitated using
20% ammonium sulfate at 25 °C and lyophilized. Isoelectric
point (pI) and molecular weight (MW) of the recombinant pro-
teins were calculated using ExPASy ProtParam (Table 1).
eADF4(C16), eADF4(C16)RGD, eADF4(C16)R8G, eADF4(C16)Tat
and eADF4(� 16) contain an aminoterminal T7-tag, whereas
Tat-eADF4(C16) and Tat-eADF4(C16)Tat do not have this T7-tag
due to the cloning and expression system. Due to the T7-tag
eADF4(C16) has a higher molecular weight than Tat-eADF4-
(C16), and eADF4(C16)Tat has a higher molecular weight than
Tat-eADF4(C16) and Tat-eADF4(C16)Tat.

Spider silk particle formation

Lyophilized proteins were dissolved in 1-ethyl-3-methyl-imid-
azolium acetate (EMiM[acetate]) and stirred for 1 h at 95 °C.
Particle formation was initiated by mixing 0.1 mg ml � 1 of

Fig. 1 Schematic design of eADF4 variants used in this study. All con-
structs were created by genetic engineering. 49,50

Table 1 Theoretical pI and MW of recombinant spider silk proteins cal-
culated using ProtParam 53,54

pI
Molecular
weight/Da

eADF4(� 16) 9.70 47 683
Tat-eADF4(C16)Tat 6.36 49 172
eADF4(C16)R8G 4.57 49 005
eADF4(C16)Tat 4.57 49 174
Tat-eADF4(C16) 4.46 47 696
eADF4(C16)RGD 3.64 48 583
eADF4(C16) 3.48 47 698
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protein in EMiM[acetate] with 5 fold v/v excess of 2 M potass-
ium phosphate, pH 8. 23,55 After incubation for 1 h at 25 °C,
the particles were centrifuged (15 min, 17 000g, 4 °C) and
washed three times with ultrapure water.

Dynamic light scattering (DLS) and zeta potential
measurements

Spider silk and control particles (sicastar®-redF, surface modi-
fied with COOH or NH 2 groups, micromod, Rostock, Germany)
were analyzed for their particle size (Z-average and width) and
distribution indices using dynamic light scattering (ZetaSizer
NanoZS, Malvern Instruments, Worcestershire, UK). The
samples were measured (n = 6; eADF4(c16)Tatn = 4) in
MQ-H2O at a protein concentration of 0.5 mg ml � 1 at 25 °C.
The electrophoretic mobilities of all spider silk particles were
measured in 10 mM KCl, pH 5.5 at 25 °C (ZetaSizer NanoZS).
The zeta potential was calculated according to the theory
of Smoluchowski56 based on the measured electrophoretic
mobilities.

Scanning electron microscopy

20 µl of particle suspension were pipetted on Thermanox™
plastic cover slips and air-dried. Samples were sputtered with a
2 nm layer of platinum (Sputter coater 208 HR, Cressington,
Watford, UK) and analyzed using a Leo 1530 VP Gemini SEM
(Zeiss, Germany) at 2–3 kV.

Cell samples were fixed with 2.5% v/v glutaraldehyde,
80 mM HEPES, 3 mM CaCl2, pH 7.3, and washed twice with
fixation bu � er without glutaraldehyde for 15 min. After
washing two times with ultrapure water, the samples were de-
hydrated by incubation for 20 min in 25%, 50%, 70%, 95%,
each, and three times in 100% acetone. Afterwards, all
samples were critically point dried (transitional medium CO 2,
Balzers CPD 020), sputtered with a 2 nm layer of platinum and
analyzed using a Leo 1540 CrossBeam VP Gemini SEM.

Colloidal stability analysis

Colloidal stability of spider silk and control particles was ana-
lyzed in 10 mM KCl, pH 5.5 using a LUMiFuge®114 (L.U.M.
GmbH, Berlin, Germany) with a rotation frequency of 300, 600
and 900 rpm and di � erent time intervals of 200, 300, and
1000 s. Particle suspensions were placed in tubes in horizontal
positions on the disc of the LUMiFuge®114. Transparency of
the suspensions was measured in the area between menisci
and sediment in duplicates, three times for each protein using
fresh preparations each time. Transmission was measured
every 10 s over 1800 s, and the integral of transmission
between meniscus and bottom of the vial was plotted against
time.

Cell culture

HeLa cells (ACC-57, German collection of microorganism and
cell cultures DSMZ, Leibnitz Institute, Braunschweig,
Germany) were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) (Biochrom, Berlin, Germany) containing 10% v/v fetal
bovine serum (Biochrom, Berlin, Germany), 1% v/v GlutaMAX

(Gibco, Grand Island, USA) and 0.1% gentamicin sulfate
(Sigma-Aldrich, Seelze, Germany). The viability of the cells was
confirmed by trypan blue staining (Sigma-Aldrich, Seelze,
Germany) before seeding the cells for experiments. Cells were
cultured in a CO2-incubator (Haereus, Hanau, Germany) at
95% humidity, 5% CO2 and 37 °C.

Analysis of cell proliferation (cytotoxicity), proliferation rate
and doubling time

For cell proliferation analysis, cells were seeded on treated 96-
well cell culture plates (Nunc, Langenselbold, Germany) with a
density of 5000 cells cm� 2 for 9 days. Cells were pre-incubated
with spider silk or control particles (9.6 ng µl � 1) for 24 h at
37 °C. Medium was changed daily followed by analysis of cell
vitality using the CellTiter Blue assay. Cells were washed two
times with phosphate bu � ered saline (PBS). Fresh media con-
taining 10% v/v CellTiter Blue reagent® (Promega, Madison,
USA) was added, and cells incubated for 2.5 h at 37 °C. Trans-
formation of the blue fluorescent dye resazurin into red fluo-
rescent resorufin (� ex = 530 nm; � em = 590 nm) was measured
using a plate reader (Mithras LB 940, Berthold, Bad Wildbad,
Germany) with 530 nm excitation and 600 nm emission filters
and a counting time of 0.5 s. For each particle type, cell
culture experiments were repeated 3 times with 3 replicates.

Proliferation rate ( µ) and doubling time ( Td) were calculated
using a first order Monod-type kinetic model with the assump-
tion that the mortality rate can be neglected (eqn (1)).

XðtÞ ¼X0e� t ð1Þ

X(t ) and X0 are the concentrations of viable cells at time points
t and 0. For more details concerning the calculation of proli-
feration rate µ see Leal-Eganaet al.20 The doubling time can
be calculated using eqn (2).

Td ¼
ln 2
�

ð2Þ

Uptake studies and identification of the uptake mechanism
using flow cytometry

HeLa cells were cultured on treated 6-well cell culture plates
(Nunc, Langenselbold, Germany) with a density of 30 000 cells
cm� 2 in the presence of spider silk or control fluorescent par-
ticles for 6, 24, 48 and 72 h. Cells were washed with PBS twice,
treated with trypan blue, washed again with PBS and pelleted
using 0.05% Trypsin/EDTA and centrifugation (300g, 5 min,
25 °C). Cells were resuspended in fresh media, and uptake was
measured using flow cytometry (Cytomics FC500, Beckman-
Coulter, Krefeld, Germany). Cells only appeared fluorescent
upon internalization of rhodamine-labeled particles (labeling
via N-Hydroxysuccinimid ester chemistry19,57). Endocytotic
inhibitors were used for identification of the underlying
uptake mechanism. Cells were seeded at a density of 50 000
cells cm� 2 with spider silk or control silica particles for 6 and
24 h. 100 µM dansylcadaverin (DC) for inhibition of clathrin-
mediated endocytosis and 100 µM di-methyl-amiloride (DMA)
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for inhibition of macropinocytosis were added to cells 30 min
prior to particle addition.

Cell staining for fluorescence microscopy

HeLa cells were cultured on µ-slides (8-well, ibidi GmbH, Mar-
tinsried, Germany) at a cell density of 20 000 cells cm� 2 and
incubated for 6, 24, 48 and 72 h with rhodamine-labeled par-
ticles at 37 °C. The cells were fixed with 4% w/v paraform-
aldehyde for 15 min at 25 °C, washed with PBS and
permeabilized with 0.1% v/v Triton X-100 for 3 min. After two
additional PBS washing steps, cells were incubated with HCS
CellMask™ Blue stain (Invitrogen, Darmstadt, Germany) for
30 min and washed again with PBS. All samples were kept in
PBS. Fluorescence microscopy was performed using a LifeCell
microscope (DMI6000, Leica, Wetzlar, Germany).

Results and discussion
Spider silk protein modification

Recombinant spider silk protein eADF4(C16) has been well
investigated in recent years.19,22–24,49,55,58–62 Here, the protein
was modified with di � erent tags for stimulating internaliz-
ation of respective protein particles by HeLa cells (Fig. 1). A
Tat-peptide was fused either to the carboxy-, the aminotermi-
nus or both termini of eADF4(C16), and an R8- or an RGD-
peptide was fused with the aminoterminus of eADF4(C16).49

To study particle-charge-dependence of cellular uptake, the

recently established positively charged eADF4(� 16) was used.50

In this variant, all glutamic acid residues of eADF4(C16) are
replaced by lysine ones rendering the protein polycationic
under neutral conditions (in contrast to polyanionic eADF4-
(C16)). All modifications were analyzed and confirmed by
MALDI-TOF MS (data not shown).

Particle production and characterization

Particles were produced by salting out of the protein dissolved
in EMiM[acetate]. In contrast to previously published
methods23 the ionic liquid EMiM[acetate] was used to mini-
mize the particle diameter and distribution. In addition to
“single-protein ” particles also eADF4(C16) and eADF4(� 16)
blend particles were produced.

All spider silk particles had spherical morphologies
(Fig. 2A, Fig. S1†), indicating that modifying the sequence
as well as blending had no influence on particle formation.
Particles were also analyzed concerning size and surface poten-
tial (Table 2). Commercially available silica particles with a
theoretical diameter of 100 nm were used as control. Their
measured diameter was 113.5 ± 0.5 nm. Spider silk particles
had diameters between 239 and 294 nm except for eADF4(� 16)
(324 nm) and blend particles (393 nm). Importantly, the
previously reported broad particle size distribution could
be significantly reduced.24 Many studies investigated the
uptake of particles produced from di � erent materials such
as polystyrene,63,64 chitosan based polymers,65 silica,66 or
poly(lactic-co-glycolic acid) (PLGA).67 Independently from the

Fig. 2 SEM images (A) and colloidal stability analysis (B) of spider silk and control silica particles. For SEM, spider silk particles were prepared from a
0.1 mg ml � 1 solution in EMiM[acetate] and analyzed in the dehydrated state. Colloidal stability of particles from a 2 mg ml � 1 solution was determined
in 10 mM KCl, pH 5.5. Scale bars: 100 nm.
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material, the optimal particle size for uptake was in the range
of 100–200 nm.

eADF4(C16), eADF4(C16)RGD, Tat-eADF4(C16) and eADF4-
(C16)Tat particles showed zeta potentials between� 20 and
� 30 mV, similar to the previously published zeta potential of
eADF4(C16).60 Zeta potentials of Tat-eADF4(C16)Tat and
eADF4(C16)R8G were determined to be � 8.4 and � 17.4 mV,
and those of blends varied between � 13.2 and +1.8 mV due to
the fact that each particle had di � erent amounts of eADF4-
(C16) and eADF4(� 16) (especially on its surface). Particles with
a zeta potential below � 20 mV typically show little agglomera-
tion in suspension. 68 Control silica particles showed a surface
potential of � 55 mV and were therefore quite stable.68

Next, all particle suspensions were analyzed concerning
their colloidal stability using a LUMiFuge®114 (Fig. 2B).
Control silica particles were colloidally stable (no change in
curve behavior) as suggested by their zeta potentials, whereas
spider silk particles behaved di � erently. eADF4(C16) and
eADF4(C16)-RGD showed some sedimentation behavior at 300
and 600 rpm and started to sediment above 900 rpm, fitting
with the measured zeta potentials of � 26.7 and � 24.8 mV. As
expected, eADF4(C16)R8G, eADF4(C16)Tat and Tat-eADF4(C16)
showed less colloidal stability, and eADF4(� 16) and blend
particles were even less colloidally stable, with Tat-eADF4(C16)
Tat particles being the least stable ones.

Cytotoxicity

Cytotoxicity of spider silk and control silica particles was ana-
lyzed using the CellTiter Blue® assay over 9 days after particle
addition (24 h). HeLa cells cultured in the presence of spider
silk or control silica particles showed indistinguishable growth
behavior in comparison to HeLa cells grown in the absence
thereof. Proliferation rates ( µ) and doubling times ( Td) also
showed no significant di � erences (Table 3). Therefore, none of
the particles seemed to have any cytotoxic e� ect on HeLa cells.

Particle internalization

HeLa cells were incubated with spider silk or control particles
for 6, 24, 48 and 72 h at 37 °C and analyzed using flow cyto-
metry (Fig. 3A) or fluorescence microscopy (Fig. 3B, shown for
eADF4(C16), eADF4(� 16) and blends). After 6 h of incubation,

all spider silk particles were indistinguishably internalized by
HeLa cells (between 10 and 30% of cells showed internalized
particles) except for eADF4(� 16) particles where 64% of the
cells contained particles (Fig. 3A). After 24 h of incubation,
92% of the cells showed internalized eADF4(� 16) particles,
after 48 h 95% and after 72 h 97%, with all of the cells contain-
ing more than one internalized particle (Fig. 3B). Similar
internalization numbers have been previously reported for par-
ticles produced from silk fibroin and albumin. 25 As expected,
polyanionic eADF4(C16) particles were internalized by only
19% of the HeLa cells after 24 h, with the amount of cells not
increasing after 48 and 72 h.

Blend particles were internalized from about 45% of the
cells after 24 h, 57% after 48 h and 60% after 72 h, thus, the
number of cells with internalized blend particles was between
that of cells containing eADF4(C16) and eADF4(� 16) particles.
Further, each cell (5000 cells measured per set) contained on
average more blend particles than eADF4(C16) particles, but
less than eADF4(� 16) particles. This result was expected since
cells usually show a negative surface potential (HeLa cells
approximately � 50 mV69), and, therefore, charge–charge inter-
actions with positively charged particles are pronounced.

The number of cells containing particles made of all CPP-
fusion proteins was increased in comparison to that of eADF4-
(C16) alone. No significant di � erences were obtained when the

Table 2 Particle size, particle size distribution index, zeta potential calculated using the theory of Smoluchowski 55 and electrophoretic mobility of
spider silk and control silica particles. Particle sizes were analyzed in MQ-H 2O, electrophoretic mobilities were measured in 10 mM KCl at pH 5.5
(n = 6; eADF4(C16)Tat n = 4)

(Spider silk) particles Particle size/nm
Particle size
distribution index Zeta potential/mV

Electrophoretic
mobility/10 � 8 m2 s� 1 V� 1

eADF4(� 16) 325 ± 38 0.193 ± 0.091 13.2 ± 5.3 1.04 ± 0.42
Blend 393 ± 135 0.545 ± 0.152 � 5.7 ± 7.5 � 0.45 ± 0.58
Tat-eADF4(C16)Tat 282 ± 61 0.165 ± 0.077 � 8.4 ± 5.3 � 0.66 ± 0.42
eADF4(C16)R8G 242 ± 19 0.123 ± 0.027 � 17.1 ± 3.3 � 1.35 ± 0.26
eADF4(C16)Tat 294 ± 50 0.166 ± 0.136 � 23.0 ± 7.0 � 1.80 ± 0.55
Tat-eADF4(C16) 239 ± 17 0.106 ± 0.055 � 23.5 ± 3.6 � 1.85 ± 0.28
eADF4(C16)RGD 263 ± 7 0.157 ± 0.074 � 24.8 ± 2.7 � 1.88 ± 0.36
eADF4(C16) 242 ± 22 0.123 ± 0.087 � 26.7 ± 2.6 � 2.09 ± 0.20
SiNH2 113 ± 1 0.014 ± 0.001 � 55.0 ± 1.0 � 4.32 ± 0.08
SiCOOH 114 ± 2 0.020 ± 0.015 � 55.9 ± 2.3 � 4.39 ± 0.18

Table 3 Proliferation rates ( µ) and doubling times of HeLa cells cul-
tured with spider silk or control silica particles for 9 days. Starting cell
density was 5000 cells cm � 2

(Spider silk) particles µmax/d
� 1 Doubling time/h

No particles 0.38 ± 0.03 43.9 ± 3.3
eADF4(� 16) 0.36 ± 0.03 47.0 ± 4.7
Blend 0.38 ± 0.01 44.1 ± 0.9
Tat-eADF4(C16)Tat 0.37 ± 0.02 45.3 ± 3.1
eADF4(C16)R8G 0.37 ± 0.01 45.2 ± 1.5
eADF4(C16)Tat 0.36 ± 0.01 46.8 ± 0.9
Tat-eADF4(C16) 0.37 ± 0.01 45.0 ± 1.2
eADF4(C16)RGD 0.37 ± 0.01 44.5 ± 0.7
eADF4(C16) 0.40 ± 0.01 42.1 ± 0.7
SiNH2 0.38 ± 0.02 44.3 ± 2.3
SiCOOH 0.39 ± 0.04 43.0 ± 4.2
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Tat peptide was fused to the amino- or carboxyterminus or to
both. Interestingly, the uptake of the CPP- and RGD-fusion
particles was similar to that of blend particles.

Identification of the internalization mechanism of spider silk
particles

To get a closer look at the internalization mechanism of spider
silk particles, SEM visualization of cell surfaces was per-
formed. The particles could be seen in di � erent stages of
internalization (Fig. 4). Furthermore, HeLa cells were cultured
in the presence of di� erent endocytotic inhibitors (dansylcada-
verine (DC): inhibitor of clathrin-mediated endocytosis; di-
methyl-amiloride (DMA): inhibitor of macropinocytosis 51,70–72)
before adding the silk particles. After particle addition, the

cells were incubated for 6 and 24 h and analyzed using flow
cytometry (Table 4 and Table S1†).

The number of cells containing eADF4(C16) particles was
reduced from 7.8% to 5.4% after 6 h and from 19% to 8.5%
after 24 h in the presence of DC. Further, particles made of
eADF4(C16) were the only ones being internalized by less cells
in the presence of DMA after 6 h (2.4%) compared to internal-
ization by cells in the presence of DC. After 24 h of incubation,
the number of cells containing eADF4(C16) particles in the
presence of DMA (7.7%) was again similar to that of cells in
the presence of DC. The number of cells containing eADF4-
(C16) particles was reduced from 7.8% to 5.4% after 6 h and
from 19% to 8.5% after 24 h in the presence of DC. Further,
particles made of eADF4(C16) were the only ones being inter-
nalized by less cells in the presence of DMA after 6 h (2.4%)

Fig. 3 Flow cytometry analysis (A) and � uorescence microscopy images (B; maximal projections) of HeLa cells incubated in the presence of
9.6 ng µl � 1 of spider silk or control silica particles for 6, 24, 48, and 72 h (A). Cells were washed and treated with trypan blue, quenching the � uor-
escence of labeled particles outside the cells. (B) Cells were � xed, permeabilized and stained with HCS CellMask ™ Blue Stain. Scale bars: 5 µm.
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compared to internalization by cells in the presence of DC.
After 24 h of incubation, the number of cells containing
eADF4(C16) particles in the presence of DMA (7.7%) was again
similar to that of cells in the presence of DC.

eADF4(� 16) particle internalization was severely inhibited
with DC after 6 h (27.3%) and 24 h (47.3%) whereas in the
presence of DMA the internalization was less inhibited after
6 h (44%) and 24 h (73%). Accordingly, numbers of cells with
blend, Tat-eADF4(C16), eADF4(C16)R8G or eADF4(C16)-RGD
particles decreased moderately in the presence of DMA in
comparison to that in the presence of DC (Table 4) indicating
that macropinocytosis plays a minor and clathrin-mediated
endocytosis a major role in silk particle uptake in the used
experimental setup.

Generally, three di� erent groups can be identified which
di � er in particle internalization. The first group is eADF4(C16)
particles with indistinguishable inhibition of internalization
in the presence of both inhibitors. The second group contains
Tat-eADF4(C16), eADF4(C16)RGD, and blend particles with a
decreased cellular uptake in the presence of DC and a slightly

less decreased uptake in the presence of DMA indicating that
clathrin-mediated endocytosis is the main route of particle
uptake with macropinocytosis playing a medium role. Un-
expectedly, macropinocytosis played a more important role in
case of eADF4(C16)RGD, despite most well-known receptors
involved in receptor-mediated endocytosis (e.g.LDL receptor73)
being internalized via clathrin-mediated endocytosis. Here, the
amino acid sequence of the RGD peptide (GRGDSP) is opti-
mized for the recognition by � 5� 1- and � v� 3-integrin. 49,74

These integrin receptors are internalized by clathrin-depen-
dent and –independent as well as caveolin-mediated
endocytosis75–80 which would explain the involvement of mar-
copinocytosis in eADF4(C16)RGD particle internalization. The
third group represents eADF4(� 16) and eADF4(C16)R8G par-
ticles which were internalized by most cells. Here, uptake is
severely inhibited in the presence of DC, whereas inhibition of
uptake is only moderate in the presence of DMA, indicating
that here macropinocytosis only plays a minor role.

The fact that eADF4(� 16) and eADF4(C16)R8G internaliza-
tion is higher than that of other modified particles (Fig. 3)
makes them promising candidates for drug delivery vehicles.

Conclusions
A new route for producing spider silk particles has been estab-
lished using the ionic liquid EMiM[acetate] as a starting
solvent. Particles made therefrom show small diameters and
are quite homogenous with a narrow particle size distribution.
Beneath previously employed engineered spider silk proteins
several variants with di� erent (cell penetrating) peptide tags
were used to produce particles. The tags and blending of pro-
teins had no influence on particle formation but on the
electrophoretic mobility, zeta potential and therefore on the
colloidal stability. Interestingly, the uptake e � ciency of spider
silk particles by HeLa cells was highest in the presence of a
poly-arginine tag (zeta potential � 17.1 mV) or when using the
polycationic mutant (without tag) eADF4( � 16) (zeta potential
13.2 mV) in which all naturally occurring glutamic acid resi-
dues have been replaced by lysine ones. Both the number of
cells containing spider silk particles as well as the number of
internalized particles was increased (Fig. 3B). Uptake mostly
occurred through clathrin-mediated endocytosis for all used
spider silk particles as determined by using dansylcadaverine.
In combination with the recently reported encapsulation
e� ciency of low molecular weight drugs, low molecular weight
proteins or even nucleic acids by eADF4(� 16) particles,50 engin-
eered silk particles show high potential as novel drug delivery
systems.
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Table 4 Cells at a starting density of 50 000 cells cm � 2 were incubated
in the presence of particles for 24 h in the absence and presence of
endocytosis inhibitors (100 µM of dansylcadaverine (DC) or di-methyl-
amiloride (DMA)) at 37 °C. Inhibitors were added 30 min before particle
addition

(Spider silk) particles

Cells with particles/%

� + DC + DMA

eADF4(� 16) 92.2 ± 7.4 47.3 ± 12.5 72.9 ± 7.1
blend 44.9 ± 18.7 16.6 ± 6.7 29.0 ± 17.5
eADF4(C16)R8G 64.5 ± 9.9 23.4 ± 5.9 63.7 ± 14.9
Tat-eADF4(C16) 51.0 ± 13.4 11.1 ± 0.6 26.7 ± 15.7
eADF4(C16)RGD 46.9 ± 8.0 19.9 ± 10.5 33.7 ± 8.4
eADF4(C16) 19.0 ± 6.7 8.5 ± 3.4 7.7 ± 4.9
SiNH2 2.1 ± 1.6 3.2 ± 2.3 2.9 ± 1.9
SiCOOH 3.0 ± 2.2 3.1 ± 1.6 2.2 ± 2.2

Fig. 4 SEM image of eADF4(� 16) particle uptake by HeLa cells after
24 h of incubation. The cells were � xed, dehydrated and critical point
dried. The arrows indicate a particle on the surface (dashed) and a par-
ticle which is half-way internalized (line) at the moment the cells were
� xed. Scale bar: 200 nm.
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Fig. 1 Images (SEM) of spider silk and silica particles. Spider silk particles were prepared from a 0.1 mg/ml 

solution in EMiM[acetat] and analyzed in the dehydrated state. Scale bars: 1 µm (spider silk particles); 400 nm 

(silica particles) 
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Table S 1
Cells at a starting density of 50,000 cells/cm2 were incubated in the presence of particles for 6 h in the absence 

and presence of endocytosis inhibitor (100 µM of dansylcadaverine (DC) or di-methyl-amiloride (DMA)) at 37 °C. 

Inhibitors were added 30 min before particle addition.

Cells with particles / 
%

Cells with particles / 
%  + DC

Cells with particles / 
%  + DMA

�����.�6�'���7���,�� 63.9 ± 15.5 27.3 ± 13.9 44.0 ± 13.6
blend 12.3 ± 4.4 3.4 ± 1.6 5.5 ± 2.0
eADF4(C16)R8G 27.3 ± 7.5 17.8 ± 8.0 20.7 ± 14.6
Tat-eADF4(C16) 14.1 ± 10.5 7.0 ± 2.1 11.3 ± 7.4
eADF4(C16)RGD 20.7 ± 5.8 15.3 ± 2.1 12.6 ± 4.0
eADF4(C16) 7.8 ± 4.4 5.4 ± 0.1 2.4 ± 0.7
SiNH2 0.3 ± 0.3 1.5 ± 0.6 0.4 ± 0.8
SiCOOH 0.6 ± 0.7 2.5 ± 0.9 2.1 ± 0.6
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ABSTRACT:Silks are a class of proteinaceous materials
produced by arthropods for various purposes. Spider dragline
silk is known for its outstanding mechanical properties, and it
shows high biocompatibility, good biodegradability, and a lack
of immunogenicity and allergenicity. The silk produced by the
mulberry silkwormB. morihas been used as a textile� ber and
in medical devices for a long time. Here, recent progress in the
processing of di� erent silk materials into highly tailored
isotropic and anisotropic coatings for biomedical applications
such as tissue engineering, cell adhesion, and implant coatings
as well as for optics and biosensors is reviewed.
KEYWORDS:spider silk, silkworm silk, processing, biomedical application, biosensor, optics

1. INTRODUCTION

Silks, like keratins and collagens,1Š3 are based on a class of
structural proteins with highly repetitive amino acid sequences.
The proteins are stored in a soluble state and are assembled
into solid extracorporeal� bers when sheared or“spun”.
Humans have exploited silkworm silk (fromBombyx mori)
for millennia, primarily for textiles. Silks produced by spiders
have also been used for centuries, for example by Polynesians
for � shing and by Romans and Greeks as wound dressing and
sutures.4,5Because of the outstanding mechanical properties of
spider silk compared to other synthetic and natural� bers,6Š10

their biocompatibility and good biodegradability and lack of
immunogenicity and allergenicity, many more technical and
biomedical applications are conceivable. Importantly, unlike in
nature, spider silk proteins (either regenerated from silk� bers
or recombinantly produced) can also be technically processed
into non� brous morphologies. Here, we highlight recent work
on the processing and applications of proteins derived from
spider silk (e.g.,Araneus diadematus, Nephila clavipes), mulberry
silkworm (B. mori), and lacewing silk (e.g.,Chrysopa carnea,
Mallada signata, andChrysopa f lava) into � -sheet-rich coatings
and� lms.

1.1. � -Crystalline Silks.Almost all arthropods can produce
silk, each with a speci� c structural feature (e.g., helical, coiled-
coil, � -sheet, etc.) tailored to speci� c purposes. This review
focuses on� -crystalline silks, which are produced by larvae of
mulberry silkworms (B. mori), lacewings (Chrysopidae), and orb
weaving spiders (Araneae).

1.1.1. Silkworm Silk.B. morisilk has been well characterized,
and there exist numerous reviews on its properties6,11 and
applications.12Š14 During metamorphosis, silkworms produce
silk cocoons for protection. The silk� bers are composed of two
silk � broins (SF), the heavy chain (325 kDa) and the light
chain (25 kDa), which are connected by a disul� de bond15 and

complexed by the small glycoprotein P25 (30 kDa).16 The
proteins have been thoroughly investigated and reviewed.17Š19

The main structural elements of this material are repeats of the
GAGAGS motif, which forms antiparallel� -sheet structures
because of intra- and intermolecular hydrogen bonding.20 The
� bers are coated with the glue-like glycoprotein sericin, which
has to be removed (degumming)21Š23 prior to processing for
use in medical applications because it can cause immuno-
reactions.24Š27 It is advantageous that silkworms can be reared
in captivity, and the silk can be obtained in great quantities.

1.1.2. Lacewing Silk.To protect their eggs from predators,
female lacewings lay their eggs on the ends of silk stalks
attached to substrates such as the lower side of leaves. These
� bers show unusual bending sti� ness based on the structural
features of the underlying silk proteins (see also section
1.1.4.).28 The amino acid composition29 and the cross-� -
structure30 of egg stalk silk were� rst described in the 1950s.
Fifty years later, researchers from Tara Sutherland’s group
analyzed the lacewing silk ofM. signataand identi� ed two
proteins: MalXB1 (109 kDa) and MalXB2 (67 kDa). MalXB1
is the main component of egg stalk silk and comprises a serine-,
alanine- and glycine-rich tandem repeat.31 In another lacewing
species (C. carnea), at least� ve individual proteins were
identi� ed in the egg stalk silk dope.32

1.1.3. Spider Silk.Web spinning spiders (Araneae) are
probably the best-evolved� -crystalline silk producers with the
most specialized silk� bers. Female orb-weaving spiders, such as
Nephila clavipesand the European garden spiderAraneus
diadematus, can produce up to seven di� erent types of silk with
task dependent properties.33 There exist numerous reviews and
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articles summarizing the biology,11,34,35 structure36,37 and
mechanical properties6,38Š40 of spider silk. Here, we focus on
major ampullate (MA) silk, which is produced in the MA gland.
This MA silk is used as the outer frame and radii of a spider’s
web and as its lifeline.41MA silk has a very high tensile strength
and the highest toughness of all known natural as well as
synthetic� bers.3,6,38,42Š44 MA silk is mainly composed of
spidroins (spider f ibroin) and is divided into two classes
(MaSp1 and MaSp2) according to its proline content. MaSp1
has a low proline content and MaSp2 is proline-rich. The
physical and related mechanical properties, such as breaking
strain, of MA silk are directly in� uenced by the proline
content.45MA spidroins generally contain a repetitive core with
individual amino acid motifs repeated up to 100 times
accounting for over 90% of the sequences.46 The core domain
is � anked by nonrepetitive amino- and carboxy-terminal
domains, which are highly conserved between di� erent silks
and between spider species. These terminal domains mediate
the storage and assembly of the spider silk proteins.47,48MA
silk � bers are coated with a very thin shell of glycosylated
proteins, lipids, minor ampullate spidroins and other
proteins.49,50However, these shell compounds are, in contrast
to sericin fromB. mori,51 not immunogenic, making MA silk an
interesting biomaterial for biomedical applications.

1.1.4. Comparison of� -Crystallinity in Silkworm, Lace-
wing, and Spider MA Silk.The � -sheet content of MA silk
(11Š46% N. clavipes,20,52,5334Š35% A. diadematus,54 46%
Nephila edulis55) is similar to that ofB. morisilk (40Š55%).20,52

Both silk materials form antiparallel� -sheets aligned along the
thread axis. The� -sheets form crystalline-like regions
embedded in an amorphous matrix, but also the presence of
a so-called interphase was proposed. In contrast toB. moriand
MA silk, Lacewing egg stalk silk shows an unusual� -sheet
structure (content: 20Š40%)28,32 called cross-� structure,
where� -strands are aligned perpendicular to the� ber axis.30

The evidence for two di� erent types of� -sheets inN. clavipes
MA silk andB. morisilk was shown by hydrogenŠdeuterium
exchange experiments. Crystalline� -sheets are D2O-inacces-
sible and the� -sheets building the interphase are D2O-

accessible. The water-accessible interphase consists of weaker
hydrogen bonded� -sheets. MA andB. morisilk di� er in the
fraction of the interphase which is signi� cantly higher in case of
MA silk (27± 3%) than inB. morisilk (8± 3%).53 In the case
of B. morisilk, crystalline as well as interphase� -sheets are
likely formed by GAGAGS motifs. In MA silk, crystalline� -
sheets are formed by polyalanine (An) regions, and AG and
GGA blocks� anking the An regions are suggested to be present
in � -sheets also.52,53The interphase probably contains GXG (X
= Q, Y, L, R) motifs. A three-phase model was postulated
where the crystalline regions are� anked by an interphase which
is assumed to act as a transition zone between crystalline� -
sheets and the surrounding amorphous phase.53,56 The
structural organization allows to describe the properties of
spider silk using a hierarchical model.57

1.2. Natural vs Recombinant Silk Production.To
exploit the manifold properties of silk, it can be advantageous
to investigate the isolated underlying proteins. Silks can be
harvested from their natural sources (i.e., for example ofB. mori
cocoons). The silk is degummed by boiling the cocoons in 0.02
M Na2CO3, and the degummed� bers are dissolved in strong
chaotropic agents (e.g., 9.3 M LiBr), yielding soluble silk
� broins called regenerated silk� broin (RSF). BecauseB. mori
silk has been produced by sericulture (silk farming) for
centuries, RSF has been available for investigations for decades.

In contrast, spiders cannot be farmed because they are
typically territorial and cannibalistic13,47Š50 and produce silk of
lower quality when held in captivity.8,34,58Although lacewings
are bred commercially (they are used as pest control), the
quantity of silk produced by each individual is too small for
practical applications. In both cases, as an alternative to
obtaining silk proteins from natural sources, recombinant
strategies for producing silk proteins have been developed, but
only a short overview is given here. For more detailed
information on natural and synthetic spider silk genes, the
reader is referred to Heidebrecht and Scheibel and references
therein.59 Di� erent approaches for producing silk proteins in
di� erent host organisms have failed mainly because of the
repetitive character of the gene sequences rich in guanine and

Figure 1.Scheme of recombinant silk production. Step 1, extracting genetic information; step 2, decoding the extracted DNA; step 3, reverse
translation and gene engineering; step 4, ligation of insert DNA into the plasmid DNA; step 5, transfer of plasmid into host organism; step 6,
fermentation; step 7, puri� cation.
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cytosine. A successful approach was the construction of
synthetic sequences based on natural motifs (Figure 1, step
1Š2) and adapting the gene sequences to the codon usage of
di� erent host systems like bacteria (e.g.,Escherichia coli) or
yeast (e.g.,Pichia pastoris) (Figure 1, step 3Š5).60Š63 A similar
strategy was performed for a recombinant egg stalk protein
(RESP).32 The biotechnological production (Figure 1, step 6)
yields silk proteins as primary material for further processing
(Figure 1, step 7), but also allows the modi� cation of proteins
genetically. Synthetic analogues can be produced with targeted
modi� cations to get desired material characteristics,64 giving
access to a broad range of applications.

2. PROCESSING OF SILK PROTEINS
The processing of silk proteins includes preparation of silk
protein solutions (Figure 2 (I)), controlling materials proper-
ties (Figure 2 (II) & (IV)) and processing methods (Figure 2
(III)). Regenerated silk� broin (RSF), recombinant egg stalk
proteins (RESP) and recombinant spider silk proteins (RSSP)
can be easily processed into di� erent morphologies like
nonwoven mats,� lms and coatings.

2.1. Preparation of Silk Solutions.At � rst, silk proteins
are dissolved in a denaturating agent to prepare processable silk
protein solutions (Figure 2 (I)). Such denaturating agents are
chaotropic salts like lithium bromide (LiBr), lithium
thiocyanate (LiSCN), guanidinium thiocyanate (GdmSCN),
or guanidinium hydrochloride (GdmHCl). Chaotropic salts can
easily be exchanged via dialysis (Figure 2 (I,i)). Alternatively,

Figure 2.Schematic overview of silk processing. After (I) preparing the silk solutions, the materials properties can be controlled (II) before and (IV)
after (III) further processing steps.
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silk proteins can be dissolved in� uorinated organic solvents
like hexa� uoroisopropanol (HFIP) and hexa� uoroacetone
(HFA) (Figure 2 (I,ii)) or acids like formic acid (FA) (Figure
2 (I,iii)). Also, ionic liquids like 1-butyl-3-methylimidazolium
chloride (BMIM Cl), 1-ethyl-3-methylimidazolium chloride
(EMIM Cl), and 1-butyl-2,3-dimethylimidazolium chloride
(DMBIM Cl) can act as denaturating agents (Figure 2
(I,iv)).65,66

2.2. Additives for Controlling Silk Properties. After
preparing the initial silk protein solution, additional substances
like plasticizers (e.g., glycerol67Š69), polymers or proteins can
be added before or during processing the silk materials (Figure
2 (II,i)). A broad range of material blends and composite
materials containing silk proteins have been analyzed in the
past, including synthetic polymers, biopolymers, and inorganic
materials as additives. An overview on additives is given in
Table 1. For details concerning composite materials based on
silk the reader is referred to Hardy et al.70

2.3. Processing Methods of Silk and Silk Blends.Silk
proteins and blended silk materials can be processed into� lms
and coatings using various processing techniques (Figure 2
(III)) resulting in di� erent morphologies. Films can be cast or
printed e.g. using lithography71 yielding 2D and 3D structured
isotropic or anisotropic micro- or nanopatterned surfaces.72

Thin coatings can easily be prepared by dip or spin coating.73,74

Using spin coating, the silk proteins can self-assemble due to
shear-forces as described for native SF.75Zeplin and co-workers
used dip coating to modify the surface of breast implants using
RSSP (for details see part 3.1).76 Other methods for generating
thin silk � lms are for example the LangmuirŠBlodgett (LB)
technique77 and layer-by-layer (LbL) techniques.78

Nonwoven mats represent a completely di� erent type of silk
coating which can be produced e.g. by electrospinning79,80out
of di� erent solvents.81Š84 The silk protein solution or material
blend is extruded from a syringe, and an electric� eld between
the syringe and the collector plate accelerates the solution and
the solvent evaporates. The resulting� bers can be deposited
directly on any kind of substrate that is placed on the collector
plate. Particles, too, can be deposited on substrates by
electrophoretic deposition.85Š87

Besides homogeneous� lms and coatings, materials with
gradually changing properties, as found in biological systems

(e.g., mussel byssus), are useful for various applications.88

Fibroin/gelatin blends show a wide range of Young’s moduli
depending on the mixing ratio.12,70Gradient� lms were cast
using glycerol-plasticized gelatin and 0Š40% RSF, leading to a
gradient material on a centimeter scale with a highly
reproducible and smooth mechanical gradient with moduli
from 160 to 550 MPa.89

2.3.1. In� uence of Solvent and Post-Treatment on Silk
Film Properties.Films can be cast from di� erent solvents such
as aqueous bu� ers, organic or ionic liquids (Figure 2 (III,i))
and obtained through simple solvent evaporation. The
secondary structure of the silk proteins is dependent on the
initial solvent and is, therefore, controllable. Fluorinated
solvents induce� -helical structure in silk proteins. Films cast
out of HFIP show a high amount of� -helical structures (RSF;90

RSSP91Š93), whereas� lms cast out of formic acid or water show
higher� -sheet content.90,94Š97 RESP dissolved in HFA also has
primarily � -helical structure, and therefore,� lms cast from
these solutions have to be post-treated to yield more stable
structures.32 In case of RSSP, the initial solvent has no in� uence
on the thermal stability of� lms made of a recombinantly
produced engineeredA. diadematus� broin (eADF4(C16)62),
where thermal decomposition starts around 270°C. In
contrast, the initial solvent showed a clear impact on the
mechanical properties of the� lms.98

Furthermore, surface hydrophobicity can be controlled by
casting conditions as shown in the following experiments with
� lms made of RSSP. eADF4(C16)� lms with a thickness of 9Š
11 � m were cast out of aqueous bu� er (10 mM NH4HCO3),
HFIP, and FA on poly(tetra� uoroethylene) (PTFE; Te� on),
polystyrene (PS) and glass at 30% relative humidity and 20°C.
The� lms showed di� erent surface hydrophobicities depending
on the hydrophobicity of the substrate used to cast the� lms on.
After post-treatment with methanol, the surface hydrophobicity
was analyzed by contact angle measurements at the� lmŠair
interface. Films cast on hydrophilic glass substrates were more
hydrophobic at that surface in comparison to� lms cast on
hydrophobic PS and PTFE substrates (Figure 3A). A structural
model of microphase separation of silk proteins based on the
amphiphilic nature of the silk protein was generated, in which
nonhydrophilic polyalanine stretches are arranged into packed
� -sheet crystallites causing water exclusion, and hydrophilic

Table 1. Overview of Synthetic Polymers, Biopolymers and Inorganic Materials for Silk-Based Composite Materials and
Blendsa

synthetic polymer biopolymers inorganic materials

nonbiodegradable biodegradable proteins polysaccharides particles biominerals

carbon nanotubes poly(aspartic acid) collagen alginate silver nanoparticles calcium
carbonate

nylon66 poly(� -caprolactone) enzymes cellulose gold nanoparticles calcium
phosphate

polyacrylamide poly(� -caprolactone-co-D,L-
lactide)

� broins cellulose xanthate
(viscose)

transition metal oxides and
sul� des

silica

polyacrylonitrile poly(carbonate-urethane) gelatin chitin
polyallylamine poly(lactic-co-glycolic acid) green� uorescent

protein
chitosan

polyepoxide poly(lactic acid) growth factors hyaluronic acid
poly(ethylene

glycol)
polyurethane keratin

polypyrrole sericin
polystyrene spidroins
poly(vinyl alcohol)
aFor details about silk composite materials, the reader is referred to Hardy et al.70
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glycine-rich motifs remain in unstructured or helical con-
formations (Figure 3B).99 On hydrophilic templates like glass,
hydrophilic silk regions are oriented toward the substrate, and
the hydrophobic polyalanine stretches are organized into
micellar-like structures or oriented away from the hydrophilic
bulk to the silk-air interface, inducing a hydrophobic� lm
surface. On hydrophobic templates, e.g., PTFE, the hydro-
phobic silk regions are oriented toward the substrate, and the
hydrophilic blocks are organized into micellar-like structures or
oriented away from the hydrophobic bulk to the silk-air
interface.99 Microphase separation is a common e� ect of block
copolymers, and RSF can also be described as multiblock
polymer composed of crystallizable and uncrystallizable blocks.
� -sheet crystallization is therefore spatially limited by micro-
phase separation of the two di� erent blocks.100 Furthermore,
Cebe et al. performed fast scanning chip calorimetry with RSF
and reported the� rst reversible melting of� -sheet crystals
similar to the behavior of lamellar crystals composed of
synthetic polymers.101

In the case of RSF, Lawrence and co-workers demonstrated
the in� uence of RSF� lm hydration on material properties
depending on the processing technique. Methanol treated RSF
� lms showed a less-ordered secondary structure arrangement
than water annealed RSF� lms. The methanol treated� lms had
a higher water absorbing capacity and reached higher oxygen
permeability rates.102

2.3.2. Processing Techniques for Adopting Di� erent
Surface Topographies.It is possible to produce structured
micro- and nanopatterned silk protein surfaces by common
micro- and nanopatterning methods. For example, RSF

microstructures have been assembled by rapid transfer-based
micropatterning and dry etching103 and RSSP microstructures
by solvent-assisted microcontact molding and capillary transfer
lithography.104Micropatterned� lms made of RSF were cast on
poly(dimethylsiloxane) PDMS replica molds to transfer surface
structures of patterned surfaces to silk� lms,105,106 and
micropatterned� lms made of RSSP and RESP have also
been processed for controllable cell adhesion, cell growth and
cell orientation (for details, see section 3.1.1).9 The RSSP/
RESP patterns were made using photolithographically
produced silicon templates to generate a microstructured
PDMS negative which was placed on a smooth cast silk protein
� lm (RSSP or RESP). Then, the second silk solution was
soaked into the molds by capillary forces. After evaporation of
the solvent, the PDMS stamp was removed yielding a patterned
silk � lm.9

2.3.3. In� uencing Silk Film Properties Using Chemical
Modi� cations. Various coupling reactions can be used for
chemical modi� cation (Figure 2 (II,ii) & (IV,i)) of silk proteins
depending on their amino acid composition i.e. the number and
type of functional groups. In the case ofB. moriSF, the most
abundant reactive amino acid residues of the heavy chain are
threonine, serine, tyrosine, aspartic acid and glutamic acid.
Common coupling reactions used for chemical modi� cation of
these amino acids are cyanuric chloride-activated coupling,
carbiodiimide coupling, and reaction with glutaraldehyde.
Further, amino acids can be modi� ed by arginine masking
and sulfation and azo-modi� cation of tyrosine. For details about
these chemical modi� cations the reader is referred to Murphy
and Kaplan and references therein.107

Huemmerich and co-workers modi� ed � lms made of the
RSSP eADF4(C16) by carbodiimide activation of the carboxy
groups of glutamate residues and the carboxy-terminus (overall
17 reactive sites) for reaction with amines in solution. The
coupling of� uorophores and of the enzyme� -galactosidase was
successfully shown with RSSP.92 For biomedical applications
cell binding properties can be in� uenced by cell binding
peptides like RGD-motifs which were coupled by thiol
chemistry to RSSP (eADF4(C16))� lms and by carbodiimide
coupling to RSF� lms to improve cell adhesion (see section
3.1.1.).107,108In the case of RSSPs, like eADF4(C16) which do
not have cysteine residues in their sequence, the protein can be
genetically modi� ed during production (see chapter 1.2), for
example, with a cysteine-containing tag at the amino-terminus.
The eADF4(C16)ntagCys-� lm surfaces expose the thiol groups of
the cysteines, allowing controlled and speci� c modi� cation with
reagents containing a maleimido function.74 Maleimido-
� uorescein, biotin maleimide, RGD-motifs,� -galactosidase
and monomaleimido-nanogold (d = 1.4 nm) could be
successfully coupled to the silk� lm surface.74 It was also
possible to covalently attach sulfonic acid groups to tyrosine of
RSF using diazonium coupling. The negatively charged and
hydrophilic sulfonic acid groups can selectively promote pyrrole
absorption to sulfonic acid modi� ed RSF� lms, yielding
conductive polypyrrole patterns on silk surfaces by printing
or stamping inks made of sulfonic acid-modi� ed RSF on RSF
� lms. Pyrrole adheres selectively to the acid modi� ed RSF and
sets up conductive structures out of polypyrrole after
polymerization.109

2.4. Post-Treatment. Post-treatment of processed silk
proteins (Figure 2 (IV,ii)) can be used to increase the� -sheet
content of a silk material resulting in more stable and water
insoluble protein materials.80,110,111The structural change from

Figure 3. (A) Surface hydrophobicity of eADF4(C16)� lms
dependent on the substrate and the solvent used, determined by
water contact angle measurements. Uncoated substrates (u.s.) were
measured as reference. (B) In� uence of the template on the secondary
structure of eADF4(C16). Reproduced with permission from ref 99.
Copyright 2012 The Royal Society of Chemistry.
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� -helical and random coil structures to� -sheets and can be
induced by temperature,112alcohols (e.g., methanol, ethanol, 2-
propanol),92,93,95,111humidity and water vapor,113 high
pressure,114 mechanical stretching,115 and cosmotropic salt
solutions (e.g., 1 M potassium phosphate).93,116Anisotropic
materials can also be produced by post-treatment leading to
alignment of the underlying structural elements. Both types of
processing in� uence the mechanical properties of the resulting
materials.13,20,117

3. APPLICATIONS OF SILK FILMS, COATINGS, AND
NONWOVEN MATS

3.1. Tissue Engineering and Medical Applications.Silk
shows interesting features such as biodegradability and
b iocompat ib i l i t y ( rev iewed in Lea l -Egan�a and

Scheibel14),118,119and nothing has been reported concerning
allergies against pure silk materials, probably based on low or
no in� ammatory responses when in contact with animals and
humans.119 Nonwoven mats have been applied as wound
dressings, coatings, or sca� olds,120,121and silk� lms have been
investigated as coatings and wound dressings as well as drug
delivery systems.122

B. morisilk has been reported to cause allergic reactions and
immune responses when using so-called“virgin silk” (silk

directly obtained from the silkworm), whereas removing sericin
from the silk� bers (i.e., degumming) yields a material that
c a u s e s n o a l l e r g i c r e a c t i o n a n d / o r i m m u n e
response.24Š27,123Š127 MA spider silk is not coated with glue,
therefore, MA silk causes no allergic reactions/immune
response like virgin silk. In the case of lacewing egg stalk silk,
it is currently not known if it causes allergic reactions and/or
immune responses because not all the proteins have been
identi� ed and tested yet.

The properties of silk� lms (hydrophobicity, water-contact-
angle, secondary structure, etc.) di� er because of the protein
used, the solvent, template surface, post-treatment, and� lm
thickness as mentioned above,98,99,113,128,129with dramatic
impact on cell organization, adhesion, and proliferation when
used as a sca� old. Cell interactions with surfaces or other cells
are mainly mediated by the integrin protein family.130 Binding
motifs recognized by integrins are present in proteins of the
extracellular matrix (ECM) (e.g., laminin, collagen,� bronec-
tin).130Š132 Therefore, it is also of great importance how such
ECM proteins interact with a“technical” surface (such as in silk
sca� olds). Below we will give an overview of general aspects of
cellŠsilk surface interactions followed by a more detailed
description of recent results (from the last 10 years) concerning
putative medical applications of silk sca� olds.

3.1.1. CellŠsilk Surface Interactions and Silk Surface
Modi� cations for Improved Cell Binding.Generally, weak cell
attachment has been detected on RSF, RSSP, and RESP� lms
(Figure 4A), such as for osteoblast-like cells SaOs-2 on RSF133

or BALB/3T3 � broblasts on eADF4(C16) RSSP and RESP
� lms.9,108,120Cells on these silk� lms are round and form cell
aggregates (i.e., cellŠcell interactions instead of cellŠmatrix
interactions).108,120,134SaOs-2 cells up-regulated the produc-
tion of ECM proteins (100%) such as collagen typeI-� or
alkaline phosphatase on RSF� lms, whereas� broblasts up-
regulated collagen-I on RSSP (eADF4(C16))� lms as a result
of weak attachment.120,135Weak cell attachment can be partly
explained by the absence of cell recognition motifs.136

Furthermore, RSF and RSSP (eADF4(C16)) are negatively
charged proteins under cell culture conditions, which is also not
conducive for cell attachment because cell surfaces are also
negatively charged.137,138 In contrast,� lms made of the

Figure 4. Cell adhesion on di� erent silk morphologies and on
modi� ed silk� lms. (A) Cells were seeded on� at RSSP (eADF4(C16)
� lms cast from HFIP). Low cell adhesion and round-shaped cell
morphologies of BALB/3T3� broblasts are detected. (B) RGD-
modi� ed eADF4(C16)� lms show improved cell adhesion and cell
spreading. The surface topography can be altered (C) with patterning
or (D) by creating nonwoven meshes. Both approaches have a large
impact on cell adhesion and orientation.9,106,120,139,146,151,152Scale
bars: (AŠC) 200� m; (D) 10 � m.

Figure 5.Optical elements made of silk. (a) silk lens, (b) 12× 12 silk
lens array, (c) scheme showing the approach for generating images, (d,
e) di� erent projected patterns obtained from propagation of a white
light laser source through 2D, 64 phase level di� raction patterns. The
images are taken in the far� eld at a distance of 10 cm from the silk
optical element. (Masters from Digital Optics Inc., Tessera
Corporation). Reproduced with permission from ref 168. Copyright
2008 American Chemical Society.

ACS Applied Materials & Interfaces Review

dx.doi.org/10.1021/am5008479| ACS Appl. Mater. Interfaces2014, 6, 15611Š1562515616



positively charged RSSP (4RepCT) allowed cell attachment
similar to control plates.139But on RESP (N[AS]8C) � lms, also
consisting of a positively charged protein, cell adhesion is quite
low and the few cells detected on these� lms show a round
morphology.9

One strategy to improve poor cellŠsilk surface interactions is
to modify silk surfaces with recognition motifs (i.e., peptides)
like the integrin binding motif RGD from� bronectin (Figure
4B).22,108,133,140,141Silk proteins can be modi� ed genetically (in
case of recombinant versions) or coupled chemically in all cases
with RGD motifs. Here, a few examples will highlight the
usability of such experimental set-ups. RGD-modi� ed silk
surfaces showed improved cell adhesion properties, and this
e� ect could be detected for� lms made of negatively as well as
for positively charged silk proteins.108,142 In this context,
researchers have created di� erent blended RSF� lms with a
synthetic RGD-containing spidroin for the analysis of
osteoblastic di� erentiation,143 analyzing the adhesion, prolifer-
ation and di� erentiation of an osteoblast precursor cell line
(MC3T3-E1) on blended� lms (di� erent RGD content
accompanied by a di� erent crystallinity). Increased crystallinity

stabilizes the� lm and results in increased numbers of adherent
cells, but no dependency of cellular di� erentiation was noted
due to the� -sheet content. A ratio of 90:10 RSF to RGD-
spidroin was optimal for the increased� lm stability and cell
attachment. Another strategy to improve cell binding can be the
coupling of macromolecules from the ECM (e.g., glycopol-
ymers) to silk� lms.144,145RSSP� lms (e.g., eADF4(C16))
modi� ed this way showed improved cell adhesion, and the
morphology of the cells changed from round (unmodi� ed
� lms) to spread (modi� ed � lms).144

Other peptides can be also suitable for increasing cell
interactions with sca� olds and can lead to bone regeneration.
Foo et al.146 for example, modi� ed the surface of RSSP 15mer
� lms and electrospun� bers (nonwoven meshes) with the cell
recognition motif RGD or a R5 peptide (a silici� cation
inducing domain), which could be bene� cial in the� eld of
bone regeneration. Silici� cation could be only detected in the
presence of the R5 peptide. Mieszawska and co-workers152,153

were interested in silk-silica composite� lms and the behavior of
human mesenchymal stem cells (hMSCs) seeded thereon. The
RSF solution and silica solution (containing silica particles of

Figure 6.Schematic representation of� ve-layer LbL� lm of SF/NS5A-1 (1) and RSF (2) assembled onto carbon screen-printed electrodes.
Reproduced with permission from ref 176.

Figure 7.SEM images of transfer imprinted plasmonic nanodot arrays on doped silk� broin� lms: (a) Periodic pattern ofa = 400 nm and (b) bow
tie structures with gaps of 40 nm. SEM images of transfer imprinted plasmonic nanohole arrays on doped silk� brion� lms: (c) Periodic pattern ofa
= 600 nm and (d)� 2 spiral array withaave= 308 nm. Reproduced with permission from ref 182. Copyright 2012 WileyŠVCH.
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24 nm, 500 nm, or 2� m in diameter) were cast together on a
cell culture plate and post-treated with methanol, yielding good
proliferation rates of hMSCs as well as high cell densities.
Osteogenic markers were up-regulated, and an increased
formation of collagen/calcium phosphate was detected in the
ECM, indicating osteoinductive properties of RSF/silica
� lms.147,148

Cell attachment and proliferation, the polarity, morphology
and cytoskeleton reorganization of bound cells, can be
in� uenced by cell recognition motifs and the topography of a
silk � lm’s surface.149,150 On � at � lms made of RSSP
(eADF4(C16)) or RESP (N[AS]8C), BALB/3T3 � broblast
adhesion was very weak.9,108BALB/3T3� broblasts as well as
C2C12 myoblasts seeded on patterned� lms of eADF4(C16)/
N[AS]8C, with eADF4(C16) being the bottom layer, adhered
in the grooves and proliferated better than on� lms of each
individual protein. The cells aligned within the grooves and
myoblasts even started to form myotubes, which is an
important� rst step toward skeletal muscle regeneration (Figure
4C). Surprisingly, RGD-modi� ed RSSP (eADF4(C16))� lms
as a ground layer did not result in signi� cantly increased cell
binding.9

An alternative to changing surface topography of silk� lms is
the production of silk nonwoven meshes as a coating of

substrates (Figure 4D). Nonwoven meshes with� ber diameters
of 10Š70 � m of RSSP (4RepCT) did not show improved cell
adhesion and proliferation compared to smooth� lms.139

However, hybrid matrices made of a bottom� lm layer on
which a nonwoven mesh (diameter of� bers: 10Š70 � m) was
applied showed improved cell adhesion compared to smooth
� lms or nonwoven meshes alone.139Cells like the vascular cell
line HAECs or HCASMCs as well as endothelian cell line PIEC
grew better on RSF nonwoven meshes (� ber diameter: 1016
nm151 and 377 nm±77 nm152) than on smooth RSF
� lms.151,152Similar results were obtained by seeding BALB/
3T3� broblasts on RSSP (eADF4(C16)) nonwoven meshes.120

Nonwoven meshes with di� erent� ber diameters (between 150
and 680 nm) were produced, and� broblasts seeded thereon.
The adhesion and proliferation rate of the cells increased with
increasing� ber diameter likely due to the relation of
cytoskeleton organization and space between the� bers of the
mesh.

Patterned RSF� lms of di� erent widths and depths were also
used to orient mesenchymal stem cells (MSC) for compact
bone regeneration.106 One pattern in particular (3500 nm
width/500 nm depth) induced osteogenic di� erentiation, a
robust cell alignment and also ECM production similar to
native cortical bone.

Neural stem cells were also cultured on� lms made of the
positively charged RSSP (4RepCT). Cell adhesion and
proliferation was comparable to the positive control (cell
culture plates speci� cally treated for nerve cell cultivation).153

Patterned� lms of negatively charged RSF with electrodes
incorporated for axon alignment and outgrowth stimulation
yielded varying results.154Stimulating the cells and monitoring
over 3Š5 days showed that the neural stem cells (P19) were

Figure 8.Schematics of fabrication processes for passive silk sensors.
(a) Inkjet printing of functional components directly on the silk
substrate. (b) Shadow-mask transfer. c) Casting-lift-o� process.
Functional components are fabricated directly on silanized silicon
wafers. Silk is cast directly onto the silicon substrate, and the functional
components are transferred onto the silk surface after drying under
ambient conditions. (d) Direct transfer. Functionalized surfaces are
applied to the silk substrate along with heat and pressure. Removal of
the original substrate leaves the functional components on the surface
of the silk substrate. (e) Example of a GHz resonant coil on silk,
fabricated using the silk transfer applied micropatterning process
(STAMP). (f) THz resonant silk metamaterial array, fabricated via
shadow mask deposition. (g) Au nanoparticle array on silk, fabricated
using direct transfer. Reproduced with permission from ref 184.
Copyright 2012 WileyŠVCH.

Figure 9.Rapid transfer of silk antennas onto curved substrates. (1)
Water vapor is applied to the back of noncrystalline functionalized silk
� lms, yielding (2) a functionalized� lm of which the back surface of the
� lm has been partially molten. (3) The quasi-molten surface is
conformally applied to arbitrary surfaces, yielding (4, 5) functional
sensors thereon. Reproduced with permission from ref 184. Copyright
2012 WileyŠVCH.
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growing, orientating along the grooves, and their axons aligned
and grew out. However, after several days, the cells started to
detach from the RSF surfaces. Not only RSF� lms but also
� bers were used for nerve regeneration, which are not discussed
further here. However, RSF� bers with a quite small diameter
(400 nm) are more favorable to the development and
maturation of neurons.105

3.1.2. Implants Made of or Coated with Silk.Animals with
implants coated with silk generally show low levels of
in� ammation markers like cytokines.76,119,155Zeplin and co-
workers coated silicone breast implants with RSSP with the aim
of reducing the risk of capsular� brosis.76 Fibroblasts, which are
critically involved in� brosis, show decreased proliferation rates
on spider silk coated silicone implants in comparison to
uncoated ones. Primary human monocytes involved in� brosis
showed a signi� cantly reduced di� erentiation into CD68-
positive macrophages (histiocytes). Upon implantation into
subcutaneous pockets of Spraque-Dawley rats, the coated
implants were well-tolerated, and no wound healing disorders
were detectable. Importantly, no liver granulomas and
alterations of lymph nodes were detected, excluding the
presence of infections or epitopic in� ammation. After
explantation, histological examinations of the uncoated im-
plants showed periprosthetic tissue rich in� broblasts and
histiocytes organized in multiple cell layers, whereas silk-coated
implants were surrounded by signi� cantly fewer cells organized
in only two layers. Additionally, the expression levels of several
other� brosis/in� ammatory markers were signi� cantly reduced.

For speci� c biomedical applications, enzymes and proteins
can be coupled to silk� lms. Several speci� c proteins can be
used for bone or dentin regeneration and some selected
examples are explained in detail. The bone morphogenetic
protein 2 (BMP-2) stimulates osteogenesis and was covalently
bound to RSF� lms. BMP-2 silk� lms were more e� cient in
inducing osteogenic di� erentiation of bMSCs (bone mesen-
chymal stem cells) than free BMP-2 or a control silk� lm
without BMP-2.156 The dentin matrix protein 1 (DMP-1) is
involved in nucleation and orients crystallization of hydrox-
yapatite within teeth, which is a prerequisite for their
remarkable toughness and hardness.157 Recently, RSSP/DMP-
1 hybrids were analyzed versus plain RSSP� lms concerning
biomineralization, i.e., the growth of hydroxyapatite crystals on
the � lm surfaces. Films containing the DMP-1 protein were
biomineralized, whereas� lms without DMP-1 did not induce
biomineralization. Biomineralized RSF sca� olds were also used
as bone grafts to repair canine inferior mandibular border
defects.158The combination of bMSCs and apatite silk sca� olds
led to fully repaired mandible defects in large animals, whereas
the sca� old or bMSC alone showed incomplete bone repair 6
months after implantation. Furthermore, RSF can be processed
directly into bone screws for� xation devices.159 For better
bone ingrowth into these implants or healing regulation, the
RSF screws could be easily modi� ed with BMP-2 protein or
antibiotics to prevent infections.

For peripheral nerve repair Gu and co-workers fabricated a
chitosan/RSF based sca� old.55 For creation of a Schwann cell
(SCs)-derived coating they were seeded on RSF/chitosan
conduits for 14 days. By implanting the SC-derived ECM
chitosan/RSF sca� old into rats the sca� old supported axonal
outgrowth at an early regenerative stage and nerve regener-
ation. Although the new composite sca� old was not better than
the acellular sca� old, it provided several advantages like
pathogen-free production.

For application of silk sca� olds or coatings of implants in
vivo, sometimes antibiotics or an antibacterial surface are
required. Therefore, silver ions, known to be antimicrobial,
were bound through a silver binding peptide to RSSP to yield
antimicrobial silk surfaces.160 In another series of experiments,
antibiotics were loaded into RSF� lms which were incubated
with E. coliandStaphylococcus aureus.161 The antibiotic-loaded
RSF� lms suppressed bacterial growth completely. RSSP� lms
coupled with antimicrobial peptides also showed antimicrobial
properties in tests withE. coliand S. aureus, whereas the
simultaneously tested cell line (SaOs-2) was not a� ected.162

3.2. Silk Optics and Biosensors.Silk � lms and coatings
can also be used in optical devices or biosensors and various
applications mainly usingB. mori� broin have been reported,
and some of them are highlighted herein. The oxygen
permeability of RSF membranes is similar to that of hydrogel
membranes which are used for soft contact lenses. Due to its
biocompatibility, optical properties (e.g., high transparency)
and oxygen permeability, RSF membranes are applicable as
contact lens material.163Š165 Silk materials can also be
processed into morphologies (e.g., by nanoimprinting, casting,
spinning) useful in optical, photonic, electronic, and optoelec-
tronic applications.166 By nano- and micropatterning of
optically transparent biocompatible RSF� lms, 3D di� raction
patterns with a high� delity were obtained.167Lawrence and co-
workers used RSF to produce highly tailored structures and
morphologies for optical devices (Figure 5).168

Curved rodlike optical waveguides have been produced by
direct ink writing using RSF“ink” containing 28Š38% RSF,
followed by methanol post-treatment showing controlled
structure and composition.169 Photoactivation of drugs in silk
structures is also possible, because silk biomaterials provide a
perfect matrix for stabilizing enzymes because of their thermal,
chemical, and mechanical robustness. Di� erent approaches for
immobilizing enzymes in silk protein materials were successful,
conserving enzyme activity over months to years e.g. for their
use in biosensors.170Š172 Lu and co-workers blended glucose
oxidase (GOx), horseradish peroxidase (HRP) or lipase with
RSF and cast the blended material into� lms.173Demura171and
Asakura and co-workers174immobilized glucose oxidase (GOx)
for biosensing of glucose. HRP or lipase immobilized in RSF
� lms were used for the determination of hydrogen peroxide and
uric acid in a� ow injection system.173Tao and co-workers used
a microstructured multifunctional RSF optical element for
simultaneous drug delivery and feedback response.175

Antigens as disease detecting biosensors were also
immobilized on RSF membranes.176,177The peptide NS5A-1
(PPLLESWKDPDYVPPWHG) derived from the hepatitis C
virus (HCV) was immobilized on RSF� lms coating carbon
screen-printed electrodes using a layer-by-layer technique
(Figure 6).176 Although plain RSF� lms showed no signi� cant
response, the immunosensor made of SF/NS5A-1 LbL-� lms
showed a signal in presence of the anti-HCV (1� g/mL), thus
establishing a highly sensitive immunosensor.176

Other types of sustainable sensors made of silk are photonic
crystals.178,179 Three-dimensional photonic crystals were
fabricated by pouring RSF solution over a mask of a close
packed self-assembled colloidal crystal of poly(methyl meth-
acrylate) (PMMA) spheres. After a drying step, PMMA is
dissolved and the silk inverse opal (SIO) is obtained. The color
can be controlled by changing the size of the PMMA spheres
and by� lling the voids with liquids like acetone. Because of
their intrinsic structural color and biocompatibility, these silk
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materials are suitable for microscale implantable biosensing and
targeted therapeutics.178,179Further work generated silk-protein
based hybrid photonic-plasmonic crystals (HPPC), incorporat-
ing a 3D SIO and a 2D plasmonic crystal formed on top of the
SIO to combine the properties of these two structures (2D SIO
& 3D pseudophotonic band gap) making it suitable as a
multispectral refractive index sensor.180 Diao et al. produced
SIOs with bistructural colors at UV and visible, UV and IR, and
visible and IR wavelengths. The SIOs showed a linear relation
between humidity and the wavelength of the re� ected light,
which gives rise to optical humidity sensors.181

Lin and co-workers demonstrated a direct transfer of
subwavelength plasmonic nanostructures on bioactive RSF
� lms, overcoming problems of integrating plasmonic metallic
nanostructures into biopolymeric ones.182 A direct transfer
nanofabrication technique (based on nanotransfer printing)
was used for the fabrication of large-scale metallic nanoparticles
(plasmonic nanodots) and perforated metallic� lms (plasmonic
nanoholes) on RSF� lms, obtaining a high� delity sequential
transfer of plasmonic nanoparticles, optical bow tie nano-
antennas, and nanohole arrays with periodic and nonperiodic
geometries, preserving the functionality of the imprinted
biopolymer. Some examples of the structures obtained are
shown in Figure 7.

Silk� lms also can be used to produce curvilinear electronics
for di� erent applications like biointegrated electronics for
diagnosing, treating disease, or improving brain/machine
interfaces;183 adhesive and edible food sensors;184 and to
attach graphene-based biosensors onto biomaterials like tooth
enamel as fully biointerfaced nanosensors.185 Silk-based
conformal, adhesive, and edible food sensors made of RSF
described by Tao et al. are also a good example for such
sensors.184 Di� erent methods can be used to produce/transfer
micro- and nanopatterns onto silk substrates, and Figure 8aŠd
shows the most common methods used by Tao and co-
workers. Examples of the fabricated structures are GHz
resonators, THz metamaterials and nanopatterned Au-nano-
particle plasmonic arrays on silk (Figure 8eŠg).

To attach the structures to surfaces for biosensing
applications, the noncrystalline (not post-treated) carrier RSF
� lm is exposed to water vapor to be softened. The adhesive thin
layer of silk acts as“glue” and can be used to adhere the
antenna to the target surface without damaging the antennas.
The attachment process is shown in Figure 9.

An interesting application of this technology is the
monitoring of the fruit ripening process. The resonant
frequency of a banana’s surface was measuered over 9 days
while ripening, showing an initial resonance at day 0 of 36.1
MHz, which increased constantly to higher frequencies (up to
42.6 MHz at day 9) during ripening.

4. CONCLUSION AND FUTURE PERSPECTIVES
Silks are proteinaceous materials with a long history of use by
humans. In recent decades, the structure and composition of
several silk proteins of di� erent animals have been charac-
terized, and biotechnological protein production strategies give
rise to high yields of pure proteins. The silk protein materials
are biocompatible and biodegradable, but are not immuno-
genic, allergenic, or toxic. There are various possibilities to
control the properties of silk materials, and though various
processing methods (e.g., casting, printing, electrospinning, dip
coating, etc.) result in a broad range of structures (e.g.,� lms,
nonwoven mats, coatings, etc.). The properties of the fabricated

materials, like material stability, surface hydrophobicity, oxygen
permeability and optical properties, vary depending on the silk
protein used, the processing method and the processing
conditions (e.g., solvents, additives, post-treatments). Cell
binding properties can be improved by modifying the surface
topographies and introducing cell binding motifs. Other
proteins and enzymes can be coupled to or immobilized in
silk materials by chemical and genetic modi� cation or blending.
Enzymes, for instance, show high long-time stability when
incorporated in silk materials. Understanding the structureŠ
function relationship of silk proteins allows the design of
sustainable and more complex and highly tailored silk-based
structures like photonic nanostructures, silk inverse opals
(SIO), LbL � lms, curvilinear electronics, optoelectronics, and
biosensors.
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