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Designed Multifunctional Spider Silk Enabled by Genetically

Encoded Click Chemistry

Bojing Jiang, Sin Yen Tan, Shiyu Fang, Xiaohan Feng, Byung Min Park,
Hong Kiu Francis Fok, Zhongguang Yang, Ri Wang, Songzi Kou, Angela Ruohao Wu,*

and Fei Sun*

Spider silk is recognized for its exceptional mechanical properties and
biocompatibility, making it a versatile platform for developing functional
materials. In this study, a modular functionalization strategy for recombinant
spider silk is presented using SpyTag/SpyCatcher chemistry, a prototype of
genetically encoded click chemistry. The approach involves AlphaFold2-aided
design of SpyTagged spider silk coupled with bacterial expression and
biomimetic spinning, enabling the decoration of silk with various
SpyCatcher-fusion motifs, such as fluorescent proteins, enzymes, and
cell-binding ligands. The silk threads can be coated with a silica layer using
silicatein, an enzyme for silicification, resulting in a hybrid inorganic—organic
1D material. The threads installed with RGD or laminin cell-binding ligands
lead to enhanced endothelial cell attachment and proliferation. These findings
demonstrate a straightforward yet powerful approach to 1D protein materials.

1. Introduction

Spider silk is a biopolymer that exhibits exceptional ten-
sile strength, extensibility, biocompatibility, biodegradability,
and hypoallergenic properties.[!l It has been extensively re-
searched for various applications, including biosensors,!?! sur-
gical sutures,['>3] textiles,*l optical waveguiding,”! and nerve
regeneration.[l However, large-scale production of spider silk
through farming is impractical due to cannibalistic behavior of
spiders and the low yield. An alternative approach is to produce
recombinant spider silk protein (spidroin) in heterologous hosts

using genetic engineering.l”l Highly solu-
ble spidroins have been produced with a
high yield using Escherichia coli |81 which,
followed by biomimetic spinning, has re-
sulted in fibers with high tensile strength
and extensibility, comparable to the me-
chanical properties of natural spider silk.[!

Despite their exceptional mechanical
properties and potential for biomedical ap-
plications, it remains challenging to bio-
chemically functionalize 1D materials for
specific biomedical purposes.'”! This is
due to the delicate and sensitive nature
of these protein fibers, which require gen-
tle methods to preserve their mechanical
properties while effectively modifying their
surface under mild conditions. In recent
years, genetically encoded click chemistries
(GECCs), which enable specific and ef-
ficient covalent bonding between protein
components, have become valuable tools for constructing ad-
vanced protein architectures and bioactive materials.['!) For in-
stance, Spy chemistry from the GECC toolbox, which com-
prises a peptide/protein pair that spontaneously forms a Lys—Asp
isopeptide bond, enables covalent conjugation of modular pro-
tein components onto sophisticated materials without chemical
modification.!?] It provides selective and efficient ligation be-
tween protein molecules, at their N-, C-terminal, or even mid-
dle regions, distinguishing it from other methods such as sortase
ligation and split intein that mediate protein ligations invariably
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from N- to C-terminal.['*l Given its proven robustness and ver-
satility, Spy chemistry offers a simple and modular approach to
functionalize recombinant spider silk.

In this study, we created SpyTag-presenting spider silk through
a combination of E. coli expression and biomimetic spinning,
which allowed for its modular functionalization using Spy chem-
istry for 1D biomineralization and cell culturing. These clickable
spider silk fibers possess the potential for controlled biological
patterning, owing to their capacity to organize bioactive ligands
or even living cells in a 1D manner.

2. Results and Discussion

2.1. Protein Design and Construction

Our objective was to produce modular, multi-functional 1D
biomaterials using GECC. To this end, we used the Spy-
Tag/SpyCatcher pair, referred as “A” and “B”, respectively, and
a chimeric mini-spidroin as a model system to generate 1D
biomaterials.®l The chimeric spidroin consisted of three do-
mains, including the middle two repetitive Gly- and Ala-rich
units (2R) — which provide rigidity and strength — flanked by the
N-terminal domain (NTD) of MaSp1 derived from Euprosthenops
australis and the C-terminal domain (CTD) of MiSp from Ara-
neus ventricosus. The more conserved NTD and CTD in spidroin,
which are highly soluble and pH-sensitive, are responsible for
spidroin storage in the gland and the initiation of the fiber assem-
bly process. The CTD adopts a parallel dimeric structure in both
the dope and fiber states.['*] In contrast, the NTD is monomeric
in the dope,’! and turns into stable antiparallel homodimers
in the fiber states under the influence of shear force and low
pH.[12161 We fused SpyTag to the CTD of minispidroin, while
introducing a flexible linker (GGGGSGGGGSGGGGS) to avoid
steric hindrance of functional protein domains (Figure 1). Ac-
cording to the structural predications made by AlphaFold2('”l and
AlphaFold2-multimer_v3!'8! under ColabFold*?! (Table S5, Sup-
porting Information), attaching SpyTag to the CTD of spidroin,
instead of its NTD, may also help prevent the interference be-
tween SpyTag and spidroin;®! SpyTag, when fused at the CTD, is
spatially apart from spidroin, which is not the case when placed
at the NTD.

A.R. Wu

Hong Kong Branch of Guangdong Southern Marine Science and
Engineering Laboratory (Guangzhou)

Hong Kong University of Science and Technology

Clear Water Bay, Kowloon, Hong Kong SAR China

A. R. Wu

State Key Laboratory of Molecular Neuroscience

The Hong Kong University of Science and Technology

Clear Water Bay, Kowloon, Hong Kong SAR China

F. Sun

Biomedical Research Institute

Shenzhen-Peking University—-The Hong Kong University of Science and
Technology Medical Center

Shenzhen 518036, China

F. Sun

HKUST Shenzhen Research Institute

Shenzhen 518057, China

Adv. Funct. Mater. 2023, 2304143

2304143 (2 0f 10)

www.afm-journal.de

To test the feasibility of immobilizing proteins onto the sur-
face of silk via Spy chemistry, we generated a series of recom-
binant fluorescent proteins, including SpyTag-ELP-EGFP-ELP-
SpyTag (AGFPA; AGA), SpyCatcher-ELP-EGFP-ELP-SpyCatcher
(BGFPB; BGB), SpyCatcher-ELP-CFP-ELP-SpyCatcher (BCFPB),
SpyCatcher-cpYFP-SpyCatcher (BcpYFPB), and SpyCatcher-ELP-
mCherry-ELP-SpyCatcher (BmCherryB). We also aimed to de-
velop a 1D inorganic—organic hybrid material through biocatal-
ysis. Silicatein, a natural biomineralizing enzyme, is well-known
for its ability to catalyze the polymerization of silica.?’l However,
its aggregation, poor solubility, and low expression yield have lim-
ited its use. To overcome these issues, we genetically fused sil-
icatein with two elastin-like polypeptide (ELP) domains to cre-
ate the SpyCatcher-ELP-Silicatein a1-ELP-SpyCatcher (BSaTB)
construct. The ELPs, which consist of repeating pentapeptides
(VPGXG);;5, where X represents either Val or Glu at a 4:1 ratio,
are noted for the high solubility and high-yield expression in E.
coli.l'?] The composition of these ELPs leads to a lower critical
solution temperature (LCST) of 45-60 °C,['?] which is above the
temperatures used in most experiments in this study.

Another objective was to examine the feasibility of using
engineered spider silk as a 1D carrier of bioactive ligands
and living cells to promote the formation of vascular net-
work — a process crucial for advanced tissue engineering. To
this end, we created the constructs, including SpyCatcher-ELP-
2GRGDSP-ELP-SpyCatcher (B2RGDB) and SpyCatcher-ELP-
Laminin a1 MMPQK-ELP-SpyCatcher (BLMB), which harbor
the cell-binding fibronectin-derived peptide (GRGDSP), laminin-
derived peptide a1, matrix metalloproteinase-1 (MMP-1) cleav-
age sequence, and vascular endothelial growth factor (VEGF)-
mimetic peptide (QK), respectively.?!l These motifs have previ-
ously been shown to promote the growth and proliferation of
endothelial cells and subsequent vascular network formation,
which we anticipate would also endow the decorated spider silk
with similar capabilities.

2.2. Production of SpyTagged Spider Silk

The spidroin-SpyTag (S-A) protein was produced in E. coli and pu-
rified using Ni-NTA affinity chromatography. Consistent with the
previous findings,??! the purified spidroin was sensitive to the
ionic strength of solvents. The protein solutions at high concen-
tration (7 mg mL~!) were clear in the presence of monovalent C1-,
and became turbid in the presence of trivalent PO,3~ (Figure S5,
Supporting Information), the latter of which indicates phosphate-
induced liquid-liquid phase separation caused by the transition
of spidroin into fibril structures.?}] For this reason, we avoided
phosphate-buffered solvents in the ensuing spinning process to
produce silk fibers (Figure S3b, Supporting Information).

By mimicking the spider’s spinning process in the major
ampullate glands,®) we were able to achieve the scale-up pro-
duction of recombinant spider silk comprising spidroin—SpyTag
(S-A) (Figure S3c, Supporting Information). To facilitate this
biomimetic spinning, we assembled a microinjection syringe
pump with a protein spinning dope-loaded syringe and a 34
G stainless steel blunt-tip needle, which extrudes continuous
silk threads into an acidic coagulation bath (pH 5.0) (Figure S1,
Supporting Information). The pH of 5 was selected as it has
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Figure 1. Schematic showing the creation of multifunctional Spy spider silk via genetically encoded click chemistry. Recombinant spider silk fused with
SpyTag can be decorated with a variety of SpyCatcher-fusion proteins of interest (POI), ranging from fluorescent proteins, enzymes (e.g., silicatein), to

bioactive ligands (e.g., RGD- and/or laminin-cell binding motifs).

previously been shown to be suitable for inducing the transition
of soluble spidroins into silk fibers.[®?*] The underwater roller
reeling process was designed to avoid the non-uniformity of size
induced by stretching, and post-spin incubation in the coagula-
tion bath was intended to further enhance the mechanical and
wet-resistant properties of the silk, which is associated with an

increase in f-sheet content.!?] The entire spinning device com-
prises standardized industrial products, which simplifies scale-
up compared to microfluidic devices and pulled-glass capillaries.

The silk threads obtained from spinning exhibited a smooth
surface and cross-sections, as revealed by polarized optical
microscopy (Figure 3a) and scanning electron microscopy
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Figure 2. Bacterial expression of spidroin-SpyTag (S—A) and its reactions with SpyCatcher-fusion proteins. a) SDS-PAGE analyses of S-A expressed by E.

coli and b) its reactions with SpyCatcher-fusion proteins.
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Figure 3. Spy chemistry is essential for the efficient decoration of spider silk with proteins. a) Reactions of SpyTagged spider silk with SpyTag-ELP-
GFP-ELP-SpyTag (AGA) and SpyCatcher-ELP-GFP-ELP-SpyCatcher (BGB). The silk was immersed in the corresponding protein solution or blank PBS
overnight, followed by intense wash with ddH,0O, PBST, and ddH,O in order. b) Quantification of fluorescence intensity of GFP-decorated silk using

Image). Data are presented as means + SD (number of silk threads, n = 3).

(Figure 5a). The silk was found to be highly stable even un-
der extreme conditions. The silk threads remained intact after
immersion in 0.1 M NaOH or treatment with 2.5% trypsin at
37 °C overnight. Under the acidic condition (0.1 m HCI), the silk
threads turned translucent but remained intact. In contrast, these
silk threads readily dissolved in organic acids such as formic acid
and under denaturing conditions such as 8 M urea, which could
be attributed to protein unfolding under these conditions (Figure
S4, Supporting Information).

2.3. Protein Decoration of SpyTagged Spider Silk

According to the SDS-PAGE analyses, the silk precursor, Spy-
Tagged spidroin, can be covalently decorated by SpyCatcher-
fusion fluorescent proteins (i.e., BGFPB, BCFPB, BcpYFPB, and
BmCherryB), as evidenced by their significant shifts in molec-
ular weight, but not by SpyTag-ELP-EGFP-ELP-SpyTag (AGFPA)
(Figure 2b). To examine the feasibility of using these SpyCatcher-
fusion proteins to directly decorate the resulting SpyTagged spi-
der silk, we treated the materials with these fluorescent proteins
in phosphate-buffered saline (PBS, pH 7.4). The silk threads
treated with the SpyCatcher-fusion proteins, but not those with
AGFPA, exhibited strong fluorescence, which was resistant to in-
tense wash by the Triton X-100 surfactant, as expected for stable
conjugation enabled by Spy chemistry (Figure 3a,b). It has also
proven feasible to incorporate multiple SpyCatcher-fusion fluo-
rescent proteins onto a single silk thread, generating a multicol-
ored protein fiber, which highlights the robustness of Spy chem-
istry in decorating the recombinant spider silk (Figure 4).

2.4. Decoration of Spider Silk with Biomineralizing Enzyme

Silicatein is a silica-polymerizing hydrolase found in marine
sponges that catalyzes the hydrolysis of silicon compounds, such
as tetraethyl orthosilicate (TEOS), and polymerizes the result-
ing silicic acid into silica under mild physiological conditions.!?¢]
This enzymatic biomineralization process provides a robust ap-
proach for modulating the stability and mechanics of protein
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materials. To achieve this with recombinant spider silk, we
cloned and produced the recombinant protein SpyCatcher-ELP-
Silicatein a1-ELP-SpyCatcher (BSaTB) using an E. coli expression
system, in which silicatein a1 (SaT) was derived from Tethya Au-
rantium. After incubating with BSaTB (15 pm) for one day, the silk
threads were immersed in a tetraethyl orthosilicate (TEOS) solu-
tion (100 mm). The subsequent SEM analysis revealed a rough,
coarse surface and cross-section of the silk threads, in contrast
to the smooth fibers immediately after spinning (Figure 5b), in-
dicating the formation of a silica coating on the silk threads. To
further confirm silicification, X-ray photoelectron spectroscopy
(XPS) was used. Two additional peaks at electron binding en-
ergies (EB) of 103.4 and 154.4 eV, corresponding to Si 2p and
Si 2s, respectively, were observed from the silk threads after
biomineralization, but not from those before biomineralization
(Figure 5c). Peak-fitting analysis showed that the predominant
O 1s peak was at EB of 532.5 eV, corresponding to the oxygen in
Si—O-Si. Quantitative XPS analyses showed that 23% Si and 55%
O (i.e., a molar ratio of ~1:2.4) were present on the silk surface,
further confirming the formation of silica (SiO,) on the silk sur-
face. Taken together, these results successfully demonstrate the
use of silicatein-laden spider silk as a suitable scaffold for creat-
ing hybrid inorganic—organic 1D materials.

2.5. Endothelial Cell Attachment and Proliferation Enabled by
Bioactive Spider Silk Fibers

Spider dragline silk is a promising biomaterial with exceptional
mechanical properties, making it a potential candidate for an ar-
tificial extracellular matrix (ECM).[?’] We investigated the cyto-
compatibility of Spy spider silk as a 1D ECM for human um-
bilical vein endothelial cells (HUVECs), a model cell line widely
used in angiogenic biomaterial research. Our aim was to enhance
endothelial cell (EC) adhesion and proliferation using silk fibers
functionalized with bioactive motifs.

To this end, we created two SpyCatcher-fusion proteins,
SpyCatcher-ELP-2GRGDSP-ELP-SpyCatcher (B2RGDB) and
SpyCatcher-ELP-Laminin a1 MMPQK-ELP-SpyCatcher (BLMB),

© 2023 Wiley-VCH GmbH
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Figure 4. Decoration of spider silk with fluorescent proteins. a,b) a) 2D projection and b) 3D rendering of a S-A silk thread decorated with GFP, cpYFP,
and mCherry. c) the intersection indicated in (a) at higher magnification. d) Knotted silk thread after GFP decoration, showing amenability to mechanical

deformation.

that possess putative cell binding ligands, Arg-Gly-Asp (RGD)
and a1 peptide of laminin, respectively. BARGDB contains two
consecutive RGDs, a motif that is found in many natural ECM
proteins, such as fibronectin, and has been widely applied to
promote endothelialization on biomaterials.!?®! BLMB contains
several bioactive motifs including the a1 peptide, a major motif
derived from laminin that is known to support the vascular-
ization of EC,!*! and QK, a vascular endothelial growth factor-
mimetic peptide.?’?l The matrix-metalloproteinase (MMP)
cleavage sequence was also incorporated into B2RGDB and
BLMB, which may facilitate vascular remodeling, angiogenesis,
proliferation, and survival of endothelial cells.[*"]
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2304143 (5 of 10)

The silk threads were first reeled onto a steel frame in a loose
mesh format (Figure S8, Supporting Information), followed by
incubation with the solution of B2RGDB or BLMB. The resulting
materials were then tested for their abilities to support EC adhe-
sion and proliferation. Compared with the undecorated ones, the
silk threads adorned with the cell-binding motifs exhibited signif-
icantly enhanced the EC attachment, viability, and proliferation
(Figure 6a—e). The cell densities reached up to ~15 per millime-
ter of RGD- and laminin-laden silk threads, in contrast to merely
one cell per millimeter of undecorated silk (Figure 6b). The pres-
ence of the cell-binding ligands on the silk threads significantly
increased the long-term cell viability, an attribute crucial for

© 2023 Wiley-VCH GmbH
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Figure 5. Silica coating of spider silk enabled by silicatein decoration. a,b) SEM images of the top and cross-sectional views of a) S-A silk and b)
silica-coated, silicatein-laden S-A silk. ¢,d) c) XPS analyses of S-A silk and d) silica-coated, silicatein-laden S-A silk. e,f) Zoom-in view of XPS spectra,

corresponding to those of €) O 1s and f) Si 2p in (d).

tissue engineering applications; after 6-day culturing, 93 + 10%
and 92 + 7% of the cells remained viable on the laminin- and
RGD-laden surfaces, respectively, while this number for the
undecorated stood at 74 + 11% (Figure 6¢). The laminin ex-
erted larger effects on cell behavior than did RGD; after 10-
day culturing, the cells covered ~67%, ~43%, and ~23% of
the laminin-, RGD-laden, and blank silk surfaces, respectively
(Figure 6d). Moreover, the cells on the laminin- and RGD-
laden surfaces displayed elongated spindle morphology, in com-
parison to those on the blank silk that were mostly polygo-
nal or spheric. The larger aspect ratio of those cells observed
on the laminin- and RGD-laden surface also indicates a bet-
ter endothelial function and the potential for endothelializa-

Adv. Funct. Mater. 2023, 2304143
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tion (Figure Ge). Together, these results demonstrated the im-
portance of the cell-binding motifs such as RGD and laminin
for Spy spider silk to become a bioactive and cytocompati-
ble 1D ECM conducive to EC proliferation and alignment.
The amenability of these materials to diverse biofunctionaliza-
tion might help unleash its potential for tissue engineering
applications.

Results and DiscussThis study presents a versatile and power-
ful strategy for the functionalization of recombinant spider silk.
The enabling technology, Spy chemistry, allows for incorporation
of various motifs including fluorescent proteins, enzymes, and
cell-binding ligands onto the silk threads after the spinning pro-
cess, providing better control and flexibility, compared to genetic

© 2023 Wiley-VCH GmbH
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Figure 6. Culturing of endothelial cells on silk decorated with bioactive ligands. a) Representative fluorescence images of Live/Dead stained cells on
undecorated silk threads and those decorated by laminin and RGD on days 6, 10, and 13. Scale bar = 50 pm. b) Number of cells per millimeter of silk.
c) Quantitative analysis of cell viability on silk. d) Percentage of area covered by cells on the surface of silk. e) Aspect ratio of cells, which is defined

as the ratio of cell length to width. Four independent experiments were performed. Data are presented as means + SD (n = 4). “p < 0.05, “p < 0.01,

engineering or other chemical conjugation methods. Though
rarely, the efficiency of Spy chemistry may still be contextual, de-
pending on the structural and physicochemical characteristics of
functional motifs that are attached. In addition, while the spider
silk can be converted to a hybrid inorganic—organic 1D material

via biomineralization or a 1D bioactive scaffold conducive to the
attachment and proliferation of ECs, further studies are needed
to address the remaining challenges, including mechanical tun-
ing, scale-up production, and potential immunogenicity. Overall,
this study offers a straightforward yet effective approach to the
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development of 1D protein materials, which could have signifi-
cant implications for tissue engineering applications.

3. Experimental Section

Gene Construction: The construct NTD2RepCTD-SpyTag (S-A)
consisted of a N-terminal domain (NTD; EMBL accession no.
AM259067EMBL), two repetitive units (2Rep; EMBL accession no.
AJ973155) of MaSp1 (Euprosthenops australis), a C-terminal domain
(CTD; GenBank accession no. JX513956) of MiSp (Araneus ventricosus),
and a SpyTag domain (A; GenBank accession no. JQ478411) of CnaB2
(Streptococcus pyogenes). The fluorescent proteins used in this study
included enhanced green fluorescent protein (EGFP; GFP), cyan fluo-
rescent protein (CFP), circularly permuted yellow fluorescent protein
(cpYFP), and monomeric red fluorescent protein (mCherry). The mature
enzyme (aa113-330) was derived from the silicatein a1 (SaT) domain
of Suberites domuncula (GenBank accession no. CAI46305). The 2RGD
stands for two consecutive fibronectin-derived cell adhesion peptides
Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP)[3'] linked by two elastin-link peptides
(VPGXG). The Laminin 1 MMPQK (LM) is a fusion peptide compris-
ing a laminin a1 peptide (Ac-TFALRGDNP-NH,),[2'¢l an optimized
matrix metalloproteinase peptide MMP-1 (Ac-VPMS|MRGG-NH,),[*?]
and a vascular endothelial growth factor (VEGF)-mimetic peptide QK
(Ac-KLTWQELYQLKYKGI-NH,).121d!

The fusion genes, Ndel-NTD-2Rep-CTD-Linker-SpyTag-Xhol (S-A) and
Ndel-SpyTag-Sacl-cpYFP-BamHI-SpyCatcher-Xhol, were chemically synthe-
sized by Genewiz Inc., optimized based on Escherichia coli codon us-
age, and inserted into the expression vector pET22b(+) via Ndel and
Xhol restriction enzyme sites. To construct pQE0I::SpyTag-ELP-EGFP-
ELP-SpyTag (AGFPA), the GFP gene was inserted into pQE80l::AA[T2]
using Sacl and Spel restriction enzyme sites. Similarly, the other con-
structs, including pQE80l::SpyCatcher-ELP-GFP-ELP-SpyCatcher (BGFPB),
SpyCatcher-ELP-CFP-ELP-SpyCatcher (BCFPB), SpyCatcher-ELP-mCherry-
ELP-SpyCatcher (BmCherryB), SpyCatcher-ELP-2GRGDSP-ELP-SpyCatcher
(B2RGDB), SpyCatcher-ELP-Laminin a T MMPQK-ELP-SpyCatcher (BLMB),
and SpyCatcher-ELP-Silicatein a 1-SpyCatcher (BSaTB) were all constructed
by inserting the corresponding sequences into pQE80I::8B!1?] using Sacl
and Spel restriction enzyme sites.[*3]

For plasmid amplification and molecular cloning, the E. coli strain
DHS5a was utilized. The sequences of all constructs were verified by Sanger
sequencing (BGIl Hong Kong Ltd.). The Supplementary Information lists
the construct information, including that of gene sequences (Table S1,
Supporting Information), amino acid sequences (Table S2, Supporting
Information), MALDI-TOF mass spectra (Table S3, Supporting Informa-
tion), and bacterial strains and plasmids (Table S4, Supporting Informa-
tion) used in this study.

Recombinant Protein Expression and Purification:  The bacterial host for
protein expression was E. coli BL21 (DE3) carrying the desirable plas-
mid. The cells were grown in Luria broth (LB) with 0.1% antibiotic in
baffled shaker flasks at 37 °C until mid-log phase (OD600 of ~0.6-0.9),
followed by induction of protein expression with 3 mm isopropyl g-D-1-
thiogalactopyranoside (IPTG, Sangon Biotech) at 16 °C for 20 h with vig-
orous shaking (220 rpm). The S-A protein showed higher expression at
16 °C than at 37 °C, with a yield of 22.16 + 6.90 mg per liter of cell cul-
ture (n = 4) after Ni-NTA purification, eluate purity>95%, and molecular
weight of ~35 kDa according to SDS-PAGE analysis (Figure 2; Figure S2,
Supporting Information). The S-A spinning dope was prepared by con-
centrating the protein solution to ~250 mg mL™", which became a vis-
cous and transparent yellowish solution in Tris-buffered saline (TBS, pH
8.0) (Figure S3a, Supporting Information). The NTD2RCTD-SpyTag pro-
tein maintained high solubility and stability that allowed for storage at 4
°C in TBS (pH 8.0) or weeks (16). The expressions of AGFPA, BGFPB,
BCFPB, BcpYFPB, BmCherryB, BSaTB, B2RGDB, and BLMB in E. coli were
induced at 37 °C for 4 h.

The cells were harvested by centrifugation at 4200 x g, 4 °C for 40 min.
Cell pellets were resuspended in buffer A (250 mm NaCl, 25 mwm Tris-
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HCl, pH 8.0) and frozen at —80 °C overnight before protein purification.
Phenylmethylsulfonyl fluoride (PMSF, T mm) was added to the suspen-
sion to inhibit serine protease, followed by sonication to lyse cells. Su-
pernatants were collected by centrifugation at 28000 x g, 4°C for 60 min,
and then loaded onto the HisTrap Ni-NTA affinity columns (Cytiva). The
target protein was eluted by buffer B (250 mm NaCl, 25 mm Tris-HCl,
250 mm imidazole, pH 8.0). Protein purity was assessed using SDS-PAGE
and Coomassie Brilliant Blue staining, with the Wide-Range True Color
Two-Color Pre-Stained Protein Marker (Sangon Biotech) used as a size
standard.

The purified S-A protein was concentrated to #250 mg mL~" using Am-
icon Ultra centrifugal filters (Millipore) with a 10 kDa cutoff at 4000 x
g, 4 °C. The protein concentration was determined by measuring the ab-
sorbance at 280 nm with a NanoDrop 2000 Spectrophotometer (Thermo
Scientific) after diluting the solution 100 times in PBS. The highly concen-
trated protein solution was stored at 4 °C without agitation before spin-
ning.

The purified proteins, including AGFPA, BGFPB, BCFPB, BcpYFPB, Bm-
CherryB, and BSaTB, were buffer-exchanged against PBS using HiTrap de-
salting columns (Cytiva). The protein solutions were sub-packaged into
1.5 mL Eppendorf tubes, flash-frozen in liquid nitrogen, and stored in a
—80 °C freezer.

The purified B2RGDB and BLMB proteins were dialyzed against Milli-
Q water (4.5 L x 6) at 4 °C and centrifuged at 5200 X g for 30 min to
remove precipitants. The resulting protein solutions were flash-frozen in
liquid nitrogen and lyophilized with a FreeZone 4.5 Liter-105C Benchtop
Freeze Dryer (Labconco) for five days. The lyophilized protein powders
were stored at -80 °C before use.

Biomimetic Silk Spinning: A 1 mL syringe with a Luer Lok tip was filled
with spinning dope and connected to a 34 G stainless steel blunt tip nee-
dle with an inner diameter of 0.06 mm. The concentrated spinning dope
was extruded into an acidic coagulation bath at a smooth flow rate of
1.2 mL h~" using a syringe pump (Pump 11 Pico Plus Elite, Harvard Ap-
paratus). Silk threads were collected by a submerged roller and kept in the
spinning buffer for at least 48 h before use. To test the influence of ions on
silk, different buffer systems at pH 5 were used for coagulation, including
100 mm NaAc/HAc, 100 mm Na;PO,/H;PO,, and 500 mm NaAc/HAc
with 250 mm KCl or NaCl.

Decoration of Spider Silk via Spy Chemistry: Spy spider silk fibers
were washed sequentially with ddH,0, PBS with 1% Triton X-100
(PBST), and ddH,O. Spy chemistry was initiated by immersing the
silk in the PBS solution of designated SpyCatcher-fusion protein (i.e.,
BGFPB, BCFPB, BcpYFPB, BmCherryB, or BSaTB, 1 mg mL~1; B2RGDB
and BLMB, 20 mg mL7"). The resulting silk threads were washed
again using ddH,O, PBST, and ddH,O to eliminate non-specific
bindings.

Silicification on Spider Silk: ~ Silicatein-laden spider silk fibers were im-
mersed in a solution of 100 mm tetraethyl orthosilicate (TEOS) in PBS and
incubated at 25 °C for 24 h with shaking at 150 rpm.[269] After the incuba-
tion, the silk threads were washed with PBS and ddH,0O, and then dried
in a sealed container containing silica gel beads for two days.

SEM and XPS Analyses of Recombinant Spider Silk:  The silk morphol-
ogy and size were examined using a JSM-6700F field emission scanning
electron microscope (FE-SEM) with an acceleration voltage of 10.0 kV. The
silk threads were coated with a thin gold layer using a Gold Sputter Coater
(Quorum Q150T S). The micrographs were captured using a secondary
electron detector. To determine the silk diameters, five spots were evalu-
ated on each silk thread, with two independent silk samples analyzed.

To determine the Si chemical states on the silk surface, X-ray photoelec-
tron spectra (XPS) were obtained using a PerkinElmer Physical Electronics
5600 spectrometer with a 400 um X-ray beam from an Al Ka monochro-
matic source (hv = 1486.6 eV). The detection angle of X-ray photoelec-
trons was set at 45° relative to the sample surface. The C 1s core level
peak at 284.8 eV was used to calibrate the binding energy. The photoelec-
tron peak areas were calculated using Shirley background correction in
quantitative XPS analysis.!3#] Peak fitting (Gauss-type profiles) was per-
formed using the CasaXPS software (version 2.3.24 Pre-rel 1.0, CasaXPS
Ltd., Teignmouth, United Kingdom).

© 2023 Wiley-VCH GmbH
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Cell Cultures:  To prepare the stainless-steel frames, wires with a thick-
ness of 0.50 mm were manually bent into a square shape of ¥ 2cm X 2 cm
in size. The frames were then manually woven with silks in an even mesh
pattern (Figure S8, Supporting Information). After weaving, the frames
were rinsed with 70% ethanol and sterilized under UV light in a biosafety
cabinet for 30 minutes.

For the cell culture experiments, human umbilical vein endothelial cells
(HUVECs, Lonza) were cultured in Endothelial Microvasculature Growth
Medium (EGM-MV BulletKit, Lonza). Cells up to passage 7 were used and
grown to 70-80% confluency. The HUVECs were gently dripped onto the
specimens placed in 60 mm cell culture dishes at a seeding density of
0.5 x 10° cells mL™". The initial incubation period for cell attachment
lasted 24 h in a humidified incubator at 37 °C and 5% CO,, with the
medium being changed every two days.

Cell Attachment Assessment: The HUVECs attached to the silk surface
were counted using phase-contrast images captured by a Nikon C2+ Laser
Scanning Confocal Microscope on days 1, 3, 6, and 8. The number of
cells per unit millimeter was determined using Image) (NIH) with the cell
counter plug-in.

Cell Viability and Proliferation Assessment:  The proliferation of HUVECs
on silk fibers was assessed by collecting images of LIVE/DEAD Cell Imag-
ing Kit (Invitrogen)-stained cells on days 6, 10, and 13, according to the
manufacturer’s guidelines. The stained cells were visualized using a Nikon
C2+ Laser Scanning Confocal Microscope. Fluorescence and Z-stack scan-
ning images were collected using NIS-Elements AR software.

Viability, area coverage, and aspect ratio of cells were analysed using
Image). The percentage of viable cells was determined using the equations
below:

Live cell number

Cell viability = ——-——
viabity Total cell number

x 100% M

The area coverage of cells was determined based on the equation below:

Total area of cells

—_——— — %X 100% 2
Surface area of silk X @

Area coverage of cells =

The aspect ratio, calculated as below, was used to quantify the propen-
sity of HUVECs to form networks.3%] The aspect ratio was defined as the
ratio of cell length to width.

Cell length

A t ratio = ————
SPectTalo = el width

©)]

Statistical significance was assessed using two-way Analysis of Variance
(ANOVA) in GraphPad Prism 9. Four independent experiments were per-
formed.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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