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Sustainable Spinning of Artificial Spider Silk Fibers with
Excellent Toughness and Inherent Potential for
Functionalization

Ruxia Fan, Katarina Knuuttila, Benjamin Schmuck, Gabriele Greco, Anna Rising,
Markus B. Linder, and A. Sesilja Aranko*

Despite impressive progress in the field, there are still several major
bottlenecks in producing fibers from recombinantly produced spider-silk-like
proteins to replicate the extraordinary mechanical properties of spider major
ampullate silk. The conventional artificial fiber spinning processes rely
primarily on organic solvents to coagulate proteins into fibers and require
complex post-treatments to obtain fibers with valuable properties. This is due
to challenges in obtaining soluble silk proteins, but also because the native
silk spinning process leading to the hierarchical organization of the silk
proteins is not fully understood and is hard to replicate in a manner applicable
to industrial settings. Here, recombinant spider-silk fusion proteins are
efficiently produced and processed into as-spun fibers with a toughness
modulus of 120 MJ m−3 and extensibility of 255% using solely aqueous
solutions. The spider-silk fusion proteins assemble in a manner similar to that
reported for native spider silk: they phase separate induced by salting out,
followed by alignment and a secondary structure transition triggered by shear
forces and dehydration. Finally, the design of the fusion silk proteins enables
straightforward functionalization of the fibers under mild all-aqueous
conditions via a simple biomolecular click reaction both pre- and
post-spinning.
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1. Introduction

Spider silks harbor unusual mechani-
cal properties, combining remarkable
strength and extensibility.[1] These fea-
tures, along with biodegradability, make
spider silk appealing for many applications,
such as textiles, automotive, defense, and
healthcare.[2–5] Thus, spider silk has the
potential to serve as a sustainable alterna-
tive to many petroleum-based fibers which
are increasingly becoming environmen-
tal problems due to their non-renewable
nature and poor biodegradability.[4,6,7]

The high performance of spider silks
derives from their complex hierarchical
substructure.[8] The two key factors be-
hind this are the unique molecular struc-
ture of native spider silk proteins, called
spidroins, and the highly sophisticated
spinning process of spiders that takes
place under mild conditions, driven by
chemical triggers and physical force.[9–11]

Some spidroins from major ampullate
glands (MaSps) have molecular masses
of over 250 kDa and share a common

architecture, an extensive repetitive region flanked by a non-
repetitive amino-terminal domain (NTD) and a carboxyl-terminal
domain (CTD).[10,12] The mechanical properties of spider silks
are mainly determined by the intermediate repeat region which
contains two alternating motifs. According to the current model,
poly-alanine regions form 𝛽-sheet crystalline structures that are
essential for the strength of the fibers, while glycine-rich re-
gions form amorphous chains providing the extensibility.[13–16]

The non-repetitive terminal domains maintain the solubility
of spidroins in the gland and then ensure proper alignment
and polymerization of spidroin molecules by responding to
various physicochemical factors during the complex spinning
process.[10,17–26]

Recombinant production of spider silk-like proteins is consid-
ered an effective approach to produce high-strength man-made
fibers. However, the high-molecular weight spider-silk proteins
have poor yield and solubility. Thus, the purification and fiber-
spinning processes of recombinant silk proteins typically re-
quire denaturing agents such as urea and guanidinium, or or-
ganic solvents like hexafluoro isopropanol, methanol, ethanol,
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and isopropanol.[27–35] Low production yield and the use of harsh
solvents hinder the industrial applications and sustainability of
the process. As an attractive alternative, an entirely aqueous spin-
ning strategy based on a recombinant mini-spidroin fused with
NTD and CTD can be employed and has been reported to result
in artificial fibers with attractive mechanical properties.[36–38] The
terminal domains, especially the NTDs, are essential for the gen-
eration of fibers in this aqueous biomimetic spinning system.

Here, we report that recombinant spider silk-like proteins
flanked by globular terminal domains that enable functionaliza-
tion instead of the NTD and CTD. These fusion proteins can be
produced in a soluble manner in high yields and be spun into
tough and extensible fibers via an aqueous spinning method. The
assembly of the spider silk-like fusion proteins is based on salt-
ing out and thus differs from the previously reported aqueous
spinning method of silk-mimicking proteins that is triggered by
a change in pH leading to polymerization and conformational
changes of NTD and CTD. Our data shows that the assembly pro-
cess of the spider silk fusion protein ultrastructurally resembles
that of native spider silk and highlights the role of phase sepa-
ration in the spinning process. Furthermore, we show that the
intrinsic capabilities of the terminal domains provide an oppor-
tunity for specific and simple single-step functionalization of the
fiber under mild conditions via a biomolecular click reaction.

2. Results and Discussion

2.1. Recombinant Spider Silk Protein Design and Construction

We constructed a spider-silk fusion protein by fusing a 43 kDa
fragment of a wild-type spidroin repetitive sequence from Ara-
neus diadematus, ADF3, [39] with two SpyCatcher2 [40] domains to
create SpyC-ADF3-SpyC (Figure 1A). Fusing a truncated spidroin
repetitive sequence with SpyCatcher2 domains has been shown
to result in soluble expression,[39] and, indeed, soluble expression
in high yield was obtained also here (Figure S1, Supporting In-
formation). In addition, Catcher proteins can form an isopeptide
bond with Tag peptides via an autocatalytic biomolecular click re-
action [41] thus enabling specific covalent conjugation of proteins
or peptides with the fusion protein (Figure 1B). As our aim was
not to mimic the pH induced spinning of spiders, we did not
include NTD and CTD in the fusion protein. We did, however,
construct a control by fusing ADF3 with the native terminal do-
mains of spider silk proteins, an NTD from Euprosthenops aus-
tralis MaSp1,[42] and a CTD from Araneus ventricosus MiSp,[43] to
construct NTD-ADF3-CTD. NTD-ADF3-CTD was poorly soluble
when expressed in Escherichia coli at 30 °C (Figure S1B, Support-
ing Information). Decreasing the expression temperature im-
proved the solubility, but the obtained yield remained modest,
as ≈20 mg L−1 was obtained at 16 °C (Figure S1B, Supporting In-
formation). The observed low yield and solubility could be due to
an unfavorable combination of the repetitive sequence and the
terminal domains used here, because especially the NTD is a
known tag for enhancing the yield and solubility of poorly ex-
pressed proteins.[36,44,45] In order to study the role of the glob-
ular terminal domains in the salting-out-induced spinning pro-
cess, we selected two more fusion proteins with different glob-
ular terminal domains. These were selected based on our previ-
ous studies, in which several non-native globular fusion proteins

were reported to increase the yield and solubility of recombinant
spider-silk fusion proteins.[2,39,46–48] We selected constructs with
either another Catcher domain, SilkCatcher (SilkC),[47] or cellu-
lose binding domain (CBM) [49] as terminal globular domains, to
result in fusion protein constructs named SilkC-ADF3-SilkC and
CBM-ADF3-CBM, respectively (Figure 1A). Both of these fusion
proteins were expressed in E. coli in a soluble form with yields
of 80–100 mg L−1 of purified protein from shake-flask culture
(Figure S1, Supporting Information).

2.2. Salting-Out-Induced Phase Separation and Shear-Induced
Crystallization

The effects of salting out and salting in on proteins, first observed
by Hofmeister in 1888, are also significant in the context of the as-
sembly of spider silk proteins.[48,50–54] In particular, kosmotropic
salts have been reported to control the coacervation of recombi-
nant spider silk proteins.[48] We selected the kosmotropic cation
ammonium (NH4

+) and kosmotropic anion phosphate (PO4
3−),

to investigate how the salting out affects the self-assembly of the
four fusion proteins.

To visualize the effect of salts on the different proteins, optical
microscopy was used to observe the self-assembly induced by the
two salts at various salt concentrations, pH values, and protein
concentrations (Figure 1C,D; Figures S2–S7, Supporting Infor-
mation). Phase separation of SpyC-ADF3-SpyC took place in high
salt and protein concentrations, while at low salt and protein con-
centrations, either clear solution or small amorphous aggregates
were observed instead of phase separation (Figure 1C,D; Figure
S2, Supporting Information). Liquid-liquid phase separation
(LLPS) with slow coalescence formed using a high concentration
(0.5 M) of potassium phosphate (Figure 1C-a), while decreasing
the concentration of potassium phosphate triggered the forma-
tion of separated tiny droplets (Figure 1C-b,c). When the concen-
tration of potassium phosphate was 0.02 M or lower, the solution
remained clear (Figure 1C-d). In high concentration of ammo-
nium acetate (2.5 M) and SpyC-ADF3-SpyC (10 mg mL−1) dense
droplets formed instead of LLPS (Figure 1D-e). The droplets ag-
gregated rapidly into a percolated droplet network. The behav-
ior is characteristic to viscoelastic phase separation (VPS) [55]

to which we call these assemblies as a distinction to LLPS. De-
creasing the protein concentration resulted in a sparse network
of droplets (Figure 1D-f). In 1.25 M ammonium acetate, LLPS
droplets with characteristic liquid-like properties including the
potential to fuse formed (Figure 1D-g), while in low protein and
salt concentration, clear solution or small aggregates were ob-
served (Figure 1D-h). The VPS droplets were distinguished from
LLPS droplets and aggregates by their inability to fuse and poten-
tial to form networks of droplets, respectively. Data from turbid-
ity measurements is in line with the analysis by light microscopy
(Figure S3, Supporting Information). Intermixing of the protein
and salts resulted in an instant turbidity change. Ammonium ac-
etate had a weaker effect than potassium phosphate at the same
concentration but was more potent at higher concentrations.

SilkC-ADF3-SilkC, showed similar salting-out behavior to
SpyC-ADF3-SpyC (Figure S4, Supporting Information), while
the salting-out effect on CBM-ADF3-CBM was stronger than
on SpyC-ADF3-SpyC and SilkC-ADF3-SilkC (Figures S5 and S6,
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Figure 1. Construction of four fusion proteins and phase separation of SpyC-ADF3-SpyC. A) Schematic presentation of the designed recombinant spider-
silk fusion proteins. B) Schematic of covalent isopeptide band formed between Catcher and Tag. C) Phase diagram and representative optical microscope
images of SpyC-ADF3-SpyC protein under potassium phosphate buffer in pH 7.0. No PS stands for no phase separation, LLPS stands for liquid-liquid
phase separation, VPS stands for viscoelastic phase separation. D) Phase diagram and representative optical microscope images of SpyC-ADF3-SpyC
protein under ammonium acetate buffer in pH 7.0. Scale bar is 20 μm. NTD represents for N-terminal domain from Euprosthenops australis MaSp1, CTD
represents for C-terminal domain from Araneus ventricosus MiSp, SpyC represents for SpyCatcher002, CBM represents for cellulose binding domain,
SilkC represents for SilkCatcher, and ADF3 represents for a wild type spidroin repetitive sequence from Araneus diadematus Fibroin-3.

Supporting Information). Isolated clusters of tiny compact gran-
ules, instead of the continuous network of SpyC-ADF3-SpyC,
formed when adding 1.25 m ammonium acetate to 5 mg ml−1

CBM-ADF3-CBM protein. Similarly, 0.5 m potassium phosphate
induced clusters of dense tiny droplets of CBM-ADF3-CBM,
rather than droplets of LLPS that fuse together. Differences in

the dimerization of terminal domains in triblock proteins have
been reported to affect their phase-separation behavior.[56] Weak
dimerization between CBMs have been reported, while no dimer-
ization was observed for SpyC.[57] NTD-ADF3-CTD formed amor-
phous aggregates under all tested conditions (Figure S7, Support-
ing Information). This contrasts with previous reports on silk
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Figure 2. Phase separation and fiber formation of SpyC-ADF3-SpyC protein. A) Schematic presentation of the phase separation and fiber formation pro-
cess. B) Different phase separation states and manually drawn fibers formed by SpyC-ADF3-SpyC in 0.5 m potassium phosphate and in 2.5 m ammonium
acetate. Scale bars are 20, 100, and 50 μm. C). SEM images of the granule-based assembly process of SpyC-ADF3-SpyC induced by 2.5 m ammonium
acetate. D) Schematic of protein phase separation and fiber formation of SpyC-ADF3-SpyC induced by salting out, shear force, and dehydration.

repeat sequences fused with NTD and CTD.[51,52] We attribute
this difference to the differences in the silk repeat sequences
used, affecting, for example, the solubility of the fusion proteins.

2.3. Fiber Formation Occurs via Phase-Separated Assemblies

Next we wanted to study the differences in the phase separa-
tion of SpyC-ADF3-SpyC in different salts and their effects on

fiber assembly. To mimic the spider spinning process, [7,8] we
applied shear force and dehydration by manually pulling fibers
from the solution (Figures 2 and 3; Video S1, Supporting Infor-
mation). Indeed, it was possible to draw fibers from the phase-
separated SpyC-ADF3-SpyC or SilkC-ADF3-SilkC protein in very
low (10 mg mL−1) protein concentration either in 2.5 m ammo-
nium acetate or 0.5 m potassium phosphate (Figure 2A; Figure
S8, Supporting Information). However, when either the salt or
protein concentration decreased, phase-separation did not take

Adv. Funct. Mater. 2025, 35, 2410415 2410415 (4 of 12) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Probing molecular level changes of the silk protein assembly process. A) Polarized optical microscopy images of the two types of phase
separations and fibers in different buffers. White arrows pointed to the tiny nanofiber induced by shear force. B) FTIR spectra of silk protein in: (i)
10 mg ml−1 protein in Milli-Q water, (ii) dry sample of 10 mg ml−1 protein (Milli-Q), (iii) 10 mg ml−1 protein in 2.5 m ammonium acetate, (iv) dry
sample of 10 mg ml−1 protein (2.5 m ammonium acetate), (v) 10 mg ml−1 protein in 0.5 m potassium phosphate, (vi) dry sample of 10 mg ml−1 protein
(0.5 m potassium phosphate). The black arrow points to the peak shift trend. The peaks of sample iv and vi in 1627 and 1632 cm-1, respectively, are
shown. C) ThT assay shows the timescale of the salt-induced cross 𝛽-sheet formation.

place, and consequently, fibers could not be drawn. CBM-ADF3-
CBM, which exhibited tight phase separation with isolated clus-
ter of protein granules, was unable to form fibers under the
conditions tested. Our hypothesis is that the separated clusters
formed during phase separation lacked connections between
each other, preventing the formation of the network necessary
for fiber formation.[58]

Nanofibrillation along the pulling direction occurred in the
intermediate region between the fibers and droplets. In potas-
sium phosphate, the protein droplets formed by LLPS were de-
formed and broken down by shear forces, then elongated into tiny
nanofibrils (Figure 2B). In contrast, we observed that the droplet
formed via VPS induced by ammonium acetate fused and de-
formed, and the nanofibers were highly ordered and appeared
as bundles of nanofibers, accompanied by the fusion of fibers
(Figure 2C,D). Scanning electron microscopy (SEM) of VPS ob-
served in ammonium acetate revealed a network of droplets
(Figure 2C). Inspection of the nanofibrillated region revealed how
the network of droplets deformed into nanofibrils upon apply-
ing shear forces and dehydration. The hierarchical structure re-
mained visible in the SEM images of the pulled fiber, which
showed bundles of microfibers formed from the deformation and
fusion of granules (Figure 2C). On the contrary, the fibers from

LLPS triggered by potassium phosphate had a uniform surface
without hierarchical structure (Figure S9, Supporting Informa-
tion).

To further elucidate the molecular level changes, we studied
the increasing degree of order and changes in secondary struc-
ture in the different steps of the fiber assembly. No birefringence
was observed for the phase-separated solution of protein, indi-
cating that phase separation alone was not sufficient to align
the molecules (Figure S10, Supporting Information). Instead,
the strong birefringence of the granules deformed under the
shear forces was observed, indicating increased alignment of the
molecules and the appearance of a crystalline phase (Figure 3A).
While only tiny and crystallized microfibers marked with white
arrow in Figure 3A are detectable from LLPS sample, bundles
of crystallized microfibers were observed in ammonium acetate
induced VPS sample (Figure 3A). Polarized optical microscopy
of manually drawn fibers from both conditions showed birefrin-
gence, indicating good alignment of the protein chains in the
fibers, essential for their mechanical properties. The secondary
structure transition toward 𝛽-sheet structures that occurs dur-
ing spider silk spinning was observed by FTIR spectroscopy and
using a ThT assay (Figure 3B,C). There was no significant peak
shift in the FTIR spectrum between protein in Milli-Q water or
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kosmotropic salts, suggesting no transition in the secondary
structures took place in the initial phase separation state
(Figure 3B). However, the ThT assay indicated that the protein
adopted cross 𝛽-sheet structure [59] over time in the presence of
salt (Figure 3C). In accordance, the FTIR spectra of dried phase-
separated samples had a peak shift. The ammonium acetate
buffer-induced phase separation sample had a strong peak in
1627 cm−1, while the phase-separated sample induced by potas-
sium phosphate showed a strong peak in 1632 cm−1, which at-
tributed to 𝛽-sheet conformation [60–63] (Figure 3B). We conclude
that shear forces and dehydration were required for both the
alignment of the molecules and the secondary structure transi-
tion.

According to current model, spider major ampullate silk as-
sembles in a process involving three steps.[64] First, LLPS with
low ordered structure takes place in the sac of spider silk gland.
This is followed by increasing alignment into hierarchical mi-
crostructures in liquid crystalline granules occurring during the
spinning process in the tapering duct. Finally, granule-based mi-
crofibrils bundle and align along with the final fiber axis. Despite
the differences in the molecular structure and spinning process,
the ultrastructural assembly process that we observed with SpyC-
ADF3-SpyC (Figures 2 and 3) and SilkC-ADF3-SilkC (Figure S4,
Supporting Information), when triggered by ammonium acetate,
shear force, and dehydration, resembles that occurring in spi-
ders. The results indicate the potential for more universal princi-
ples of fiber spinning.[7]

2.4. Aqueous Spinning of Tough and Extensible Artificial Spider
Silk Fibers

The mechanical properties of manually drawn fibers were mod-
erate and the variation among the fibers measured was large
(Figure S11, Supporting Information). The mechanical proper-
ties of the tested samples from different positions of one single
drawn fiber varied significantly. Regions from the middle of the
fibers pulled from VPS showed outstanding extensibility, ≈175%,
while those from the end of the same fiber showed bad extensibil-
ity and higher strength. Fibers from LLPS droplets were all poorly
extensible. Inefficient and uncontrollable shearing, dehydration,
and extension processes inherent to the manual fiber pulling ac-
count for the uneven fibers and poor performance. We assumed
that the fiber would be improved if the shearing could be pro-
cessed with a constant speed and force, while the fiber shape can
be controlled by a tube shape like spider spinning taper.

To tackle the problem of manually drawn fibers, wet spinning
with a precise controllable process was applied to produce uni-
form and continuous fibers. The spinning conditions used here
were selected to be mild and the spinning was conducted at am-
bient temperatures without using noxious chemicals as solvents
or in the coagulation bath. The key requirements for wet spin-
ning are a highly concentrated protein dope solution and a fast
coagulation step. The globular terminal domains, SpyC, SilkC,
and CBM, improve the solubility of recombinant proteins to 100–
150 mg mL−1 in an aqueous solution which is sufficient for a
dope solution. Most of the recombinant spider silk-like proteins
without soluble NTD and/or CTD are insoluble in aqueous solu-
tion and have poor solubility even in organic solvent, except the

mini-spidroin NT2RepCT and its variants which have short repet-
itive region and availability of two soluble terminal domains.

The transition of the protein SpyC-ADF3-SpyC from liquid
state to VPS to nanofibrillation is very fast within seconds when
induced by 2.5 m ammonium acetate in pH 7.0 and shear force.
We therefore hypothesized that the neutral 2.5 m ammonium
acetate would be an efficient coagulation bath to solidify the
highly concentrated proteins into fiber. Indeed, the 2.5 m am-
monium acetate coagulation bath produced continuous and col-
lectable, but weak fibers. Increasing the concentrations of am-
monium acetate (3 m or 4 m) resulted in hundreds of meters
of continuous and stronger fibers. Fibers spun in 3 m ammo-
nium acetate were more elastic, while those spun in 4 m ammo-
nium acetate had higher strength yet lower toughness modulus
(Figure S12, Supporting Information). Considering the environ-
mental and economic perspective, we selected 3 m ammonium
acetate, pH 7.0, for further experiments (Figure 4A). Collecting
fibers at a higher collection rate, 100 cm s−1, resulted in fibers
with smaller diameter, increased strength, and Young’s modu-
lus, yet reduced strain and toughness modulus, compared to the
fibers collected in 50 cm s−1 (Figure S13, Supporting Informa-
tion). The results are in line with the existing literature stating
that high collection rates cause fibers to stretch, causing low
extensibility.[65–67]

All recombinant proteins constructed were used for wet spin-
ning, except NTD-ADF3-CTD due to its poor yield and solubil-
ity. SpyC-ADF3-SpyC and SilkC-ADF3-SilkC proteins produced
uniform and continuous fibers that could be collected by collec-
tion wheels for hundreds of meters in length (Figure 4B,C; Video
S2, Supporting Information), while the CBM-ADF3-CBM fibers
were too weak to be collected. The results are consistent with
the results from manually drawn fibers after salting out induced
phase separation, pointing out a potential way to screen for suit-
able spinning conditions in small scale.

The as-spun SpyC-ADF3-SpyC fibers showed an extraordinary
extensibility, ≈255%, which is highest among as-spun recombi-
nant major ampullate spider silk fibers (Figure 4D,E; Table S1,
Supporting Information). The mechanical properties of spider
silk mainly rely on the repeat units of the repetitive region, espe-
cially the length and combination of poly-A motifs.[31,38,68] Com-
pared to other major ampullate silk proteins, ADF3 contains both
(GPGXX)n and (GGX)n motifs while but only short poly-A mo-
tif where the number of alanines is 6. The motifs (GPGXX)n
and (GGX)n presumably fold into 𝛽-spirals and 31 helices struc-
tures, respectively, which mainly contribute to the elasticity of
the fiber.[13,44,69] The sequence of the repetitive region is likely
the reason for the high extensibility of SpyC-ADF3-SpyC fibers.
The toughness modulus of SpyC-ADF3-SpyC fibers is compara-
ble to native spider dragline silk (120 and 129 MJ m−3, respec-
tively, compared to native MA silk of A. diadematus [31]) and out-
performs most of the recombinant as-spun silk fibers, except the
variant of NT2RepCT, (A3I)3-A14

[38] (Figure 4D,F; Table S1, Sup-
porting Information). Typically, spidroins have a very high molec-
ular weight, >250 kDa, and exceptionally long repeat regions,[30]

and increasing the molecular weight of the silk-like proteins has
been shown to improve the strengths of the resulting fibers, es-
pecially of the post-spun stretched fibers.[4,27–29,35,70] Direct com-
parison of the molecular weights of different spider silk fusion
proteins and the mechanical properties of the fibers is, however,
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Figure 4. Artificial spider silk fibers with high toughness and extensibility produced by an aqueous system. A) Schematic of the wet spinning system used.
B) Photograph of SpyC-ADF3-SpyC fibers. Scale bar: 1 cm. C) SEM image of an as-spun SpyC-ADF3-SpyC fiber. Scale bar: 20 μm. D) Representative tensile
test curves of SpyC-ADF3-SpyC fibers, n = 10. E) and F) Strength-strain plot and toughness-strain plot for various as-spun artificial spider silk fibers and
native dragline spider silk fibers. Blue dots represent as-spun fibers produced with organic solvent, such as ethanol, methanol, and isopropanol; yellow
dots represent as-spun fibers produced with aqueous spinning; red circles represent natural dragline silk fibers; the red star is from SpyC-ADF3-SpyC
fiber of this work. Data and references are listed in Table S1 (Supporting Information). G) FTIR spectrum of dope solution and as-spun fiber. The expected
region of 𝛽-sheet conformation (1623–1641 cm−1, average absorption band in 1633 cm−1) is highlighted with gray shading, while the yellow shading
indicates the region of random coil and 𝛼-helix conformations (1642–1657 cm−1, average absorption band in 1654 cm−1), and green shading that for
the 𝛽-turn conformation (1662–1686 cm−1, average absorption band in 1672 cm−1).[62] H) Polarized microscopy image of fiber. Scale bar: 100 μm.

difficult due to the differences in the silk repeat sequences, termi-
nal domains, spinning and testing conditions, as well as possible
polymerization during spinning (Table S1, Supporting Informa-
tion, and refs. [4,71–74]).

ATR-FTIR, polarized optical microscope, and XRD was used
to investigate the degree of molecular orientation and secondary
structure content of the SpyC-ADF3-SpyC fibers. The degree of
alignment and the ratio of the crystalline and amorphous phases
are key determinants of spider silk fiber properties.[63,75] Com-
paring the FTIR spectrum of dope solution and fiber of SpyC-
ADF3-SpyC, a shift of a peak from 1637 to 1635 cm−1 was ob-
served, indicative of increased 𝛽-sheet content and decreased
contributions of 𝛼-helix/random coil conformations (Figure 4G;
Figure S14; Table S2, Supporting Information). 𝛽-sheet content
has a strong correlation with the mechanical properties of the
fiber and typically strongly depends on the repeat region se-
quence [4,38,68] as well as the spinning process.[27,74] Sequences

with less alanine-rich regions typically have lower 𝛽-sheet con-
tent leading to lower strength but higher extensibility and tough-
ness modulus.[31,76] However, alanine-rich regions only increase
the strength if post-stretching is applied, likely due to the lim-
ited secondary structure transition and poor alignment occur-
ring during the spinning.[4] The polarized microscope images
indicated a high degree of order in fibers (Figure 4H). In ad-
dition, XRD pattern of fibers were similar as previously re-
ported in the literature,[74,77,78] showing a semi-crystalline struc-
ture (Figure S15, Supporting Information). The calculated crys-
tallinity was 44.89%. Spider silk fibers are reported to have a
hierarchical architecture in which the 𝛽-sheet nanocrystals are
embedded in an amorphous matrix.[63,74,79] When the native
fibers are subjected to stretching, reversible deformation and
extension of the amorphous matrix occurs first, followed by
irreversible deformation of the 𝛽-sheet crystals until the fiber
breaks.[80,81] The alignment of the molecular and semi-crystalline
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Figure 5. Specific and efficient functionalization through a biomolecular click reaction. A) Functionalization by conjugating SpyC-ADF3-SpyC protein with
labeled SpyTag before spinning. B) Decorate fibers by soaking as-spun fiber in labeled SpyTag solutions. C) Schematic presentation of the production of
functionalized fibers via a biomolecular click reaction. Scale bar: 100 μm.

structures is crucial for the mechanical properties of the
fiber.

2.5. Functionalization by Biomolecular Click Reaction

Outstanding mechanical properties and biocompatibility make
spider silk fiber a promising alternative for developing functional
materials. Catcher/Tag pairs enable protein conjugation via an
isopeptide-bond mediated biomolecular click-reaction.[82] The ir-
reversible and efficient ligation takes place autocatalytically in a
wide range of mild conditions, even with micromolar precursor
concentration.[40,83] Several Catcher/Tag pairs have been reported
from different split domains.[41] Despite the high structural sim-
ilarity, the click reaction between Catcher and Tag is remark-
ably selective. Catcher/Tag pairs from different split domains
generally have no cross-reactivity, for example, SdyCatcher/Tag
pairs and SpyCatcher/Tag pairs,[84] SilkCatcher/Tag pairs and
SpyCatcher/Tag pairs.[47] Here, we employed SpyCatcher2, which
is an improved version of SpyCatcher with SpyTag, and Silk-
Catcher as globular terminal domains to produce recombinant
spider silk fibers by the aqueous spinning system. We assumed
that the Catchers remained active under the mild spinning pro-
cess.

Thus, we employed two types of functionalization groups, an
enhanced green fluorescent protein (eGFP) with a molecular
weight of 26 kDa, and a small fluorescent probe, pHrodo red, to
investigate the possibility to functionalize the fibers through the
Catcher/Tag click reaction (Figure S16, Supporting Information).
SpyTag was fused with eGFP by genetic engineering to generate
SpyTag-eGFP, while pHrodo red was conjugated with a synthetic
SpyTag peptide via a thiol reaction.

The fibers can be decorated by two simple methods both pre-
and post-spinning. For pre-spinning labelling, we labeled the
SpyC-ADF3-SpyC dope solution to spin functionalized fibers.
The eGFP labeled fibers were not possible to be spun and col-

lected in a continuous process, while the pHrodo red labeled
could be collected, likely because the size of functionalized group
affects the spinnability of SpyC-ADF3-SpyC (Figure 5A). The
post-spinning decoration process was much simpler than the
pre-spinning strategy and would likely also be easier to scale up.
The as-spun fibers were submersed in labeled SpyTag solution
overnight and washed by Milli-Q and 1% Triton X-100 with 2 cy-
cles to remove unspecific binding. The decorated SpyC-ADF3-
SpyC fibers showed a strong fluorescence (Figure 5B; Figure
S17, Supporting Information). As a control, we employed the
same post-spinning labeling process to SilkC-ADF3-SilkC fibers
which did not show detectable fluorescent at the same fluores-
cent beam intensity, since the SilkCatcher has no cross-reaction
activity with SpyTag (Figure 5B). These results indicate that func-
tionalization through the biomolecular click reaction is very spe-
cific and offers potential to produce multifunctional spider silk
fibers in a mild and efficient way (Figure 5C). Optimizing the
parameters of the spinning and post-spinning processing, in-
cluding the temperature of the coagulation bath,[85] humidity-
induced supercontraction,[73,86] and introduction of crosslinked
networks,[4] that are reported to have considerable effects on the
mechanical properties of the fibers provide future possibilities
for the optimization of the fiber properties. The process of func-
tionalization provides additional possibilities for post-spinning
processing.

We have demonstrated here the design of recombinant spider
silk fusion protein that can be processed into fibers with excel-
lent toughness and inherent potential for functionalization in
a fully aqueous system (Figure 6). Previously reported aqueous
spinning systems have relied on fusing the native terminal do-
mains from spider silk proteins, NT and CT, with repetitive spi-
der silk sequences (Table S1, Supporting Information). Instead
of NT and CT, we fused repetitive silk sequence with two Spy-
Catcher domains. The resulting fusion protein could be produced
recombinantly in E. coli and processed into fibers via a fully aque-
ous pathway, paving the way to establishing aqueous spinning

Adv. Funct. Mater. 2025, 35, 2410415 2410415 (8 of 12) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. Schematic presentation of the design and production of recombinant spider silk with excellent toughness and inherent potential for function-
alization. Fusing repetitive sequence of a wild-type spidroin, ADF3, with SpyCatcher domains, allows the spider-silk fusion protein to be expressed in a
soluble manner and stored in aqueous dope solutions with high concentration. Salting-out induced assembly of the spider-silk fusion protein not only
demonstrated ultrastructural similarity of assembly behavior to that of natural spider silk, but also enables aqueous wet spinning to produce fibers. The
intrinsic properties of the SpyCatcher domains allow functionalization of the fiber by a biomolecular click reaction between SpyCatcher and SpyTag under
mild conditions.

processes for spider silk fusion proteins with non-native termi-
nal domains. The salting-out induced assembly resembles ultra-
structurally that of native spider silks and results in fibers that
have toughness comparable to that of native silk. Moreover, the
fibers could be functionalized either pre- or post-spinning. We
demonstrated the functionalization using a fluorescent protein,
eGFP, as well as with a synthetic dye, pHrodo red. The resulting
fluorescent fibers hold the potential for applications in particu-
lar in bioimaging.[87–89] In addition, due to the generality of the
biomolecular click reaction mediated by the Catcher/Tag pair, the
two functional groups used here, eGFP and pHrodo red, could
be replaced by a large variety of different recombinant proteins
or synthetic probes.

3. Conclusion

We demonstrated a simple “salting out-shear stress-dehydration”
process to mimic the natural spinning process applied to spin
fibers from a spider-silk fusion protein. We showed that the
phase separation step was essential for the fiber spinning and the
type of the phase separation affected the assembly process and
fiber properties. Dehydration and mechanical stress-induced de-
formation were crucial for the transition into 𝛽-sheets and the
alignment of the protein molecules into the liquid crystalline
form required for continuous spinning. We applied the pro-
cess to develop a sustainable aqueous wet spinning method and
successfully produced the most extensible recombinant spider
silk fibers with remarkable toughness. Finally, we functionalized
these fibers via a highly selective and efficient biomolecular click
reaction under mild conditions, which provides the possibility for
the development of multifunctional 1D materials.

4. Experimental Section
Recombinant Spider Silk Protein Design, Expression, and Purification:

The protein expression was performed in E. coli T7 express strain (NEB)

using EnPresso media according to the protocol of the manufacturer (En-
Presso B 500, EnPresso GmbH) at 30 °C (16 °C for NTD-ADF3-CTD). After
24 h of induction with Isopropyl 𝛽-d-1-thiogalactopyranoside (IPTG, final
concentration 200 μm), the cells were harvested (12000 g for 20 min) and
resuspended in 50 mM Tris-HCl buffer pH 7.4 containing 3 mm MgCl2,
100 mm NaCl, 1 mg ml−1 Lysozyme (EC 3.2.1.17, Merck), 10 μg ml−1

DNAse I (EC 3.1.21.1, Merck) and 1 protease inhibitor tablet/50 ml buffer
(Thermo Fisher Scientific). The resuspended cells were incubated for 1 h
at 37 °C and 150 rpm followed by sonication (Qsonica 500, Qsonica LLC),
for 4× 2 min with 30% amplitude. The lysate was centrifuged at 15000 g for
30 min at RT and the supernatant was collected. The collected supernatant
was purified by a Ni-immobilized metal affinity column (IMAC) (Äkta Pure,
GE Healthcare, USA). After loading the supernatant on a 5 mL prepacked
HisTrap FF (Cytiva, USA), the column was washed with 20–25 column vol-
umes (CV) of washing buffer (10 mM imidazole, 20 mM Tris-HCl, and
300 mm NaCl, pH 7.4). The protein was eluted with elution buffer (250 mM
imidazole, 20 mm Tris-HCl, and 300 mm NaCl, pH 7.4). The buffer was ex-
changed with deionized water after purification using Econo-Pac 10DG gel
filtration columns (Bio-Rad Inc.). The protein solution was frozen in liquid
nitrogen and stored at −80 °C until further use.

Protein purity and identity was confirmed with 10% or 8–16% sodium
dodecyl polyacrylamide gel electrophoresis and precision plus dual color
protein standard (Bio-Rad). The gel was stained with Coomassie brilliant
blue R-250 for 1 h and destained with a solution containing 48% acetic
acid and 40% ethanol for several hours before imaging.

Turbidity Measurement: Turbidity was measured by Synergy H1 multi-
mode microplate reader. Samples containing protein and salts with
desired final concentrations were placed in 96-well plates with a fi-
nal volume of 200 μl and allowed to equilibrate for 10 min. Mea-
surements were taken over a 10-h period and the absorbance val-
ues were recorded with 5 min intervals at 600 nm. The sample was
shaken for 2 s before each readout. The temperature was kept at
room temperature. Backgrounds were subtracted from the measurement
readouts.

Optical Microscopy: Phase separation was imaged by Axio Vert.A1 in-
verted optical microscope equipped with an AxioCam 503 color camera
(Carl Zeiss, Germany). Samples for the phase diagram were prepared by
mixing the protein (in Milli-Q water pH 7.0) with an appropriate buffer
with the desired final concentration on a glass slide in 1:1 ratio.

Manually Drawn Fiber: 2 μL of 20 mg ml−1 recombinant spider-silk
fusion protein solution was dropped onto a glass slide and covered by
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2 μL salts solutions. The protein samples turned turbid immediately, and
after 5–10 s, the spider silk-like fibers were carefully pulled by a tip from
the solution and extended into air.

Scanning Electron Microscopy (SEM): Scanning electron microscopy
was performed with Zeiss Sigma FE-SEM in variable pressure for all the
samples. For phase separation samples, samples were made on glass
slides and dried in air overnight. Then the glass slides were fixed on an alu-
minum stub with conductive carbon tape. For fibers, samples were placed
on an aluminum stub with conductive carbon tape. All the samples were
sputtered with a thin platinum/palladium layer prior to imaging.

Polarized Optical Microscopy: Polarized optical microscopy was per-
formed with an Olympus BX53-P microscope (Olympus, Japan) equipped
with U-PO3 polarizer. For phase separation samples, samples were pre-
pared by dropping protein on the glass slide, covering it with salt solu-
tions, and then manually drawing fiber. Images were taken from the start
point of fibers in droplets and the middle part of fibers. For fiber samples,
fibers were fixed on a paper frame and put on a glass slide.

Thioflavin T (ThT) Assay: Aggregation kinetics were monitored in bulk
solution by measuring ThT fluorescence at an excitation wavelength of
440 nm and an emission wavelength of 485 nm by SynergyTM H1 multi-
mode microplate reader. ThT was dissolved in Milli-Q water and cen-
trifuged at 12 000 g for 2 min to make a 1 mm stock solution. Proteins and
ThT solutions were mixed and equilibrated for 10 min before adding ap-
propriate salt solutions. The final concentration of ThT is 20 μm. Samples
were placed in black-walled and clear-bottom 96-well plates with a final vol-
ume of 200 μl and allowed to equilibrate for 10 min before measurement.
Measurements were taken over a 10-h period and the absorbance values
were recorded with 5 min intervals at 600 nm. The sample was shaken for
2 s before each readout. The temperature was kept at room temperature.
Backgrounds were subtracted from the measurement readouts.

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
(ATR-FTIR): A Unicam Mattson 3000 FTIR spectrometer equipped with
PIKE Technologies GladiATR (with diamond crystal plate) was used for
recording FTIR. All spectra were scanned within the range of 800–
4000 cm−1, with a total of 64 or 128 scans and a resolution of 1 or 2 cm−1.
For protein solution and phase separation samples, samples were directly
dropped on the diamond crystal plate without tip fixation. For fibers, two
bundles of perpendicular fibers were covered on the diamond crystal plate,
a flat tip was used to fix fibers with a small pressure to eliminate the force
effect on fibers.[90] Before every sample spectrum measurement, a back-
ground spectrum was recorded.

To resolve the secondary structure of the protein solution and fibers,
three spectra of each sample were averaged, and the baseline was sub-
tracted from the amide I band (1700 to 1600 cm−1). Seven selected
Gaussian bands (intermolecular 𝛽-sheet (1613, 1622, and 1633 cm−1),
𝛼-helix/ random coil (1651 cm−1), other secondary structure (1669 and
1680 cm−1), and antiparallel amyloid 𝛽-sheet (1695 cm−1)) were selected
for fitting with freedom of ±5 cm−1 all the peaks. The fitting analysis of the
spectra was iterated until convergence, and a Chi-Square tolerance value
of 10−8 was obtained. The relative secondary structure content was calcu-
lated by dividing the area of each fitted curve by the total area of all fitted
curves.

Artificial Fiber Spinning: A syringe with Luer Lok tip (BD, USA) was
filled with concentrated recombinant spider silk fusion proteins dissolved
in 200 mm NacCl, 20 mM Tris-HCl, pH 7.4, typically ranging from 10
to 15% w/v. The syringe was connected to a 27G blunt needle (Braun,
Germany), which was connected to a glass capillary (WPI, 1 mm/0.5 mm
outer/inner diameter) via a Puri-Flex tubing. The capillaries were pulled
(PN-31, Narishige) and cut by a microforge (MF-900 Narishige) to an in-
ner diameter of between 45 and 60 μm. The proteins were extruded with a
flow rate of 0.1 μL s-1 (neMESYS low-pressure syringe pump, Cetoni, Ger-
many) into a coagulation bath (50 cm in length, containing 3 m ammo-
nium acetate, pH 7.0). Recombinant fibers were collected in air on rectan-
gle frames attached to a roller at constant speed 50 cm s−1. Spinning was
conducted at RT (≈22 ± 2 °C). Fibers were stored in a humidity chamber
with 20% RH.

Tensile Test: Fibers were fixed into a self-adhesive label frame with a
window (0.75 cm x 1 cm). The diameter of the fibers was measured by

Axio Vert.A1 inverted optical microscope with 20x objective lens. To sim-
plify the measurement, we assumed that the fibers have a circular cross-
section. The diameter of fibers was calculated from 10 different positions
in three pictures of a single fiber. Tensile tests were performed with Uni-
versal Tester Instron 5944 equipped with 5N load cell. All the fibers were
tested at a strain-rate of 2 mm min−1 and a relative humidity was 43±2%.
The number of fibers tested was not less than 10. The calculations of the
strain, fracture strength, Young’s modulus, and toughness modulus were
following ref. [71]. In brief, the true engineering stress and strain were cal-
culated. For Young’s modulus, the slope of the initial linear region of the
stress-strain curves was calculated. The area under the stress-strain curve
for toughness modulus was calculated.

X-Ray Diffraction: Fiber crystallinity was determined by X-ray diffrac-
tion (XRD) using a PANalytical X’Pert Pro MPD Alpha 1 (Malvern, UK).
The radiation wavelength is 1.5418 Å for Cu K𝛼. The generator was op-
erated at 45 kV and 40 mA in the angle range of 5–40 °. The Step size
is 0.013 ° with 100 s per step. Self-deconvolution of the XRD profiles was
performed with OriginLab using Gaussian curve fitting. The degree of crys-
tallinity is calculated by dividing the crystallized area by the total area. A
bundle of fibers without stretch was tested.

Labeling of SpyTag: To functionalize the protein and fibers, a labeled
SpyTag peptide was used for covalent conjugation with SpyCatcher2. Spy-
Tag peptide powder was dissolved in 20 mm Tris-HCl, pH 7.4, and 1 mm
Tris(2-carboxyethyl) phosphine hydrochloride (TCEP, Sigma) was added
to reduce the disulfide bond. pHrodo Red Maleimide (Thermo Fisher Sci-
entific) was dissolved in dimethyl sulfoxide (Sigma). The thiol-maleimide
reaction between the SpyTag peptide and pHrodo Red Maleimide was per-
formed overnight at 4 °C.

For pre-spinning functionalization, the SpyC-ADF3-SpyC protein was re-
acted with the labeled SpyTag peptide or eGFP-SpyTag protein at room
temperature for 2 h. For post-spinning functionalization, as-spun fibers
were immersed in the labeled SpyTag peptide and/or eGFP-SpyTag protein
solution overnight. To remove unlabeled SpyTag peptide and eGFP-SpyTag
protein, the labeled fibers were washed with Milli-Q water and 1% Triton
X-100 for two cycles.

Fluorescent Microscope: Imaging was done with an Axio Observer Z1
(Carl Zeiss, Germany) microscope with Andor iXon Ultra 888 cameras. The
GFP signal was obtained using excitation light at 470 nm while collecting
the emitted light of 515–535 nm. The pHrodo Red signal was obtained
using excitation light at 590 nm while collecting the emitted light of 610–
635 nm. The z-stacks were collected with a spinning disk (on confocal
mode) with 200 nm steps and 50% laser power by using a Nikon Ti-E
inverted microscope equipped with a Crest Optics X-light V3 spinning disk
confocal head.

Statistical Analysis: Statistical analyses were performed in OriginLab.
Mean values ± STD are provided for the data. Sample size (n) is provided
for each analysis. No analysis of significant differences was applied.

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