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Replicating shear-mediated self-assembly of
spider silk through microfluidics

Jianming Chen1,2,3,4, Arata Tsuchida 5, Ali D. Malay 1, Kousuke Tsuchiya6,
Hiroyasu Masunaga 7, Yui Tsuji6, Mako Kuzumoto6, Kenji Urayama6,
Hirofumi Shintaku 5 & Keiji Numata 1,6,8

The development of artificial spider silk with properties similar to native silk
has been a challenging task in materials science. In this study, we use a
microfluidic device to create continuous fibers based on recombinant MaSp2
spidroin. The strategy incorporates ion-induced liquid-liquid phase separa-
tion, pH-driven fibrillation, and shear-dependent induction of β-sheet forma-
tion. We find that a threshold shear stress of approximately 72 Pa is required
for fiber formation, and that β-sheet formation is dependent on the presence
of polyalanine blocks in the repetitive sequence. TheMaSp2 fiber formed has a
β-sheet content (29.2%) comparable to that of native dragline with a shear
stress requirement of 111 Pa. Interestingly, the polyalanine blocks have limited
influence on the occurrence of liquid-liquid phase separation and hierarchical
structure. These results offer insights into the shear-induced crystallization
and sequence-structure relationship of spider silk and have significant impli-
cations for the rational design of artificially spun fibers.

Spider dragline silk is a protein-based biopolymer that embodies an
unparalleled combination of strength and flexibility that has elicited
widespread scientific interest. Various efforts have been made to
produce synthetic dragline silk in the lab from the component spidroin
protein precursors; however, replicating the mechanical properties of
the natural fiber remains a formidable challenge1. This is perhaps
unsurprising, given that theperformanceof dragline silk arises from its
complex hierarchical substructure2,3, and to achieve this the spider
employs a sophisticated mechanism that is orchestrated via con-
formational changes in the modular spidroin domains responding to
precisely timed chemical triggers, combined with the physical forces
that are generated within the confined geometry of the silk glands’
spinning ducts4,5.

Classical methods of artificial silk spinning, generally involves
conversion of non-native protein feedstock into fibrous material
through harsh denaturing conditions (such as alcoholic coagulation

baths in wet-spinning)6. Recently7,8, however, there has been growing
interest in applying biomimetic techniques to produce fibers with
native-like structure and functionality, under ecologically benign
conditions. Here, the focus is on replicating the subtle biochemical
processes that synergistically enable silk fiber self-assembly in the
natural system. Such events include liquid-liquid phase separation
(LLPS), considered a crucial step in the preassembly of diverse protein
fibers9,10, and which in spidroins is modulated through the repetitive
domain (RPD) and C-terminal domain (CTD) in response to gradients
of kosmotropic ions, such as phosphate11,12. An acidification gradient,
meanwhile, mediates the rapid end-to-endmultimerization of spidroin
chains via the N-terminal domain (NTD), as well as an unfolding of the
CTD13,14. Rheological effects such as shear and elongational flow are
also major considerations as they facilitate the progressive alignment
of spidroin chains inside the spinning ducts, and initiate the conver-
sion of the extensive RPD from a largely disordered state toward
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ordered intermolecular interactions that enable the formation of dis-
persed β-sheet nanocrystals that impart superior strength to the
fiber15,16.

Microfluidics present an exciting frontier in the assembly of
structural proteins, wherein complex macroscopic architectures may
be built, at least theoretically, through introduction of relevant phy-
siological triggers in a flexible manner through customized channel
arrangements and in the desired temporal sequence17. For artificial silk
spinning, indeed, microfluidic-based methods have been recognized
as holding the greatest potential for facilitating native-like fiber
assembly, over more traditional techniques18,19. In particular, the con-
fined dimensions and geometries of the spinning ducts, which deter-
mine criticalflowparameters, canbe approximated in thedesignof the
miniaturized channels in the chip.

Previous studies have been reported that incorporatemicrofluidic
principles in spinning artificial spider silk20–25. In terms of biomimetic
fidelity, these run the gamut with a variety of recombinant spidroin
sequences, microfluidic chip design, chemical trigger composition,
and externalization of key processing steps being applied. A notable
example showed fiber formation using three-domain ADF3 spidroin
through sequential introduction of phosphate ions and pH decrease in
a microfluidic device22. Crucially, however, no previous studies have
reported the production of fibers with hierarchical nanoscale sub-
structure, which is the hallmark of native silk self-assembly. A com-
parison of differences on the microfluidic spinning of recombinant
spidroins was summarized in Supplementary Table 1. Interestingly, for
spinning of regenerated silk fibroin (RSF), the forces generated inside
the microfluidic chip have been quantified to show the distribution of
shear and elongation rate along the channel, revealing the relationship
between these forces and β-sheet contents26,27. However, in the case of
recombinant spidroins, such quantitative analysis of the forces within

microfluidic channels have not been carried out in rigorous detail to
link the forces with the fiber formation and change of conformation. In
comparison with RSF, recombinant spidroins in the native state are
more responsive to naturally occurring triggers leading to self-
assembly behavior. Therefore, to quantify the forces, such as shear
stress, under native-like conditions is of great interest and significance
for better understanding of spider silk self-assembly mechanism.

Here we present a rationally designed microfluidic system that
aims to emulate the functionality of the natural silk spinning apparatus
by integrating recent insights regarding the in vivo self-assembly
process. By sequential administration of biomimetic chemical gra-
dients that trigger phase separation and nanofibril formation, and
through quantifiable shear effects, we demonstrate the complete
in situ assembly of hierarchically structured silk fibers from recombi-
nant MaSp2 precursors, with tunable β-sheet abundance and at near-
instantaneous speeds.

Results
Design of biomimetic microfluidic device
We aimed to design a biomimetic microfluidic device (Supplementary
Discussion) that approximates the native-like chemical and physical
gradients within the channel for the investigation of spider silk fiber
assembly. The architecture of the chip is shown in Fig. 1a. It includes 3
inlets, namely for the (1) precursor spidroin solution, (2) kosmotropic
ions at neutral pH, and (3) low-pH fibrillization trigger. The archi-
tecture provides for two sequential mixing regions, followed by an
extended channel terminating at an outlet, and defines three regions
along the device where successive stages of self-assembly are mon-
itored (sections A, B and C). The design is rationalized as follows: upon
flow initiation, the streams originating from (1) and (2) merge, expos-
ing the spidroin to a kosmotropic anion gradient similar to that found

Fig. 1 | Design of MaSp2 constructs for biomimetic spinning in a microfluidic
device. a Layout of themicrofluidic device, consisting of three inlets and one outlet
with a negative pressure controlling system. The spidroin was first mixed with
50mMCPBat pH7and then subjected to 1Mcitrate–phosphate buffer (CPB) (pH5)
at the intersection. The channel along which MaSp2 assembled was divided into
sections A, B and C for comparison in terms of the morphology and secondary
structure. The inset shows a picture of the actual microfluidic device. Scale bar,

1 cm. b The different recombinant MaSp2 constructs used in this study, repre-
senting various combinations of the N-terminal domain (NTD), repeat (RP) and
C-terminal domain (CTD). For N-R12-C(xA), the poly-Ala repeat normally found in
the repetitive region was replaced by GSGSGSG. c N-R12-C in the form of droplets
and nanofibrils obtained by exposure to 0.5M CPB at pH 7 and 5, respectively. Five
independent experiments were performed with similar results. Scale bar, 5μm.
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in the spider spinning ducts, which is predicted to trigger LLPS of
MaSp2, with the nascent protein droplets being carried downstream
via laminar flow through section A. Subsequent contact with the
stream originating from (3) along opposite directions creates a pH
gradient, which mimics the natural acidification effect, and which is
expected to trigger solidification of the spidroin condensates into
fibrillar networks (section B). Section C constitutes a straight channel
with dimensions of 2 cm× 80 µm×62 µm, where mechanical defor-
mation is predicted to promote the assembly of extended silk-
like fibers.

It is important to state that we chose a simplified design where
each individual channel has a uniform cross-section, and an increase in
width from section B (60μm) to C (80μm), in order to focus on the
effects of shear inmodulating fiber assembly and crystallization, while
minimizing effects of extensional flow. This is contrast to the more
complex (i.e., convergent) geometries found in the natural spinning
ducts, where the progressive narrowing of the ducts toward the spin-
neret produces a strong extensional flow that contributes to the
alignment of silk molecules. Significantly, the sample flow in our sys-
tem is initiated through the application of negative pressure (vacuum)
from the outlet, a feature not common in previous strategies for the
assembly of silk-like fibers, where the flow was typically generated
either via positive pressure23 or syringe-pumping28,29 techniques; this
was implemented to mimic the observation that natural silk fibers are
“pulled” from the organism (pultrusion) rather than being “pushed
out”14,30; additionally this enabled fine-tuned control of the forces
generated within the microfluidic device.

Native-like silk assembly from LLPS to nanofibrillation to fiber
formation
As spider silk building blocks, we used recombinant MaSp2 dragline
spidroin bearing a range of domain architectures (Fig. 1b) including
complete constructs of N-R6-C and N-R12-C (with 6 and 12 tandem
repeats, respectively), the truncated constructs N-R6-x, x-R6-C, and x-
R6-x, as well as the three-domain N-R12-C(xA) variant that substitutes
the polyalanine blocks with alternating glycine and serine residues
(GSGSGSG), to evaluate the sequence dependence of β-sheet forma-
tion during fiber assembly. The prepared spidroins were confirmed by
SDS-PAGE (Supplementary Fig. 1).

Outside of the microfluidic system, three-domain MaSp2 can
readily be induced to form LLPS droplets by exposure to kosmotropic
ions at neutral pH (Fig. 1c), whereas under acidic conditions (pH
5.5–5.0), the combined effects of LLPS and NTD-mediated multi-
merization produced spontaneous and rapid network assembly
(Fig. 1c). In this study, we used a hybrid citrate-phosphate buffer (CPB)
system as the general kosmotropic trigger, in light of its improved
buffering capacity throughout the relevant pH range (7.5–5.0) com-
pared to the individual phosphate and citrate components.

The stepwise biomimetic process was integrated into the micro-
fluidic system, and optimized for generating hierarchically-structured
MaSp2 fibers with minimum intervention. The method itself simply
involves sequential addition of components at inlets 3, 2, and 1 under
constant negative pressure, followed by immediate cessation of the
pump (Supplementary Movie 1). Conditions for effective fiber forma-
tion, which we define as the generation of a single continuous fiber
inside themicrofluidic channel, excluding fiber breakage, or formation
of aggregates or theirmixtures,were established empirically. Here, the
composition of the fibrillization buffer was found to be critical, with
optimal results obtained with CPB at a concentration between 1–1.5M
and pH value of 5.0, as well as the magnitude of the applied pressure
(Supplementary Figs. 2, 3).

Figure 2a provides an overview of the results obtained using
labeled construct N-R12-C at 50mg/ml (inlet 1), 50mM CPB pH 7.0
(inlet 2), and 1.0M CPB pH 5.0 (inlet 3), under −90 kPa pressure.
Condensed MaSp2 structures could be observed throughout the

length of the channels, with a distinct evolution of the mesoscale
morphology through successive stages of the device. Along section A,
the channel wall on the side of inlet 1 was densely populated with
roughly spherical or amorphous deposits of MaSp2 condensate, with
partial droplet fusion and surface wetting properties consistent with
LLPS formation and downstreammigration of the protein droplets via
laminarflow (Fig. 2a–c). This result was in agreement with the dynamic
formation and fusion behavior of droplets as shown in Fig. 1c. The fact
that MaSp2 was able to undergo extensive LLPS despite the relatively
limited surface contact between the buffer phase and the kosmotropic
trigger due to laminar flow indicates that the initial conditions were
close to the phase separation boundary, which ensured prompt phase
separation when the two streams came into contact.

In section B, the MaSp2 condensate transitioned into a flattened
sheet morphology with a granular surface, an abrupt change triggered
by the combined effects of the acidification gradient, which triggers
fibrillization, and the shear effects imposed by the changes in channel
geometry. In addition to the visible changeofmorphology in sectionB,
the corresponding structure of spidroins were also affected by both
chemical and physical triggers introduced in this fibrillization
stage (see below). Further downstream, in section C, we see the for-
mation of a continuous unbroken fiber throughout the length of the
channel, with circular diameter of 5–10 µm. Here, the hierarchical
substructure of the fiber is clearly evident, consisting of densely-
packed nanofibrils oriented along the longitudinal axis (Fig. 2d, e;
Supplementary Movie 2), validating the biomimetic self-assembly
strategy. In effect, the formation of aligned nanofibril bundles in sec-
tion C of the device can be considered as analogous to the assembly of
the random protein network structures outside of the device upon
mixing MaSp2 with CPB at pH 5 (Fig. 1c), with the additional factor of
fibril alignment provided by the directionalflowwithin the channels; in
other words, 2D network structure can be transformed into 1D nano-
fibrils after uniaxial orientation of the protein network. After forma-
tion, the fibers could be recovered from the device for further analysis.
Significantly, the fibers were able to retain structural integrity in pure
water anddemonstrate highflexibility (Fig. 2f). In some localized areas,
the overall fiber architecture did break apart, which clearly revealed an
underlying substructure consisting of individual protein fibrils with
high aspect ratio and oriented along the longitudinal axis of the fiber
Fig. 2g. A visualization of the entire length of a microfluidic device
following fiber assembly of construct N-R12-C is presented in Supple-
mentary Movie 3, which provides further evidence of hierarchical
organization.

Interestingly, whereas the complete constructs (i.e., N-R6-C and
N-R12-C) produced fibers with microscopically indistinguishable
morphologies, the truncated variants N-R6-x, x-R6-C, and x-R6-x failed
to produce any fibers under the same conditions, underscoring the
crucial interplay between the different domains for successful self-
assembly of spider silk under native conditions12. In addition, while the
three-domainN-R12-C(xA) lacking polyalanine blocks displayed similar
morphology to constructs of N-R6-C and N-R12-C in section A and B,
the fiber structures produced in section C were often ruptured inside
the channel, reflecting the apparent mechanical weakness of these
structures (Supplementary Movie 4).

Quantification of shear-induced crystallization
While the above demonstrates a microfluidic platform capable of
inducing rapid self-assembly of recombinantMaSp2 into hierarchically
structured fibers in response to sequential physiological triggers,
another major concern is whether such a system can successfully
induce the formation of β-sheet structures, which are the main source
of tensile strength in spider silk.

Changes in protein conformation within the microfluidic chip
were monitored by confocal Raman spectroscopy, with 0.8 cm−1

resolution (Fig. 3a). Spectra collected from native spider dragline silk
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Fig. 2 | Morphology of MaSp2 droplets, nanofibrils and fibers as characterized
by CLSM and SEM. a N-R12-C labeled with DyLight-488 was transferred to the
microfluidic device for spinning under native-like conditions. Three independent
experiments were performed with similar results. Scale bar, 30 μm. b 3D recon-
struction of N-R12-C droplets distributed along the channel. Scale bar, 5μm.
c Surface structure of N-R12-C droplets induced by LLPS inside the microfluidic
device as visualized by SEM. Two independent experiments were performed with
similar results. Scale bar, 10μm. d N-R12-C fiber assembled inside the channel in
section C3 with a hierarchical organization. Three independent experiments were

performed with similar results. Scale bar, 10μm. e 3D reconstruction of N-R12-C
fiber aligned along the channel in section C3. Two independent experiments were
performed. Scale bar, 5μm. f Oriented nanofibrils observed from the flexible
continuous fiber in Milli-Q water after recovering it from the microfluidic chip.
Three independent experiments were performed with similar results. Scale bar,
10μm. g Nanofibrils split from the fiber to show hierarchical organization upon
exposure to the Milli-Q water. Three independent experiments were performed
with similar results. Scale bar, 10μm.
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fiber (Supplementary Fig. 4), used as a reference, produced well-
defined peaks at the expected locations of 1670 (amide I, C =O
stretching), 1615 (Tyr), 1452 (CH3 asymmetric bend,CH2bending), 1242
(amide III,N–Hbend+C–Nstretching), 1175 (Tyr), and ~1078/1094 cm−1

(skeletal Cα–Cβ stretching). Of these peaks, the amide I, amide III and
skeletal C–C peaks are sensitive to changes in secondary structure,
particularly with regard to β-sheet conformations31. Normally, the
peakswithin the amide I or III regions can bedeconvoluted to calculate
the secondary structure composition32. However, the PDMS and cov-
erslip produced overlapping signals at 1266 and 1098 cm−1, respec-
tively, and thus we focused on the area surrounding the amide I region
for the quantitative analysis of secondary structure content. Pre-
liminary tests confirmed that outside of the microfluidics context,
three-domainMaSp2 exposed to thebiomimetic chemical triggers, but
in the absence of mechanical deformation, failed to produce β-sheet
conformations (Fig. 3b); while as positive control, MaSp2 condensate
subjected to 90% methanol treatment produced the characteristic
amide I peak for β-sheet conformation at 1668 cm−1.

Raman measurements using N-R6-C, N-R12-C, and N-R12-C(xA)
revealed an evolution of protein secondary structure (Fig. 3c) during
self-assembly in the microfluidic device, complementing the observed
changes inmorphology. During the LLPSdroplet regime (sectionA), all
samples showed spectra consistent with largely disordered/a-helical
conformations, with a peak at ~1654 cm−1. Significantly, for N-R12-C, the
progressive emergence of an additional peak at ~1664 cm−1 was

observed, attributed toβ-sheet structures.Deconvolutionof the amide
I region from 1580 to 1720 cm−1 provides estimates of the secondary
structure contributions (Supplementary Fig. 5). For N-R12-C, as shown
in Supplementary Table 2, the estimated β-sheet content increased
from 12.5% in section A to 22.5% in section B and finally to a maximum
of 29.2% in section C. In contrast, for N-R6-C, with half the number of
tandem repeats, no obvious β-sheet peaks were detected, despite the
assembly of morphologically similar fibers; we hypothesize a higher
pressure threshold for triggering structural change in the 6- versus the
12-repeat construct, with an applied pressure of −90 kPa (the upper
limit for our system) being evidently insufficient to drive abundant β-
sheet formation in N-R6-C. Likewise, for the mutant N-R12-C(xA), a
secondary structure transition was not observed, in line with poly-
alanine forming the basis for the β-sheet crystalline component of the
silk fibers.

It is worth noting that while the N-R12-C was exposed to slightly
higher shear in section A compared to B (Fig. 4c, e), the more con-
siderable increase in β-sheet content (Supplementary Table 2) was
detected in the latter section. It can thus be deduced that simple
combination of shear and LLPS initiated by ions exchange in section A
is not enough to induce the conformational transition. It is thus
apparent that the fibrillization induced by acidification in section B,
along with the associated increase in viscosity, also serve as essential
prerequisites in the synergistic process of β-sheet formation in our
microfluidic system.

N-R6-C N-R12-C N-R12-C(xA)

ba
PDMS

Spidroins

Channel

100x Oil objective

Coverslip

Buffer
532 nm Laser

c

N-R6-C

N-R12-C

N-R12-C(xA)

N-R12-Cd e

f

Fig. 3 | Characterization of the β-sheet formation ofMaSp2 fiber formed in the
microfluidic device or by manual drawing. a Secondary structure of the MaSp2
fiber determined by Raman spectroscopy immediately after fiber assembly inside
the channel.bNegative control experiment ofN-R12-C andN-R12-C(xA) outside the
microfluidic device.N-R12-C andN-R12-C(xA)weregentlymixedwith 1MCPB atpH
5 and 7 on a cover slide at a 1:1 volume ratio. A positive control was conducted by
immersing N-R12-C nanofibrils in 90% methanol (MeOH) solution for 5min after
removal of 1M CPB (pH 5). The dash line denotes the peak at 1654 cm−1.
c Comparison of N-R6-C, N-R12-C and N-R12-C(xA) in three sections along the

channel. Peak features were specifically evaluated within the amide I region.
d Raman results of N-R12-C fiber under various negative pressures. The solid line
denotes the peak at 1664 cm−1. eβ-sheet contents of N-R12-C fiber assembled inside
the microfluidic device under various negative pressures. Peak fitting was carried
out to calculate the β-sheet contents after deconvolutionwithin the amide I region.
Data are presented as mean values ± SD; n = 3. f Comparison of Raman signals for
N-R6-C, N-R12-C and N-R12-C(xA) fibers formed by biomimetic spinning and
manual drawing. Source data are provided as a Source Data file.
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To test the threshold hypothesis for triggering β-sheet emer-
gence, microfluidic assembly of N-R12-Cwas performed under varying
magnitudes of negative pressure (Fig. 3d). At the lower levels (−40 to
−50 kPa), fibers were not obtained, with the protein instead forming
aggregates. In contrast, from −60 to −90 kPa hierarchical fibers were
formed, with a positive correlation between themagnitude of negative
pressure and the proportion of β-sheet conformations (Fig. 3e).
Interestingly, −60 kPa was confirmed to be the threshold pressure for
the formationof silk fiber, which obtained anaveragedβ-sheet content
of 17.8%. With regard to the increase of pressure, the β-sheet content
was gradually increased by 21.5% (at −70 kPa), 23.7% (at −80 kPa) and
28.9% (at −90 kPa). It was assumed that more β-sheets could be
induced within silk fibers if the pressure reached beyond −90 kPa that
was limited by our experimental system. This result indicates the
potential for tuning fiber structure via subtle changes in the applied
pressure.

Uponexiting a spider’s spinneret, dragline silk is usually subjected
to further drawing to achieve higher degree of crystallization and
orientation. This natural behavior represents the same principle as
applied in forcibly reeled silkworm silks33 and postdrawing as-spun
fibers34. We thus investigated the relative levels of β-sheet forma-
tion that could be achieved through our microfluidic device versus
manually drawn fibers (Fig. 3f). Although precise pH gradients and
shear cannot be induced using the manual drawing method, the
elongation force generated from manual drawing is generally con-
sidered strong and responsible for sufficient induction of β-sheets34.
While the microfluidic system could drive the hands-free, biomimetic
assembly of recombinant silk fibers, the resultant fibers displayed a
lower β-sheet content (Supplementary Table 2) when compared to
fibers produced by manually drawing phase separated MaSp2 (which
produced β-sheet even in the shorter N-R6-C constructs). This could
reflect the greater degree of mechanical deformation afforded by
externally stretching the fibers in air, alongwith dehydration effects. In

support of Raman results, wide-angle X-ray scattering (WAXS) results
suggested the same tendency regarding the content of β-sheet nano-
crystals in MaSp2 fibers formed by different spinning approaches
(Supplementary Fig. 6). After normalization of peak (020)35, the
intensity at peak (010) suggested that the relative crystallinity of silk
fibers prepared by manual drawing was positively related with the
number of polyalanine blocks within the repetitive domain. In the
absence of polyalanine blocks, the crystallinity of N-R12-C(xA) fiber
made by sufficient manual drawing was still lower than that of N-R12-C
fibermadebymicrofluidic spinning. In any case, these results suggest a
further possibility of fine-tuning the properties of biomimetic silk by
combining aqueous spinning methods with mechanical post-
processing steps.

Computational analysis
To elucidate the MaSp2 fiber assembly mechanism, we performed
numerical simulations on the distribution of components and inter-
play of physical forces during operation of the device. Before model-
ling, the rheological experiments were performed to probe the
viscoelastic properties of N-R12-C solution under concentrations from
5 to 150mg/ml (Fig. 4a, b). In line with the results reported for other
recombinant (NT2RepCT) and native spidroins36,37, N-R12-C solution
exhibited a typical shear-thinning behavior with decreased viscosity in
response to an increase in shear rate. Given a shear rate of 1 s−1 at 25 °C,
the shear viscosity of native spidroinswas in the order of 103 Pa s,much
higher than that of N-R12-C (all below 10 Pa s) and NT2RepCT (below
1 Pa s). This significant difference can be interpreted by the much
higher concentration and molecular weight of native spidroins in
comparison to these of recombinant spidroins. To directly compare
the shear viscosity between recombinant spidroins under the same
concentration (such as 100mg/ml), N-R12-C exhibited remarkably
higher shear viscosity (~2 Pa s), more than 20 times higher than that
reported for NT2RepCT (0.05–0.1 Pa s), which could be attributed to
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Fig. 4 | Numerical simulation of shear stress across the length of microfluidic
channel. a The viscosity-shear rate relationship of N-R12-C solution at various
concentrations from5 to 150mg/ml.b Shear-thinning behavior of N-R12-C solution
at a concentration of 50mg/ml with the result fitted by the Carreau model.
c Simulated shear stress distributed along the channel to show the difference in
each section. d Comparison of shear stress s in section C when changing the

negative pressure from −60 to −90 kPa. e The value of shear stress estimated in
sections A, B and C under different negative pressures. f The β-sheet contents of N-
R12-C fiber under specific shear stress estimated from the corresponding negative
pressure. The red line shows the fitting result by using the quadratic function. Data
are presented as mean values ± SD; n = 3. Source data are provided as a Source
Data file.
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the different number of repeat units (12 repeats vs 2 repeats). In this
work, the alanine residues in the repetitive region were found to
contribute significantly to the viscosity of spidroins as evidenced by
the lower viscosity (apparent to the naked eyes) of N-R12-C(xA) when
compared with N-R12-C.

The shear-thinning mechanism is not fully understood, and two
theories were proposed based on the colloid and polymer systems38,39.
In the colloid system, the phase separation during flow caused the
shear thinning behavior, a phenomenon attributed to the disen-
tanglement of molecular chains in the polymer system. As N-R12-C is a
biopolymer and can be sheared to induce phase separation, thus its
shear thinning behavior complies well with both theories. Using the
Carreau model to fit the viscosity-shear rate curves under various
concentrations, the non-Newtonian 3D model was well established. In
this way, the distribution of various ions (citrate, phosphate, chloride
and sodium ions), protein concentration, shear and elongational rate/
stress along the channel were modeled (Supplementary Figs. 7–9).

In terms of physical forces generated within the device, as
anticipated from thedesign, elongationalfloweffectswithin thedevice
wereminimized,with negligible values in the non-convergent channels
of section A and C (Supplementary Fig. 9). Due to the intersectional
geometry, there might be certain elongation stress applied to the
material protein in the threshold region between sections A and B, but
we considered its effect trivial after confirming that the local shear
stress was more than nine times higher than the elongation stress.

On the other hand, shear effectswere found to exert predominant
effects during fiber assembly throughout the channel, evidenced by
the colocalization of the shear-rich area (Fig. 4c) andMaSp2 (Fig. 2a, b)
consistently from section A to C. Corresponding to specific pressure,
the distribution and value of shear stress/ratewithin channel (Fig. 4d, e
and Supplementary Fig. 10) was effectively predicted by ourmodel. As
indicated above, −60 kPa was the critical pressure required for silk
fiber assembly inside the microfluidics, which is equivalent to the
threshold shear stress and rate of 72 Pa and 52282 s−1. It is worth noting
that the estimated shear rate (52282 s−1) required for MaSp2 assembly
was one order of magnitude higher than that reported for native spi-
droins (1500–3500 s−1)40,41. This result can be explained by the

difference between recombinant and natural spidroins in terms of
concentration, viscosity, and molecular weight (length of repetitive
domain) as well as the spinning and boundary conditions defined in
computational modeling. The emergence of shear-induced β-sheets
was observed for only three-domain MaSp2 fiber with at least 12
polyalanine blocks, and the β-sheet content within the N-R12-C fiber
was estimated to range from 18% to 29% (Supplementary Fig. 11), as
modulated by varying the shear stress from 72 to 111 Pa (Fig. 4f). Dis-
tinctly, by using molecular dynamics simulations of shear flow, MaSp1
fibers having at least 6 polyalanine blocks without the CTD and NTD
were able to form β-sheet-rich structures in the presence of shear
stress up to 300–700MPa42.

Silk self-assembly mechanism
LLPS is the initial step during silk assembly and remarkably critical for
the following nanofibrillization that is responsible for hierarchical
organization (Supplementary Discussion). In agreement with our pre-
vious study12, the full domain was necessarily required to enable both
LLPS and nanofibrillation for MaSp2 fiber formation. To date, the
underlying mechanism to drive LLPS remains largely unknown. As
recently reported43,44, Tyr and Arg residues functioned like molecular
“stickers” to induce the phase separation of spidroins through LLPS. In
this work, Ala residues, particularly in a tandem format (i.e., poly-
alanine blocks) were confirmed an irrelevant factor to affect LLPS by
observing the spontaneous responseofN-R12-C(xA) toward the trigger
of kosmotropic anions (Supplementary Discussion). Likewise, nanofi-
brillation was not seen to be inhibited by the absence of polyalanine
blocks with macroscopically indistinguishable hierarchical structures
visualized in the N-R12-C(xA) fiber (Fig. 5a; Supplementary Fig. 4).

Without using the well-established liquid crystalline14 and
micelle45 theories, LLPS was taken instead as a paradigm to appro-
priately understand the silk self-assembly process in our biomimetic
spinning system (SupplementaryDiscussion). Native-like triggers were
sequentially introduced to the microfluidic channel for the generation
of ion and pH gradient, allowing the induction of MaSp2 into solid
nanofibrils-containing fibers (Fig. 5b). Both chemical and physical
triggers were needed and worked synergistically for fiber formation,

Fig. 5 | Spider silk self-assembly mechanism from amino acids to functional
triggers. aHierarchical structureofN-R12-C andN-R12-C(xA)fibers imagedby SEM.
Four independent experiments were performed with similar results. Scale bar,

5μm. b Schematic of spider silk self-assembly from LLPS to nanofibrillation to fiber
formation triggered by native-like conditions.
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however the latter played a dominant role for the transition of sec-
ondary structure. It is flexible to apply the microfluidic system to
control the shear, which was highlighted in this work to investigate its
impact on crystallization. By regulating the shear stress, it is promising
to fabricate artificial silk fibers with subtly tuned β-sheet structure.

Discussion
In summary, by using a microfluidic device, we report a biomimetic
strategy in probing the β-sheet development under native-like
assembly process from LLPS to nanofibrillization to hierarchically
organized fiber. This work provides a basis for the rational design of
biomimetic spinning with regard to domain structure, microfluidic
fabrication, shear threshold and hierarchical reconstruction. Future
effortswill focus on investigating the silk assemblyof combinedMaSp1
and MaSp2 spidroins under biomimetic spinning conditions. The
heterodimerization formed by CTD and/or NTD will be comprehen-
sively evaluated to better understand the interaction between spi-
droins in natural spinning process. Moreover, specific amino acid
residues in the gene sequencewill be edited/substituted to explore the
underlying mechanism for LLPS.

Methods
Protein preparation
Expression of recombinant MaSp2 was performed as previously
described12. Briefly, the pET15-derived constructs were transformed
into E. coliBL21(DE3) cells, grownovernight as 100-mLpreculture in LB
medium with ampicillin (Amp; 100 µg/mL) at 37 °C with shaking at
180 rpm, then inoculated into 2 L LB-Amp, grown at 37 °C until
OD600 ~ 1.0, after which the temperature was lowered to 20 °C and
protein expression induced overnight with 0.4mM isopropyl-beta-d-
thiogalactopyranoside (IPTG). For protein purification, cell lysis was
carried out by freeze-thawing the bacterial cell pellet that had been
completely resuspended in 20mM Tris-HCl pH 7.5, 20mM imidazole,
0.5M NaCl supplemented with 1% Triton X-100 (Sigma-Aldrich),
0.5mg/ml chicken egg lysozyme (Wako), 250 units TurboNuclease
(Accelagen), and cOmplete EDTA-free protease inhibitor tablet
(Roche). The lysate was spun down and the supernatant fraction
applied to a His-TRAP FF column (2x5ml in tandem) (Cytiva), washed
with 20mM Tris-HCl pH 7.5, 20mM imidazole, 0.5M NaCl, and eluted
with 20mMTris-HCl pH 7.5, 250mM imidazole, 0.5MNaCl. The eluate
was subjected to buffer exchange against 20mM Tris-HCl pH 7.5,
0.15M NaCl using a VivaSpin spin concentrator with 10 kDa MWCO
(Sartorius). The poly-histidine tagwas removed by overnight thrombin
digestion (Sigma-Aldrich) at 4 °C, followed by concentration using
VivaSpin. For x-R6-C, N-R6-C, N-R12-C andN-R12-C(xA), a final round of
purification was carried out through LLPS, whereby 1.0M KPi, pH 7.0,
was added until two stable liquid phases were formed, followed by
centrifugationand retrieval of thehigh-density phase,which contained
highly purified MaSp2, which was then diluted in 20mM Tris-HCl,
0.15M NaCl. The protein concentration was measured by absorbance
at 280 nm using a NanoDrop instrument (Thermo Fisher Scientific).
The protein concentration of 50mg/ml was applied for the following
experiments unless otherwise indicated.

Protein electrophoresis
SDS‒PAGE was performed on 4–20% mini-PROTEAN TGX precast gels
(Bio-Rad) under denaturing conditions according to the manu-
facturer’s recommendations. In the case of nonreduced samples, β-
mercaptoethanol (βME) was omitted from the sample buffer, and the
samples were not heated prior to electrophoresis. Gels were stained
with 0.1% Coomassie R-250 in 40% ethanol and 10% acetic acid.

Fabrication of the microfluidic device
Themicrofluidic devicewasprepared basically according to thewidely
reported20 conventional process, frommask design, mold fabrication,

and PDMS casting to chip integration. After degassing overnight, SU-8
(3050) was poured onto a clean wafer for spin coating for 30 s at 1650
rpm. The wafer with uniformly dispersed SU-8 was transferred to the
oven to prebake for 20min at 95 °C and then slowly cooled for 10min.
The photomask with specific channel patterns was closely aligned to
the SU-8 wafer for photolithography, followed by postbaking and
developing to retain only the pattern on the silicon wafer. The mold
was successfully fabricated after stepwise high-temperature baking
from 150 to 200 °C and silanization overnight by using trichloro(1H,
1H, 2H, 2H-perfluorooctyl)silane (Sigma Aldrich). Subsequently, a
PDMS slab containing channels was obtained by casting a silicone
elastomer (SYLGARD 184, Dow Corning) with its curing agent on the
mold. Three inlets and one outlet with hole diameters of 1.5mm and
4mm, respectively, were punched. Without permanent binding treat-
ment, the PDMS slab was attached to the coverslip to obtain the final
microfluidic device. In this study, themicrofluidic devicewas operated
under native pressure to enable a strong and stable interface between
PDMS and the coverslip to avoid leaking risk. The coverslip was
selected rather than a relatively thick glass slide mainly because of the
conditions required by Raman spectroscopy and CLSM.

Silk assembly within the microfluidic device
The PDMSwas tightly attached to the coverslipwithout oxygenplasma
treatment for permanent binding. No leaking of fluids was observed
duringor after the experiment. A pressure control systemconsistingof
an electropneumatic regulator (SMC ITV0090-2CL, USA) and micro-
controller (Arduino, Italy) was established to drive the fluids inside the
microfluidic channels. The real-time pressure (up to − 90 kPa) applied
to the outlet was accurately monitored by the integrated Spyder
software. Various attempts were made to achieve reliable and repro-
ducible processing for silk assembly within the microfluidic device, as
shown in Supplementary Movie 1. The sequence of steps was as fol-
lows: (1) turn on the vacuum pump (with adjustable pressure output)
and attach the connected tubing to the device outlet; (2) pipet 15 µl of
1MCPB (pH 5) into inlet 3; (3) pipet 15 µl of 50mMCPB (pH 7) into inlet
2; (4) pipet 1.5 µl of 50mg/mlMaSp2 into inlet 1; and (5) disconnect the
vacuum pump tubing. The protocol was performed rapidly and was
essentially complete upon pipetting of the protein solution. Ulti-
mately, recombinant spider silk was assembled inside the microfluidic
channel. The device was used to check the in situ MaSp2 morphology
with various microscopes and characterize the secondary structure by
Raman spectrometry.

Optical microscope
The sample morphology was directly observed through the outlet of
the microfluidic device by using an Olympus BX53 microscope. To
visualize the sample within the channel, the microfluidic device was
reversely placed on the glass slide before transferring to the optical
microscope.

Confocal laser scanning microscopy
MaSp2 N-R12-C was first labeled with DyLight-488 and then subjected
to microfluidic spinning. Afterward, the microfluidic device was
immediately transferred to an inverted Zeiss LSM 700 confocal scan-
ning microscope. With an excitation length of 448 nm, 40x numerical
aperture and 60x water immersion objectives were utilized to image
MaSp2 inside the channel. Supportingmovies weremade by the stitch
of each single captured image to clearly demonstrate the whole spin-
ning process from the inlet to outlet. Image stitching was performed
using ImageJ with the MosaicJ plugin46. To observe the nanofibrils,
additional experiments were carried out to recover the freshly formed
fibers from the microfluidic device and place them in a hypotonic
environment (Milli-Q water), which caused the fibers to swell. There
were localized areas where the continuity of the fiber was broken to
allow the visualization of high-aspect ratio nanofibrils.
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High-resolution 3D imaging of biomimetic fibers within the
microfluidic channels (usingMaSp2N-R12-C labeledwith DyLight-488)
was carried out using a TCS SP8 confocal microscope platform (Leica)
under the Hyvolution2 regime. Imaging was performed using a 20x/
0.75 HC PL APO CS2 objective, HyD 2 hybrid detector (Ex = 488 nm;
Ex = 508–532 nm), and z-stacking with a 0.27 µm step size. Image
deconvolution was achieved using Huygens Professional software
(Scientific Volume Imaging).

Scanning electron microscopy
The surface structures of MaSp2 droplets and fibers were detected by
using a JEOL-6000 instrument at an accelerating voltage of 15 kV. To
detect samples within the microfluidic device, PDMS was gently
detached from the device to allow part of the samples to be retained
on the coverslip. After thorough drying, the coverslip was directly
fixed to an aluminum stub with conductive carbon tape and then
subjected to gold sputtering for 2min. It is noteworthy that the sample
on the coverslip was covered with a thin layer of salts from the buffer
solution. Samples could be damaged or partly dissolved after rinsing
withMilli-Q water. Thus, no extra treatment was performed to remove
the salt, and the overall morphology of samples detected by SEM was
quite similar to that detected by CLSM. To observe the cross-section,
MaSp2 fibers prepared by manual drawing were immersed in liquid
nitrogen for 1min and then cut by a blade.

Raman spectra
Raman measurements were carried out with a JASCO NRS-4100 con-
focal microscope with a 532 nm laser. Using a 100x oil objective, the
laser beam was focused on the center of the MaSp2 samples through
the coverslip side, as shown in Fig. 3a. Spectra were recorded in a
wavenumber range from500 to2000 cm−1. Todetect theminor shift in
wavenumber, the grating was set as 1800 grooves mm−1 with a slit size
of 10 × 8000 μm, providing a resolution as high as 0.8 cm−1. The beam
intensity of 16.9mW and exposure time of 300 s were optimized to
obtain a sufficient signal-to-noise ratio. Under the protection of the
buffer medium surrounding the MaSp2 samples, no local heating
effect was induced by the set laser power. Consistent results were
obtained by repeating the measurement at least five times under the
same conditions to ensure data reliability. As a control, MaSp2 was
gently mixed with 0.5M CPB (pH 7 or 5) in a customized chamber
made from vinyl adhesive tape on a glass slide. To create a similar
background as inside the microfluidic channel, native dragline silk
from Trichonephila clavata andmanually stretchedMaSp2 fibers were
immersed in 1M CPB (pH 5) for Raman experiments.

Wide-angle X-ray scattering
The crystalline structure of MaSp2 fibers was determined by WAXS at
SPring-8 synchrotron in Harima, Japan. The BL05XU beamline was
selected to have X-ray energy as high as 15 KeV at a wavelength of
0.08 nm. The sample-to-detector distance was measured as 262mm
with an exposure time of 1 s set for each sample. 1D profiles were
converted using Fit2D software from 2D patterns. Analogous to the
SEM operation, PDMS was carefully peeled from the microfluidic
device to better subtract the glass background in the following data
analysis. After either biomimetic spinning or manual drawing, MaSp2
fibers were rinsed thoroughly with Milli-Q water to remove salts
remaining on the fiber surface to avoid the adverse X-ray signal gen-
erated from salt crystals.

Rheological analysis
The rheological behavior of MaSp2 (N-R12-C) was measured by an
Anton Paar MCR 502 rheometer in rate-controlled mode. The experi-
ment was conducted using a cone-and-plate fixture, where the cone
diameter and angle were 8mm and 2°, respectively. To prevent water
evaporation from the sample, the water-wetted tissues were placed

around the plate with a cover to maintain the saturated humidity
(Supplementary Fig. 12). 7.1 µl of MaSp2 was pipetted onto the plate at
various concentrations from 5 to 150mg/ml. When it comes to the set
temperature (25 °C), the sample was subjected to the shear rate ramp
from 0.1 to 5000 s−1 to measure the viscoelastic property of MaSp2
dope. The interval time was set as 120 s under shear rate from 0.1 to
10 s−1, 60 s from 11 to 100 s−1 and 25 s from 101 to 5000 s−1. It is worth
noting that the ultrahigh shear rate region (above 104s−1) is a region
that cannot be measured by a rotational rheometer.

Numerical model
Based on the rheological behavior of MaSp2 (N-R12-C) solution, the
related viscosity-shear rate curve was fitted using Carreau model47 for
non-Newtonian simulation. To account for the effect of MaSp2 con-
centration on viscosity, we fit the Carreau model as a function of
concentrations to the viscosity as below:

μef f ð _γÞ=μinf � ðμ0 � μinf Þ 1 + ðλ _γÞð Þn�1
2 ,

where µinf, µ0, λ, and n are respectively defined as

μinf ðcÞ=μCPBðainfc + 1Þ,

μ0ðcÞ=μCPBðaoc
k0 + 1Þ,

λðcÞ= exp aλc
� �� 1,

nðcÞ=anc
kn :

Here c represents the dimensionless concentration of MaSp2
normalized with 50mg/ml. Other parameters are summarized in
Supplementary Table 3.

The adventive diffusion equation was used for the molecular
diffusion of MaSp2 and ions at infinite dilution. The channel geometry
is shown in Fig. 1c. We computed the numerical model using COMSOL
Multiphysics® 6.1 with interfaces of laminar flow and transport of
diluted species. The software generated rectangular elements on the
top surface of the channel and swept them to the bottom surface,
yielding 134,151 quadratic hexahedral elements. The physical para-
meters of the numerical model are summarized in Supplementary
Table 3. To simplify the numerical model, constant diffusion coeffi-
cients in the entire calculation were utilized. Therefore, the diffusion
constant of MaSp2 in 1M CPB (pH 5) was determined by dynamic light
scattering (DLS) using a Zetasizer Nano-ZS (Malvern Instruments). The
viscosity of 1M CPB (pH 5) was measured by a vibration-type visc-
ometer (VM-1G, CBC Co., Ltd.).

MaSp2 fiber prepared by manual drawing
Artificial spider silk fibers were prepared by manually drawing MaSp2
out of 1M CPB at pH 5. A 0.5μl MaSp2 solution was first pipetted onto
the cell culture dish at a concentration of 100–130mg/ml, and then
4μl CPB was immediately added over the MaSp2 solution. A sharp
tweezer was taken to pull out one end of condensed turbid proteins to
some extent, and subsequently, another tweezer was taken to uni-
axially extend the fiber at the other end to the maximum length in
the air.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability
The data supporting the findings of this study are included in the pub-
lished article and its supplementary information files. The simulation
data generated in this study have been deposited in the GitHub reposi-
tory (https://github.com/Dubbing173/Simulation-data.git). Source data
are provided with this paper.

Code availability
The code used for simulation is available at https://doi.org/10.5281/
zenodo.1040843948.
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