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Introduction

Blending recombinant amyloid silk proteins
generates composite fibers with tunable
mechanical propertiest

Shri Venkatesh Subramani,? Jingyao Li,® Kok Zhi Lee,® Natalie Fisher® and
Fuzhong Zhang () *2<d

Recent efforts in microbial production of recombinant silk and silk-inspired proteins have yielded fibers with
excellent mechanical performances on par with or even superior to their natural counterparts. However,
most previous recombinant fibers comprise a single protein. Studies exploring composite fibers of
recombinant proteins with varied sequences and properties have been limited. Here, we explored the impact
of blending different amyloid-silk proteins on the mechanical properties of the resulting composite fibers.
Amyloid-silk hybrid proteins contain repetitive sequences of an amyloid zipper-forming peptide flanked by
flexible glycine-rich peptides from a spider silk protein. We pursued three blending strategies, by mixing
amyloid-silk proteins of different molecular weights, opposite protein charges, and distinct mechanical
behaviors. Our findings revealed that the ultimate strength of composite fibers consistently fell within the
range of the pure protein fibers across all three blending strategies. However, composite fibers comprising
oppositely charged proteins displayed toughness higher than both pure protein fibers. Additionally, mixing
amyloid-silk proteins of different molecular weights or mechanical properties allowed us to fine-tune the
mechanical properties of composite fibers by controlling the protein ratios. The findings highlight the
potential of composite protein fibers as a versatile platform for achieving diverse yet precisely tunable
mechanical properties. The trends in fiber properties and blending strategies observed in this study open up
exciting prospects for future engineering of protein materials tailored to specific characteristics.

challenges posed by their repetitive sequences and biased
amino acid compositions, recent advances in synthetic biology

Biology has long served as a source of inspiration for materials
design.' A wide array of natural protein-based materials (PBMs)
are found to exhibit remarkable performance characteristics,
finely tuned through millions of years of evolution.” Examples
include insect silks,® muscle titin,* mussel byssal threads,® and
insect resilin® which display unique and attractive mechanical
properties. The exceptional properties of these natural materials
have motivated decades of research into their large-scale pro-
duction from rapidly growing micro-organisms.”® Despite the
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have overcome many obstacles in the heterologous synthesis of
mechanically robust PBMs.”'" Several microbially produced
PBMs have displayed mechanical performances comparable to
or even higher than their natural counterparts.’*™**

While most recombinant PBMs typically comprise a single
purified protein—an approach crucial for studying material
sequence-structure—property  relationships—natural ~PBMs
commonly contain a mixture of different proteins with unique
attributes in their amino acid compositions, secondary struc-
tures, and molecular weights (MWs)."®>* The overall integrity
and properties of such composite materials stem from the
intricate interplay among these distinct component proteins.
For instance, the silk cocoon filaments spun by the Bombyx
mori silkworm comprise sericin and fibroin proteins.>" Fibroin
forms f-sheets and is responsible for the strength of silk
filaments, while sericin cements the fibroin proteins together
and toughens the fiber structure. This synergistic effect,
brought about by the molecular interactions between serine
residues of sericin and glycine residues within fibroin, con-
tributes to the observed mechanical behavior of silkworm

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematics of recombinant protein-based composite fiber production. The polymeric amyloid-silk proteins were biosynthesized in engineered
bacteria and purified before being blended into the spinning dope. The dopes were extruded into a coagulation bath to form monofilament composite
fibers. Three different protein blend combinations were used to generate unique composite fibers — HMW/LMW composites, opposite charge

composites and mechanical behavior-based composites.

silk.>! Likewise, all known dragline spider silk fibers contain
multiple proteins,"® suggesting that spiders tune fiber mechan-
ical properties using different protein compositions.>®

Similar to natural composite materials, blending recombinant
proteins may offer strategies for controlling PBM mechanical
properties. While some previous studies have explored composite
fibers made of different recombinant proteins, they have often
focused on mixing proteins with similar properties.”* > Compo-
site fibers consisting of proteins with different mechanical proper-
ties have been rarely explored. In this study, we investigated the
influence of different proteins and their compositions on the
mechanical properties of composite fibers. We created composite
fibers using recombinant amyloid-silk proteins of high/low mole-
cular weights (HMW/LMW), proteins with opposite charges, and
those exhibiting different mechanical behaviors (Fig. 1), at varying
protein ratios. Our findings revealed that all three composite
fibers, with varying MWs, opposing protein charges and contrast-
ing mechanical behavior, displayed a linear trend in ultimate fiber
strength, determined by the mixture ratio of each component (Fig.
S1, ESIT). Moreover, we demonstrated that the mechanical proper-
ties of such composite fibers can be precisely tuned by varying the
composition of each protein, presenting an exciting opportunity to
control fiber mechanical characteristics.

Results

Blending amyloid-silk proteins of different MW yields tailored
composite fibers

To explore the mechanical traits of composite PBM fibers, we
chose to blend different amyloid-silk hybrid proteins due to

© 2024 The Author(s). Published by the Royal Society of Chemistry

their advantageous mechanical properties. Amyloid-silk hybrid
proteins contain repetitive sequences of an amyloid zipper-
forming peptide flanked by a flexible glycine-rich peptide from
spider silk proteins.?® The strong B-sheet forming propensity of
amyloid peptides contributed to increased crystallinity in the
resulting protein fibers.>' This inherent characteristic offered
an advantage in tailoring the mechanical performance of the
composite fibers. Moreover, these hybrid proteins boast rela-
tively higher yield compared to recombinant silk and other
proteins, due to reduced repetitiveness of their protein
sequences (Table S1, ESIT).”> Additionally, the large library of
diverse amyloid zipper-forming peptides offers extensive design
possibilities. Each amyloid-silk protein was individually
expressed in Escherichia coli shake flask cultures and purified
(Fig. S2, ESIt). Subsequently, composite fibers as well as pure
protein fibers were prepared and analyzed under identical
experimental conditions. Optical and scanning electron micro-
scopy revealed cylindrical fibers with consistent diameters
(Fig. 2-4b and Fig. S3, S4, ESIt).

A previous study on amyloid-silk hybrid protein fibers
showed clear MW dependent mechanical properties.*" Higher
MW amyloid-silk proteins (up to 378 kDa) formed fibers with
superior ultimate tensile strength.*’ We first prepared HMW/
LMW composite fibers by blending two amyloid-silk hybrid
proteins of differing MWs: one with 16 repeats of the FGAILLS-
silk peptide (16xFGA) (MW = 49 kDa) and the other with
48 repeats of the same peptide (48xFGA) (MW = 144 kDa)
(Fig. 2a). The HMW protein fibers (48xFGA) displayed greater
ultimate strength and toughness compared to the LMW fibers
(16xFGA), while exhibiting similar extensibility and elastic
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Fig. 2 Mechanical and structural properties of HMW/LMW protein composite fibers. (a) Crystal structure of the FGAILSS (PDB: 5E61) amyloid peptide.
Polymeric amyloid-silk proteins containing 16 (MW = 49 kDa) and 48 (MW = 144 kDa) repeats of the FGAILSS peptide were mixed to generate HMW/LMW
protein composite fibers. (b) Representative S.E.M. image of the 50 : 50 HMW/LMW protein composite fibers. Stretched fiber pieces were imaged after
tensile testing. Scale bars represent 10 um. (c) Representative stress—strain curves from tensile testing of the HMW/LMW protein composite fibers at
different mixture ratios. (d)-(g) Ultimate tensile stress (d), breaking strain (e), toughness (f), and Young's modulus (g) of the HMW/LMW protein composite
fibers. Error bars represent standard deviation. ™P > 0.05, *0.01 < P < 0.05, **0.001 < P < 0.01, ***0.0001 < P < 0.001, ****P < 0.0001, two-tailed
unpaired t test. (h) FTIR spectrum of stretched 50 : 50 HMW/LMW protein composite fibers. The amide 1 band was deconvoluted into 11 Gaussian peaks
and the average B-sheet content was determined using steps outlined in the ‘Methods’ section. (i) Raman spectra of stretched 50 : 50 HMW/LMW protein
composite fibers oriented perpendicular (ly; red line) or parallel (/x; blue line) to the direction of the incident laser polarization. Spectra shown were
acquired by averaging spectra from three separate fibers. Orientation sensitivity was determined by calculating the average peak intensity ratio at 1670
cm™? (Iysx).

moduli (Fig. 2c-g). We then varied the mixture ratios to 75/25,
50/50, and 25/75 of the constituent proteins, aimed at eluci-
dating key trends in their mechanical behavior (Fig. 2c, Table 1
and Fig. S5, Tables S2-S6, ESIt).

We found that as the HMW 48xFGA composition increases,
the fibers’ ultimate tensile strength and toughness showed
almost linear growth. Fibers containing a minimum of 25%

3508 | Mater. Adv, 2024, 5, 3506-3516

HMW protein exhibited a slightly elevated ultimate tensile
strength (256 + 12 MPa) compared to those comprising only
the LMW protein (221 + 32 MPa) (Fig. 2d). Further addition of
HMW proteins led to significant enhancements in ultimate
strength, reaching up to 281 + 14 MPa at a 50% HMW ratio,
and 316 £ 11 MPa at a 75% HMW ratio (Fig. 2d). Composite
fibers of HMW/LMW amyloid-silk proteins displayed similar

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Mechanical and structural properties of protein charge-based composite fibers. (a) Crystal structure of the FGAILSS (PDB: 5E61) and GDVIEV
(PDB: 3SGS) amyloid peptides. Polymeric amyloid-silk proteins containing 16 repeats of the FGAILSS peptide (+17.8 charged at pH 7.4) or 16 repeats of
the GDVIEV peptide (—14 charged at pH 7.4) were mixed to generate protein charge-based composite fibers. (b) Representative S.E.M. image of the
75:25 16xFGA/16xGDV protein composite fibers. Stretched fiber pieces were imaged after tensile testing. Scale bars represent 10 pm. (c) Representative
stress—strain curves from tensile testing of the protein charge-based composite fibers at different mixture ratios. (d)-(g) Ultimate tensile stress (d),
toughness (e), breaking strain (f), and Young's modulus (g) of the protein charge-based composite fibers. Error bars represent standard deviation.
P > 0.05, *0.01 < P < 0.05, **0.001 < P < 0.01, ***0.0001 < P < 0.001, ****P < 0.0001, two-tailed unpaired t test. (h) FTIR analysis of post-spin
drawn 75:25 16xFGA/16xGDV protein composite fibers. The amide 1 band was deconvoluted into 11 Gaussian peaks and the average B-sheet content
was determined using steps outlined in the ‘Methods' section. (i) Raman spectra of stretched 75:25 FGA/GDV protein composite fibers oriented
perpendicular (/y; red line) or parallel (/x; blue line) to the direction of the incident laser polarization. Spectra shown were acquired by averaging spectra
from three separate fibers. Orientation sensitivity was determined by calculating the average peak intensity ratio at 1670 cm™ (Iy,x).

ultimate strains (~38-44%), with the exception of the 75%
HMW fibers, which exhibited a slightly reduced breaking strain
of ~33 £ 7% (Fig. 2e). This minor fluctuation in the breaking
strain could be attributed to microscale defects within fibers as
well as strain localization during mechanical loading which
are beyond manual control. Fiber toughness followed a similar

© 2024 The Author(s). Published by the Royal Society of Chemistry

trend to fiber strength, exhibiting remarkable enhancement
with increased compositions of HMW proteins. For instance,
fibers from a 50% HMW blend (88 & 18 MJ m*) showed a 69%
increase in toughness compared to LMW 16xFGA fibers (52 +
10 MJ m ) (Fig. 2f). Additionally, we observed that the initial
moduli of the composite fibers were noticeably lower than

Mater. Adv,, 2024, 5, 3506-3516 | 3509
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Fig. 4 Mechanical and structural properties of protein mechanical behavior-based composite fibers. (a) Crystal structure of the FGAILSS (PDB: 5E61)
amyloid peptide and representative poly-alanine peptide. Polymeric silk proteins, flanked on their ends by the split mussel foot protein (Mfp5), containing
16 repeats of the FGAILSS peptide and 16 repeats of the penta-alanine peptide were mixed to generate protein mechanical behavior-based composite
fibers. (b) Representative S.E.M. image of the 50 : 50 "M-16xFGA-“M/NM-16xAAA-“M protein composite fibers. Stretched fiber pieces were imaged after
tensile testing. Scale bars represent 10 um. (c) Representative stress—strain curves from tensile testing of the protein mechanical behavior-based
composite fibers at different mixture ratios. (d)—(g) Ultimate tensile stress (d), toughness (e), breaking strain (f), and Young's modulus (g) of the protein
charge-based composite fibers. Error bars represent standard deviation. ™P > 0.05, *0.01 < P < 0.05, **0.001 < P < 0.01, ***0.0001 < P < 0.001,
***%p < (0.0001, two-tailed unpaired t test. (h) FTIR analysis of post-spin drawn 50 : 50 NM-16xFGA-“M/NM-16xAAA-“M protein composite fibers. The
amide 1 band was deconvoluted into 11 Gaussian peaks and the average B-sheet content was determined using steps outlined in the ‘Methods’ section.
(i) Raman spectra of stretched 50 : 50 NM-16xFGA-“M/NM-16xAAA-“M protein composite fibers oriented perpendicular (/y; red line) or parallel (Ix; blue
line) to the direction of the incident laser polarization. Spectra shown were acquired by averaging spectra from three separate fibers. Orientation

sensitivity was determined by calculating the average peak intensity ratio at 1670 cm™ (Iy,x).

those of pure protein fibers. Notably, the modulus of the 50:50 disrupted individual crystallization of each protein compared
HMW/LMW fibers (2.6 + 0.8 GPa) suffered a substantial to pure protein fibers.”® Meanwhile, co-crystallization of the
decline of about 33% and 38% compared to that of 100% two proteins may lead to the formation of mixed crystals with
LMW (3.9 £ 0.8 GPa) and 100% HMW (4.2 £ 0.5 GPa) fibers, less dense packing and increased molecular irregularities,*® as
respectively (Fig. 2g). This decline in modulus in composite suggested by the increased diameters of our composite fibers.
fibers has been previously observed and might be attributed to  In general, composite amyloid-silk fibers of HMW/LMW exhibit

3510 | Mater. Adv., 2024, 5, 3506-3516 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of mechanical properties of all composite and pure protein fibers

Ultimate strength Toughness Breaking Modulus Diameter
Blend type Sample name (MPa) (MJ m™?) strain (%) (GPa) (um)
Molecular weight based 100 LMW 221 £ 32 53 +12 38+t4 3.8+ 0.9 18 £ 1.5
75:25 LMW/HMW 256 + 12 69 + 16 39+6 3.6 £1.0 18 £ 0.9
50:50 LMW/HMW 281 £ 14 88 £ 18 4 +£7 2.6 £ 0.8 19 +£ 0.9
25:75 LMW/HMW 316 £ 11 69 + 14 33+£7 3.4+0.5 17 £ 0.7
100 HMW 428 £+ 29 115 £ 24 42 +6 4.2+ 0.5 14 £ 0.3
Protein charge based FGA 221 + 32 53 + 12 38+4 3.8+ 0.9 18 £ 1.5
85:15 FGA/GDV 264 + 27 66 + 08 38+3 2.9 £ 0.6 27 £2.2
75:25 FGA/GDV 286 + 30 82 + 15 43 +£7 3.1+ 0.6 27 £ 1.1
GDV 286 & 34 56 + 11 31+9 5.5+ 1.3 11 £ 0.7
Mechanical behavior based M-FGA-M 318 £ 32 83 +15 40 £ 4 2.7+ 0.3 31+1.41
75:25 M-FGA-M/M-AAA-M 292 £ 22 112 £ 20 55+5 2.5+ 0.5 31+1.3
50:50 M-FGA-M/M-AAA-M 173 £ 12 154 £ 21 111 £ 15 2.2 +0.3 30 £2.2
M-AAA-M 129 £ 07 165 £ 41 163 £ 37 1.9 £ 0.5 39+1.5

increasing ultimate strength and toughness as the composition
of HMW proteins increases, while the ultimate strains of the
composite fibers are not affected by protein composition.

Blending amyloid-silk proteins of opposite charges enhanced
fiber toughness

Next, we created composite fibers by blending amyloid-silk
proteins with opposite charges to investigate the influence of
electrostatic interactions on composite fibers. We selected
the 16xFGA protein as the positively charged component
(+17.8 charge at pH 7.4) and the 16xGDV protein, featuring
the GDVIEV amyloid sequence, as the negatively charged com-
ponent (—14 charged at pH 7.4) (Note S1, ESI{). Pure protein
fibers from 16XxFGA and 16xGDV displayed similar toughness
while the 16xGDV fibers exhibited a 30% increase in ultimate
strength over the 16xFGA fibers (Fig. 3d and e). Mixing these
two proteins with over 50% 16xGDV did not lead to fiber
formation, likely due to pronounced electrostatic effects caus-
ing protein aggregation within the spinning dope.
Consequently, we explored composite fibers comprising
only 15% and 25% 16xGDV (Fig. 3c, Table 1 and Fig. S6, Tables
S7-S9, ESIt). These composite fibers displayed significantly
higher toughness (66-82 MJ m™*) compared to both pure
16xFGA (53 4+ 12 MJ m ) and 16xGDV (56 + 11 MJ m ) fibers
(Fig. 3e). Notably, fibers containing 25% 16xGDV were 47-55%
tougher than both 16xFGA and 16xGDV fibers. Additionally, the
composite fibers displayed significantly higher ultimate tensile
strength compared to pure 16xFGA fibers (Fig. 3e). Incorporat-
ing 15% 16xGDV protein increased the fiber strength by 20%
(263 &+ 27 MPa) compared to pure 16xFGA fibers (221 + 32 MPa)
(Fig. 3d). Further addition of 16xGDV up to 25% resulted in
fibers (285 + 34 MPa) closely resembling the ultimate strength
of pure 16xGDV fibers (286 + 34 MPa) (Fig. 3d). This enhance-
ment in ultimate strength, even with a marginal addition of the
16xGDV protein, likely stems from electrostatic attractions
between the oppositely charged proteins. Moreover, the break-
ing strains of the composite fibers were comparable (38-43%)
to pure 16xFGA fibers and slightly higher than those of pure
16xGDV fibers (31%) (Fig. 3f). The initial moduli of charge-
based composites (2.9-3.1 GPa) were significantly lower
than those of both pure 16xFGA (3.9 + 0.8 GPa) and 16xGDV

© 2024 The Author(s). Published by the Royal Society of Chemistry

(5.5 £ 1.3 GPa) fibers (Fig. 3g). This trend mirrors observations
in HMW/LMW composite fibers. In summary, all charge-based
composites demonstrated substantial improvements in fiber
toughness, with ultimate strengths and breaking strains falling
between those of pure protein fibers.

Blending proteins with distinct mechanical characteristics
leads to composite fibers with customized mechanical
properties

Previous research has shown that bi-terminal fusion of cohe-
sive mussel foot protein (bt-Mfp) fragments enhances fiber
strength.>” Intriguingly, these bt-Mfp fibers exhibit different
stress—strain curves. The bt-Mfp fused spider silk protein
containing 16 repeats of the polyalanine peptide (16xAAA),
denoted as “M-16xAAA-°M, exhibited high ultimate strain
but low ultimate strength, whereas the bt-Mfp fused 16xFGA
("M-16xFGA-°M) displayed higher ultimate strength but lower
ultimate strain, demonstrating distinct mechanical behaviors.
Notably, the strain-hardening behavior observed in “M-
16xFGA-°M fibers post the yielding point is absent in "M-
16XAAA-°M fibers. Consequently, blending “M-16xAAA-°M
and "M-16xXFGA-°M proteins enabled an investigation into the
effects of combining proteins with contrasting mechanical
behaviors (Fig. 4a).

Upon mixing these proteins, the resultant composite fibers
displayed intermediate performance, with their stress—strain
curves located in between the two pure protein fibers (Fig. 4c,
Table 1 and Fig. S7, Tables S10-S13, ESIt). As the proportion of
the “M-16XFGA-“M protein increased in the composite fibers,
they exhibited higher ultimate strength but lower ultimate
strain compared to pure "M-16AAA-“M fibers (Fig. 4d and f).
Moreover, the toughness of composite fibers also decreased
with increasing proportion of the "M-16xFGA-“M protein in the
fibers. Notably, fibers containing 50% “M-16xFGA-°M dis-
played a weak strain-hardening behavior with an ultimate
tensile strength of 173 + 12 MPa, 34% higher than that of
the pure "M-16AAA-°M protein fibers (129 + 7 MPa) and a
toughness of 154 + 21 MJ m >, 86% higher than that of the
pure “M-16xFGA-°M fibers (83 + 15 MJ m°, Fig. 4d). These
data show that each composite fiber displayed a unique
mechanical behavior heavily modulated by the ratio of the

Mater. Adv., 2024, 5, 3506-3516 | 3511
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component proteins. Overall, we observed that ultimate
strength and modulus were dictated by "M-16xFGA-“M while
extensibility and toughness were controlled by "M-16xAAA-“M
proteins. Thus, mixing the "M-16xFGA-°M and the “M-
16XAAA-°M proteins provides an opportunity to tailor fibers
with specific mechanical properties and stress-strain curves,
merely by adjusting the protein ratio.

Composite fibers display a similar molecular structure to pure
fibers

The tunable mechanical behavior of amyloid-silk protein com-
posite fibers motivated us to investigate into the underlying
structural features that contribute to their unique characteris-
tics. We employed Fourier-Transform Infrared (FT-IR) Spectro-
scopy and polarized Raman spectromicroscopy to examine the
underlying mechanisms of these composite fibers, revealing
information on the relative -sheet content and their alignhment
along the fiber axis, respectively. FT-IR analysis unveiled a
significant presence of B-sheet secondary structures within
the composite fibers, estimating a B-sheet content ranging
from 26.5-30% across all composite fibers through deconvolu-
tion of the amide I peak (Fig. 2-4h). Notably, there was no
significant disparity in B-sheet content between the composite
fibers and pure protein fibers (Fig. S8 and S9, ESIt), indicating
that blending these proteins prior to the spinning process does
not appreciably affect f-sheet formation within the constituent
proteins. This consistent formation of B-sheets suggests that
other underlying mechanisms contribute to the variations in
mechanical properties among these composite fibers. Using
polarized Raman spectromicroscopy, we further examined the
amide I B-sheet peak (1670 cm™') and compared the Raman
spectra when fibers were oriented either parallel (x-direction) or
perpendicular (y-direction) to the direction of laser polariza-
tion. Interestingly, all three types of composite fibers displayed
a strong alignment of B-sheets along the fiber axes, with the
amide I B-sheet peak exhibiting significantly higher intensity at
the perpendicular position (f,) compared to the parallel posi-
tion (Z,) (Fig. 2-4i). Specifically, the amide I B-sheet peak of both
HMW/LMW composite fibers and charge-based composite
fibers exhibited a substantial difference between the perpendi-
cular and parallel orientations, as indicated by a peak intensity
ratio (Iyx) of 1.5 + 0.09 (Fig. 2i and 3i). Remarkably, the peak
intensity ratios of all composite fibers were similar to those of
pure protein fibers reinforcing that blending processes do not
disrupt the alignment of B-sheets within the fiber (Fig. S10 and
S11, ESIY). In essence, these findings revealed that composite
fibers maintain similar molecular structures to pure protein
fibers, emphasizing the pivotal role of protein composition in
fine-tuning the mechanical properties of blended fibers.

Discussion

Our findings demonstrated that blending different proteins
impacts fiber properties differently, particularly in terms
of ultimate tensile strength, toughness, and initial modulus.
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The observed differences in fiber strength arise from the
protein blend composition and their mixing ratio rather than
the B-sheet content and orientation. In the case of molecular
weight-based composites, an increase in the HMW protein ratio
increases the probability of inter-chain interactions and physi-
cal entanglements while decreasing chain-end defects, all of
which contribute to an improvement in strength. In the case of
charge-based composites, the addition of an oppositely charged
protein promotes the formation of inter-chain interactions due
to electrostatic attraction, thus improving fiber strength. In
mechanical behavior-based composites, the addition of the "M-
16XFGA-“M protein enhances fiber strength due to its increased
stiffness compared to the "M-16xAAA-°M protein.

When blending oppositely charged 16xFGA and 16xGDV
proteins, the behavior of protein mixtures was found to be
influenced by the ratio of the two proteins. At smaller ratios
(<25% of 16xGDV), the blended proteins successfully formed
composite fibers with increased toughness due to the addi-
tional energy required to break the electrostatic interactions
between the oppositely charged protein chains. However, at
higher ratios (>25% of 16xGDV), the intense interactions
between the two proteins result in protein aggregation in the
dope, rendering it impossible to spin these aggregates into
fibers. Furthermore, blending proteins with different MWs or
mechanical behaviors offered a straightforward strategy to fine
tune fiber mechanical properties. By simply adjusting protein
proportions, we precisely controlled properties such as fiber
ultimate strength, strain, toughness, modulus, and strain-
hardening behavior to meet specific requirements, enabling
diverse applications.

Taken together, our results validated the concept of blend-
ing amyloid-silk proteins to create composite protein fibers
with tailored properties, showcasing exceptional tunability in
fiber mechanical properties without the need for synthesizing
complex hybrid proteins. This protein blending strategy can be
potentially extended to other fiber proteins. The observed
trends in mechanical properties offer valuable guidance for
future engineering of composite fibers, leading to tunable
material properties. Furthermore, multi-functional materials
that combine the attractive properties of multiple proteins
have broad applications. Current methods in creating multi-
functional materials focus on engineering hybrid proteins
containing peptide segments of different origins and
properties.****® While powerful, this strategy often encoun-
ters challenges in both protein design and synthesis.’ Despite
recent advancements in synthetic biology addressing issues
related to material protein expression®'" and facilitating micro-
bial production of numerous complex products,’”*' engineer-
ing multifunctional hybrid proteins sometime involve trade-
offs between different material properties.*> Here we show that
blending proteins with different properties offer a simple
alternative, bypassing the limitations in designing and synthe-
sizing complex hybrid proteins. These precisely controlled
mechanical properties of composite protein fibers hold pro-
mise across structural materials and biomedical applications,
signaling potential advancements in various domains.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Methods

Chemicals and reagents

All chemicals and reagents were purchased from Millipore-
Sigma (Burlington, MA), unless explicitly stated otherwise.
All proteins were purified using Ni-NTA columns purchased
from GE Healthcare (Chicago, IL).

Strains, plasmids, and growth conditions

Escherichia coli strain NEB 10-beta (NEB10p) transformed with a
suitable plasmid was used for protein production. Proteins
16xFGA, 48xFGA, 16xGDV, “"M-16xFGA-°M and NM-16xAAA-°M
were expressed from plasmids pJL464, pJL48, pJL523, pJL85
and pJL83 reported in previous studies.*’** During protein
expression, E. coli strains were grown in Terrific Broth (TB)
containing 24 g L™ " of yeast extract, 20 g L™ * of tryptone, 0.4%
v/v glycerol, 17 mM KH,PO,, and 72 mM K,HPO,, with incuba-
tion at 37 °C and constant shaking. Appropriate antibiotics
(50 pg mL~" ampicillin) were added as needed.

Protein expression in shake flasks

A single colony of a suitable strain was inoculated into TB
medium and cultivated at 37 °C on an orbital shaker. Subse-
quently, this culture was used to inoculate a fresh TB medium,
which was allowed to grow until it reached an ODgy, of 0.6.
To induce protein expression, 0.04% arabinose was added, and
the culture was continued at 37 °C for 24 hours. Afterward, cells
were harvested by centrifugation at 3500 rpm, and the resulting
cell pellets were preserved at —80 °C for later use.

Protein purification

Cell pellets were subjected to lysis in buffer A (6 M guanidine
hydrochloride, 300 mM NacCl, 50 mM K,HPO, at pH 8.0) for a
duration of 12 hours at 4 °C with continuous stirring. The lysate
was then centrifuged, and the resulting supernatant was loaded
onto a Ni-NTA column. This column was subsequently washed
sequentially with buffer B (8 M urea, 300 mL of NaCl, 50 mM
K,HPO, at pH 8.0) using imidazole concentrations of 0, 20, and
50 mM. The polymeric amyloid-silk proteins were eluted using
buffer B containing 300 mM imidazole. All the purified proteins
were dialyzed in 1% acetic acid, lyophilized, and stored at
—80 °C for later use.

SDS-PAGE analysis

All SDS-PAGE gels contain a 5% stacking gel at the top and
a separation gel with indicated percentages at the bottom.
Samples were prepared in Laemmli sample buffer (2% SDS,
10% glycerol, 60 mM Tris at pH 6.8, 0.01% bromophenol blue,
and 100 uM DTT). The gels were electrophoresed using Mini-
PROTEAN Tetra Cells from Bio-Rad in 1x Tris-glycine S.D.S.
buffer (25 mM Tris, 250 mM glycine, and 0.1% w/v SDS) until
the dye front exits the gel.

Protein charge calculation

The protein charges reported in this study were determined
using an online calculator tool (https://www.protpi.ch).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The protein charge was calculated for 16-mer amyloid-silk
proteins including the amyloid peptides, linker regions and
His-tag.

Fiber spinning

Lyophilized protein powders were dissolved in HFIP to create
spinning dopes at a concentration of 15% wj/w. For protein
blends, the two proteins were mixed in desired ratios before
dissolving in HFIP. These dopes were loaded into a 100 pL
syringe from Hamilton Robotics and extruded slowly into a
bath of 95% v/v methanol. The extrusion was controlled by a
Harvard Apparatus Pump 11 Elite Syringe Pump from Harvard
Apparatus, which delivered the dopes at a rate of 10 pL min~".
The extruded fibers were then placed in a 75% v/v methanol
bath and gently elongated up to 4-6 times their original length
just before reaching the point of fracture. Specifically, MW-
based composite fibers and charge-based composite fibers were
stretched to about 4.5 times their original length while mechan-
ical behavior-based composite fibers were stretched to about
5.5 times their original length. After extension, the fibers were
removed from the methanol bath and allowed to air-dry.

Light microscopy

Fiber diameters were assessed utilizing a Zeiss Axio Observer ZI
inverted microscope, which was equipped with a 20x phase-
contrast objective lens. The measurements were quantified
using Axiovision LE software from Zeiss.

SEM (scanning electron microscopy)

After tensile tests, fibers were affixed to a sample holder using
conductive tapes. This holder was then coated with a 10 nm
layer of gold using a Leica EM ACE600 high-vacuum sputter
coater (Leica Microsystems). Subsequently, the fibers were
imaged with a Nova NanoSEM 230 field emission scanning
electron microscope from the Field Electron and Ion Company
(FEI). These images were acquired at an accelerating voltage
of 10 kv.

Tensile testing

Sections of post-drawn fibers, each measuring 20 mm in length,
were deliberately placed in a precisely vertical orientation
across a rectangular opening cut into a 20 mm by 20 mm piece
of cardstock. This opening had dimensions of 5 mm in height
(vertical) and 15 mm in width (horizontal). The fibers were
secured in place using adhesive tape at both ends of the
opening. Tensile tests were carried out using an MTS Criterion
Model 41 Universal Test Frame equipped with a 1 N load cell
from MTS Systems Corporation. The tests were conducted at a
room temperature of 25 °C and a relative humidity of 20%, with
a constant pulling speed of 10 mm min . The ultimate tensile
strength was calculated as the maximum load applied to the
initial cross-sectional area of the fiber, assuming that the cross-
section was circular. The modulus was determined as the slope
of the initial elastic region on the stress-strain curve using
linear least-squares fitting. The ultimate breaking strain was
calculated as the percentage of fiber elongation relative to the
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initial gauge length (5 mm) before the fiber broke. The tough-
ness was computed as the area under the entire stress-strain
curve. Stress—strain curves were recorded by the MTS TW Elite
Test Suite at a sampling rate of 50 Hz. All statistical analyses
were performed by determining the p-values using two-tailed
unpaired t-test between each pair of fibers.

Fourier transform infrared (FT-IR) spectroscopy

FT-IR spectra were obtained using a Thermo Nicolet 470 FT-IR
spectrometer equipped with a Smart Performer ATR accessory
containing a Ge crystal. Spectra were recorded in the range of
1415-1780 cm ™' with a resolution of 2 cm™". Each single fiber
sample was subjected to 254 scans. All spectra were processed
using Fityk 0.9.865, where baseline corrections were applied
using Fityk’s convex hull algorithm.** The amide I band (1600~
1700 cm ') was deconvoluted into eleven Gaussian peaks
centered at specific wavenumbers (1610, 1618.5, 1624.5, 1632.5,
1642, 1651, 1659, 1666.5, 1678, 1690.5, and 1700 cmfl) corres-
ponding to various secondary structures such as a-sheet, random
coil, B-helix, or B-turn structures.>** Peak areas were integrated,
and the component percentages were calculated by dividing the
area of each component peak by the sum of all peak areas. These
percentages were averaged based on measurements of three fibers
for each condition.

Polarized Raman spectromicroscopy

The method used for polarized Raman spectromicroscopy was
adapted from previous studies on molecular alignment in
spider silk fibers.*>*® Single composite fiber pieces were securely
affixed to glass microscope slides marked with microscale indi-
cators to ensure that spectra were acquired from the same
location before and after stage rotation. Raman spectra were
collected using a Renishaw RM1000 InVia Confocal Raman
Spectrometer connected to a Leica DM LM microscope featur-
ing a rotating stage. Initially, fibers were oriented along the
x-axis, parallel to the laser polarization. A fixed point on the
fibers was irradiated using the 514 nm argon laser line with the
laser polarization oriented along the x-axis. This was done
through a 50x objective (NA = 0.75), and spectra were recorded
in the range of 1100-1800 cm™ "' with an 1800 lines per mm
grating. Each acquisition involved accumulating a total of
10 spectra, each recorded for 10 seconds. Subsequently, the
stage was rotated to align the fibers along the y-axis, while the
laser polarization remained the same, and spectra were
recorded again at the same fixed point. No signs of thermal
degradation were observed, either visually or within the
recorded spectra. Fityk 0.9.865 was used for baseline corrections,
employing its automatic convex hull algorithm.** For intensity
ratio calculations, all spectra were normalized to the intensity of
the 1450 cm ™" peak, stemming from CH, bending and insensitive
to protein conformation.*> For each fiber, the normalized inten-
sity of the peak at 1670 cm ™' when oriented along the Y-axis was
divided by the normalized intensity of the same peak when
oriented along the X-axis, resulting in the intensity ratio Iy
This procedure was conducted on three separate fibers for each
condition, and the calculated intensity ratios were averaged.
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