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Protein-based microfibers have potential applications in bioengineering and food but preserving and utilizing the
unique nanomechanical properties of their protein building blocks at the micrometer scale remains a challenge.
This study investigates the bottom-up fabrication of core-shell fibers by coaxial microfluidic spinning of pectin
and p-lactoglobulin in different conformational states (monomeric, amyloid fibrils, shortened amyloid fibrils in
their isotropic/nematic phases), gelled in CaCl; solution. Fiber diameters ranged between 478 and 855 pm (wet
state) and 107-135 pm (dry state). They showed clear core-shell cross-sections, except pectin-p-lactoglobulin
monomer fibers where the compact protein is presumably understood to diffuse through the pectin matrix. The
molecular orientation of the fiber building blocks was expressed as order parameters representing the alignment
of pectin chains and amyloid fibrils parallel to the fiber axis calculated from synchrotron wide-angle X-ray
scattering (WAXS) with a spatial resolution of 20 pm. Introduction of amyloid fibrils as the protein core increased
the Young’s modulus from 3.3 to 6.4 GPa and tensile strength from 117 to 182 MPa compared to pure pectin
fibers. Increasing the protein core flow rate from 1 to 2 mL/h, however, caused helical bending of the core jet, a
decrease in order, and ultimately worsened mechanical performance. Overall, full length amyloid fibrils proved
to be more beneficial to the mechanical properties than shortened amyloid fibrils. By providing insight into the
relationship between protein conformation, spinning flow rate, and resulting mechanical properties of core-shell
microfibers, these results may contribute to the field of novel fibrous protein-based materials.

1. Introduction Fiber fabrication techniques include wet spinning, dry spinning,

electrospinning, microfluidic spinning, direct drawing, and direct

Hydrogels can be spun into fibrous materials at the micro- or nano-
scale. These hydrogel fibers are an attractive material for widespread
applications in the fields of tissue engineering (Jun et al., 2014; Nemati
et al., 2019), drug encapsulation and delivery (Hu et al., 2014; Kumar
et al., 2019; Sharifi et al., 2016; Singh et al., 2021), sensing technologies
(Yuetal., 2017; Zhou et al., 2018), and food science (Chen et al., 2021; Cui
etal., 2022; Kutzli et al., 2019), due to their outstanding properties such as
their large surface-to-volume ratio that allows for fast matter exchange or
their increased mechanical strength compared to the bulk hydrogel.

writing (Shang et al., 2019). In the past, fibers from food-grade proteins,
e.g., soy protein (Huang et al., 1995; Liu et al., 2017), peanut protein
(Fletcher & Ahmed, 1977), pea and fava bean proteins (Gallant et al.,
1984), and casein (Burgess & Downey, 1979; Downey & Burgess, 1979)
were mainly manufactured using wet spinning processes. The proteins
lose their native structure in the process and rather exist in an unor-
dered, denatured state (Mu et al., 2019; Zhang et al., 2003). Recently,
microfluidic spinning has opened the possibility to generate food-grade
fibers from polysaccharides and/or proteins with great design flexibility
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under relatively mild conditions at ambient temperature without
organic solvents or chemical cross-linkers as oftentimes required for wet
spinning (Chen, Jones, & Campanella, 2021; Sun et al., 2021). By
allowing the precise manipulation of multiphase flows at the micron
scale, microfluidic spinning is an outstanding tool to generate complex
multicomponent biomaterials such as core-shell fibers, offering possi-
bilities to tailor fiber properties to the intended application (Du et al.,
2019; Wang et al., 2022). The high functionality of these materials arises
from the hierarchical self-assembly of their building blocks into highly
organized structures at multiple length scales (Ye et al., 2022). However,
it remains challenging to develop high-performance fibers at the
micrometer length scale from protein building blocks with well-defined
quaternary structures, while at the same time retaining their
outstanding mechanical properties at the nanoscale (Meier & Welland,
2011; Wegst et al., 2015).

An example for highly ordered protein building blocks is amyloid
protein nanofibrils (PNF). They can self-assemble in vitro from a wide
range of proteins under specific conditions, namely low pH at elevated
temperatures, where the proteins get partially unfolded or hydrolyzed
(Cao & Mezzenga, 2019; Li et al., 2023). The peptide building blocks
then form fibrils with a high aspect ratio via intermolecular stacking of
B-sheets (Knowles & Mezzenga, 2016). A well-studied example is the
milk protein p-lactoglobulin (BLG) (Adamcik et al., 2010; Bolisetty et al.,
2011).

Furthermore, manipulating these fibrillar structures, such as short-
ening the contour length, leads to self-assembly by nucleation and
growth of liquid crystalline droplets at a protein concentration where
isotropic and nematic phases coexist (Nystrom et al., 2018). As opposed
to the isotropic continuous phase without long-range positional order,
the emerged microdroplets — so called tactoids — show directional order
along their axis. They are therefore birefringent and visually detectable
with cross-polarized filters (He et al., 2016). A promising approach for
the design of new materials is the manipulation of tactoid shape by
microfluidics (Almohammadi et al., 2020). Embedding amyloid fibrils in
their isotropic and nematic phases into other matrices to produce hybrid
materials has not yet been explored. A critical difference between the
two phases is that amyloid fibrils in the nematic phase are supposed to
be already highly ordered once injected for microfluidic fiber produc-
tion, whereas amyloid fibrils in the isotropic phase are randomly ori-
ented during injection. This could have an effect on the structural
orientation in the resulting fibers that might be therefore characterized
by different mechanical properties.

So far, full length BLG nanofibrils have been structured into func-
tional macroscale materials, such as hydro- and aerogels (Cao et al.,
2018; Peydayesh et al., 2020; Usuelli et al., 2021) or films (Peydayesh
et al., 2021). They have also been successfully spun into microfibers by
complex coacervation with gellan gum (Meier & Welland, 2011), by
gelling them with acetate buffer in a double flow-focusing device
(Kamada et al., 2017), by blending and gelling them with alginate in a
microfluidic channel (Kamada et al., 2020), by dry spinning them with
gelatin (Lutz-Bueno et al., 2020), and by cross-linking them with genipin
in a flow-focusing channel (Ye et al., 2022). However, multicomponent
core-shell fiber systems remain to be investigated. Core-shell fibers
consist of two separate compartments, the outer shell and the inner core,
and combine the mechanical, physical or chemical properties of two or
more different materials.

This work aims at exploring the formation and properties of food-
grade core-shell fibers with a spatially divided protein core and a
polysaccharide shell. A one-step coaxial microfluidic spinning process
was used to fabricate core-shell fibers using BLG as the core material and
low methoxyl pectin, gelled by calcium cations (Ca2"), as the shell
material. A previous study demonstrated that the morphology of protein
nanofibrils alters the mechanical properties of fibers spun thereof
(Kamada et al., 2017). To further explore the potential of tunable me-
chanical properties, BLG in monomeric state, BLG amyloid fibrils, or
shortened BLG amyloid fibrils in their isotropic/nematic phases were
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chosen as core flow. To better understand the alignment and orientation
process of BLG in different conformational states, the flow rates of the
spinning process were altered. The alignment and composition distri-
bution inside the fibers was investigated using wide angle X-ray scat-
tering (WAXS) with a micrometric beam size, which could scan at
multiple positions through the cross-section of the core-shell fibers,
taking into account their multiphasic design. Furthermore, fiber
morphology was analyzed by scanning electron microscopy (SEM) and
confocal laser scanning microscopy (CLSM). Fiber mechanical proper-
ties were evaluated by tensile testing.

2. Materials and methods
2.1. Materials

Whey protein isolate (WPI, batch number 22895316) was provided
by Fonterra (Auckland, New Zealand) and low methoxyl (LM) pectin
with a degree of esterification (DE) of 35% (Classic AU-L 101/20, lot
number 02010032) was kindly provided by Herbstreith & Fox GmbH &
Co. KG (Neuenbiirg, Germany). Hydrochloric acid (HCl, 37%) was
purchased from VWR International GmbH (Dietikon, Switzerland).
CaCly dihydrate (>99.0%), phenol red, polyethylene glycol (average My
35,000 Da), sodium alginate, thioflavin T, and other chemicals used
were all obtained from Sigma-Aldrich/Merck AG (Buchs, Switzerland).

2.2. Preparation and characterization of p-lactoglobulin solutions

2.2.1. Monomer solution

The monomer (mono) solution was prepared from p-lactoglobulin
(BLG) purified from WPI according to Vigolo et al. (2017). BLG was
dissolved at 2% w/w in Milli-Q water and filtered through a 0.45 pm
nylon syringe filter before the pH was adjusted to 2 with HCI.

2.2.2. Amyloid fibrils solution

To obtain BLG amyloid fibrils (AF), a solution of BLG monomer (2%
w/w in Milli-Q water, filtered through a 0.45 pm nylon syringe filter, pH
2) was incubated at 90 °C in an oil bath for 5 h while continuously
stirring at 300 rpm.

2.2.3. Isotropic and nematic phase

Once BLG amyloid fibrils (BLG AF) were prepared, the method of
Nystrom et al. (2018) was applied to initiate phase separation into
isotropic phase (IP) and nematic phase (NP). Briefly, an immersion
blender (Beper S.r.l., Vallese, Italy) on speed setting 2 was used to
shorten the fibrils with mechanical shear force. To remove unreacted
monomers and peptides, the solution was dialyzed with 100 kDa MWCO
membranes (SpectraPor, Repligen, Waltham, MA, USA) against Milli-Q
water, pH 2, for 5 days with daily water exchange. Afterwards, the so-
lution was upconcentrated using 6-8 kDa MWCO dialysis membranes
(SpectraPor, Repligen, Waltham, MA, USA) against a polyethylene gly-
col (PEG, average M 35,000 Da) solution (6% w/w, pH 2) in order to
reach a protein concentration where isotropic and nematic phases
coexist. The solution was stored at 4 °C until complete macroscopic
separation into isotropic and nematic phases occurred (see Supple-
mentary data Fig. S1 A). The BLG concentration of the isotropic (2.35 +
0.04% w/w) and the nematic (2.92 + 0.03% w/w) phases were deter-
mined gravimetrically in triple determination. The formation and
morphology of tactoids in the nematic phase was checked using a light
microscope (Axio Scope.Al, Carl Zeiss AG, Jena, Germany) with polar-
ization filters (see Supplementary data Fig. S1 B).

2.2.4. AFM

Atomic force microscopy (AFM) was used to characterize the
morphology distributions of amyloid fibrils right after incubation and
after shortening, both in the isotropic and nematic phases. Small ali-
quots of the samples (10 pL) were diluted with pH 2 Milli-Q water down
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to a concentration of 0.02% w/w. 20 pL of the diluted samples were
deposited onto freshly cleaved mica, incubated for 1 min, rinsed with 1
mL pH 2 Milli-Q water, and dried with gentle air flow. Imaging was
performed in air and ambient conditions, using a Multimode VIII scan-
ning probe microscope in tapping mode (Bruker, Billerica, MA, USA).
The length and height distributions of the fibrils were characterized by
analyzing the acquired images using the open source software FiberApp
(Usov & Mezzenga, 2015).

2.3. Electrophoretic mobility

The C-potential of BLG and pectin solutions was determined using a
particle electrophoresis instrument (Nano ZS, Malvern Instruments,
Malvern, UK) at 25 °C. The {-potential was calculated with the Smo-
luchowski equation. Measurements were carried out in duplicate.

2.4. Microfluidic spinning

The spinning process of core-shell hydrocolloid-BLG fibers was per-
formed with a microfluidic device consisting of two coaxially aligned
borosilicate glass capillaries. A round capillary (dipper = 0.6 mm, doyter
= 1.0 mm) with a tapered orifice (djyner = 0.1 mm) was aligned and fixed
in the middle of a square capillary (dipper = 1.05 mm) on a glass slide
with UV-curable glue. Due to the matching inner/outer dimensions of
the two capillaries, precise axis alignment was ensured. The distance
from the tip of the inner capillary to the outlet of the outer capillary was
15 mm. The ends of the capillaries were connected to luer stubs (dipner =
0.34 mm, doyter = 0.64 mm). The luer stubs were connected to syringes
with flexible tubing (dipner = 0.8 mm). The microfluidic spinning process
in the capillary microfluidic device was observed with a light micro-
scope equipped with a camera (Axio Scope.Al, Carl Zeiss AG, Jena,
Germany).

The double coaxial spinning of fibers containing two different core
materials was performed with a similar device. Another round capillary
(dinner = 0.2 mm, dgyter = 0.4 mm) with a tip (dipper = 0.05 mm) was
inserted into the round capillary and aligned in the center. The tip of the
innermost capillary had a distance of 35 mm to the tip of the wider
round capillary.

The spinning of pure hydrocolloid fibers was performed with a

A

Pectin
50r 10 ml/h
] = Ca?* bath
B i
BLG
mono/AF/AF [P Pectin B
1or2mbl/h 10 ml/h

C . i.
BLGAFNP BLGAFIP Pectin \
0Amlh  2mlh  10mLh
ioﬂ_pm
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microfluidic device consisting of a square capillary (see Fig. 1 for
schematic drawings and Supplementary data Fig. S2 for images of the
microfluidic devices).

Pure hydrocolloid fibers were produced from a solution of low
methoxyl (LM) pectin (0.85% w/w, pH 2). Pectin was dissolved in Milli-
Q water at a concentration of 1% w/w. The pH was adjusted to 2 with
HCI. The solution was centrifuged (10,000 rpm, 15 min) to remove air
bubbles and undissolved particles. The solution was pumped through
the capillary with flow rates of 5 or 10 mL/h, respectively, using a sy-
ringe pump (PHD2000, Harvard Apparatus, Holliston, MA, USA).
Gelation was achieved by directing the flow at the outlet of the capillary
into a 20% w/w CaCly solution. Alginate fibers were spun from a 1.5%
w/w solution of alginate with the same setup and gelled in a 0.1 M CaCl,
solution.

Fibers with a BLG protein core and a hydrocolloid shell were pro-
duced by first introducing the protein solution of either BLG monomer
(mono), BLG amyloid fibrils (AF) or BLG isotropic phase amyloid fibrils
(AF-IP) into the inner capillary with a syringe pump at 1 or 2 mL/h
immediately followed by the shell stream of pectin (or alginate) through
the outer capillary at 10 mL/h by a second syringe pump. Fibers were
gelled and collected at the outlet in a 20% w/w CaCl; solution.

Flow rates of double coaxial spinning of pectin-BLG fibers, where the
inner core stream was BLG nematic phase amyloid fibrils (AF-NP), the
outer core stream was BLG isotropic phase amyloid fibrils (AF-IP), and
the shell stream was pectin, were 0.1 mL/min for BLG AF-NP, 2 mL/h for
BLG AF-IP, and 10 mL/min for pectin.

All fibers were washed with Milli-Q water and stored in 0.1 M CaCl,
at 4 °C for further analysis.

2.5. Fiber morphology

2.5.1. Fiber diameter

Fiber diameters of wet as-spun fibers and of air-dried (24 °C, 50%
relative humidity, 72 h) fibers were measured using light micrographs
(Axio Scope.Al, Carl Zeiss AG, Jena, Germany). Fiber diameters were
obtained from at least 30 measurements for each sample by image
analysis using ImageJ (Schneider et al., 2012). A one-way analysis of
variance (ANOVA) with a subsequent Tukey’s test was performed in
OriginPro 2021 (OriginLab, Northampton, MA, USA). Significant

Fig. 1. Schematic illustration of the capillary micro-
fluidic setups including the flow rates used for A:
spinning of solid pectin fibers; B: coaxial spinning of
pectin-BLG fibers with a core stream of either BLG
monomer (mono), BLG amyloid fibrils (AF) or BLG
isotropic phase amyloid fibrils (AF-IP), and a pectin
shell stream. Light (i.) and polarized light (ii.) optical
micrographs show the generation of a cylindrical core
jet in the capillary during spinning and the coiled
morphology of the BLG AF fiber core in the final fiber
in wet state; C: double coaxial spinning of pectin-BLG
fibers with an inner core stream of BLG nematic phase
amyloid fibrils (AF-NP), an outer core stream of BLG
isotropic phase amyloid fibrils (AF-IP), and a pectin
shell stream. Polarized light optical micrographs (i.
and ii.) show the generation of two cylindrical core
jets in the capillaries during spinning. The pectin shell
gels in a CaCl, bath at the outlet of the microfluidic
setups, respectively.

BLG AF (1 mL/h)

Ca?*bath
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differences (p < 0.05) were labeled with different letters.

2.5.2. Scanning electron microscopy (SEM)

Fibers were prepared for scanning electron microscopy (SEM) in a
PELCO BioWave, Pro + microwave system (Ted Pella, Redding, CA,
USA), following a microwave-assisted fixation and dehydration pro-
cedure. Fixation was done in 3% glutaraldehyde/2% paraformaldehyde
in 0.1 M CaCl; on ice. After washing in CaCly,, samples were postfixed in
1% OsO4 in water (bidistilled), washed again (bidistilled water) and
dehydrated in a graded series of ethanol (50%, 75%, 90%, 98%, and
three times 100%) on ice followed by critical point drying out of dry
ethanol (CPD 931, Tousimis, Rockville, MD, USA). The resulting samples
were mounted on SEM aluminum stubs and vertically in conductive
carbon paint for cross-sections and then rotary sputter-coated with 6 nm
of platinum/palladium. Samples were observed with a SUS000 (Hitachi,
Chiyoda, Japan) under high vacuum operated at an acceleration voltage
of 2 kV at 6-7 mm working distance.

2.5.3. Confocal laser scanning microscopy (CLSM)

Fibers were immersed in 100 pM thioflavin T (ThT) solution for 1 h
before being rinsed extensively with Milli-Q water. The wet fibers were
imaged with a confocal laser scanning microscope (SP8 STED, Leica
Microsystems GmbH, Wetzlar, Germany). The excitation wavelength
used was 473 nm. Sample emission was collected at 480-585 nm.

2.6. Fiber composition

2.6.1. Dry matter
The dry matter content was measured gravimetrically in triplicate by
drying fiber samples in an oven (60 °C, 48 h).

2.6.2. Protein content

The nitrogen content of freeze-dried fibers was determined by micro-
elemental combustion analysis using a LECO TruSpec Micro (Leco
Instrumente GmbH, Monchengladbach, Germany). The protein content
expressed on a dry matter basis was calculated from the nitrogen content
using a conversion factor of 6.25. Due to the limited sample amount for
some fibers, protein content was either determined in single or double
determination.

2.7. Wide angle X-ray scattering (WAXS)

Air-dried (24 °C, 50% relative humidity, 72 h) fibers were mounted
on a sample holder (see Supplementary data Fig. S3). Synchrotron
WAXS measurements were performed at the cSAXS beamline of the
Swiss Light Source (SLS) Paul Scherrer Institute (PSI) (Villigen,
Switzerland) at a wavelength of 1 A. The X-ray beam was focused on the
sample to 51 x 17 pm? and shined perpendicularly to the axis of the
fibers. The fiber was moved vertically in front of the beam with a step
size of 20 pm. For example, a fiber with a thickness of 100 pm leads to 5
scattering patterns, collected along the cross-section. WAXS patterns
were recorded with a Pilatus 2M detector with pixel size 172 pm placed
at a distance of 0.236 m from the sample in air without any flight tube in
between. The WAXS measurement intensity was corrected by the
transmission, which is collected by the beam stopper diode during small
angle X-ray scattering (SAXS) of the same samples and corrected for
sample thickness. Each WAXS measurement point was a single detector
acquisition with an exposure time of 0.1 s.

The 2D scattering patterns were radially integrated into 1D curves of
scattering intensity as a function of scattering vector (q). The 2D scat-
tering patterns were also azimuthally integrated into 1D curves of the
scattered intensity as a function of azimuthal angle (y), as shown in
Fig. 3A iii, revealing the positions in g of the intensity peaks at 8 A~}
(P1), 13 Al (P2), and 15 Al (P3). All the codes used for the data
reduction were developed by the Coherent X-ray Scattering group at the
PSI and can be found on the ¢cSAXS web page at https://www.psi.ch/sls/
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csaxs/software.

Molecular alignment in the fibers is assessed by the orientation order
parameter (S), calculated based on the radially integrated intensity in
the g-ranges at 8 A~ (P1) for Spy, 13 A~ (P2) for Spy, and 15 A~1 (P3)
for Sp3 as a function of the azimuthal angle (), as shown in Fig. 3A iv.
The rings were integrated + 5 pixels from these g positions in order to

extract the anisotropy of the sharp peaks.
S 3(00522;() —1

The final S then is calculated employing the following average
(Ward, 2012):

fU” 1(q,y)cos? y sin ydy
Jo 1g, x)sin ydy

(cos y) =

To calculate a smooth order parameter, the gaps between the moduli
of the Pilatus 2M detector were removed. This correction applied a
radial replacement filter, and the gaps of the detector were replaced
with counts, considering the symmetry condition of the scattering
pattern. In this work, we show only the corrected 2D scattering patterns
in linear scale, thus notice the absence of detector gaps towards the
center of the pattern, where valid data was available to fill these gaps.

2.8. Mechanical properties

Tensile mechanical testing of the dried fibers at ambient conditions
was performed on a Z010 (ZwickRoell, Ulm, Germany) equipped with
clamps and a 10 N load cell. Air-dried (24 °C, 50% relative humidity, 72
h) fibers were fixed to a paper slip with a 5 mm gap using UV-curable
glue. The diameter of each fiber specimen was measured with an opti-
cal microscope and used to calculate the tensile stress. The paper slips
were mounted in the clamps of the machine and the paper was cut before
applying uniaxial tension to the samples at a constant rate of 5 mm/min.
For each fiber composition, 5-7 specimens were tested. Young’s
modulus, ultimate tensile strength, and elongation at break were
calculated from the recorded stress-strain curves. A one-way analysis of
variance (ANOVA) with a subsequent Tukey’s test was performed in
OriginPro 2021 (OriginLab, Northampton, MA, USA). Significant dif-
ferences (p < 0.05) were labeled with different letters.

3. Results and discussion
3.1. Microfluidic spinning process

Microfluidic spinning was carried out using a geometry composed of
coaxial glass capillaries. For pure pectin fibers, just one capillary was
used (Fig. 1 A). For core-shell fibers, pectin solution was flowing through
the outer capillary as the shell flow and protein solution containing BLG
in different conformational states was pumped through the inner
capillary/capillaries (Fig. 1 B and C). The coaxial flow was directed into
a CaCly bath at the capillary outlet to cross-link the pectin shell. The
gelation process of the low methoxyl pectin shell in the CaCl; bath is fast
occurring and driven by the ionic interactions of blocks of 6-20 de-
esterified galacturonic acid residues from the smooth regions of the
pectin backbone with divalent ions such as Ca?t (Cao et al., 2020). The
structure of such a junction zone is generally described with the
so-called “egg-box” model.

For stable continuous fiber production, pectin was injected at 10 mL/
h into the outer capillary and BLG mono/AF/AF-IP was injected at either
1 or 2 mL/h into the inner capillary. The interface of the solutions of
pectin and BLG could be observed during spinning under a light mi-
croscope (Fig. 1 B i). In the case of double coaxial spinning with BLG AF-
NP as the inner core, BLG AF-IP as the outer core, and pectin as the shell,
the interface between the nematic and the isotropic phases of BLG could
be observed using polarized light microscopy due to the birefringence of
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the amyloid fibrils under shear (Fig. 1 C i and ii).

Although the inner and the outer jets appeared to be parallel at the
outlet of the inner tapered capillary, downstream from the outlet and in
the spun fibers, the BLG core phase had a wavy morphology. This
instability is exemplarily depicted in Fig. 1 B ii for fibers with a BLG AF
core (1 mL/h). This buckling instability was ascribed to the so-called
“liquid rope-coil effect”. Similar to the formation of periodic coiling
patterns of thin streams of viscous liquid falling onto surfaces under
gravity, liquid streams in a fluid can form coils depending on the flow
rates and viscosities (Ribe et al., 2012; Tottori & Takeuchi, 2015). In
microfluidics, the coiling phenomenon is triggered by slowing down the
viscous liquid stream by injecting it into a less-viscous surrounding
sheath fluid (Nie & Takeuchi, 2017).

In the case of CaCly-induced gelation of alginate, the interface be-
tween the outer flow of CaCl, solution and the inner alginate jet gels
instantaneously upon contact. An unbalanced fluid friction between this
highly viscous layer and the surrounding fluid subsequently leads to
spiraling of the consecutively gelling alginate jet (Liu et al., 2020; Yu
et al., 2017).

When the outer flow rate is sufficiently greater than the inner flow
rate, the inner jet must be stretched to become straight. However, as the
ratio of the flow rates Qinner/Qouter increases (by increasing the flow rate
of the inner phase), the inner jet starts to deform (Xu et al., 2017; Yu
et al., 2017).

In the case of pectin-BLG fibers, it was hypothesized that the
remaining electrostatic interactions at the interface between the posi-
tively charged protein ({-potential of 26-31 mV at pH 2) and the slightly
negatively charged pectin ({-potential of -3.8 mV at pH 2) may have led
to the formation of complex coacervates — stable macromolecular
complexes — that might have increased the local viscosity (for full
C-potential data see Supplementary data Table S1). Hence, the increased
fluid friction might have caused waves in the flow of the BLG core jet.
The same structure was observed for alginate-BLG fibers (see Chapter
3.6 and Fig. 5 for discussion). Rope coiling effects increased with the
increase of the inner flow rate from 1 to 2 mL/h, consequently increasing
the ratio of Qjnner/Qouter- Implications on the molecular orientation in
the fibers and their mechanical properties are further discussed in
Chapter 3.4 and 3.5.

3.2. Fiber composition

The dry matter of the fibers ranged from 0.8% w/w to 2.2% w/w
(Table 1). Pure pectin fibers had a dry matter content of 1.3% w/w. This
rather low solid content illustrates the water holding capacity of apple
pectin (~10 g water/g (Moll et al., 2022)). For core-shell fibers, the dry
matter increased with increasing the flow rate of the protein core from 1
to 2 mL/h — most likely due to the increased amount of protein flowing

Table 1
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through the inner capillary at the same extrusion time.

In the case of BLG monomer, the protein content stayed at 1.5% w/w
independent of the core flow rate. The protein content of these samples
was also noticeably lower than the protein content of the other samples,
although all BLG spinning solutions had a similar protein content of
2.0-2.9% w/w (see Chapter 2.6.2). It was hypothesized that the BLG
monomer molecules might have diffused through the pectin shell out of
the fibers. This explanation seems feasible since no chemical cross-
linking of the protein took place during the spinning process and
hence the BLG monomer - being globular and much more compact than
the linear amyloid fibrils — might have diffused into the surrounding
solution driven by osmotic pressure. Furthermore, the attracting nega-
tive charges of the pectin shell were widely shielded by Ca* ions after
gelation and did exert only limited electrostatic attraction on the posi-
tively charged BLG. The low content of BLG monomer in the fibers is in
line with SEM micrographs (Fig. 2 B) where no protein core was
observable for these samples (for further discussion see Chapter 3.3, for
FTIR analysis see Supplementary data).

For samples with BLG AF and BLG AF-IP, the protein content of the
fibers increased from 8.9% w/w to 11.3% w/w and from 9.3% w/w to
16.4% w/w, respectively, with an increased protein flow rate (Table 1).
This increase agrees with a study on electrospun core-shell structured
fibers with bovine serum albumin-containing dextran as the core where
it was shown that the fiber protein content increased with increasing
flow rate of the protein-containing core (Jiang et al., 2006).

3.3. Fiber morphology

Samples for SEM were gently fixed and dehydrated using a protocol
that preserved the structural information and diameters of the wet state
of the fibers (see Chapter 2.5.2).

Side-view SEM micrographs of the fibers show a rather smooth sur-
face with occasional ripples caused by the edge of the glass capillary
outlet immersed in the CaCl, bath (Fig. 2).

The cross-section of the pure pectin fibers was uniform (Fig. 2 A). The
fiber containing BLG monomer as the core material had no clear core-
shell morphology (Fig. 2 B). Instead, there appeared to be a hollow
cavity on the cross-section where a protein core might have been
located. This observation is in line with the low protein content of BLG
monomer fibers (Table 1) and the theory that globular BLG monomer
molecules diffused out of the core and through the pectin shell. Only a
low amount of residual protein is trapped within the pectin matrix (for
further discussion see Chapter 3.2).

Clear core-shell morphologies were visible for the cross-section mi-
crographs of fibers spun coaxially from pectin with BLG amyloid fibrils
(AF), BLG isotropic phase amyloid fibrils (AF-IP), and BLG nematic
phase amyloid fibrils inside BLG isotropic phase amyloid fibrils (AF-IP/

Influence of composition and spinning flow rates on fiber dry matter (n = 3), fiber protein content on a dry matter basis (n = 1 or 2), and fiber diameters in wet state and
dry state (n = 30). Results are expressed as the mean =+ standard deviation if applicable. Different superscript letters indicate statistically significant differences

between the samples (p < 0.05) if applicable.

Flow rate Dry matter Protein content Diameter wet fiber Diameter dry fiber
mL/h % w/w % w/w (dry matter) pm pm
Pectin 10 1.26 + 0.18 - 766 + 71° 125 + 397
+ BLG monomer (monomer) 1 0.84 +0.03 1.50* 584 + 137¢ 107 + 37¢
2 1.13+0.17 1.50%* 478 + 96f 114 £ 50¢
+ BLG amyloid fibrils (AF) 1 1.37 £ 0.06 8.91 £ 0.03 855 + 74 116 + 36™
2 1.49 + 0.25 11.31% 519 + 65° 110 + 41°
+ BLG amyloid fibrils isotropic phase (AF-IP) 1 1.64 +0.17 9.31 £ 0.06 657 + 102¢ 116 + 26
2 2.20 + 0.07 16.44 + 0.19 576 + 784 124 + 437
+ BLG amyloid fibrils isotropic phase (AF-IP)/nematic phase (AF-NP) 2/0.1 1.99 £ 0.04 n.d. ** 478 + 68f 135 + 66™°

" Single determination due to limited sample amount.
" Standard deviation equals zero.
" Not determined due to limited sample amount.
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Surface

A

NP) (Fig. 2 C-E). The intended double core structure for fibers with BLG
AF-NP inside BLG AF-IP was, however, not clearly distinguishable,
presumably as a consequence of the minimal composition difference of
the nematic and isotropic phases. The core section took up 14% (BLG
AF), 34% (BLG AF-IP), and 56% (BLG AF-IP/NP) of the overall cross-
sectional area of the fibers, respectively. Compared to the protein con-
tent of the fibers (Table 1), there seemed to be a link between a larger
core diameter and a higher protein content of the fibers.

Fiber diameters measured from the cross-section micrographs were
in the range of the diameters measured for the fibers in the wet state of
478-855 pm (Table 1). No clear correlations were found between the
flow rates, the core material, and the fiber diameters in the wet state. A
possible reason is that the diameter of the fibers was mainly determined
by the fixed diameter of the glass capillary outlet. After drying, the
diameter of the fibers shrank by 72-86% to 107-135 pm. Again, no clear
correlation between the spinning parameters and the diameters was
observed. Comparing the diameters of the dry fibers with their dry
matter, however, showed that the fibers with the highest dry matter also
had the largest diameters in the dry state (Table 1).

3.4. Orientation and degree of alignment

3.4.1. Scattering patterns

Since the bulk properties of materials are related to their internal
structure (Morozova et al., 2021), synchrotron wide-angle X-ray scat-
tering (WAXS) experiments were performed to gain insights into the
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Fig. 2. SEM micrographs of the surface and cross-
section of fibers prepared by chemical fixation and
critical point drying to preserve their as-spun
morphology. Fibers were spun from A: pectin; B:
pectin-BLG monomer; C: pectin-BLG amyloid fibrils
(AF); D: pectin-BLG isotropic phase amyloid fibrils
(AF-IP); E: pectin-BLG isotropic/nematic phase amy-
loid fibrils (AF-IP/NP). The intended double core
structure for fibers with BLG AF-NP inside BLG AF-IP
in the last row was not distinguishable experimen-

\ Pectin

Hollow tally. The flow rate for pectin was 10 mL/h, for BLG
/ core monomer, AF, and AF-IP 2 mL/h, and for BLG AF-NP
0.1 mL/h. Schematics illustrate the theoretical cross-
sectional morphology. The scale bars represent 500,
—~—~_ BLG 400, and 200 pm, respectively.
monomer

2 BLG AF

P BLG AF-IP

BLG

. _~ AF-NP
\BLG

AF-IP

structure, composition, and the alignment of the individual components
of the pectin-BLG fibers. The influences of the flow rates during spinning
and the different conformational states of BLG in the core were studied.
The cross-sections of dried fibers (diameters ~120 pm) were measured
vertically with a step size of 20 pm with a 17 pm X-ray beam (Fig. 3 A i).
The spatial resolution allowed different portions of the cross-section to
be measured. Scattering patterns were generated of just the pectin shell
(at the outer layer), as well as of the pectin shell and the BLG core (at the
center of the fibers).

The 2D scattering patterns (Fig. 3 A ii) at the center have the most
information about the core-shell structure, since they are composed of
all the phases. These 2D patterns were integrated as the scattering in-
tensity (I) as a function of the scattering vector (g) (Fig. 3 A iii) for all
fibers (Fig. 3 B). This relationship of phases generally depends on the
spatial distribution of polymer strands within the material (Morozova
et al., 2021).

The scattering curves have three main peaks: P1, P2, and P3. P1 atq
=8nm™! corresponds to a real-space distance d of 0.785 nm. The diffuse
scattering over a broader g-range at this position represents amorphous
structures in horizontal orientation parallel to the fiber axis (Salditt
et al., 1994). P1 was found for all samples at every scanning position
including the ones of only the pectin shell of the fibers (for a complete
overview of scattering patterns see Supplementary Data Fig. S5). Since
polymer clustering or gelation can give rise to diffuse-like scattering, it
was concluded that this peak represents the vertical distance between
the polymer chains of the Ca?*-induced pectin gel. According to the
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Fig. 3. A: WAXS analysis of the molecular alignment in the fibers exemplarily shown for pectin-BLG AF-IP (2 mL/h) fibers. i. Fibers of about 120 pm diameter were
scanned in 20 pm steps perpendicular to their axis with an X-ray beam of 17 pm. For each fiber, the scattering pattern that contained contributions from both
components (pectin and BLG) was selected. ii. 2D scattering pattern at the center of the fiber. iii. Scattering intensity (I) as a function of scattering vector (q), showing
the contribution of both components (pectin and BLG AF-IP). iv. Scattering intensity (I) as a function of azimuthal angle (y) for the center of pectin-BLG AF-IP (2 mL/
h); B: influence of fiber composition on azimuthally integrated (I vs q) WAXS patterns, measured at the center of dried fibers. The g-values P1 = 8 nm™?, P2 = 13
nm’l, and P3 = 15 nm~! were used to calculate the order parameter (S); C: order parameter (S) at P1 — 3 calculated from the radially integrated (I vs y) WAXS
patterns as a function of fiber composition and flow rate. The representative sample from A (pectin-BLG AF-IP (2 mL/h)) is highlighted in red.

adjusted “egg-box”, the gelation takes place as a two-stage process
where initially pectin dimers associate strongly before weaker inter-
dimer associations are formed (Braccini & Pérez, 2001). SAXS mea-
surements of pectins undergoing a Ca?*-induced sol-gel transition have
indicated junction zones that can be viewed as rod-like cylinders whose
cross-sectional radius increased from 0.3 to 0.8 nm with an increased
amount of added Ca®* (Axelos et al., 1991). Further SAXS investigations
have shown that the cross-sectional radius of gyration (R.) of the pectin
junction zones increases with a lower degree of esterification. R, values
of 0.63 and 0.85 nm were measured for pectins with DE values of 71%
and 63%, respectively (Schuster et al.,, 2011). The reported
cross-sectional radii agree with the determined vertical distance of
0.785 nm in the present study.

The clear scattering peaks at 13 and 15 nm ! indicate the presence of
crystalline structures. P2 at ¢ = 13 nm ™! corresponds to d = 0.483 nm.
This peak was only observable for samples containing BLG amyloid fi-
brils in their core. It was suggested that P2 represents the repetitive
horizontal distance between amyloid p-strands which run perpendicular
to the axis of the amyloid fibril itself, as well as to the axis of the pectin-
BLG fiber. This is in line with typical X-ray diffraction patterns of am-
yloid fibrils with a reflection at 0.47-0.48 nm corresponding to the inter-
strand distance of their cross-p structure (Dharmadana et al., 2017; Wei
et al., 2017).

At P3 with ¢ = 15 nm ™}, d is 0.419 nm which may correspond to the
pitch of the pectin helices perpendicular to the fiber axis. Our under-
standing of the conformation of pectin in realistic systems that consider
side chains, functional groups, and complexes is still limited. However, a

simplified pectin backbone made of homogalacturonan with three
monomers per one helix turn has been shown to have a pitch of 0.43 nm
per monomer, (Pérez et al., 2000). The same pitch was determined by
X-ray diffraction analysis for Ca?*-induced pectin gel (Walkinshaw &
Arnott, 1981). Furthermore, NMR measurements resulted in values of
0.4-0.45 nm (Catoire et al., 1997). Those reported values agree well
with the determined value of 0.419 nm.

3.4.2. Order parameter

Alignment of the structures at P1 — 3 was expressed as the order
parameters (S) and calculated based on the radially integrated scattering
intensities at P1 — 3 as a function of the azimuthal angle (Fig. 3 C). Full
alignment is represented by an S of 1, whereas random orientation
equals 0. This analysis process is exemplarily depicted in Fig. 3 A for the
pectin fiber containing BLG AF-IP (2 mL/h). Here, the scattering in-
tensity from the 2D pattern (Fig. 3 A ii) was integrated azimuthally
around the rings related to peaks P1 — P3, as the scattering intensity (I)
as a function of the azimuthal angle (y) (Fig. 3 A iv). Since all order
parameters were determined from dried fiber samples that also experi-
enced shrinkage, it was assumed that the overall molecular alignment
might be higher in the hydrated fibers.

For pure pectin fibers, Sp;, representing the alignment of pectin
chains parallel to the fiber axis, increased from 0.38 to 0.42 with
increasing the flow rate from 5 to 10 mL/h. This has already been
observed for fibers of pure alginate (Hu et al., 2018) and alginate with
BLG nanofibrils (Kamada et al., 2020), both gelled with calcium ions,
where higher flow rates resulted in a higher structural alignment in the
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fibers.

All core-shell fibers were spun with a pectin flow rate of 10 mL/h, yet
all samples had an Sp, at the core with equal or lower values than pure
pectin fibers, meaning less alignment. This is most likely due to the
overlapping scattering of the pectin shell and the BLG core at the fiber
center, which cannot be separated.

For samples spun with BLG monomer, Sp; stayed constant at 0.40
with a core flow rate increase from 1 to 2 mL/h. This stability led to the
conclusion that the incorporation of the small (~18 kDa) and globular
BLG monomers (Kinsella & Whitehead, 1989) had little influence on the
shear-induced alignment of the pectin molecules. The microstructure
(Fig. 2 B) and the low protein content of the pectin-BLG monomer fibers
(Table 1) strengthened this conclusion.

For fibers spun with BLG AF, changing the core flow rate from 1 to 2
mL/h did not alter Spy. For BLG AF-IP as the core material, Sp; decreased
from 0.43 to 0.40 with an increased core flow rate. When using a higher
core flow rate, the protein content in these fibers only increased by 2.4%
for BLG AF, but by 7.4% for BLG AF-IP (Table 1). This larger increase in
protein content might have disturbed the pectin alignment or increased
the contribution of the BLG core to the scattering of the pectin shell,
ultimately decreasing Sp;. The lowest Sp; was found for fibers with a
BLG AF-IP/NP double core (0.37). The even more complex composition
of the protein core might have interfered with pectin alignment or the
scattering signal of the pectin shell. Since the protein content of these
fibers could not be determined, the increased protein core diameter for
these samples (see Chapter 3.3) provided evidence that the larger pro-
tein core led to the decrease of Sp;. These results mean that the pectin
shell which is exposed to high shear at the wall has high alignment,
while the organization of the core remains rather random.

The order parameter, Spy, reflecting the repetitive horizontal dis-
tance between amyloid f-strands perpendicular to the fiber axis,
decreased from 0.32 to 0.30 for BLG AF when increasing the core flow
rate from 1 to 2 mL/h. For BLG AF-IP, it stayed lower at ~0.22. Based on
the previously discussed observation of rope coiling (see Chapter 3.1), it
was concluded that the increased ratio of the flow rates Qinner/Qouter
enhanced this effect and ultimately reduced the alignment of fibrillar
proteins parallel to the fiber axis.

Sps as a measure of aligned pectin helices perpendicular to the fiber
axis ranged between 0.20 and 0.23 for all fiber samples. It was
concluded that neither the flow rate nor the introduction of a BLG core
to the fibers influenced the orientation of the pectin helices perpendic-
ular to the fiber axis in a meaningful way.

3.5. Mechanical properties

In order to understand how the conformation of BLG in the fiber core,
the spinning flow rates, and the subsequent molecular alignment affect
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the mechanical properties of the fibers, tensile testing of the dried fibers
was performed. Young’s modulus, ultimate tensile strength, and elon-
gation at break were calculated from the recorded stress-strain curves
(Fig. 4, for representative stress-strain curves see Supplementary Data
Fig. S6).

3.5.1. Pectin

Fibers produced from pure pectin at 5 mL/h showed Young’s
modulus, ultimate tensile strength, and elongation at break of 1.7 GPa,
59.2 MPa, and 8.3%. Young’s modulus and ultimate tensile strength
increased to 3.0 GPa and 117.0 MPa with increasing the pectin flow rate
to 10 mL/h — analogous to the increase of the order parameter Sp; (Fig. 3
C), representing the alignment of pectin chains parallel to the fiber axis.
Elongation at break was not influenced statistically significantly. In
studies on fibers of cellulose (Iwamoto et al., 2011), pure alginate (Hu
et al., 2018) and alginate with BLG nanofibrils (Kamada et al., 2020),
both gelled with calcium ions, the increased shear-induced alignment
and molecular orientation at higher flow rates resulted in increased
stiffness (i.e., Young’s modulus) and higher strength (i.e., ultimate
tensile strength).

3.5.2. Pectin-BLG monomers (mono)

Compared to pure pectin fibers spun at 10 mL/h, the addition of BLG
monomer at a flow rate of 1 mL/h as the core material did not signifi-
cantly change Young’s modulus and ultimate tensile strength. These
parameters only changed from 3.0 GPa to 117.0 MPa for pure pectin to
2.4 GPa and 80.0 MPa for pectin-BLG monomer. At a flow rate combi-
nation of 10 mL/h for pectin and 2 mL/h for BLG monomer, Young’s
modulus (7.0 GPa) and ultimate tensile strength (201.4 GPa) were
significantly larger than for pure pectin fibers spun at a flow rate of 10
mL/h, despite the order parameter Sp; being lower (Fig. 3 C). The
absence of a clear core-shell structure in these fibers (Fig. 2 B) led to the
conclusion that small amounts of positively charged BLG monomer
molecules randomly dispersed within the Ca®*-gelled pectin network
may act as antiplasticizers by reducing electrostatic repulsion between
negatively charged pectin molecules, resulting in better inter-chain
alignment and the promoted formation of “egg-box” bundles (John
et al., 2019). Such antiplasticization effects at low concentrations of
small molecules that have strong interactions with the matrix they are
embedded in have been previously described for food-relevant systems
(Chang et al., 2006; Seow, 2010; Ubbink, 2016). This effect might have
resulted in the increased mechanical properties of the pectin-BLG
monomer fibers.

3.5.3. Pectin-BLG amyloid fibrils (AF) and BLG isotropic phase amyloid
fibrils (AF-IP)
When BLG AF were used as the core material at a flow rate of 1 mL/h,
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Fig. 4. Effect of composition and spinning flow rates on the mechanical properties of dried fibers consisting of pectin and pectin-BLG monomer/amyloid fibrils (AF)/
isotropic phase amyloid fibrils (AF-IP)/isotropic phase amyloid fibrils and nematic phase amyloid fibrils (AF-IP/NP). A: Young’s modulus; B: ultimate tensile
strength; C: elongation at break. Flow rates for pectin were 5 or 10 mL/h. Flow rates for BLG monomer/AF/AF-IP were 1 (+1) or 2 (+2) mL/h and for AF-NP 0.1
(+0.1) mL/h. Lowercase letters (a, b, c, d, ) indicate statistically significant differences between the samples (p < 0.05).
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Young’s modulus and ultimate tensile strength were similar to the fibers
spun with BLG monomer at a flow rate of 2 mL/h. However, increasing
the BLG AF flow rate to 2 mL/h led to a decrease of these parameters.
The same trend was observed with BLG AF-IP as core material, although
for BLG AF-IP the absolute values for Young’s modulus and ultimate
tensile strength were lower than for BLG AF.

Nanomechanical testing on individual amyloid fibrils showed that
they tend to be brittle and stiff with Young’s moduli in the GPa range,
which is remarkably high compared to other biological materials
(Knowles & Buehler, 2011; Paparcone & Buehler, 2011; Solar & Buehler,
2013). This stiffness originates largely from the dense intermolecular
hydrogen bonds between f-sheet structures in the aligned backbones of
fibrils (Adamcik et al., 2010). This also explains why elongation at break
was lower for all samples containing BLG AF compared to fibers con-
taining no BLG or BLG in its monomeric form (Fig. 4 C). Elongation at
break reflects the capability of a sample to deform elastically and plas-
tically before fracturing. BLG in its brittle amyloid conformation de-
creases the ductility of the fibers. Kamada et al. (2020) also discovered
that fibers spun from blends of alginate with BLG monomers were more
ductile than fibers made from blends with BLG amyloid fibrils.

However, combining individual amyloid fibrils into bundles can
decrease their stiffness (i.e., Young’s modulus). Fibrils sliding past each
other under deformation allows them to deform more elastically (Solar
& Buehler, 2013). At higher core flow rates, pectin-BLG AF and -BLG
AF-IP fibers had higher protein contents (Table 1), hence presumed
thicker protein cores with more leeway for the individual amyloid fibrils
to slide past each other without breakage under strain.

The decreased ultimate tensile strength at higher core flow rates for
fibers made with BLG AF and AF-IP was in line with the decrease of the
order parameter Spp (representing the amyloid p-strands running
perpendicular to the fiber axis) upon applying a higher core flow rate
(Fig. 3 C). Together with the previously discussed observation of rope
coiling (see Chapter 3.1), it was concluded that the increased ratio of the
flow rates Qinner/Qouter €nhanced the helical bending of the BLG core
and ultimately reduced the alignment of fibrillar proteins parallel to the
fiber axis.

Furthermore, the BLG AF-IP had a contour length of 0.2 4+ 0.1 pm as
determined by AFM analysis (see Supplementary Data Fig. S7) whereas
the non-shortened BLG AF were several micrometers long. In the study
by Kamada et al. (2017) microfibers were made from either short curved
or long straight BLG amyloid fibrils gelled by acetate buffer (pH 5.2).
Short, curved fibrils led to fibers with higher mechanical strength
despite the degree of fibril alignment being lower compared to fibers
made with long and straight fibrils. The authors conclude that the un-
derlying mechanism for the fiber stabilization is the interlocking of the
curved amyloid fibrils due to molecular entanglement. As opposed to the
findings of Kamada et al. (2017), a study by Ye et al. (2022) compared
the mechanical properties of microfibers also assembled from long
straight and short curved BLG amyloid fibrils but cross-linked by geni-
pin. In this case, the fibers made from straight amyloid fibrils had a
higher Young’s modulus, higher stress at break, and higher elongation at
break compared to the fibers made from the shorter curved amyloid
fibrils. It is suggested that the higher modulus originates from the higher
modulus of individual straight amyloid fibrils, indicated by their higher
persistence length. Furthermore, the straight amyloid fibrils exhibited a
higher degree of alignment. We conclude that for spinning procedures
such as the one of Ye et al. (2022) and the presented pectin core-shell
fibers where the stability of the microfibers does not primarily depend
on the entanglement of the PNF building blocks, a higher degree of
molecular alignment parallel to the fiber axis is preferable in terms of
mechanical properties.

3.5.4. Pectin-BLG isotropic and nematic phase amyloid fibrils (AF-IP/NP)

The weakest fibers in terms of measured mechanical properties were
the core-shell fibers made from pectin with a double core of BLG AF-IP/
NP. Their Young’s modulus was 0.4 GPa and their ultimate tensile
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strength was 7.9 MPa. In this case, the core material consisted of rather
short (AF-IP: 224 + 113 nm; AF-NP: 415 + 212 nm) BLG amyloid fibrils.
Furthermore, low alignment of the amyloid fibrils parallel to the fiber
axis was assumed because of the observed low value for the order
parameter Spy (Fig. 3 C) — presumably a result of rope coiling of the BLG-
core jet. Under these conditions, neither molecular entanglement nor
directional alignment could effectively contribute to the mechanical
stability of the spun fiber.

3.5.5. Comparison to other microfibers with amyloid fibrils

The mechanical properties of the pectin-BLG fibers were compared to
the ones from previous studies on structuring amyloid fibrils into hier-
archically ordered fibers using different approaches. Spinning of hen egg
white lysozyme amyloid fibers with gellan gum based on interfacial
polyion complexation led to fibers with Young’s moduli of 6.8-10.4
GPa, ultimate tensile stress of 201-265 MPa, and ultimate elongation of
3.2-8.7% (Meier & Welland, 2011). This was comparable to the
pectin-BLG AF core-shell fibers with 6.4-7.0 GPa, 104-182 MPa, and
3.8-5.5%, respectively. BLG amyloid fibers blended with alginate and
gelled with CaCl, with Young’s modulus of 1.7-2.5 GPa, ultimate tensile
stress of ~45-55 MPa, and the ultimate elongation of 8-15% were
weaker, yet more elastic and ductile (Kamada et al., 2020). Fibers made
from either curved or straight BLG amyloid fibrils gelled with acetate
buffer (pH 5.2) and cross-linked with genipin displayed Young’s moduli,
ultimate tensile stress, and elongation at break of 0.4 and 1.6 GPa, 6.1
and 20.4 MPa, and 10.4 and 2%, respectively (Ye et al., 2022). In
comparison, the core-shell pectin-BLG AF fibers are stiffer, stronger, and
minimally more ductile.

Overall, the results demonstrate that the incorporation of a BLG core
to pectin fibers can enhance their mechanical properties, i.e., a higher
stiffness in the linear elastic region and higher ultimate tensile strength.
This was observed for BLG in monomeric conformation as well as for
amyloid fibrils if the appropriate flow rates were chosen during micro-
fluidic spinning. Thus, flow rates should account for the interplay of
different protein conformations and molecular alignment in the fibers
during spinning.

3.6. BLG core-shell fibers with alginate

When it comes to wet and microfluidic spinning of hydrogels, one of
the most frequently used hydrocolloids is alginate (Chen, Jones, &
Campanella, 2021; Hu et al., 2018; Pendyala et al., 2019; Sun et al.,
2018). It is nontoxic and biocompatible (Uyen et al., 2020) and easily
gels with Ca?* ions under mild conditions similar to pectin. In the last
step of the study, the coaxial microfluidic spinning setup (Fig. 5 A) was
used to produce microfibers from BLG amyloid fibrils with an alginate
shell instead of a pectin shell.

During spinning, a clear interface between the inner BLG AF jet and
the outer alginate solution was observed using polarized light micro-
scopy (Fig. 5 A). Again, SEM was used to study the cross-section
morphology of the dried fibers. Pure alginate fibers had a uniform
cross-section just like pure pectin fibers whereas alginate-BLG AF fibers
had a clear core-shell structure (Fig. 5 B).

CLSM imaging of the wet as-spun alginate fibers with their amyloid
fibril core stained with thioflavin T (Fig. 5 C, visualized in yellow)
allowed deeper insights into their core-shell structure. Since alginate
was not stained and does not exhibit autofluorescence, the reflection
mode of the CLSM was used to visualize the contour of the alginate shell
(Fig. 5 C, visualized in blue). Just like during spinning, the boundary
between the BLG AF core and the alginate shell was sharp and clearly
observable in the final fiber, which suggests little mass transfer between
the inner and outer jets during spinning. The previously discussed rope
coiling of the BLG AF core jet in pectin-BLG fibers (see Chapter 3.1) was
confirmed by the images of alginate-BLG AF fibers. The protein core is
again not straight and concentric but shows helical bending. These ex-
periments demonstrated that the concept of microfluidically spun core-
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Fig. 5. Production and characterization of alginate-BLG amyloid fibril (AF) fibers by coaxial microfluidic spinning. A: schematic illustration of the capillary
microfluidic setup used to produce fibers. The polarized light optical micrograph shows the generation of a birefringent cylindrical core jet in the capillary during
spinning; B: SEM micrographs of the cross-sections of fibers prepared by chemical fixation and critical point drying to preserve their as-spun morphology; left:
alginate; right: alginate-BLG AF; C: 3D reconstruction of CLSM micrographs of as-spun alginate-BLG AF fibers. The BLG AF core is stained with thioflavin T and
displayed in yellow. Blue areas indicate the topography of the fiber surface as recorded by CLSM in reflection mode. Dashed green lines indicate the overall outline of

the fiber. The scale bars represent 200 pm.

shell hydrocolloid fibers with BLG amyloid fibrils as the core material is
general enough to be applied to multiple polysaccharides, and bench-
marked to both pectin and alginate as the shell material. For future
experiments, these observations will allow fine-tuning of flow rates,
spinning solution viscosities, and capillary dimensions to achieve the
desired fiber core morphology (i.e., straight or twisted) associated with
the corresponding mechanical properties.

4. Conclusions

The successful fabrication of hierarchically assembled core-shell fi-
bers from pectin and BLG was achieved by coaxial microfluidic spinning
and gelation with CaCly. This process does not require either toxic or
costly chemical cross-linking agents. Especially in food science where
edible proteinaceous fibers for meat analogs with reasonable mechani-
cal strength are highly sought after, the here presented spinning
approach could take on greater significance.

The pectin shell provides mechanical strength to the fibers that is
significantly affected by the conformation of BLG in the core and can be
tuned by adapting the flow rate of the core jet. BLG in its monomeric
conformation does not result in fibers with a spatially divided protein
core and a polysaccharide shell, but instead diffuses into and through the
outer pectin matrix. This leads to fibers with low protein content, but
enhanced strength compared to pure pectin fibers likely because of ionic
interactions of the protein and the polysaccharide. Using BLG amyloid
fibrils led to fibers with clear core-shell structures and increased mo-
lecular alignment of the protein core. These fibers had higher Young’s
moduli and ultimate tensile strength compared to pure pectin fibers. Full
length BLG amyloid fibrils proved to be more beneficial to the me-
chanical properties than shortened amyloid fibrils. Nonetheless,
increasing the core flow rate beyond an optimum value resulted in
bending instabilities and rope coiling of the protein core. The lower
molecular alignment along the fiber axis then proved disadvantageous
for the mechanical performance.

In conclusion, the presented insights into the relationship between
protein conformation, spinning flow rate, and resulting mechanical
properties of core-shell microfibers are fundamentally and practically
important for shaping and enhancing mechanical properties of novel
fibrous proteinaceous materials by addressing their molecular
alignment.

The presented gentle and food-grade spinning process is not limited
to pectin and BLG, but has a general significance as demonstrated by the
successful fabrication of alginate-BLG fibers. The substitution of BLG
with plant-based proteins able to form amyloid fibrils is likely realizable.
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Thus, these findings suggest the potential of producing and improving
multiphasic fiber systems using natural proteins and hydrocolloids to
create new biomaterials with various mechanical and functional prop-
erties in fields such as bioengineering and food science.
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