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ABSTRACT: The demand for green and sustainable energy e
sources is rapidly increasing. Hydrogen is an emission-less energy /‘ oe
source, but current production methods are energy-consuming, SH
making hydrogen in part unattractive compared to conventional Shecstmall,
energy sources. However, photocatalytic hydrogen production, AL
which harnesses solar energy to produce hydrogen as an energy
__/\
e
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storage medium, is a promising approach in this context. Typically,
inorganic materials provided as nanoparticles are used as catalysts
in this process but pose challenges concerning recycling and reuse.
Further, the immobilization of the nanoparticles is necessary to
allow the large-scale application for hydrogen production. Due to
its extraordinary mechanical properties, biodegradability, and
ability for genetic modification, recombinant spider silk is a
promising material for the immobilization of nanoparticles. Here, hybrid membranes have been developed based on electrospun
meshes made of modified spider silk proteins and immobilized gold-modified TiO,-nanoparticles (Au@TiO,-NPs). These
membranes showed photocatalytic activity and were capable of producing hydrogen. Additionally, the particle-loaded membranes
were tested in a flow-through system, offering the possibility for on-demand hydrogen production.

Bl INTRODUCTION

Environmentally friendly, sustainable, and renewable energy
sources are increasingly in the focus of research.”” Solar energy
is one of the most promising and abundant energy sources.
Consequently, significant research efforts are dedicated to
catalysts that can efficiently harness and convert solar energy
into chemical energy, e.g, yielding hydrogen, which is an
excellent clean energy carrier.”” One promising approach to

of exposed catalytic sites determines the available active sites
for the reaction, affecting the overall production rate.”'’
Titanium dioxide (TiO,), due to its properties of being
chemically stable, biocompatible, and highly affordable, is
omnipresent in paints and care goods.'" Further, due to being
a semiconductor material, it has gained interest for many
photocatalytic applications like hydrogen evolution reaction,
water splitting, and photodegradation of organic pollutants.'”

tackle this challenge is photocatalytic water splitting,” a process
that has gained substantial attention since Honda and
Fujishima first demonstrated the ability to split water using
photoanodes made from TiO, semiconductors.®

When a semiconductor is exposed to light, it undergoes
photoexcitation, generating electron—hole pairs. The photo-
generated electrons at the conduction band are capable of
reducing water molecules to hydrogen (H,), while the holes in
the valence band oxidize water molecules to produce oxygen
(O,). The hydrogen and oxygen evolution, representing a two-
step process, is central for photocatalytic water splitting,
making it a key candidate for H, production and may reflect
one important technology for the future of sustainable
energy.”® Two key factors significantly influence the efficiency
of photocatalysis: the crystalline structure of the semi-
conductor and the number of available catalytic sites on its
surface. The crystalline structure directly impacts the electronic
properties, band gap, charge transport efficiency, and stability
of the semiconductor material. On the other hand, the number
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Nevertheless, TiO, has the drawback of having a large band
gap, requiring ultraviolet light for activation.”” In order to
make the TiO,-based photocatalytic reactions more efficient
and to use even the visible light spectrum, the decoration with
noble metal NPs, like gold (Au), silver (Ag), or platinum (Pt)
has been introduced.'* "¢

Semiconductors are most commonly used in the form of
nanoparticles (NPs),"” which, however, show the significant
drawback of aggregation when dispersed in aqueous media.">"”
To overcome this issue, immobilizing NPs on nanofibers is an
effective method to prevent aggregation.”’ > The use of
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nanofibers as a carrier material additionally offers the
advantage of a higher surface-to-volume ratio, which increases
the number of active sites and enhances the overall reaction
efficiency.”

Spider silk, one of the toughest natural fiber materials
known, can be processed into different morphologies (e.g.,
hydrogels and fibers), and unlike most synthetic polymers,
spider silk proteins offer the advantage of being biodegradable,
allowing for the potential reuse of the immobilized nano-
particles (NPs) upon degrading the silk carrier.”* Another
advantage of using recombinant spider silk proteins is their
ease of genetic modification, enabling the addition of specific
functional amino acids to tailor the material for particular
applications.””*> One such recombinant spider silk protein, a
polycationic protein named eADF4(x16) (engineered Araneus
diadematus fibroin 4), has been modified by adding a cysteine-
tag at the amino-terminal site, resulting in ntagCYSeADF4-
(k16).>° This variant has already been used for the
immobilization of inorganic NPs when applied as films*” and
also as Janus-fibers, the latter resulting in a hybrid material that
is electrically conductive.”®

Here, we present membranes composed of electrospun
nanofiber meshes made from ntag“**eADF4(k16), being used
for the stable immobilization of photocatalytically active gold-
modified titanium dioxide nanoparticles (Au@TiO,-NPs). The
increased surface-to-volume ratio of the particle-loaded e-spun
meshes allowed for efficient hydrogen evolution. Finally, we
established a flow-through system offering the potential to
produce hydrogen on demand.

B EXPERIMENTAL SECTION

For buffer preparation, ultrapure water (Milli-Q-system) was
used. All chemicals were purchased from Carl Roth GmbH
(Germany) unless otherwise stated.

Synthesis of Au@TiO,-NPs. TiO, (Aeroxide TiO,P25)
was loaded with Au by photodeposition. 500 mg of TiO, were
dispersed in a small amount of water and ultrasonicated
(Emmi 20 HC, EMA) for 10 min. A suspension containing
ultrapure water (550 mL) and methanol (50 mL) was added to
a photocatalysis reactor consisting of a double-walled quartz
vessel and a quartz inlet equipped with a Hg immersion lamp
(700 W, TQ 718 Peschl Ultraviolet). The suspension was
stirred with a magnetic stirrer, cooled by a thermostat to 10 °C
(Proline RP84S, LAUDA), and flushed with Ar gas overnight
to remove oxygen. The lamp was switched on and set to 50%
(350 W). After 75 min of irradiation, the lamp was switched
off, and an aqueous solution of HAuCl,-3H,O (0.1 wt % Au)
was added through a rubber sealing, followed by another 75
min of irradiation. Gas evolution was measured by using a mass
spectrometer (HIDEN Analytical HPR20). The catalyst was
separated from the solution by centrifugation and washed 3X
with deionized water before being dried overnight at 80 °C in
an oven.

Characterization of the Au@TiO,-NPs. For a homoge-
neous distribution of the Au@TiO,-NPs, the particles need to
be colloidally stable in aqueous buffer. Gold-NPs are known to
be stabilized by citric acid.”® Therefore, the behavior of the
particles in 10 mM citric acid, pH 6, was analyzed by
measuring the zeta potential. Further, to analyze the hydro-
dynamic radius, the suspension was analyzed using dynamic
light scattering (DLS). For both measurements, a suspension
of S mg/mL in 10 mM citric acid, pH 6, was prepared and
measured on a Litesizer 500 device (Anton Paar). All

measurements were conducted at 1 min equilibration time
and 20 °C. Each sample was measured in triplicate, and 60
runs were performed per measurement. Diffuse-reflectance
UV/vis measurements were conducted on a PerkinElmer
Lambda 750 UV/vis/NIR spectrometer with a Praying Mantis
geometry (Harrick).

Production and Purification of Recombinant Spider
Silk Proteins. The recombinant spider silk protein eADF4-
(C16) is based on the repetitive consensus sequence of
Araneus diadematus fibroin 4 (ADF4) of the dragline silk of the
European garden spider. For recombinant production in
bacteria, the consensus motif, also called C-module (sequence:
GSSAAAAAAAASGPGGYGPENQGPSGPGGYGPGGP), has
been repeated 16 times in one construct.”® The recombinant
spider silk protein eADF4(C16) was purchased from AMSilk
GmbH (Planegg, Germany). The genetically modified spider
silk protein eADF4(x16) (sequence: GSSAAAAAAAASGPG-
GYGPKNQGPSGPPYGPGGP) and ntag“"*eADF4(C16)
(ntagCYs—sequence: GCGGSGGGGSG) and ntagCYSeADF4—
(x16) were produced in E. coli (BL21 gold (DE3)) upon fed-
batch fermentation and purified as described previously using a
heating step and ammonium sulfate precipitation.”’ Protein
integrity was confirmed using polyacrylamide gel electro-
phoresis, Western blot analysis, and mass spectrometry. All
proteins were stored as a lyophilized powder.

Electrospinning (e-Spinning) of Spider Silk Proteins.
Spider silk proteins (ntag“*®eADF4(k16), eADF4(x16),
ntag“"*eADF4(C16), and eADF4(C16)) were dissolved in
1,1,1,3,3,3-hexafluoroisopropanol (HFIP) at a final concen-
tration of 15% (w/v) using an overhead stirrer overnight. To
remove the aggregates, the solution was centrifuged at 13.300
rpm for 10 min. The supernatant was filled into a 1 mL syringe
tipped with a blunt 21 G needle. The syringe was mounted in
the chamber of an electrospinning device, and an electrode was
fixed onto the needle with a crocodile clip. A metallic lab jack
was used as a collector. As substrate for the e-spun meshes,
either aluminum foil or a polyamide mesh (pore size) 10 ym
was used. The pumping rate of the spinning dope was between
1.75 and 10.5 pL/min. The negative voltage at the needle was
raised from zero to between —6 and —10 kV, such that a stable
Taylor cone formed at the needle. The positive voltage at the
collector was varied between 0 and 2 kV to focus the
deposition area of the fibers on the collector. The distance
between the needle tip and the collector was 20 cm. Each mesh
was spun for 20 min in total.

To render the meshes water insoluble, the f-sheet content
had to be increased. Afterward, the e-spun meshes were post-
treated directly after e-spinning in methanol vapor overnight to
fix the fiber morphology. Therefore, the fibers were placed in a
desiccator filled with methanol, and vacuum was applied.
Afterward, the meshes were incubated in liquid methanol for 1
h to complete the post-treatment.

Immobilizing Au@TiO,-NPs on e-Spun Spider Silk
Membranes. The post-treated spider silk membranes were
fixed in a 3D-printed vessel, where they were first incubated in
10 mM Tris(2-carboxyethyl)phosphin (TCEP) to reduce the
thiol-functionality of the cysteine-tag for 1 h. After washing
three times with 10 mM citric acid, pH 6, for 5 min each, the
membranes were covered with 3 mL of Au@TiO,-NPs (S mg/
mL) in 10 mM citric acid, pH 6, and incubated overnight.
After the incubation, the residual particle suspension was
removed, and the meshes were washed three times with 10
mM citric acid, pH 6, followed by washing three times with
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MQ-H,O for 5 min each. The particle-loaded meshes were
then air-dried and stored for further usage or analysis.

Characterization. To analyze the thermal stability of the
NP-loaded membranes, thermogravimetric analysis (TGA) was
used. ~5 mg of the NP-loaded membranes, as well as
membranes without particles, were heated up to 800 °C with a
heating rate of 10 K/min using an SDTA 851e Thermogravi-
metric Analyzer (Mettler Toledo, Germany) with a micro-
balance resolution of 1 mg. Measurements were performed in
aluminum oxide pans under an oxygen atmosphere (50 mL per
min). The graphs shown are representative of three individual
measurements.

Differential scanning calorimetry (DSC) scans were
obtained by using an SDTA 82le differential scanning
calorimeter (Mettler Toledo, Germany) with a ceramic sensor
with a 56-fold Au—AuPd thermocouple pile. Samples (3—5
mg) were sealed hermetically in aluminum pans and heated
under purged dry nitrogen gas flow (20 mL per min). In order
to evaporate residual solvent, samples were first heated to 110
°C. After 10 min of equilibration, they were cooled to —40 °C,
and finally, the analysis was started by heating to 400 °C with a
heating rate of 10 K/min. The shown graphs are representative
of three individual measurements.

In order to image the NP-loaded membranes, scanning
electron microscopy (SEM) was used (Volume Scope IKA
Werke GmbH & Co KG). For sample preparation, the
membranes were punched to yield discs (1 cm in diameter),
and the discs were fixed on a SEM stub using graphite tape.
For better conductivity, aluminum tape was fixed on top of the
samples, and the samples were sputter-coated with 2 nm
platinum (EM ACE600, Leica Microsystems). For Energy-
dispersive X-ray spectroscopy (EDX) analysis (Sigma 300/
S00VP EDAX Octane Super; Carl Zeiss AG), the samples were
sputter-coated with 20 nm carbon.

Flow Experiments. For analyzing the mechanical stability
of the e-spun membranes, a flow-through experiment was
conducted. A 3D-printed vessel (consisting of PLA) was
designed for the spun membranes and connected to the flow-
through system (Microcfluidic System, Elveflow). A stack of
three membranes was spun on top of a polyamide substrate,
and a preset flow rate of 1 mL/min was used. Flow rate and
applied pressure could be observed. The membranes were
flushed for at least 1 h with water. To analyze the membranes
after the flow, they were analyzed using SEM.

Hydrogen Evolution. NP-loaded membranes were cut
into pieces (approximately 0.5 X 0.5 mm) and suspended in a
mixture of ultrapure water (90 mL) and methanol (10 mL).
The mixture was added to a glass reactor with a quartz glass
window on top and then stirred with a magnetic stirrer, cooled
to 20 °C using a thermostat (Eco RE 1050, LAUDA), and
flushed with Ar gas to remove oxygen overnight. Gas evolution
was measured using a mass spectrometer (HIDEN Analytical
HPR20). The reactor was top-down irradiated using a 300 W
Xe-lamp (LOT QuantumDesign) for 1.5 h. As a control
experiment, the procedure described above was repeated
without methanol. Furthermore, an additional measurement
using a mixture of ultrapure water (90 mL) and methanol (10
mL) without membranes (50 min irradiation) and a
membrane on aluminum foil without a catalyst in ultrapure
water (1 h irradiation) was conducted.

B RESULTS AND DISCUSSION

In order to generate photocatalytically active Au@TiO,-NP-
loaded spider silk nanofiber membranes, Au-coated TiO,-NPs
were produced by photodeposition and characterized regard-
ing their size and colloidal stability. The recombinantly
produced spider silk proteins eADF4(C16) (negatively
charged), eADF4(x16) (positively charged), as well as their
cysteine-tag modified counterparts, were e-spun to nanometer-
sized fibers and analyzed regarding their particle-binding
properties. Lastly, the NP-loaded membranes were analyzed
regarding their photocatalytic activity.

E-Spun Fibers Made of Recombinant Spider Silk
Proteins. To fabricate e-spun nanofiber meshes from
recombinantly produced spider silk proteins, eADF4(C16),”
the positively charged eADF4(k16),”" and the respective
Cysteine-functionalized ntag“*S-variants were dissolved in
hexafluoroisopropanol (HFIP). The highly concentrated
protein solutions were extruded within an electric field, leading
to fiber formation upon solvent evaporation (see Figure S1).”"
E-spun fibers derived from recombinant spider silk proteins
using HFIP as a solvent are characterized by a predominantly
a-helical structure. However, these fibers are initially water-
soluble, necessitating subsequent treatment with alcohol vapor
or liquid to increase the f-sheet content, thereby rendering the
fibers water-insoluble.”” To analyze the secondary structure of
the e-spun fiber meshes, Fourier-transform infrared spectros-
copy (FTIR) was used. Fiber membranes analyzed directly
after spinning showed a lower f-sheet content of ~25%. After
the post-treatment with methanol vapor, the f-sheet content
increased up to ~34%, and after the incubation with the
particles, it increased further, reaching ~40% (see Figure S2).
These results align with previously reported ones.””*’

Characterization of Photocatalytically Active NPs.
TiO,-NPs were coated with Au-NPs by using the process of
photodeposition, yielding TiO,-NPs with approximately 0.1%
Au-content. The catalyst showed a characteristic pink color
(Figure S3) that can be explained by the so-called localized
surface plasmon resonance (LSPR). This phenomenon
describes the oscillation of conduction electrons in the visible
to near-UV region for spherical particles, leading to the
characteristic pink color.”* Furthermore, this LSPR effect can
be observed by comparing the UV—vis spectra of pristine and
Au-loaded TiO, (see Figure S4). In order to ensure a
homogeneous coating on the surface of the e-spun fibers, the
Au@TiO,-NPs were analyzed regarding their hydrodynamic
radius using DLS and regarding their {-potential to ensure the
suspension being colloidally stable (see Figure SS). DLS
analysis was used to determine the hydrodynamic diameters of
the nanoparticles. In general, the size of the NPs is expected to
be in the nanometer range, allowing binding to the e-spun
protein fibers, showing a diameter of several hundred
nanometres. The nanoparticles showed a mean hydrodynamic
radius of ~160 nm; however, the range is between ~50 to
~400 nm (Figure SSA). Since Au-NPs have been previously
stored in buffers containing citric acid to prevent particle
aggregation behavior,” 10 mM citric acid, pH 6, was chosen to
analyze the Au@TiO,-NPs in suspension. The measurement of
the {-potential revealed a value of ~—47 mV, indicating the
colloidal stability of the particle suspension. Usually,
suspensions with a {-potential >+30 mV are considered as
stable suspensions, not undergoing aggregation.’>*® In
summary, the size and the {-potential were suitable for the
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Figure 1. SEM analysis of ntag“*Se ADF4(x16) e-spun nonwoven meshes. (A) ntag“**eADF4(x16) e-spun nonwoven membranes in the absence of

inorganic metal NP’s. (B) SEM image of ntag“" e ADF4(k16) nonwoven membranes coated with Au@TiO,—NPs, (C and D) Oxygen (O) and
Nitrogen (N) analysis of the respective nonwoven membrane, confirming the coating of the protein fibers and (E) EDX analysis of Titanium (Ti)
showing homogeneous coverage of the fibers. (F) Distribution of the different elements as obtained by EDX analysis of the Au@TiO,-covered
nonwoven membranes.
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Figure 2. Thermogravimetric and differential scanning calorimetry analysis. (A) TGA-analysis of the ntag“**eADF4(x16) e-spun nonwoven

membranes (gray) is showing a decrease of 100% of the initial mass, while the Au@TiO,-NP loaded membranes (red) are showing a remaining
mass of ~23%, reflecting the amount of bound particles. (B) The DSC-analysis shows no exothermic or endothermic peaks over the change of
temperature. Also the NP-loaded nonwoven membranes (Au@TiO, (red)) are showing no differences, confirming the NPs are apparently not
affecting the structural integrity of the protein fibers.

coupling on the fiber dimensions used here, thereby ensuring intersections of the fibers rather than on the fibers themselves
an effective and homogeneous immobilization on the fiber (see Figure SIC). As expected, the presence of a thiol
surface. functional group in the cysteine tag enhances the binding of
Immobilisation of Photocatalytic NPs on Recombi- particles to the fiber surface (Figure SI1D). In contrast, fibers
nant Spider Silk Membranes. For the immobilization of spun from the positively charged eADF4(x16) demonstrate a
photocatalytically active metal NPs, the engineered spider silk superior binding efficiency for inorganic NPs (Figure S1G).
protein variants incorporating a cysteine tag (ntag®'®) were The highest binding capacity was observed for the positively
utilized, as published previously.””** charged spider silk protein modified with the cysteine tag (see
To first evaluate the role of protein fiber net charge on the Figure S1H), surpassing all other variants.’”
immobilization of NPs, the negatively charged eADF4(C16),* After the benefits of a positive charge and thiol-
the positively charged eADF4(x16),”" and the respective thiol- functionalization for immobilization were evaluated, the
functionalized ntag®™® variants were analyzed concerning homogeneity of the coverage was analyzed using SEM-EDX
binding affinity of Au@TiO,-NPs. (see Figure 1). In brief, SEM-EDX combines scanning electron
E-spun fibers based on negatively charged eADF4(C16) microscopy to image the surface of the fiber membranes and
exhibit less interaction with inorganic NPs than positively energy-dispersive X-ray spectroscopy to determine the

charged eADF4(x16). The NPs primarily deposit at the elemental composition of the material.’® The SEM images
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showed the integrity of the fiber morphology of the e-spun
fibers after the post-treatment process, including the treatment
of the meshes with methanol vapor, followed by covering with
liquid methanol. The post-treatment is necessary to render the
meshes completely water-insoluble, an essential property for
photocatalytic hydrogen evolution.”

EDX mapping revealed the presence of oxygen (~20%) and
nitrogen (~7%), which is attributed to the protein-based
spider silk membranes used. Additionally, a titanium content of
approximately 35% was detected. Since TiO, is the critical
component for hydrogen evolution, this high concentration is
advantageous for creating a functional membrane. However,
the mapping also indicated a gold content of approximately
0.1%, too low for a reliable quantification via EDX.*

The coverage of TiO,-NPs with Au-NPs facilitates the
binding of the inorganic NPs through thiol-functionalization
with the respective spider silk meshes. To evaluate the activity
of the thiol group, soluble ntag“*eADF4(x16) and eADF4-
(x16) were incubated with fluorescein-maleimide, yielding a
fluorescent active thiosuccynil imide when in contact with the
thiol group. In addition, the ntag“"eADF4(k16) was
incubated with AuNPs and analyzed using SDS-PAGE (see
Figure S6) to investigate the coupling of AuNPs. The
decoration with AuNPs also enabled the use of the visible
light spectrum via localized surface plasmon resonance for
photocatalytic hydrogen evolution. The AuNP-decorated
TiO,-NPs not only ensured covalent binding and localized
surface plasmon resonance effects but also improved the
accessibility of TiO, to visible light, which is crucial for
photocatalysis.”' =" Overall, the process of immobilizing
inorganic NPs was robust, allowing for comprehensive
coverage of the e-spun fiber surfaces and ensuring high
efficiency by maximizing light accessibility.

In the context of applying spider silk Au@TiO,-NPs
membranes in photocatalysis, the thermal stability of the
membranes is of paramount importance.** The NP-loaded
membranes were analyzed using TGA and DSC to gain
insights into the material’s behavior during heating (see Figure
2). TGA was also employed to quantify the amount of bound
particles relative to the spider silk fiber content.

During the heating process, an initial mass loss was observed
in the temperature range of 30—100 °C, which can be
attributed to the evaporation of solvent and water. Mass loss at
approximately 350 °C corresponds to the thermal decom-
position of the spider silk protein fibers (see Figure 2A). This
observation aligns with previously published data on spider silk
films* and also natural spider silk.*®

The non-NP-loaded membranes completely degraded at 800
°C, resulting in a 100% mass loss. In contrast, the NP-loaded
membranes exhibited a residual mass of ~23%, related to the
inorganic residues of Au@TiO,-NPs immobilized on the
surface of the e-spun spider silk membranes. Furthermore,
TGA confirmed that the membranes remained thermally stable
up to 250 °C without undergoing any thermal decomposition
(Figure 2A).45

DSC was employed to investigate whether spider silk
protein-based membranes undergo any phase transitions upon
binding of Au@TiO,-NPs or during heating of the composite
material.*’” Both NP-loaded and non-loaded membranes were
analyzed. The spectra of the two samples showed no
discernible differences, indicating that the immobilization of
the NPs did not induce any changes in the spider silk fibers
(Figure 2B)."> No exothermic peaks were observed, indicative

of no secondary structural transitions of the post-treated fiber
membranes. "’

In summary, the analysis of the new membranes revealed no
significant differences in protein structure after NP immobi-
lization. Furthermore, the results confirmed the thermal
stability of the protein fibers up to 250 °C and indicated
that no structural changes occurred within the fibers during
this thermal treatment.

Hydrogen Evolution Using the Different Spider Silk
Protein-Based Membranes. To investigate their photo-
catalytic activity, the NP-loaded spider silk membranes were
placed within a photoreactor illuminated with a 300 W Xe
lamp. Gas evolution was analyzed by using mass spectrometry
(see Figure 3).
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Figure 3. Gas evolution of spider silk membranes with immobilized
Au@TiO,-NPs. Light excitation of the NP-coated spider silk
membranes led to a clearly observable gas evolution. The membranes
produced 6.5 pmol/h hydrogen (gray curve), up to ~2 umol/h CO,
(green curve), and ~0.5 pmol/h oxygen (blue curve). As soon as the
light source was switched off (after 1.5 h), the gas evolution stopped.
The measurement was conducted for ~1.5 h, and the gas evolution
was stable over that time period.

The measurement demonstrated a distinct evolution of
hydrogen (gray curve), with a stable production rate of
approximately 6.5 ymol/h as long as the light source remained
on. Most similar systems described in the literature focus on
the degradation of pollutants without showing hydrogen
evolution.””~>> Nevertheless, a few examples of immobilized
photocatalysts for hydrogen evolution are given in Table 1.

Due to differences in the setups used, comparisons of
hydrogen evolution rates are quite difficult. The previously
published comparable spider silk-based system using films as
substrate evolved hydrogen with a rate of 0.6 gmol/h, being 10
times lower than our fiber-based system, emphasizing the
necessity of a high surface area for improved catalytic
ei‘ﬁciency.27 Concurrently, oxygen evolution was observed
(blue curve) at a rate of approximately 0.5 pmol/h.
Additionally, carbon dioxide (green curve) was detected at a
rate of approximately 2.0 ymol/h. Interestingly, the observed
gas evolution rates showed different detection behavior. This
can be explained by the mechanism of methanol oxidation:
Photogenerated e”/h* pairs react with methanol, creating
several oxidation products, including a variety of liquid
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Table 1. Polymer-Based Fiber Systems Combined with Photocatalytic Active NPs

semiconductor solvent

TiO,-NPs

polymer

carbon fiber H,0/triethanolamine

PLA (poly-L-lactide)  TiO, H,0/methanol
polysulfone TiO, H,O/triethanolamine
quartz glass N-doped TiO, film  H,0/methanol
spider silk TiO, H,O/methanol

300 W Xe lamp
300 W Xe lamp (AM 1.5G filter)
300 W Xe lamp
300 W Xe lamp
300 W Xe lamp

light source hydrogen evolution rate refs

161.9 umol h™" (for 50 mg catalyst) 53
335 umol h™' (for 50 mg catalyst) 54
1.17 pmol h™" (for 5 X 5 cm? sheet) 55
60 pmol h™" (for 100 mg catalyst) 56

6.5 pmol h™" (for 20 mg catalyst) this work

products and CO,. CO, is the final product of a series of
oxidation steps; thus, delaying the detection of CO, gas during
photocatalysis compared to H,, which is formed in every
step.”” Control experiments conducted in pure H,O revealed
that reactive oxygen species interacted with the protein-based
fibers, leading to increased CO, production (see Figure S7A).
This occurred due to the structural instability of organic
materials, including photocatalysts, under photocatalytic
conditions.”® To mitigate this effect, methanol was employed
as a sacrificial agent to preferentially react with photogenerated
holes, therebgr preventing oxidative degradation of the protein-
based fibers.”” Furthermore, control experiments with a spider
silk membrane without a catalyst in ultrapure water (Figure
S7B) were conducted. The membranes without a catalyst
showed no activity, and the absence of CO,-evolution (green
curve) indicates the stability of the spider silk membranes in
water and under light irradiation. In addition, a control
experiment using a methanol—water mixture without silk or a
catalyst (Figure S7C) was conducted. The irradiation of a
methanol—water mixture led to low amounts of H, attributed
to the decomposition of methanol under UV light. This activity
was significantly less than that observed in the experiment with
the catalyst-decorated membranes, confirming the improved
photocatalytic activity. After photocatalysis, a sample of the
catalyst-loaded membranes was analyzed using TGA (see
Figure S8). The residual mass of ~32% was within the
fluctuation of the loading of the spider silk membrane. On one
hand, this underlines the resistance of the used spider silk
membranes against photodegradation, since degradation of the
silk proteins would lead to a respective increase of the amount
of recovered TiO, particles. On the other hand, this result
again confirmed the firm Au-thiol bond, since a detachment of
the particles would have led to a decreased catalyst loading of
the silk.

Additionally, we successfully utilized the produced mem-
branes within a flow-through setup, enabling water to pass
through the membranes to investigate the mechanical stability
under permanent flow. The NPs decorated e-spun spider silk
membranes were stable at flow rates of up to 1 mL/min.%
Importantly, the immobilization of the inorganic NPs was
robust and endured these flow rates due to the covalent
bonding (see Figure 4).”° In addition, tensile testing revealed
that the spider silk protein-based membranes withstood forces
of up to 2.5 N (Figure S9). This approach exemplarily shows
the potential of the NP-loaded meshes within a future reactor
system for the production of hydrogen on demand.

B CONCLUSIONS

Spider silk protein-based membranes are Promising for the
immobilization of inorganic metal NPs.”*®" Being a protein-
based material offers a significant advantage over synthetic
polymer-based systems, which are associated with environ-
mental challenges, including their contribution to microplastic
pollution upon waste disposal.”* In this study, we demon-

NP-loaded silk
membranes
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Figure 4. Spider silk-based nonwoven membranes (ntag®*SeADF4-
(x16)) with immobilized Au@TiO, nanoparticles within a flow-
through setup. The upper scheme shows the used setup for the flow-
through measurements. The particle-loaded membranes were placed
in a vessel and flushed with a flow-rate of 1 mL/min (red curve); the
applied pressure is shown in black. On the left side, an SEM image
shows a particle-coated membrane before the flow-through measure-
ment. On the right side, an image is shown after the flow-through
experiment, confirming the mechanical stability of the particle-loaded
membranes.

strated that recombinant spider silk proteins are well-suited for
the immobilization of Au@TiO,-NPs, offering the benefit of
being easily modifiable, processable into e-spun fibers, and
biodegradable. Biodegradability here refers to the enzymatic
digestion with proteases. Miiller-Herrmann et al. showed that
fibrous membranes possess the highest resistance against
proteolytic degradation compared to other spider silk
morphologies, such as particles or films.”" Further, flow-
through experiments revealed that the NP-loaded membranes
were stable up to a flow rate of 1 mL/min without showing
disintegration of the fiber membranes. This concept increases
the light-accessibility of bound Au@TiO,-NPs, resulting in a
high activity concerning photocatalytic H, evolution. Our
approach provides a versatile membrane platform allowing for
the easy adaptation toward other semiconductor NPs with
even greater H, production capabilities under solar light. One
factor for the scalability of the here presented system is the
production of large-scale spider silk protein-based membranes,
which could be shown in 2020 by Miiller et al.>> They were
able to produce fiber membranes by using centrifugal electro-
spinning combined with a roll-to-roll process, being 1000 times
more efficient than conventional e-spinning.33 Further, the
usage of the presented membrane-based system within a flow-
through application will depend on the improvement of the
used reactor. For large-scale applications, the reactor should be
made of glass, ensuring mechanical stability as well as
transparency for the sunlight, necessary for hydrogen
production. The whole setup enables the future use of the
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particle-loaded meshes within a reactor-based system to
generate hydrogen on demand, as presented in Figure S.
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Figure 5. Cartoon of the potential reactor-based system for hydrogen
on-demand production. The cartoon illustrates the usage of the
developed particle-loaded spider silk membranes within a reactor-
based system, flushable with water and excited by sunlight, for the
production of hydrogen on-demand via photocatalysis.
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