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ABSTRACT: The discovery of a general strategy for
organizing functional proteins into stable nanostructures
with the desired dimension, shape, and function is an
important focus in developing protein-based self-assembled
materials, but the scalable synthesis of such materials and
transfer to other substrates remain great challenges. We
herein tackle this issue by creating a two-dimensional
metal—protein hybrid nanofilm that is flexible and cost-
effective with reliable self-recovery, stability, and multi-
functionality. As it differs from traditional metal ions, we
discover the capability of Sn** to initiate fast amyloid-like
protein assembly (occurring in seconds) by effectively
reducing the disulfide bonds of native globular proteins.
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The Sn**-initiated lysozyme aggregation at the air/water interface leads to droplet flattening, a result never before
reported in a protein system, which finally affords a multifunctional 2D Sn-doped hybrid lysozyme nanofilm with an
ultralarge area (e.g., 0.2 m®) within a few minutes. The hybrid film is distinctive in its ease of coating on versatile material
surfaces with endurable chemical and mechanical stability, optical transparency, and diverse end uses in antimicrobial and
photo-/electrocatalytic scaffolds. Our approach provides not only insights into the effect of tin ions on macroscopic self-
assembly of proteins but also a controllable and scalable synthesis of a potential biomimic framework for biomedical and

biocatalytic applications.
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emerged as a method to create structurally defined,

physically robust two-dimensional (2D) nanoscale
assemblies, which have significant implications for both biology
and technology."”
proteins possess considerably more structural and chemical
complexity, and therefore, the programming of a protein
assembly into a supramolecular architecture is often not
straightforward and much more challenging than the process
for peptides.” In particular, assembling a homogeneous
macroscopic proteinaceous 2D material at a meter scale or
more to truly rival a natural object generally of giant size
remains a challenge.” Moreover, low assembly efficiency and
speed impede scalable production for practical industry use.’
Herein, we reveal a strategy using metal-directed protein
assembly to tackle the above issues and to obtain a robust 2D
metal-doped hybrid protein nanofilm with an ultralarge area
(eg, 02 m?), a simple and superfast preparation process
(occurring in seconds), diverse functions, and enduring

stability.

T he self-assembly of peptides and proteins has recently

In contrast to peptide-based systems,
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Metal ions are of prime importance to over one-third of all
native proteins in nature through associations, and such
intrinsic metal atoms provide catalytic, regulatory, or structural
roles critical to protein functions.” These metalloproteins
(MPs) thus play a vital role in many crucial cellular processes
ranging from photosynthesis and drug metabolism to
respiration and water oxidation. In this context, tremendous
efforts have been made toward the design of MPs mimics and
related materials for countless technological applications such
as catalysis, biosensors, biomemory, and bioelectronics.” ™"
However, most of the strategies are relatively complex, of low
efficiency, and not suitable for large-scale engineered
applications.'™" In particular, although precise designs for
the self-assembly of MPs, such as 1D nanotubes or 2D
crystalline arrays, have recently emerged,””*’ the scalable
synthesis of MP-derived materials, e.g, 2D free-standing
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Figure 1. Formation and characterization of the Sn/Lys hybrid film. (a) Schematic representation of tin-directed protein self-assembly into
the Sn/Lys hybrid film. (b) UV/vis spectrum of the Sn/Lys hybrid film with the inset showing a large-area hybrid film at the air/water
interface. (c, d) Typical thickness (c) and surface morphology (d) of the Sn/Lys hybrid film characterized by AFM. (e) TEM image of the
Sn/Lys hybrid film. (f) Plot of the thickness of the Sn/Lys hybrid film as a function of lysozyme concentration (SnCl,, 0.1 M). (f) STEM
image and corresponding EDS elemental mapping of N, O, S, and Sn of the Sn/Lys hybrid film, respectively.

nanofilm, and their robust transfer to various substrates have
not been documented due to the difficulty of the controllable
and fast amplification of metal-biomolecular assemblies.
Actually, the favorable interplay between metal and protein
as widely exists in nature is not easily copied in synthetic
systems, in which protein denaturation to uncontrolled
precipitates is often induced by metal ions (especially
notorious for heavy metal ions). Such limitations usually lead
to the great challenge and low efficiency of designing and
synthesizing metal/protein hybrid materials. Unlike simple
protein denaturation, we herein report the finding that heavy
metal ions (even in high concentration) may drive controllable
protein assembly at the air/water interface to result in
functional hybrid materials. As a result, we underline the
capability of Sn** to initiate fast amyloid-like protein assembly
(occurring in seconds) by effectively reducing the disulfide
bonds of native globular proteins.

Unlike the wide use of some metal ions such as Co*, Ni**,
Cu’, Zn*, Fe’’, Mg*, and Ca* in conventional MPs-
mimicking systems,”* our present strategy is based on the use
of tin ions (Sn**) and their capability to initiate fast and
controllable protein assembly. It is surprising that Sn, as a
natural metal element, has been much less explored in the field
of MPs and relative assembly. Indeed, it is widely believed that
Sn and its derivatives, such as highly active semiconductor
SnS,, have long been exploited in daily human life in food
manufacturing, toothpaste, radiopharmaceuticals, and thera-
peutic agents as well as being key in a wide range of
technological applications, including gas-sensing, semiconduc-
tor, and energy storage systems.”>~ For protein assembly, the
question arises of how to effectively integrate Sn with proteins
to produce well-defined scalable nanostructures that are
flexible and cost-effective with multifunctionality and good
stability. On the basis of our recent understanding of amyloid-
like protein assembly,”* " herein we reveal that the selective
reduction of disulfide bonds in hen egg white lysozyme
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(HEWL) could be efficiently performed by Sn** ions to result
in rapid amyloid-like assembly into Sn/protein 2D hybrid
nanofilms flattening at the air/water interface (Figure la).
Previous reports from our and other groups indicated that
metal ions such as Ag’, Cu®', Fe’*, and Zn*" could promote
the formation of amyloids by triggering the nucleation and
stabilize the amyloids by preventing further growth.*”**~*° In
the present work, the binding of Sn*" with lysozyme facilitates
the unfolding and aggregation (nucleation) of lysozyme to
form oligomers. Such oligomers hybridized (stabilized) by Sn**
are further aggregated at the air/water interface to form the 2D
film (Figure la). This kind of biomimicking MP material can
be easily transferred onto a wide variety of substrates such as
silicon, glass, metals, and organic polymers, with robust
interfacial adhesion and chemical stability. HEWL is a 129-
residue globular protein containing four disulfide bridges to
stabilize the molecule and mainly consists of two-domain
structures including a-helices and S-sheets. This protein is
attractive for the design of engineered MPs materials because
of its high stability, low cost, and wide availability, but
nonetheless, a great challenge also remains in converting such a
nonmetalloprotein into MP materials. The purpose of our
design is to engineer the assembly and development of
bioinspired hybrid materials for applications in biocatalytic
systems and beyond. We finally demonstrate that besides
HEWL, a series of globular nonmetalloproteins could be
similarly triggered by Sn®' into rapid assembly to form 2D
hybrid nanofilms.

RESULTS AND DISCUSSION

Our design strategy is schematically illustrated in Figure 1a, in
which a Sn/Lys hybrid film was formed at the air/water
interface within a few minutes by mixing tin chloride (SnCl,,
typically 0.1 M) in solution with HEWL buffer (typically 17
mg/mL) at room temperature. The film was colorless with
certain optical transparency and could be easily prepared in a
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Figure 2. Structural characterization of the Sn/Lys hybrid film. (a—c) Survey (a) and high-resolution XPS spectra of Sns, (b) and S,, (c) on
the hybrid film. (d) Raman spectra of native lysozyme and the Sn/Lys hybrid film, with the inset showing the characteristic peaks for the
clusters of —S—Sn,—S— at 309 cm ™! and reduction of the disulfide bond at 505 cm™’, respectively. (e) Deconvolution of the amide I band in

the FT-IR spectrum of the Sn/Lys hybrid film, with the inset showing the peak at 636 cm™

! assigned to the formation of — S—Sn(II),-S—

clusters in the hybrid film. (f) The fluorescence spectra of the ANS buffer, the mixed buffer of ANS and native lysozyme, and the Sn/Lys
hybrid film dyed by ANS. (g) The fluorescence spectra of the ThT buffer, the mixed buffer of ThT and native lysozyme, and the Sn/Lys
hybrid film dyed by ThT. (h) The corresponding fluorescence microscopic image of the Sn/Lys hybrid film after dying by ThT. (i) The
corresponding digital photograph of the Sn/Lys hybrid film after dying by Congo red.

large area (e.g,, 0.2 m?) since its size was simply controlled by
the air/water interface area (Figure 1b). Atomic force
microscopy (AFM) and scanning electron microscopy
(SEM) images revealed that the typical thickness of the hybrid
film was SO nm (Figure S1 and Figure 1c), and high-
magnification AFM analysis further reflected that the hybrid
film was composed of close-packed nanoparticles with an
average diameter of 45 + 3 nm (Figure 1d). Transmission
electron microscopy (TEM) provided a slightly lower
measurement than that from AFM, showing nanoparticles
with an average diameter of 33 + S nm homogeneously
dispersed in the hybrid film (Figure le). This difference might
be due to possible deformation from the tip during the
tapping-mode scan of AFM. The approaching size between the
film thickness and internal particle diameter implied that the
film was close to a 2D assembly of nanoparticles. Moreover,
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the film thickness could be finely modulated, e.g., from 10 to
more than 80 nm, by increasing the lysozyme concentration
from 10 to 20 mg/mL or by controlling the reaction time
(Figure S2). Such results indicated that the assembly into the
film could be tailored from a single layer to several layers of
nanoparticles (Figure 1f). The corresponding root-mean-
square (RMS) was also well controlled from 3 to 10 nm by
the lysozyme concentration, indicating a relatively flat
morphology of the film surface (Figure S3). The scanning
transmission electron microscopy (STEM)-based elemental
mapping further suggested the presence of N, O, S, and Sn
components in the film, implying the dispersion of Sn-based
clusters in the hybrid film (Figure lg).37

In conventional recognition, most soluble proteins precip-
itate in the presence of high concentrations of transition metals
because simultaneous binding of multiple metal ions on the
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Figure 3. Facet formation of the Sn/Lys hybrid film on top of the reaction solution droplet. (a—d) Side view (a) and top view (b) from the
optical microscope, top view from the digital camera (c), and cartoon (d) to show the faceting on top of the reaction solution droplet via
formation of the Sn/Lys hybrid film on the droplet at the time scale of 0—3 min. (e) Changes in the faceting size and contact angle of the
buffer droplet with Sn/Lys hybrid film as a function of reaction time. (f) Elastic modulus and surface hardness of the Sn/Lys hybrid film in

multiple indents at a strain rate of 0.05 s .

protein surface would result in the formation of heterogeneous
mixtures of metal-cross-linked biopolymers.”® The assembly
into a well-defined nanofilm triggered by 0.1 M SnCl, in the
present work was contrary to conventional knowledge,
suggesting a controlled interaction between Sn** and lysozyme.
Actually, HEWL has redox-active cysteine (Cys) residues,
which not only can maintain the native conformation of
proteins through the formation of intramolecular disulfide
bonds®”*’ but also provide a powerful means to bind with
metals for specific functions (e.g., biocatalytic activity).*"** We
hypothesized that the high affinity of Cys residues to Sn**
played a crucial role in the coordination, stabilization, and
rapid formation of the thermodynamically favored hybrid
film.>”**~* X-ray photoelectron spectroscopy (XPS) and
Raman evidence provided support to this hypothesis (Figure
2a—d). The survey XPS spectrum showed the presence of Sn,
C, N, O, and S in the hybrid film without other elements
detected (Figure 2a). The high-resolution C 1s spectrum
reflected the primary protein chain structure (e.g., amide, ester,
amine, thiol groups) in the film (Figure S4). Two strong peaks
located at 485.8 and 494.3 eV were found and assigned to the
Snsgs), and Snygy), of Sn** (Figure 2b),* which suggested the
existence of Sn’* in the hybrid film. From Figure 2c, the
deconvoluted S,, was at 161.1 and 162.2 eV, which could be
attributed to the interaction between S (Cys) of lysozyme and
Sn>*.*® Based on the Raman spectra, it was found that the
disulfide bond of lysozyme at S0S cm™' was reduced with the
addition of Sn** (Figure 2d), which was reasonably ascribed to
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the reduction activity of Sn** toward the disulfide bond of Cys-
Cys at low pH.*” Moreover, the new band appearing at 309
cm™" was assigned to the structure of —Cys—Sn(II),—Cys—,
which suggested the formation of —C—S—Sn(II),—S—C—
clusters (Figure 2d)."® The Raman band for the — Cys—
Sn(II),—Cys— structure shifted five to six wavenumbers lower
compared to that of bulk SnS,, which was probably due to the
valence difference (Sn** in the —Cys—Sn(II),—Cys— vs Sn*" in
SnS,) and phonon confinement effect in the 2D Sn/Lys hybrid
nanofilm compared to the bulk SnS,.***’ Multiple functional
groups exposed on the surface of the Sn/Lys hybrid film were
also characterized by Raman analysis (Figure SS), which was
favorable to further sequential surface chemical derivatization
(e.g., the protein-Sn coordination reported herein) and robust
adhesion of the film to various material surfaces (as shown
below).”® The significant presence of specific amino acid
residues on the Sn/Lys hybrid film was identified by Raman
spectral deconvolution analysis (Figure S6). The propensity of
phenylalanine (Phe), tryptophan (Trp) and tyrosine (Tyr)
residues on the Sn/Lys hybrid film were approximately 2-fold
higher for Phe and 3-fold higher for Trp and Tyr, respectively,
than those from native lysozyme (Figure S6).

Overall, the above results indicated that the divalent tin ion
triggered reduction of the intramolecular disulfide of lysozyme,
a result never before reported. The conformational change of
the protein in the hybrid film was further examined using
Fourier transform infrared spectrometry (FT-IR). The FTIR
bands at 1656 and 1537 cm™" appeared in the hybrid film as an
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hybrid film toward E. coli, S. aureus, and C. albicans, respectively.

amide I stretching vibration and an amide II bending vibration,
respectively (Figure S7). In contrast to native lysozyme, a new
peak was observed at 636 cm™" in the hybrid film due to the
interaction between Sn** and the Cys residues of lysozyme
(Figure 2e).”" The deconvoluted FT-IR spectra of the amide I
band confirmed the presence of f-sheet stacking (1636 and
1647 cm™) in the hybrid film (Figure 2e).”* In the above
spectra of Raman, FTIR, and XPS analysis, the signals for Sn—
O bond between Sn*" and O (Asp) of lysozyme (at 113 and
211 cm™" in Raman, 560 cm™ in FTIR)>>** and signals for the
Sn—N bond between Sn** and N (His) of lysozyme (at 397.5
eV in XPS)*® were absent (Figure 2d, Figures S7 and S8). Such
results then reflected that a possible interaction between Sn**
and amino acids other than cysteine (e.g, Asp and His) was
not predominant in the present model. The interaction
between Sn®* and cysteine was further supported by the
control experiment in which proteins without disulfide (S—S)
bonds (e.g, myoglobin and cytochrome c) were used to mix
with tin ions. The results showed no Sn/protein hybrid films
formed after the treatment by Sn**, which indicated the
important role of S—S bond in the present model. Anilino-1-
naphthalene sulfonate (ANS) was utilized as a fluorescent
probe to monitor the exposure and aggregation of hydrophobic
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residues in the protein after binding with Sn** (Figure 2f,
Figure S9). The ANS fluorescence intensity increased rapidly
after the addition of Sn®' into the protein buffer, which
reflected the hydrophobic exposure and aggregation of HEWL
due to unfolding.56 In such a process, at least the exposure and
aggregation of hydrophobic residues such as Trp on the
surfaces of oligomers contributed to the aggregation and
formation of the 2D film at the air/water or liquid/solid
interfaces.” The assembly process was further monitored using
a ThT assay, applying a specific fluorescent dye to bind with
amyloid-like antiparallel -sheet stacking.”” When tin ions were
introduced into the protein buffer, the ThT fluorescence
intensity of the solution increased significantly, with a redshift
of its peak from 484 to 493 nm (Figure 2g, Figure S10). The
fluorescence enhancement on the hybrid film after ThT
staining was also visually confirmed by fluorescence micros-
copy imaging (Figure 2h, Figure S11). The formation of /-
sheets was further confirmed by Congo red staining (Figure
2i). The above results implied that the binding of Sn** to Cys
residues reduced the disulfide bond of lysozyme and then
induced the unfolding and aggregation of HEWL to form
amyloid-like f-sheet stacking.

DOI: 10.1021/acsnano.9b01392
ACS Nano 2019, 13, 7736—7749


http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b01392/suppl_file/nn9b01392_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b01392/suppl_file/nn9b01392_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b01392/suppl_file/nn9b01392_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b01392/suppl_file/nn9b01392_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b01392/suppl_file/nn9b01392_si_001.pdf
http://dx.doi.org/10.1021/acsnano.9b01392

ACS Nano

The incorporation of metal ions into the protein nanofilm
endowed the material with relatively high mechanical strength,
which consequently pressed the droplet to result in the droplet
flattening (Figure 3, Figure S12). The wrinkles observed
around the droplet also indicated the flexibility of the hybrid
film (Figures S12—S14). This flattening behavior has only been
previously reported with the use of synthetic peptides®® or
polydopamines.”” Upon mixing of the lysozyme buffer with
SnCl, solution, typically after 1 min, the hybrid nanofilm was
clearly observed on the droplet surface, and the newly formed
nanofilm strongly flattened the top of the buffer droplet into a
flat plane (Figure 3a-d, movie S1). The faceting speed was very
fast, since the initial small facet was observed at ~15 s after the
two buffers were mixed, and then the faceting size (ie., the
hybrid film size) was quickly enlarged within ~180 s to nearly
S times larger than the beginning size (Figure 3e). As revealed
in our previous study on the mechanism of fast amyloid-like
lysozyme assembly, the efficient reduction of disulfide bonds in
lysozyme by tris(2-carboxyethyl)phosphine (TCEP) initiated
rapid protein unfolding, followed by the formation of
oligomers (with an average diameter of 30~50 nm) through
the assembly of partially unfolded protein monomers, which
were then enriched at the air/water interface to afford the
nanofilm, driven by interfacial Gibbs free energy minimiza-
tion.>**~** Based on this mechanism and the above-mentioned
evidence, it was reasonably inferred that after eflicient
reduction of the disulfide bonds of lysozyme by Sn**, unfolded
protein monomers assembled to form amyloid-like oligomers
that were then aggregated at the air/water interface, as
supported by the aforementioned AFM and TEM evidence
(Figure 1d,e). With droplet flattening, the oligomer nano-
particles gradually migrated from the droplet periphery to the
top flat plane of the droplet to form the hybrid film driven by
the interfacial Gibbs free energy minimization (Figure la).
Such depletion of the oligomer nanoparticles from the droplet
periphery resulted in the increase of the surface tension of the
droplet, as reflected by the increase of the water contact angle
(WCA) with the flattening process proceeding (Figure 3e).
The droplet flattening by the hybrid film was assisted by
reducing the interfacial tension of a liquid droplet during the
hybrid film formation,** and the stable presence of the droplet
facet further indicated that the mechanical strength of the film
was strong enough to overcome the lateral peeling from the
surface tension at the air/water interface.” The protein hybrid
film was then subjected to the nanoindention analysis (Figure
3f), in which the Young’s elastic modulus and the hardness of
the hybrid film were measured to be 0.2 and 0.02 GPa,
respectively.

The content of Sn in the hybrid film was further measured
by thermogravimetric (TG) analysis (Figure 4a). At a given
condition, a 60% weight loss due to the decomposition of
organic compounds occurred at 570 °C for the hybrid film, so
that the content of Sn in the hybrid film, as the remaining
weight after the decomposition of organic structures, could be
measured properly. Based on the TG characterization, a series
of hybrid films containing different contents of Sn could be
obtained by changing the concentration of Sn at the beginning
of the reaction (Figure 4b). It could be seen that by increasing
the concentration of Sn at the beginning of the reaction from
0.008 to 0.16 M, the time to form the visible hybrid film was
shortened effectively from 120 min to 40 s, and meanwhile, the
final Sn content in the hybrid film was elevated from 18% to
40%. Based on this measurement, the molar ratio of Sn to S in
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the hybrid film was further analyzed at approximately 2:1—4:1,
and this ratio indicated that the possible composition of the
cluster formed in the hybrid film was — S—Sn(1I),—S— (x =
4—8). The hybrid film presented easy transfer and robust
adhesion onto a variety of substrates because of the
characteristic self-adhesive progerty of amyloid-like protein
aggregation in the hybrid film.>> Previously, we demonstrated
that such robust interfacial adhesion was attributed to a
multiplex binding model of amyloid-like protein aggregation
with substrates.”” As characterized by the WCA, several
substrates including glass, indium tin oxide (ITO), poly-
ethylene terephthalate (PET), and silicon (Si) exhibited nearly
consistent WCA after their surfaces were coated by the hybrid
film (Figure 4c). The AFM measurements of these modified
substrates showed a clear morphology of the hybrid film being
composed of an aggregation of oligomer nanoparticles (Figure
S15). The adhesion between the film and the substrate was
strong enough to pass through the mechanical peeling of 3 M
Scotch adhesive tape and ultrasonic washing, respectively
(Figure 4d, Figure S16). The film adhered onto the substrate
also showed robustness in organic solvents or pH range of 2—
13, showing unaffected orignal surface morphology in these
harsh environments (Figure S17). The good robustness of the
film was also contributed by the stabilization effect of Sn** on
the amyloid-like aggregation, based on the binding of Sn** to
Cys residues. For instance, the amyloid-like hybrid film doped
with Sn was stable in the buffer of vitamin C that had the
capability to specifically degrade the pure amyloid-like
aggregation (without Sn doping) (Figure S18, movie S2, and
movie $3).° The 2D film was formed not only at the air/water
interface but also at the solid/liquid interface (eg., the outer
surface of a 3D-printed resin object), indicating the
applicability of this method to modify a scaffold with complex
shapes (Figure S19). Due to the photosensitivity of the amide
bonds of the protein in the hybrid film,’ the film coated onto a
substrate could easily form a micropattern by a photomask-
controlled UV exposure, reflecting an ability to produce site-
selective micropatterning on solid surfaces (Figure 4e).
Interestingly, the self-recovery features of the hybrid film
were also observed. When using a pipet tip to completely
destroy the hybrid film floating at the air/water interface of the
reactant solution, it was observed that the film could be quickly
(within a few minutes) reformed at the air/water interface
(movie S4, Figure S20), and this process was reversibly
manipulated for many times. This process indicated that the
Sn-triggered assembly of protein oligomer nanoparticles was
self-recoverable, which might be ascribed to the dynamically
reversible assembly of oligomer nanoparticles at the air/water
interface. The introduction of tin ions into the hybrid film
further imparted this proteinaceous material with multiple
functions. A wide spectrum of antimicrobial capabilities with a
99% killing ratio toward E. coli, S. aureus, and C. albicans
microbes were detected on the film, reflecting the benefit of
this material for biomedical applications (Figure 4g). The
possible mechanism for the antibacterial activity of the Sn/Lys
hybrid toward Gram-positive/negative and fungi film may be
explained as follows. First, the Sn/Lys hybrid film surface
presented an enrichment of Sn-based clusters that facilitated
the perturbation of the microbial cell walls or ROS generation
and finally led to the death of microbes.””~* Second, the
perturbation of the cell walls of microbes could be also caused
by the increased cationic charge units from tin ions and
lysozyme (the isoelectric point of lysozyme is 11), which
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Figure S. Optical properties and photocatalytic performance of the Sn/Lys hybrid film. (a, b) UV—vis diffuse reflectance spectra and optical
band gap (E, ) of the Sn/Lys hybrid film. (c) Schematic illustration showing the device for hydrogen generation using the Sn/Lys hybrid film
as the coating on the photoanode. (d, e) Photocurrent (d) and amount of H, (e) produced by the photocatalytic hydrogen reduction from
the hybrid film as functions of the on/off switching of the light and the reaction time. (f) Proposed mechanism of hydrogen generation using

the Sn/Lys hybrid film as a photocatalyst.

strengthened the electrostatic binding to negatively charged
microbial membranes. Third, the existence of hydrophobic
amino acid residues (e.g, Trp) arising from lysozyme on the
protein hybrid film surface could induce an enhanced
perturbation on the cell lipid membrane, which promoted
the killing efficacy on microbes.”’~”* Lastly, the hydrophobic
perturbation on cell walls of microbes to improve microbial
killing performance could be further assisted by polymeric
form of proteins.”””* The cytotoxicity measurement of this
material also indicated that the hybrid film was biocompatible
without detectable toxicity on mammalian cells (Figure S21).
This result is reasonable since our previous study suggested the
negligible cytotoxicity of amyloid-like aggregations of lyso-
zymes’>’° and the Sn contained in the hybrid film is a natural
metal element with low cytotoxicity. Actually, the low toxicity
of Sn also ensures its wide use in food containers and
packaging, in which the anodic sacrifice of Sn plates is often
utilized to electrochemically protect the base metal (iron) in
tin-plated food cans.”’

We further discovered the catalytic properties of the hybrid
film. Despite the immense processing of MPs to date to
catalyze many difficult reactions in nature, the development of
artificial mimics with good biocatalytic properties is still an
unmet challenge. In the present hybrid film, the coordination
between Cys (S) and tin (Sn®") led to the formation of —S—
Sn(Il),—S— clusters, which were potentially useful for photo/
electrocatalytic applications due to the outstanding electronic,
optical and photoelectronic properties of SnS, with the band
gap of 2.21-2.55 eV.”***787%0 A5 shown in the UV—vis diffuse
reflectance spectra (DRS) of the hybrid film (Figure Sa), the
hybrid film showed certain absorption in the visible light
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region, and the corresponding optical bandgap (Eg) of the
hybrid film was then calculated by the following formula®'

ahv = A(hv — Eg)l/2

where a, hv, A, and E, represent the absorption coefficient, the
photon energy, a constant, and the optical band gap energy,
respectively. By extrapolating the linear portion of the curve
(ahv)? vs (hv) to a = 0 in the UV—vis DRS (Figure Sb), the E,
value of the Sn/Lys hybrid film was estimated to be
approximately 2.48 eV, which was in good agreement with
previous reports.”" The E; value of the hybrid film suggested
that it is a potential visible-light-responding material for
photocatalytic applications. To confirm the generation of
photogenerated charges over the hybrid film and to verify the
photocatalytic activity of the hybrid film, we then probed the
function of the hybrid film for photoelectrochemical (PEC)
performance using a three-electrode setup in 0.2 M Na,SO,
(Figure Sc). The photocurrent of the hybrid film was tested at
open-circuit current under visible-light irradiation (4 > 420
nm), and the light was switched on/off every 20 s. With the
hybrid film as the coating on the photoanode and Pt as the
cathode, a device was designed to present long-term
photocurrent stability, with its response at a current density
of 1.55 uA cm™, and no apparent photocurrent degradation
could be observed within the duration time of ~400 s (Figure
5d). This value was much higher than that reported for bulk
SnS,** To further verify the photocatalytic activities, the H,
generation reaction was carried out in aqueous solution with
triethanolamine (TEOA) (1S5 vol %) as the sacrificial agent
under visible light (>420 nm). The rate of hydrogen evolution
from this device was then measured, in which a total amount of
0.75 pmol H, was produced at t = 100 min under visible-light
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Figure 6. Electrocatalytic performance of the Sn/Lys hybrid film. (a) Cyclic voltammetry (CV) curve of the Sn/Lys hybrid film on FTO glass
in 0.2 M Na,SO, electrolyte at a scan rate of 100 mV s™'. The oxidation peak associated with the radical generated from —S—Sn(II),—S—
clusters in the hybrid film appeared at a potential of 0.9 V versus RHE. Inset in (a) shows the CV test of the bare FTO substrate. (b) Current
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mM pyrrole. (c) Schematic illustration of Cu**-driven pyrrole polymerization on the Sn/Lys hybrid film. (d) FT-IR spectra of the ppy/Sn/
Lys hybrid composite film prepared by Cu®*-driven pyrrole polymerization. The corresponding insets in (d) showed the SEM and
photograph images of the polypyrrole/Sn/Lys hybrid composite film, respectively. (e) XPS spectra of the polypyrrole/Sn/Lys hybrid
composite film, with the inset showing the valence change of tin ions in the hybrid film before and after the polymerization of pyrrole.

irradiation (Figure Se). The proposed mechanism of the
hybrid film acting as a photocatalyst is shown in Figure 5f.
Under visible-light irradiation, the electrons were excited from
— S—Sn(II),—S— clusters in the hybrid film to produce
electron/hole pairs (Sn*/Lys) due to the absorption of
photons with a higher photoenergy than the band gap of the
—S—Sn(II),—S— clusters in the hybrid film, followed by
attaining the charge-separated state (Sn**/Lys) and migration
to the photocatalyst surface for H' reduction. Meanwhile,
TEQA, as an electron donor in the solution would recover the
excited state of Sn/Lys.

To further explore the possibility of the hybrid film as a

biomimic catalytic scaffold, the oxidative polymerization of
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pyrrole was chosen as a model reaction. For most approaches
to polypyrrole synthesis, electrochemical oxidation or the
addition of oxidants is required to achieve polymerization.**~**
Herein, we propose an alternative approach to enhance the
chemical reaction that mimics native enzymes by utilizing —S—
Sn(II),—S— clusters in the hybrid film. In nature, the tyrosyl
radical has been well researched as an efficient electron-transfer
mechanism in biological systems. Recently, much attention has
focused on tyrosyl radicals from designed synthetic peptide
scaffolds as biocatalytic triggers for the polymerization of
pyrrole.®® Interestingly, we found that an oxidized peak was
easily generated from —S—Sn(1I),—S— clusters in the hybrid
film by applying a potential of 0.9 V (Figure 6a), which was not
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detectable in the pure phase-transited lysozyme film without
Sn doping,” as evidenced by the cyclic voltammetry (CV)
curves (Figure 6a, Figure S22). This peak reflected the
electricity-induced oxidation of Sn** to Sn*". To explore the
possible use of this redox reaction in the protein hybrid film,
the oxidative polymerization of pyrrole was explored as a
model reaction. In general, polypyrrole can be significantly
synthesized by applying a potential higher than 1.0 V or by
using an oxidant, such as iron(III) chloride (FeCl;) or sodium
persulfate (Na,S,05). A potential lower than 1.0 V (e.g,, 0.9 V)
would not drive obvious macroscopic polypyrrole deposition.
Indeed, our experimental results also consistently confirmed
that with the use of a potential at 0.9 V there was a negligible
amount of polypyrrole deposition on a blank fluorine-doped
tin oxide (FTO) substrate, with nearly unchanged zero-current
density until the reaction end (Figure 6b). In contrast, a black
polypyrrole film was deposited onto the Sn/Lys hybrid film-
coated FTO substrate under a constant potential of 0.9 V, and
the corresponding current density linearly increased with the
time, attaining >70 uA after S00 s (Figure 6b). This result
implied that in this process the Sn*' formed in situ by the
oxidation of Sn*" under electricity would then oxidize pyrrole
to form a pyrrole radical, which then initiated the polymer-
ization of pyrrole under a relatively low voltage.

On the basis of the electrochemically driven radical
generation, we further designed an experiment to probe the
hybrid film as a biomimetic artificial enzyme. In nature,
galactose oxidase can generate radicals by a valence change of
the copper ion (Cu®") without applying any additional
potential.*® We then found that the — S—Sn(II),~S— clusters
in the hybrid film were also able to initiate the oxidized
polymerization of pyrrole to form polypyrrole using Cu®*
without applying any additional potential. A schematic of the
polymerization reaction is shown in Figure 6¢. First, Sn*" in the
—S—Sn(II),—S— clusters of the hybrid film could be oxidized
by Cu?* to form Sn** (electrochemical series: Sn > Cu), which
subsequently oxidized the pyrrole monomer to form a pyrrole
cationic radical. As a result, the oxidative polymerization of
pyrrole was induced by the resultant radicals, which was clearly
reflected by the black polypyrrole deposition formed on the
hybrid film, finally affording a free-standing composite film of
polypyrrole and protein (Figure 6d). The FT-IR bands at 1182
and 1550 cm™ were attributed to C—N and C=C backbone
stretching of the polypyrrole ring, suggesting the successful
polymerization of gyrrole in the presence of the Sn/Lys hybrid
film (Figure 6d).”” The significant variation in the binding
energy of Sny; from the XPS results on the film before and
after initiating the polymerization of pyrrole further provided
key evidence to support the proposed catalytic mechanism
(Figure 6e). In comparison to Sn*" on the film before the
polymerization, the valence state of Sn on the film after the
reaction was shifted to a higher binding energy at 486.6 and
495.1 eV, which reflected a higher oxidation state of Sn
resulting from the polymerized hybrid film. Furthermore, the
Cu,, XPS spectrum on the polymerized composite film
demonstrated the valence change of Cu®* to Cu’/Cu’ after
the polymerization reaction (Figure S23). The two binding
peaks at 932.9 and 952.6 eV were assignable to Cu,3/, and
Cuypy, for Cu(0) and/or Cu(l), respectively.*® The above
valence change of Sn and Cu as revealed by XPS was
consistent with the reaction pathway of Sn** to Sn*" and of
Cu®* to Cu’/Cu* proposed in the hypothesized mechanism.
Previously, highly concentrated metals, eg, Cu®**, Fe*’, and
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Zn**, were found to be colocalized within Af plaques to
contribute to the change of Af aggregation kinetics,” the
stabilization of oligomer toxicity, and oxidative stress.” In this
regard, our present results implied that the artificial regulation
of nonmetalloproteins by tin ions could potentially create a
class of metal—amyloid complex ?resenting beneficial catalytic
and biocompatibility properties.”

CONCLUSION

In summary, our results suggest a platform for the construction
of functionally controllable 2D hybrid metal/protein nano-
structures. The self-assembly faceting at the air/water interface
highlights the role of Sn** in amyloid-like protein packing and
the importance of metal—protein clusters in organization
behaviors. Our findings provide insight into obtaining self-
assembled protein interfaces through dynamic curvature
control and site-selective functionalization. The advantages of
the present method include the uniformity of the film and the
capabilities of large-scale deposition, room-temperature pro-
cessing, and thickness control. The droplet faceting and
resultant formation of the hybrid film are also expandable to
other proteins, e.g, bovine serum albumin (BSA), p-
lactoglobulin, and insulin, which have structure features similar
to those of lysozyme toward superfast amyloid-like protein
assembly (Figures $24—S26, movie SS, movie S6, and movie
$7).°* The resultant material exhibits versatile functions that
mimic the roles of native proteins including an integration of
biomimic photocatalytic performance for hydrogen reduction
and pyrrole polymerization, antimicrobial capability, biocom-
patibility, and robust interfacial adhesion onto virtually
arbitrary material surfaces.

With its stable mechanical strength and self-recovering
ability, we believe that our scalable and functionally extendable
hybrid film represents not only a significant step in the
bioinspired synthesis of enzyme mimetic catalyst but also the
development of bioresource-based nanobiotechnology and
synthetic biology. For instance, on the basis of recent work
on cell surface engineering using amyloid-inspired protein
coatings,” the present method may be potentially useful for
tailoring living cells by arming them with photo-/electro-
catalytic functions. With the aim of exploiting chemical and
structural versatility of proteins as building blocks for biological
materials and devices, we further expect that this strategy could
be utilized in a variety of applications, such as floating scaffolds
for cell culture, responsive vesicles for drug delivery, ion-
selective membranes, 2D-ordered conducting polymers, elastic
protein mimetics, and metalloprotein-based catalysts.

EXPERIMENTAL METHODS

Materials. Lysozyme (hen egg white), bovine serum albumin
(BSA), 8-anilino-1 naphtalenesulfonic (ANS), agarose, triton X-100,
ALP assay kit, thioflavin-T (ThT), and phosphotungstic acid were
purchased from Sigma-Aldrich. Pig insulin was purchased from
Aladdin, p-lactoglobulin was purchased from Yuanyebio Co., Ltd,
sodium chloride (NaCl), hydrochloric acid (HCI), and sodium
hydroxide (NaOH) were purchased from Sinopharm Chemical
Reagent Co. Ltd, and tin chloride (SnCl,), copper chloride
(CuCly), and pyrrole were purchased from Aladdin. Phosphate-
buffered saline (PBS), (4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid) (HEPES) buffer (pH = 7.2—7.4), and sodium diphenyl
diazobis-@-naphthylamine-4-sulfonate (Congo red) were obtained
from Solarbio. Triethanolamine (TEOA) was purchased from
Guangdong Guanghua Sci-Tech Co., Ltd. E. coli (ATCC 8739), S.
aureus (ATCC 29213), and C. albicans (ATCC 10231) were obtained
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from the American Type Culture Collection (USA). The Cell
Counting Kit-8 (CCK-8) was purchased from Beyotime Institute of
Biotechnology. The adhesive tapes (Scotch Brand Tapes) were
purchased from 3 M China. Indium tin oxide (ITO) coated glass
plates, fluorine-doped tin oxide (FTO) coated glass plates, and the
super flat glass (the grade for electronic industry) were obtained from
NanBo Co., Ltd. High-quality commercial poly(ethylene terephtha-
late) (PET) foil, ITO-coated glass, and FTO-coated glass were
subjected to ultrasonic cleaning with acetone and ethanol and then
dried under a stream of nitrogen. Ultrapure water was used in all
experiments and was supplied by Milli-Q Advantage A10 (Millipore,
USA). The silicon wafer was purchased from Resemi Co., Ltd., and
cleaned in piranha solution (3:1 v/v) mixture of sulfuric acid (H,SO,)
and hydrogen peroxide (H,0,) at 80 °C for 8 h. (Caution: Piranha
solution reacts violently with organic materials; it must be handled with
extreme care, followed by copious rinsing with ultrapure water and dried
under a nitrogen stream.) The copper grids covered with a pure carbon
film (230 mesh) were purchased from Beijing Xinxing Brain Tech.
Co., Ltd.

Preparation of the Sn/Lys Hybrid Protein Film. The Sn/Lys
hybrid film was easily prepared by quick mixing of 1 mL of lysozyme
(typically between 10 and 20 mg/mL in 10 mM HEPES buffer) with
30 uL of 0.1 M SnCl, (pH 1.8) at room temperature. Alternatively,
0.08 g of SnCl, powder was added into 10 mL of lysozyme (typically
between 10 and 20 mg/mL in 10 mM HEPES buffer) with quick
stirring for about 2 min at room temperature, and then the final pH of
the resulting solution was adjusted to 1.8 using HCI (the low pH
ensured the completely soluble state of SnCl,; otherwise, SnCl, would
easily hydrolyze to form insoluble precipitates at a pH > 2). After that,
the resulting solution was dropped on different substrates such as
PET, silicon, ITO, or FTO glass as well as a Petri dish. Then the Sn/
Lys hybrid film could be clearly formed at the air/liquid interface
within 5 min. The corresponding facet at air/water interface could be
observed typically in 1—5 min.

Evaluation of the Adhesion and Chemical Stability of the
Sn/Lys Hybrid Film on a Substrate. First, the Sn/Lys hybrid film
was prepared by mixing 1 mL of lysozyme (20 mg/mL in 10 mM
HEPES buffer) with 30 L of 0.1 M SnCl, (pH 1.8), and the resultant
hybrid film was then floated on the surface of the ultrapure water
which then readily transferred onto silicon, glass, or PET substrates.
The transferred Sn/Lys hybrid film was then rinsed with ultrapure
water to remove the salt and then was dried by nitrogen. For the
chemical stability test, the Sn/Lys hybrid film-coated substrate was
immersed into ethanol, hexane, petroleum ether, HCI aqueous (pH 2,
3), or NaOH aqueous solution (pH 9, 13) for 30 min, respectively.
For the adhesion test, the hybrid film coating on a substrate was
subjected to the 3 M Scotch adhesive tape peeling three times, in
which a small piece of Scotch adhesive tape was pressed firmly on the
Sn/Lys hybrid film coated substrate and then removed quickly.

Photolithography on the Sn/Lys Hybrid Film. Typically,
positive patterning on the hybrid film was carried out by exposing the
hybrid film under UV light at 12000 pw/cm* (mainly 365 nm
wavelength) from the topside (a high-pressure mercury lamp, 1000
W) for 1 h, with a control of a photomask. After UV exposure, these
irradiated samples were directly developed in ultrapure water for 30 s
(to rinse the degraded molecular species) and dried by a nitrogen gas

un.

Cell Viability Assay.”* The Sn/Lys hybrid film-coated Ti and
blank Ti substrates were sterilized with ultraviolet light exposure and
70% ethanol soaking for 2 h. In order to evaluate the potential cell
viability of the Sn/Lys hybrid film against rat bone marrow
mesenchymal stem cells (rBMSCs), the samples were then soaked
in DMEM for 24 h to obtain the extracts for rBMSCs culture.
rBMSCs were seeded in 96-well plates at 1 X 104 cells/cm? and
incubated with extracts at 37 °C in a humidified atmosphere with 5%
CO, for 7 days using DMEM as control. The medium was refreshed
every other day. Cell proliferation was analyzed using a Cell Counting
Kit-8 (CCK-8). After culture for 3, 5, and 7 days, 100 uL of new
medium and 10 uL of CCK-8 solution were added to each well of a
96-well plate and then incubated at 37 °C in 5% CO, for 4 h. Finally,
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the OD value of the incubated solution was measured with a
spectrophotometric microplate reader (Bio-Rad 680, USA) at 450
nm.
Alkaline Phosphatase Activity (ALP Activity).”> ALP activity
was an indicator of osteoblastic differentiation of rBMSCs. For this
goal, the ALP activity of the Sn/Lys hybrid film-coated Ti substrate
and blank Ti substrate was determined using an ALP assay kit
according to the manufacturer’s instructions. After the cells or cell/
matrix complexes were incubated in osteogenic inductive medium for
3, 5, and 7 days, they were retrieved from trans well chambers or
culture plates and rinsed with PBS three times. Then the cells were
lysated by cell lysis buffer (10 mM Tris-HC], containing 2 mM NaCl
and 1% Triton X-100, pH 7.5). After that, culture supernatants (30
uL) were collected from each well. Samples were put in alkaline buffer
and added with 50 yL of pNPP solution. The reaction was stopped
with 150 uL of chromogenic agent incubated in ALP detection buffer
for 15 min at 37 °C. The absorbance at 520 nm was measured on a
microreader (Bio-Rad 680). The ALP activities were normalized to
the total protein content determined by using the BCA assay kit
(Thermo) according to the manufacturer’s instructions.

Photocatalytic Performance of the Sn/Lys Hybrid Film. The
photocatalytic activity for hydrogen evolution under visible light was
performed in a closed gas-recirculation system equipped with a top-
irradiation (quartz glass) Pyrex cell. Typically, 0.03 g of Sn/Lys hybrid
film sample was dispersed into a solution mixture of 10 mL of
triethanolamine (TEOA) as a sacrificial agent and 90 mL of distilled
water. The resulting dispersion was then evacuated for 30 min to
remove air prior to irradiation under a 300 W xenon lamp (PLS-
SXE300UV, Perfectlight) equipped with a cutoff filter (4 > 420 nm).
The evolved hydrogen gas was circulated with a gas pump and
quantified at a regular interval by gas chromatography (Shiweipx
GC7806) with thermal conductivity detector (TCD). The photo-
electrochemical measurements of the Sn/Lys hybrid film were carried
out in a conventional three-electrode cell system using a CHI600E
electrochemical analyzer (Chenhua Instruments Co., Shanghai) in
which the Sn/Lys hybrid film was transferred onto ITO-coated glass
and used directly as the working electrode. A Pt wire and Ag/AgCl
were used as counter and reference electrodes, respectively. An
aqueous solution containing Na,SO, (0.2 M) was used as the
electrolyte. The photoelectrode was exposed under visible-light
irradiation (300 W Xe lamp, 4 > 420 nm), and the photocurrent
density was measured at a scan rate of 100 mV s™".

Electrocatalytic Performance of the Sn/Lys Hybrid Film. To
examine the electrocatalytic performance of the Sn/Lys hybrid film, 5
mL of lysozyme (20 mg/mL in 10 mM HEPES buffer) was mixed
with 1 mL of 0.1 M SnCl, (pH 1.8) at room temperature, in which
the resultant hybrid film was floating on a pure water surface and then
transferred onto FTO-coated glass and dried under a stream of
nitrogen. All electrochemical measurements were performed in a
three-electrode configuration using the Sn/Lys hybrid film-coated
FTO as the working electrode, Pt wire as a counter electrode, and Ag/
AgCl as a reference electrode. The working electrode was performed
using cyclic voltammetry. The electrode was cycled between —1 and
1.8 V versus Ag/AgCl in 0.2 M Na,SO, at a scan rate of 100 mV sh
All electrochemical measurements were carried out in 0.2 M Na,SO,
(pH 5.3) solutions, and the measured potentials vs the saturated Ag/
AgCl reference electrode were converted to the reversible hydrogen
electrode (RHE) using the Nernst equation%

Egue = Byg/agar + 0059pH + E° /s i

where Epyg is the converted potential vs RHE, Ejj s, is the
measured potential against the saturated Ag/AgCl reference electrode,
and E° g a,c s the standard potential of Ag/AgCl at 25 °C, which is
0.1976 V. For the experiment without any additional potential
applied, typically, S mL of lysozyme buffer (20 mg/mL in 10 mM
HEPES buffer) was mixed with 0.8 mL of 0.1 M SnCl, solution (pH
1.8) at room temperature. After that, the resulting Sn/Lys hybrid film
was incubated in SO mM Cu(II) chloride solution and then exposed
to the vapor of 50 mM of monomer pyrrole solution for 30 h at room
temperature, in which a black polypyrrole film was finally formed on
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the hybrid film to afford a free-standing composite film of polypyrrole
and protein. The resulting free-standing polypyrrole/Sn/Lys hybrid
film was then taken out, washed with ultrapure water, and dried under
vacuum.

Transmission Electron Microscopy (TEM). For TEM analysis,
the Sn/Lys hybrid film was carefully placed on a 230-mesh carbon-
coated copper grids, negatively stained with 3% (w/v) of
phosphotungstic acid aqueous solution and air-dried for TEM
measurements. The grids were checked using FEI Tecnai G2 F20
field TEM with an acceleration voltage of 200 kV.

Atomic Force Microscopy (AFM). For AFM images, the Sn/Lys
hybrid film was transferred onto a clean silicon substrate. After that,
the adhered film on the silicon substrate was rinsed with ultrapure
water to remove the salt and then dried by nitrogen. AFM was
performed by CSPM 5500 (MultiMode, NanoScope IV from

Benyuan, Inc., Chinil, and the silicon cantilevers with resonance
frequencies of f, = 300 kHz and spring constants of k = 40 N/m were
used. The root-mean-square (RMS) of the resulting film was analyzed
by CSPM Imager 4.7 software.

X-ray Photoelectron Spectroscopy (XPS). XPS of native
lysozyme (powder) and the Sn/Lys hybrid film was analyzed with
AXIS ULTRA from Kratos Analytical, Ltd., and the binding energies
were calibrated by setting the C 1s peak at 284.5 eV.

Fourier Transform Infrared (FT-IR) Spectroscopy. FT-IR
spectra of native lysozyme (powder) and the Sn/Lys hybrid film
were analyzed using a Vertex 70v spectrometer (Bruker Inc.,
Germany) with the spectra obtained between 400 and 4000 cm™
using an Alpha-T spectrometer (Bruker).

Water Contact Angle (WCA). After 12 uL of the reaction
solution (the mixture of lysozyme and tin chloride) was dropped on
the pristine or the hybrid film-coated glass, ITO, PET, or Si
substrates, WCA measurements and side-view recording of the
faceting process on the droplet surface were performed by an OCA 20
(Dataphysics, Germany) on these substrates.

Confocal Laser Scanning Microscopy (Fluorescence Imag-
ing). Briefly, 200 uL of thioflavin-T (ThT) solution (100 uM) was
added to 3 mL of lysozyme buffer (20 mg/mL in 10 mM HEPES
buffer). After the mixture was incubated in the dark for S min, 300 uL
of tin chloride solution (0.1 M) was added, and then the resulting
stained hybrid film was deposited on glass slide and covered with a
glass coverslip. The ThT-bound Sn/Lys hybrid film was then
subjected to fluorescence imaging analysis with excitation at 458
nm. The confocal microscopy images were taken on an Olympus
confocal laser scanning microscopy microscope (FV1200). As the
control experiment, the control experiment without ThT added under
the same conditions was subjected to fluorescence imaging.

ThT Staining. The fluorescence spectrum was collected using an
FLS-920 fluorescence spectrophotometer (Edinburgh Instruments).
The formation of a #-sheet in the presence of tin ions was monitored
using ThT fluorescence.”” Briefly, 100 uL of ThT solution (100 M)
was added to a quartz cuvette containing 2 mL of freshly prepared
lysozyme (17 mg/mL) and incubated in the cuvette for 10 min, and
then 800 uL of 0.1 M SnCl, (pH 1.8) was added to the cuvette. As
the control experiment, 100 L of ThT solution was added to a quartz
cuvette containing 2 mL freshly prepared lysozyme buffer (17 mg/
mL) and incubated in the cuvette for 10 min. The stained samples
were then subjected to fluorescence spectrum recording, and the
emission at 486 nm was measured as a function of time using
excitation at 450 nm.

ANS Binding Assay. 1-Anilinonaphthalene 8-sulfonate (ANS) as
a fluorescent probe is commonly used to detect the exposure of
hydrophobic residues” of lysozyme in the presence of tin ions. A 2
mL portion of lysozyme solution (17 mg/mL) was mixed with 300 uL
of ANS (100 M) and placed in the dark at room temperature for 30
min, and 500 L of tin chloride was then added. As the control
experiment, 2 mL of lysozyme (17 mg/mL) was mixed with 300 L of
ANS and placed in the dark at room temperature for 30 min.
Fluorescence analysis on the stained samples was then performed with
a FLS-920 fluorescence spectrophotometer (Edinburgh Instruments)
by measuring emission spectra at 480 nm with excitation at 355 nm.
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Congo Red Staining. The Sn/Lys hybrid film was immersed in
20 mL of 1 mg/mL Congo red solution at room temperature for 1 h.
The stained hybrid film was then taken out and washed with ultrapure
water for three times.

Raman Spectroscopy. Raman spectra of native lysozyme
(powder) and the Sn/Lys hybrid film were analyzed with a Renishaw
Raman spectrometer via Reflex (wavelength laser 532 nm, power =
250 1rnW) The scanned wavenumbers ranged between 100 and 3200
cm™.

Scanning Electron Microscopy (SEM). Scanning electron
microscopy images of the Sn/Lys hybrid films were collected by
using FEI Quanta 200 and Hitachi TM3030. The cross-sectional
analysis of the Sn/Lys hybrid film was wetting-off in liquid nitrogen
and obtained using field emission SEM (FE-SEM), SU8020
(Hitachi).

Optical Microscopy. Optical microscopic observations of the Sn/
Lys hybrid films and the faceting process were monitored over time
by using Nikon Ti—U (Tokyo, Japan).

Thermogravimetric Analysis (TGA). Thermogravimetry analysis
were carried out on a thermogravimetric analyzer (QS0 TGA, TA).
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