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After six months of preparation, it gives me the greatest satisfaction to announce the debut of a new journal
that aims to become one of the world’s premier journals for disseminating cutting-edge research related to two
important subjects: Materials and Interfaces. It is not an overstatement that everything tangible in the universe is
built upon materials unless it exists in the form of atoms or molecules. In essence, a material can be characterized
as an assembly of atomic, ionic, and/or molecular building blocks. In addition to the nature of the building blocks,
the interactions among them also play a critical role in determining the properties of a material. An interface is the
boundary between two spatial regions occupied by different materials, or by the same material in different physical
states. Sometimes, the materials involved in such a situation are referred to as different phases. When a material
is surrounded by a gaseous environment or vacuum, the interface is often called a surface, a subject that has been
extensively explored for centuries in the context of surface science. The journal will cover the design, synthesis,
and characterization of materials and interfaces, as well as their applications across a diverse spectrum of fields
that may include catalysis, energy conversion/harvesting/storage, electronics, photonics, sensing, diagnostics, and
biomedicine. It will serve as the hub for sharing knowledge among materials scientists, chemists, physicists, and
engineers, as well as health and life scientists.

The inaugural issue contains contributions from eight research groups, including one perspective article, one
review article, and six original articles. In their perspective article, Hong Yang and a coworker discuss the
importance to control the surface composition of molybdenum carbide (MoC;) nanoparticles in optimizing their
electrocatalytic performance. After reviewing the surface components and nanostructures favored by
thermodynamics for partially-oxidized MoC; nanoparticles, they highlight the capability of an electrochemical
oxidation method in engineering the surface composition. They use a set of examples to illustrate the structure-
property relationship, with a focus on the phase dependency of the adsorption energy of reaction intermediates. In
their review article, Jingwei Xie and coworkers offer a comprehensive overview of various types of piezoelectric
materials, including molecular crystals, ceramics, and polymers, with remarkable piezoelectric performance and
biocompatibility. They highlight a number of advanced engineering approaches to the customization of
piezoelectric properties for an array of biomedical applications, including tissue engineering, drug delivery, wound
healing, and biosensing.

In terms of original research articles, Younan Xia and coworkers report the design and fabrication of a bi-
directional and bi-temporal drug delivery system to improve the outcome of a flexor tendon repair by targeting
both the initial inflammatory phase and the subsequent proliferative and remodeling phases of healing. The system
features a multi-layered structure, with the anti-adhesion and pro-matrix factors encapsulated in separate layers of
hyaluronate films crosslinked to different degrees to help control their direction and kinetics of release. Srikanth
Singamaneni and coworkers systematically evaluated the structure and properties of metal-organic frameworks
(MOFs) as a function of protein loading density using a model system based upon zeolitic imidazolate framework
crystals and bovine/human serum albumin. As expected, the concentration of protein in the MOF growth solution
significantly affects the morphology, degree of crystallinity, and biopreservation efficacy of the resultant MOF
crystals. Within an optimal protein concentration range of 0.1-1 mg/mL, both the structure integrity of the MOF
and the immunologic functionality of albumin can be preserved. Xiaohu Xia and coworkers report the development
of a unique colorimetric label based on silver-platinum hollow nanoparticles (Ag-Pt HNPs) for colorimetric lateral
flow assay (CLFA). The intrinsic enzyme-like catalytic activity of Ag-Pt HNPs enables CLFA with a strong color
signal and thereby high sensitivity. Meanwhile, their interior and the involvement of silver make the Ag-Pt HNP-
based CLFA cost-effective. Using prostate-specific antigen as a model disease biomarker, they demonstrated a
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detection limit as low as picogram-per-milliliter. Yadong Yin and coworkers report the synthesis and
characterization of Mn*"-doped ZnS nanocrystals with improved piezocatalytic properties to drive chemical
reactions by harnessing mechanical energy. By controlling the doping level of Mn?", the nanocrystals show
enhanced piezocatalytic activity toward the degradation of organic dyes under ultrasonic vibration. Significantly,
pre-irradiation of the catalytic material with an ultraviolet light further boosted the efficiency by filling the electron
trap states. Huiyuan Zhu and coworkers synthesized a series of CuxNii-x nanoparticles and then investigated their
structural evolution during the electrochemical COz reduction reaction (CO2RR). Due to the higher oxophilicity
of Ni relative to Cu, the nanoparticles became Ni-enriched at the surface upon exposure to air, promoting the
competing hydrogen evolution reaction (HER). With the use of both in situ and ex situ techniques, cathodic
corrosion was observed in CuxNii— nanoparticles at negative activation potentials, leading to the significant loss
of Ni and thereby the formation of irregularly shaped Cu nanoparticles with increased defects. The structural
evolution shifted the electrolysis from HER to CO2RR, enhancing the Faradaic efficiency of multi-carbon products
(C2+). Yugang Sun and coworkers report the synthesis of polyaniline (PANI) nanotubes with a strong broadband
optical absorption by leveraging the power of single-crystalline MnO> nanotubes as a solid-state oxidant to induce
polymerization in an acidic solution. The high crystallinity and smooth surface of the MnOz nanotubes provide an
ideal solid/liquid interface for templating the formation of PANI nanotubes. The template-directed synthesis was
also extended to silica-coated MnO: nanotubes for the fabrication of silica-coated PANI nanotubes with versatile
chemistry for convenient grafting of other interesting motifs.

The articles published in the inaugural issue cover a range of representative and exciting snapshots regarding
recent progress in the context of materials and interfaces. It is hoped that the readers will enjoy the mix of topics
presented in this issue and, most importantly, find the inspiration to push these research fronts to the next level of
success. Personally, I want this journal to be broad in outlook and inclusive. I especially welcome contributions
from colleagues in all disciplines, including chemistry, physics, biology, chemical engineering, materials science
and engineering, biomedical engineering, mechanical engineering, electrical engineering, biological engineering,
and even geology. I want to thank the members of advisory board and the authors, as well as the remarkable staff
in the journal office for their help in putting this first issue together, and I look forward to receiving feedback and
contributions from the community.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Molybdenum carbide has attracted much
research attention for its precious metal-like catalytic
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and interfaces, one can control the transition between ' L 80
different phases and surface structures for molybdenum
carbide nanoparticles. In this context, it is essential to understand their surface compositions and structures under
operating conditions in addition to their intrinsic ones under ambient conditions without external cues. The
necessity of surface study also comes from the mild oxidation brought by passivation in carbide nanoparticles.
made using the bottom-up synthesis or solid-gas phase temperature-programmed reduction. In this perspective,
we first introduce the relevant crystal structures of molybdenum carbides and highlight the features of the three
types of chemical bonding within. We then briefly review the studies of thermodynamically favored surface
components and nanostructures for partially oxidized molybdenum carbide nanoparticles based on both
experimental and theoretical data. An electrochemical oxidation method is used to illustrate the feasibility in
controlling and understanding the surface oxidation. Finally, structure-property relationship is discussed with
several recent examples, focusing on the effect of phase dependency on the adsorption energy of reaction
intermediates.

Keywords: molybdenum carbide; surface composition; oxycarbide; electrocatalysis; hydrogen evolution reaction;
density functional theory

1. Introduction

Renewable energy such as hydropower, wind, solar, and biofuel occupies a growing share of global energy
consumption, playing an important role in steadily reducing the dominant status of fossil fuels. Sustainable
electrochemical technologies focusing on fuel cells, electrolyzers for water splitting, and batteries have been
intensively studied for their large-scale commercialization [1,2]. Design of electrocatalysts and electrode materials
is crucial to bring out the maximum activity and durability of the energy devices, achieving both energy- and cost-
efficiency. Noble metals such as platinum and palladium are conventional electrocatalysts but less favorable due
to their high cost [3,4]. As potential substitutions for precious metals, molybdenum carbide (Mo»C) materials have
been widely studied for their application in electrochemical catalysis, especially for hydrogen evolution reaction
(HER) [5,6] oxygen evolution reaction (OER) [7], nitrogen reduction reaction (NRR) [8], and carbon dioxide
reduction reaction (CO2RR) [9]. While the mechanisms for their Pt-like properties are still under investigation, it
has been reported that the (111) surface of B-Mo2C exhibits comparable Gibbs free energy to that of Pt (111)
plane [10]. After modification of surface components of carbide materials, a balanced adsorption/desorption of
reacting species, intermediates, and products on catalyst surface can be achieved, which is beneficial to facilitate
the kinetics of a target reaction [11,12]. Considerable approaches have been examined, such as exposing active
sites by nanoengineering [13,14], surface modification using heteroatom doping [12,15], interface engineering by
incorporation of catalyst supports [16,17], and structural design using porous and hierarchical materials [18,19].

Copyright: © 2024 by the authors. This is an open access article under the terms and conditions of the Creative Commons
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All strategies require a comprehensive understanding of surface compositions of Mo.C and how these
compositions may modify the interaction between surface sites and reactants.

The necessity to understand surface components also arises from the synthetic conditions of MoxC materials.
Using B-MozC as an example, it can be made in three major approaches: solid-solid, solid-liquid, and solid-gas
methods [20,21]. In a solid-solid phase method, carbon is used as support in the process of carburization of Mo
precursors. The synthesis is carried out at high temperatures (>1500 °C) to overcome the energy barrier of carbon
diffusion into Mo lattice, resulting in large particle size, low specific surface area, and inferior catalytic
properties [18,22]. The solid-liquid phase method, which usually uses urea glass, alcohol, and phenolic resin as
the carbon source, can reduce the reaction temperature to 600~900 °C [20,21].

An effective, current synthesis is based on solid-gas phase temperature programmed reduction (TPR) method.
In this approach, hydrocarbon gases such as methane may be reduced by hydrogen gas to produce the carbon in
metal carbides, which greatly lowers the synthetic temperature to make nanometer (nm)-sized carbide
particles [23,24]. The benefit of using gaseous carbon sources includes flexibility in the choice of catalyst support,
especially allowing for a delicate size and morphology control of carbide nanoparticles. The choice of carbon-
containing gas is also reported to affect the structure of the obtained carbide [20,25]. Using solid-gas synthesis
may have its challenges as well. The incomplete combustion of excess carbon-containing gases may result in the
formation of carbon residue on carbide surface [26]. The carbon residue not only complicates the microscopic
study of carbide nanomaterials but also deactivates the surface. As Mo,C nanoparticles are pyrophoric due to their
highly reactive surfaces, post-treatment, such as mild passivation, may also be needed for their safe use under
ambient conditions [27], resulting in surface oxidation [23]. The partially oxidized surface, known as oxycarbide,
can be either carbidic or oxidic based on oxygen coverage [28]. There is much research interest in characterizing
the surface of oxidized molybdenum carbide [29,30] and studying the impact of controlled oxidation on catalytic
properties [23,31,32], because surface composition often determines catalytic activity.

In this Perspective, we highlight the understanding of surface compositions of MoxC nanoparticles and their
effects on electrochemical catalysis. We first present the crystal structures and summarize the key relevant features
of chemical bonding in Mo.C. We then discuss the thermodynamically favored surface components and
nanostructures of partially oxidized Mo.C nanoparticles based on both experimental and theoretical data.
Relationship between catalytic properties and compositional and structural parameters of Mo.xC nanocatalysts is
explained based on adsorption energy of reaction intermediates. The effects of phase dependency on catalytic
applications are highlighted using selected recent examples.

2. Structure of Molybdenum Carbides and Key Features of Chemical Bonding

Molybdenum carbides can be regarded as interstitial compounds, where large transition Mo atoms serve as
the host lattice, and small carbon atoms occupy the interstitial vacancies. Experimentally, X-ray diffraction (XRD)
is a common technique to study the crystal structure of Mo.C. There are mainly three types of packing structures
for interstitial carbides, i.e., face-centered cubic (fcc), hexagonal closed packed (kcp), and simple hexagonal (%ex)
structures. Their corresponding standard XRD patterns are illustrated in Figure 1. In a cubic structure, each Mo
atom is surrounded by six C atoms. The hexagonal Mo.C forms a structure with alternating Mo and C layers [33].

Intensity (a.u.)

MoC

20 40 60 80
26 (°)

Figure 1. (a) Illustration of the three common Mo.C crystal structures. Reprinted with permission from Ref. [34].
(b) The corresponding standard XRD patterns of MoCi-x, Mo2C, and MoC.

There are three kinds of bonding in the Mo.C materials, i.e., metallic bond between Mo atoms, covalent bond
between Mo and C, and ionic bond caused by charge transfer between Mo and C. The electron localization function
(ELF) topological analysis was applied to study the chemical bonding in molybdenum carbide nanoparticles [35].
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A detailed electronic structure calculation shows the local maxima of electron density are contained in a basin as
illustrated in the isosurfaces of each configuration (Figure 2a—c). The core basin (i.e., C(X), X = Mo or C) contains
a nucleus meanwhile the valence basin (i.e., V(mX, nY), X, Y = Mo or C, m and n are integers) includes a number
of core basins. For MoiC1 configuration, the electron density maximum is found 0.624 A from Mo and 1.067 A
from C, with a low basin population of 0.2e. This calculation implies the ionic character of the Mo-C bonding
(Figure 2a). In contrast, two bonding basins of Mo-C (i.e., V(C, Mo)) in the Mo2C: configuration have 1.8e,
indicating a significant change to a more covalent character (Figure 2b). The ELF method was further applied to
a more complex Mo2sCi4 configuration regarding its Mo-terminated surface. Three-center basins V(3Mo) and
four-center basins V(C, 3Mo) are observed and reported to related to the three kinds of three-fold hollow sites (Vc,
Hu, He) for surface adsorption [36].

Analysis of density of states (DOS) is another method to investigate the electronic structure of Mo.C [33].
Different phases of Mo.C have different C 2s bands in shape and energy between —10.5 and —13.5 eV (Figure 2d).
For 8-MoC and o-MoC, the bands around the Fermi energy (Er) have a narrow close-to-zero region, which
separates the whole band into the covalent bonding and antibonding areas (Figure 2d,e). These two regions are
composed of C 2p and Mo 5d electrons, though the metallic nature of carbide mainly comes from Mo. The DOS
of 8-MoC has the sharpest peaks, indicating the most localized distribution of electrons and mixed ionic-covalent
bonding. For -Mo2C, however, it has the most metallic character because Er is within the electronic bands. Due
to the strong interaction between carbon and metal atoms, Mo.C (e.g., M0o2C) possesses a high melting point
(2520 °C) with its electric and thermal conductivity similar to ceramics [34]. These properties make them attractive
functional materials, especially after they were found to exhibit catalytic activity in electrochemical
reactions [5,37,38].
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Figure 2. ELF isosurfaces of (a) MoiCi, (b) M02C1, and (¢) Mo2sC14 complexes. V(X, Y) indicates the valence
basin between two centers (X, Y = C or Mo), and C(C) and C(Mo) indicate a carbon and molybdenum core basin,
respectively. Reprinted with permission from Ref. [35]. (d) Total and projected DOS for Mo.C with different bulk
structures. (e) Projected DOS for the most stable low Miller-index surfaces of 8-MoC and a-MoC phases. Reprinted
with permission from Ref. [33].

3. Surface Composition: Experimental and Quantum Simulation Studies

3.1. Phase Behaviors of MoxC Nanomaterials

Size and composition control is crucial in synthesizing MoxC nanomaterials to bring out their precious metal-
like catalytic properties. Molybdenum carbides have been reported to exhibit multiple crystal structures
(Figure 3a) and reactions conditions can be modified to prepare different targeted products. The transition between
different carbide structures becomes easier when the particle size is reduced to nm-sized scale. The large surface
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area-to-volume ratio means contribution of surface energy to the total energy becomes significant, making those
metastable phases with low surface energy becomes thermodynamically preferable at small sizes
(Figure 3b—d) [14]. In another word, nanosized carbide particles may have different phases from those suggested
by the conventional phase diagram (Figure 3b). To obtain this size-dependent phase diagram, the bulk free energy
values (AQuuik) of different MoxC were estimated as a function of the chemical potential of carbon (Auc)
(Figure 3c). Surface energies were incorporated into the calculation of size-dependent free energy based on the
Gibbs-Thomson equation. It is also necessary to optimize the computed Wulff constructions based on equilibrium
particle morphologies of different carbide phases to address the relationship between surface energy and Miller
index (Figure 3d). Combining both bulk phase and surface energy terms, 5-MoC phase dominates in the size
regime of <3.3 nm and a-Mo2C phase is the preferable product in the range of 3.3~40 nm. When the resulting
nanoparticle is larger than 40 nm, y-MoC and B-Mo2C are expected to form (Figure 3b).

Other than thermodynamic considerations, the structural transformation can also be realized through
formation of energetically favored interface [39]. Density functional theory (DFT) calculations suggest the
feasibility of Zn-facilitated phase transformation. The adhesion energy of MoC(101)|[M02C(101) interface is found
to be smaller than the sum of surface energy of MoC(101) and M02C(101). Thus, the epitaxial growth of MoC
from Mo2C should be thermodynamically favored. A Zn-modified MoC(101)/M02C(101) interface is calculated
to be more stable than a Zn-free interface, further benefiting the formation of MoC/Mo2C interface. This structural
transformation can be demonstrated by the XRD patterns of carbide samples with different Zn/Mo ratios
(Figure 3e). The characteristic peaks of MoC (101) and Mo2C (101) are located at 36.3° and 39.6°, respectively.
With a higher Zn/Mo feeding ratio, the peak intensity ratio between MoC (101) and Mo2C (101) also increases.
With bulky phase information characterized by XRD, researchers rely on X-ray photoelectron spectroscopy (XPS)
to study the surface chemical constituents. Figure 3f shows the Mo 3d spectrum for Zn-MoC/Mo2C-0.5. Peak
deconvolution was performed to assign each XPS peak to the four oxidation states of Mo, i.e., Mo(II), Mo(III),
Mo(IV), and Mo(VI). Peaks around 228.6 ¢V and 231.8 eV refer to Mo(II) 3ds» and 3ds2 of Mo2C, which have
comparable peak intensity to those for Mo(III) of MoC. The co-existence of MoC and Mo:C in the surface region
is consistent with the XRD results as shown in Figure 3e. It should be noted that Mo(IV) and Mo(VI) are commonly
observed in Mo carbide nanosized samples unless they are prepared and characterized in situ without exposure to
air. These oxides are a result of surface oxidation of Mo.C nanoparticles under ambient conditions.
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Figure 3. (a) Binary phase diagram of Mo and C. Reprinted with permission from Ref. [22]. (b) Lowest energy
2-D phase diagram by projecting 3-D diagram onto Apc-1/d axis. (¢) Free energy of Mo,C at different chemical
potentials of carbon (Apc). (d) Computed Wulff constructions of the equilibrium particle morphologies of different
carbide phases at Auc = —0.15 eV. This value of Apuc was chosen because it roughly corresponds to common
composition and temperature synthesis conditions. Reprinted with permission from Ref. [14]. (e) XRD patterns of
the Zn-MoC/Mo2C catalysts with different Zn/Mo feeding ratio (I: 0, II: 0.1, I11:0.2, IV: 0.5). (f) High resolution
XPS spectrum of Mo 3d for the Zn-MoC/Mo2C-0.5 catalyst. Reprinted with permission from Ref. [39]. Copyright
2021 American Chemical Society.
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3.2. Controlled Surface Oxidation by an Electrochemical Approach

While there is a great incentive to control the surface chemistry of metal carbide to optimize their catalytic
properties, it is non-trivial to develop a proper synthetic approach with the precision that is needed. Surface
oxidation can be best controlled with those Mo,C nanomaterials made using the solid-gas synthesis [23]. This
method significantly reduces the reaction temperature of MoxC nanomaterials, preventing severe overgrowth of
carbide while enabling the exposure of active surfaces using the bottom-up synthesis. In a typical synthesis, a
mixed forming gas consisting of a short-chain hydrocarbon (e.g., methane) and hydrogen is often used. Heat
treatment of metal precursors in such a reducing atmosphere gives rise to the formation of highly reactive carbide
nanoparticles, whose surface can be partially oxidized to result in metallic-like H-adsorption sites and Brensted
acid hydroxyl sites [40]. Catalytic properties of Mo.,C nanoparticles thus are readily tunable by the surface
oxidation [41]. Controlled treatment through oxidation of surface sites was reported to help adjust the acidic site
density of 2~5 nm Mo2C nanoparticles [42]. Product selectivity could also be affected by the oxygen coverage on
carbide surface [30,43].

While the solid-gas phase synthesized Mo.C can be oxidized readily, the approach is lacking the control in
the degree of oxidation. Electrochemical oxidation appears to be an ideally suited approach to making partially
and fully oxidized Mo.C nanoparticles, meeting the technical challenge on quantitatively control over the degree
of oxidation. In our recent study, different degrees of surface oxidation were achieved by applying predetermined
upper limit of oxidation potential in an aqueous electrolyte, shown in cyclic voltammetry (CV) (Figure 4a) [23].
In this synthesis, electrooxidation of f-Mo2C could occur at an onset potential of around 0.6 V (vs. RHE) and the
peak current density was achieved at ~0.8 V. When the upper limit was raised to 1.2 V, the oxidation current
density was close to zero, suggesting a complete surface oxidation. X-ray photoelectron spectroscopy (XPS) study
indicates the complete surface oxidation started at a high potential, ranging from 0.975 V and 1.2 V. Our XPS
study indicates the carbidic peaks appearing between 0.4 V and 0.85 V in Mo spectra can be assigned to (Mo)
oxycarbides.

Our density functional theory (DFT) simulations further catch this change from carbides, to oxycarbides, and
ultimately to oxides in detail, providing strong atomic analysis of relationship between surface structure and degree
of oxidation (Figure 4c—f). Oxygen-covered surface configurations are thermodynamically more stable than those
of oxygen-free configurations across the potential range from 0 to 0.6 V (Figure 4d). In the range of 0 to 0.28 V,
1/3 of Mo sites and all C sites are covered with oxygen ((Mo-O)1(C-O)s). The DFT simulation also reveals that,
on a carbon-terminated facet, surface carbon is more sensitive to oxidation than surface Mo, which is consistent
with our spectroscopic data. When the oxidation potential increases, the surface oxycarbide structure transforms
into more oxidized configurations, i.e., (M0-0O)3(C-O)s) and (M0-0)4(C-O)s. Our quantum simulation results
further indicate a fully oxygen-covered carbide surface may be on a nanoparticle that is not fully oxidized. With
an oxidation potential higher than 0.6 V, a substitutional oxidation pathway may occur, where oxygen-covered
surface carbons further react to form CO and CO: species. These carbon derivatives subsequently desorb from the
surface, exposing carbide subsurfaces, allowing oxidization of sublayer Mo and C sites, and triggering the
structural transformation from oxycarbide to oxide (Figure 4e). The DFT simulation suggests such a process is
thermodynamically favorable at a wide range up to an oxidative potential of 1.2 V and explains the experimentally
observed peak current density around 0.8 V in CV scans (Figure 4a).

The DFT and experimental studies developed for f-Mo>C nanoparticles were applicable to analyze the
surface composition of a-MoC [44]. Both computational and experimental data indicate that a-MoC is more
resistant to electrochemical oxidation than B-Mo2C, i.e., the surface structural transformation of a-MoC to
oxycarbide and oxide is more difficult (Figure 5a—c). This resistance to oxidation is attributed to the unfavored
substitutional oxidation. The ab initio thermodynamics calculation suggests a-MoC(311)-Mo and -Mo2C(011)-
C surfaces as the most dominant facets under synthetic conditions. Considering the adsorption of O*/OH*/H*, the
pH-dependent surface Pourbaix diagram for a-MoC(311)-Mo facet was obtained (Figure 5a). At pH = 1, the
oxidized surface, with all Mot sites and half of Cip sites covered with oxygen, is stable up to 0.71 V. A structural
transformation from (Mo-0)s(C-O)4 to (Mo-O)s(C-O)s configuration happens in the potential range from 0.71 to
0.84 V. This conversion is limited by H20O dissociation and is thus considered as a slow oxidation. After reaching
0.84 V, the product, (Mo-O)s(C-O)s, becomes thermodynamically favorable, thus promoting the reaction rate of
surface oxidation. Further oxidation is expected if the oxidative potential is above 0.84 V at pH = 1. For -Mo2C,
however, the slow and fast oxidation steps happen at the potential of 0.23 and 0.46 V, respectively (at pH =1 in
Figure 5b). This stability analysis is based on the thermodynamically stable (311)-Mo facet of a-MoC. It appears
the metal-terminated surface adds to the difficulty of oxidation and retards the oxidation of C atoms to CO and
CO:z species. In contrast, the carbon-terminated B-Mo2C(011)-C facet may react with O* and form mobile CO*
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species. The experimental results show a more pronounced and broader oxidation peak for 3-Mo2C than a-MoC
(Figure 5c¢), which is consistent with the theoretical predictions.
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of surface compositions as a function of the upper limit of potential used in the electrochemical oxidation process.
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with permission from Ref. [23].
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Figure 5. (a) Surface Pourbaix diagram for 0-MoC considering the adsorption of O*/OH*/H*. Horizontal hatches
show slow oxidation, and the vertical hatch corresponds to facile fast oxidation through CO desorption. At pH =1,
the onset potentials for each region starting with (Mo-O)s(C-O)1 are 0.09, 0.11, 0.25, 0.34, and 0.84 V, respectively.
(b) Surface Pourbaix diagram for f-Mo2C(011) considering only O* coverage. (¢) CV for a-MoC and f-Mo2C in
an aqueous solution (pH = 1). The shaded area corresponds to the region of the CV curve considered for the charge
transfer calculation. The threshold current used is 0.5 mA/cm;. Reprinted with permission from Ref. [44].
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4. Electrocatalysis of Molybdenum Carbide Nanoparticles

Properties of electrocatalysts are closely related to the adsorption/desorption of reactants, their intermediates
and final products. Catalytic performance of Mo.C is often dependent on different structural factors, including
crystal phase, metal dopant, and Mo valence. Dependency of performance on surface structures can be illustrated
through hydrogen evolution reaction (HER) by Mo.C electrocatalysts. Figure 6 shows the results of a theoretical
study of the effects of twenty-nine atomic configurations of seven different surfaces on HER [11], including their
atomic configuration, stability, and adsorption of O* and HO*. Figure 6a shows the free-energy change of
hydrogen (AGu) at different hydrogen coverages on the bare, oxygenated, hydroxylated, or
oxygenated/hydroxylated surfaces. The exchange current densities for each surface were derived to reflect their
predicted HER activities (Figure 6b). An absolute value of 0.20 eV of AGn is regarded as too large for a favorable
adsorption/desorption. Based on this criterion, the sites on top of O of oxide 5-(111)-Mo, on top of C of hydroxyl
G-(110), and hep site of oxide -(001)-Mo are regarded to be catalytically favorable. The values of AGu were
further optimized by considerations of different hydrogen coverages. Based on the hydrogen coverage determined
by hydrogen adsorption ability on each surface, the calculated exchange current densities for every potential facet
were combined into a volcano plot (Figure 6b). Nine surfaces were found to exhibit an exchange current density
larger than 0.1 mA/cm?. It is interesting that most of them are terminated with carbon atoms and not covered by
either oxygen or hydroxyl. This result suggests positive effects from surface carbon sites and inferior adsorption
of water on Mo.C surfaces for HER.
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Figure 6. (a) Free-energy change of adsorbed H (AGn) on different sites of O* and HO* surfaces. 9, a, G, n, TiP
refer to different MoxC crystal phases and structures. (b) Exchange current densities as a function of hydrogen
adsorbed free energy for MoC and Mo2C surfaces. The grey area indicates the corresponding surfaces which exhibit
an exchange current density larger than 0.1 mA/cm?. a2 and B2 represents a-MoC and B-Mo2C, respectively.

Reprinted with permission from Ref. [11].

The above simulation data highlights the effect of surface composition on catalytic properties and the
potential applications to different reactions catalyzed by Mo:C such as carbon dioxide utilization, biomass
upgrading conversions, and electrochemical hydrogen generation. We examined electrocatalysis of surface
oxidized Mo,C catalysts towards HER, as this reaction is well studied and could be a good model reaction to
evaluate the reactive sensitivity of catalyst surface or interface structures (Figure 7a) [45]. We performed
controlled oxidation of Mo2C nanoparticles and studied the effects of different surface compositions on HER
activities (Figure 7b) [23]. The partially oxidized Mo2C electrodes were tested for HER activity by linear scanning
voltammetry (LSV). The HER polarization curves overlapped with each other for Mo2C electrocatalysts formed
under oxidative potentials up to 0.4 V (M02C-0.4) and 0.6 V (M02C-0.65), respectively, suggesting similar HER
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catalytic properties. Based on XPS data, both carbides were partially oxidized to produce Mo oxycarbide surfaces
under relatively mild oxidation conditions. For further oxidized Mo2C-x (x represents the upper limit of oxidative
potentials and is equal to 0.75, 0.85, 0.975, and 1.2 V), the HER current densities decreased continuously with the
increase of value x, indicating that a reduced HER activity due to the surface oxidation of Mo2C catalysts
(Figure 4).
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Figure 7. (a) Schematic illustration of electrode chemical reactions in water electrolyzer and the control of HER
reactants (protons) at unmodified (left) and covalent organic framework-modified (right) electrode surfaces.
Reprinted with permission from Ref. [45]. (b) Polarization curves of surface oxidized B-Mo2C electrocatalysts for
the HER. Insets are the corresponding illustrations of nearest neighboring atoms for a given Mo with different
oxidative states formed under different upper oxidation potentials. Reprinted with permission from Ref. [23].

5. Summary

Molybdenum carbide nanomaterials are promising electrocatalysts in multiple sustainable electrochemical
conversion technologies, such as hydrogen production. Unlike noble metal catalysts, metal carbides are opted to
surface oxidation, especially for those highly active nm-sized particles that are favored for catalysis. Controlled
surface modification could be a powerful and feasible way to affect their electrochemical applications. Precision
engineering of surface compositions and structures often require a better understanding of conversion processes.
We recently showed electrooxidation can be an effective method for the control of surface compositions of Mo.C
catalysts, especially those made by solid-gas phase synthesis, in which case the pristine surface with no surfactant
or other capping agents can be exposed. When properly excused, different degrees of surface oxidation are readily
achievable by applying predetermined oxidative potentials. In the case of nm-sized $-Mo2C nm-sized catalysts,
carbide, oxycarbide and oxide surfaces could all be controllable formed electrochemically. Quantum simulations
suggest the above compositions are feasible as computational data matched well with the experimental
observations. Interestingly, DFT calculation suggests imbedded carbon could also be selectively oxidized.

Experimentally, the surface oxidized B-Mo2C electrocatalysts indeed exhibited a great deal of sensitivity to
surface composition or oxidation, as being demonstrated in HER. As Mo.C can possess different bonds with
metallic, covalent, and ionic features, which result in a vastly different adsorption/desorption of reactive agents
and intermediates, it is no surprise that further controlling surface composition though precision electrooxidation
could be a very useful tool for post-synthesis treatment of metal carbide electrocatalysts. It is anticipated
electrooxidation should be applicable to change structural parameters of transition metal carbide nanocatalysts in
different phases with (or without) heteroatom dopants and varied Mo valences, opening new avenues of developing
non-precious metal catalysts for scalable chemical production processes.
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1. Introduction

As public focus and demand for health management continue to grow, the intersection of advanced materials
science and biomedical engineering has given rise to a transformative field [1-3]. This development redefines the
boundaries of medical science, aiming to address medical challenges and enhance patient care through innovative
materials. One of the most promising engineered biomedical materials is piezoelectric metamaterials, which
combine the electrically stimulating functional properties of piezoelectricity with the complex structural design
possibilities of metamaterials [4,5]. Piezoelectric materials have the capacity to convert mechanical stress into
electrical energy, a phenomenon arising from the intrinsic structural asymmetry of the material [6-8]. In
piezoelectric materials, the non-centrosymmetric crystal structure induces the formation of electric dipoles. When
mechanical stress is applied, the internal polarization of the material alters and results in a surface voltage. This
capability has been utilized to stimulate cellular growth and repair in tissue regeneration, enhance controlled drug
delivery through electrically regulated release mechanisms, accelerate wound healing by providing electrical
stimulation to promote cellular migration and proliferation at the wound site and enable precise sensing of
physiological and environmental changes by translating mechanical signals into electrical responses [9-13].
Piezoelectric materials are often oriented to enhance their performance and functionality, as the direction of their
response is highly dependent on the alignment of their internal crystal structures [14—16].

Metamaterials, defined by their engineered structural properties, have evolved from their foundational
applications in electromagnetism to a wide range of materials science fields, including energy harvesting, acoustic
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devices, telecommunications, and protective technologies [17-21]. A prominent feature of many metamaterials is
their ordered structure, where repeating unit cells create a regular pattern. When combined with piezoelectric
crystals, metamaterials offer even greater control over both electrical and mechanical properties [22—25]. Electrical
charges generated by piezoelectric materials in response to mechanical stress can be precisely aligned within the
metamaterial framework, optimizing their sensitivity and efficiency in converting mechanical energy into
electrical energy [26—29]. The rapid development of engineered piezoelectric metamaterials is largely attributed
to advancements in manufacturing techniques such as electrospinning, electrospray, 3D printing, and injection
molding. These technologies enable precise manipulation of material properties and structures [30-36]. By
integrating strategies such as interfacial induction, nanoconfinement, and high voltage in situ polarization,
researchers can fabricate metamaterials with customized piezoelectric properties [37]. Furthermore, to be
implemented in biological systems, the piezoelectric material must be endowed with properties like good
mechanical flexibility, stretchability, high biocompatibility, and biodegradability [38]. Notable achievements
include well-ordered 0D crystals, 1D nanofibers, 2D composite films, and 3D scaffolds, rendering them highly
suitable for a wide range of implantable and wearable biomedical applications.

In this review, we provide an overview of the latest advancements and innovations in piezoelectric biomedical
materials, including types of materials, the construction of multi-level structures, and specific application examples
(Figure 1). A brief outline of this review is as follows. Section 2 details the types of piezoelectric materials with
exceptional piezoelectric activity and biocompatibility, including molecular crystals, ceramics, and polymers. The
following section describes the methodologies for engineering these materials, introducing molecular design,
supramolecular packing, and 3D assembly. Then, we present the performances and applications of piezoelectric
materials in implantable and wearable biomedical fields, including tissue regeneration, drug delivery, wound
healing, and biosensing. Finally, we discuss the challenges and future perspectives of piezoelectric biomaterials,
aiming to provide a guide for further research and development to enhance the efficacy and application.

Implantable biomedical applications
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Figure 1. Schematic illustration of the overview of this work. Piezoelectric materials can be designed in different
dimensional forms (e.g., 0D spheres, 1D fibers and tubes, 2D films, and 3D scaffolds) with their piezoelectric
properties being tunable by controlling crystal orientation, structure design, and 3D assembly. This versatility
allows for potential applications in biomedical fields including tissue engineering, drug delivery, wound healing,
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and biosensing. Tissue engineering: Reproduced with permission [39]. Copyright 2024, The American Association
for the Advancement of Science. Drug delivery: Reproduced with permission [40]. Copyright 2024, Elsevier.
Wound healing: Reproduced with permission [41]. Copyright 2023, Elsevier. Sensor and 2D films: Reproduced
with permission [42]. Copyright 2024, The American Association for the Advancement of Science. 0D spheres:
Reproduced with permission [43]. Copyright 2023, Wiley. 1D fibers: Reproduced with permission [44]. Copyright
2023, The American Association for the Advancement of Science. 1D tubes: Reproduced under the terms of the
CC BY license [45]. Copyright 2019, Authors, published by AIP Publishing. Wood sponge: Reproduced with
permission [46]. Copyright 2020, American Chemical Society. 3D scaffolds with Rochelle salt: Reproduced with
permission [47]. Copyright 2023, Springer Nature. Piezoelectric effect: Reproduced with permission [48].
Copyright 2018, American Chemical Society.

2. Piezoelectric Materials

To meet the stringent requirements of biomedical applications, piezoelectric materials should demonstrate
both high piezoelectric coefficients and excellent biocompatibility. Since the piezoelectric effect arises in
noncentrosymmetric crystals, this section provides a detailed overview of key piezoelectric materials, categorized
into three major groups: (1) molecular crystals, (2) ceramics, and (3) polymers.

2.1. Molecular Crystals

Previous studies have demonstrated that various biological materials, both in the human body and nature,
such as collagen, viruses, amino acids, cellulose, chitin, and silk, exhibit piezoelectric properties [49-54]. Among
these, glycine, a simple and biocompatible amino acid, stands out due to its piezoelectricity in two of its crystalline
forms: the  and y-phases, while its a-phase is non-piezoelectric [55]. Yang et al. employed electrohydrodynamic
spraying to fabricate piezoelectric B-glycine films, which resemble the polycrystalline morphology found in
inorganic materials [56]. Their approach combined nanoconfinement and in situ electric fields during glycine
nucleation and self-assembly, simulating the sintering and polarization steps used piezoelectric ceramic fabrication.
Similarly, Wang et al. prepared wafer-scale heterostructured piezoelectric glycine films using a direct
solidification process [57]. The hydrogen bonding between glycine and polyvinyl alcohol (PVA) at the interface
facilitated the formation of self-aligned y-glycine crystals with enhanced piezoelectricity. Building on this,
Wu et al. focused on optimizing glycine’s piezoelectric potential by refining its crystal orientation [58]. Their
study, employing density functional theory (DFT), examined y-glycine’s crystal structure and the origin of its
piezoelectric properties. Figure 2a,b depict the charge density distribution, highlighting the high charge densities
of O and N atoms, with N atoms extending to H3, suggesting the formation of hydrogen bonds with surrounding
molecules. Among the piezoelectric coefficients, the d33 was identified as the most significant, with a value of
9.53 pC N! (Figure 2c). Further analysis revealed that optimal piezoelectric performance of y-glycine is achieved
when the crystals are oriented at the smallest possible angle on the substrate (Figure 2d). Additionally, when
glycine crystals are stretched, the increased intermolecular distance weakens hydrogen bonds, causing molecular
contraction and a corresponding reduction in polarization (Figure 2¢). This highlights the sensitivity of glycine’s
piezoelectric properties to molecular interactions and mechanical strain.

To advance the development and application of y-glycine in biomedical applications, self-assembled
v-glycine/PVA films were synthesized using an ultrasonic-assisted mixing-solidification technique (Figure 2f,g).
The output voltages of these films increased proportionally with trigger voltages, reaching approximately 220 mV
at 110 Vpp (Figure 2h). In addition to direct solidification, Nguyen et al. used electrospinning to fabricate glycine-
poly(e-caprolactone) (PCL) nanofibers with highly oriented glycine crystals [44]. This hybrid electrospinning
technique, which involves high voltage and rapid collector speeds, stretches and aligns the nanofibers, resulting in
enhanced piezoelectric properties in glycine-PCL nanofibrous membranes [59]. The applied electric field during
electrospinning improves the polarization of glycine within the fibers by reorienting the crystalline dipoles.
Scanning electron microscopy (SEM) images of PCL and glycine-PCL nanofibers revealed their surface
morphology and the incorporation of glycine crystals within individual nanofibers (Figure 2i). The aligned
electrospun membranes demonstrated a displacement of approximately 12 pum, in contrast to solvent-cast and
randomly oriented samples, which showed no measurable displacement (Figure 2j). These results suggest that
aligned glycine-PCL nanofibrous membranes hold significant potential as actuators for ultrasonic applications
under applied voltage. However, most glycine-based materials are currently limited to out-of-plane piezoelectric
responses, which correspond to longitudinal and transverse piezoelectric coefficients. This leaves the full potential
of shear piezoelectricity yet to be explored. Notably, B-glycine exhibits piezoelectric responses as high as
180 pC N! [60]. Future research should focus on optimizing the spatial arrangement of these materials to create
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stress distributions dominated by shear forces, enabling more effective utilization of shear piezoelectricity in
integrated devices.

(b)

o
—

3 ”
" Glycine crystal
Botiom PVA layer Heating 26 »

Charge density

US-aided

~ —

V-Giycine/PVA film

o

(d) [dss el (PC N-1) 0-25T@ OC voitage

s 0.201 Input voltage (Vpp) 10
P | %0
g 0.151
s | 70
g o0 e
3 3
3 0.05{ 25
0 Mo £ 0.00 JisUS_—
3 [
T _0.05+— . v
—»132 ms 4
Time (ms)
(e) () (3) Soment cost  Random nanckers  Agned nanofiers
o [ o
OH \ “ I\ 30
l l Qo ! 1Hz 2Hz 4Hz
¥ ," onN \\ 1‘ ‘ -
H Strengthe 4 20 - <
l'. Weakening | e ®c |\ ‘\ f

Displacement (um)

i I 4
PANITCINRP AN i~
q ¥ bond > 10} - ovem
v + ” v \ ~3 4 -
Polarization l o
vector i \ h\ ‘ 0 ; . i
a Normal b Stretching ¢ Compression o 10 20 %0

Time (s)

Figure 2. Glycine-based piezoelectric materials. (a) Schematic diagram and (b) contour plot of charge density
distribution of y-glycine molecules. (¢) Piezoelectric constants of y-glycine. (d) Orientation dependence of ds3 ef.
(e) The piezoelectric effect of y-glycine induced by the hydrogen bonding interactions. (f) The fabrication process
of y-glycine/PVA films. (g) Optical photographs of the flexible y-glycine/PVA films. The inset shows the twisted
films. Scale bars, 10 mm. (h) Voltage output of glycine/PVA films. (a—h) Reproduced with permission [58].
Copyright 2024, The American Association for the Advancement of Science. (i) SEM images of PCL (top) and
glycine-PCL (bottom) fibers. (j) Displacement of solvent-casting, random electrospinning, and aligned
electrospinning films. (i—j) Reproduced with permission [44]. Copyright 2023, The American Association for the
Advancement of Science.

2.2. Ceramics

Some of the earliest piezoelectric materials identified, such as quartz and Rochelle salt, were utilized in
ultrasound technologies throughout the 20th century [61,62]. In recent years, ceramics with excellent piezoelectric
properties and chemical stability, such as biocompatible zinc oxide (ZnO) and zinc stannate, have been applied in
biomedical applications [63—65]. Cauda et al. investigated the effectiveness of piezoelectric ZnO micro- and
nanoparticles in ultrasound-assisted sonodynamic therapy for cancer treatment [66]. Their research demonstrated
that the combined ZnO-ultrasound treatment exhibited remarkable efficacy against osteosarcoma and glioblastoma
cell lines in vitro. ZnO’s role as a catalyst for reactive oxygen species (ROS) production under ultrasound
underscores its therapeutic potential. However, the intrinsic rigidity and brittleness of ceramic materials limit their
mechanical tolerance to defects and external strains [67-69]. To address these limitations, bio-piezoelectric
ceramics have been incorporated into flexible films and fibers to enhance mechanical robustness. For example,
Zhu et al. developed a Janus nanofibrous scaffold with piezoelectric properties designed to promote tendon-to-
bone healing [70]. The scaffold was prepared by electrospinning poly (r-lactic acid) (PLLA)/ZnO (OPZ) and
PLLA/barium titanate (RPB), with fiber alignment varying between the layers by manipulating the rotating speed
of the roller (Figure 3a). The OPZ layer featured aligned fibers, while the RPB layer contained randomly oriented
fibers, mimicking the natural structural of collagen fibers in tendons and bones. This specific configuration was
aimed at promoting topographical effects that support tendon-to-bone healing. The OPZ/RPB scaffold possessed
remarkable structural integrity and flexibility. The OPZ layer’s fibers had an average diameter of 756.84 nm, while
the RPB layer’s fibers measured 986.52 nm in diameter (Figure 3b,c). As illustrated in Figure 3d, the scaffold’s
piezoelectric performance significantly outperformed pure PLLA scaffolds, with a 110.78% increase in voltage
output compared to a bilayered oriented PLLA/random PLLA (OP/RP) scaffold. Furthermore, the OPZ/RPB
scaffold was able to generate real-time electrical signals in response to subtle body movements (Figure 3e). The
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durability of the biocompatible scaffold was evidenced by maintaining over 80% of its piezoelectric output even
after four weeks of immersion in a PBS solution, highlighting its exceptional capacity for providing electrical
stimulation (Figure 3f). In addition, the OPZ/RPB scaffold has outstanding mechanical properties, making it highly
suitable for rotator cuff repair (Figure 3g). While combining ceramic crystals with polymer matrices in flexible
composites enhances performances, it is crucial to address a commonly overlooked issue the viscoelastic properties
of the polymer matrix. Over time, polymer creep can occur under load, reducing stress transfer efficiency and
ultimately affecting the piezoelectric performance of the device. This issue must be a focus of future research and
development to further optimize the long-term functionality of these flexible piezoelectric composites.
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Figure 3. Ceramic-based piezoelectric materials. (a) The fabrication process of the Janus piezoelectric nanofibrous
scaffolds. (b) The optical photographs of the OPZ/RPB scaffold. (¢) The SEM images of the OPZ/RPB scaffold.
(d) Voltage output of the scaffolds under an external periodic impact force (20 kPa, 1 Hz). (e) Voltage output of
the OPZ/RPB scaffold under slight finger tapping. (f) The maintenance of the piezoelectric output during the
degradation period. (g) The mechanical performances of the OPZ/RPB scaffold. Reproduced with permission [70].
Copyright 2024, Elsevier.

2.3. Polymers

Polymers with asymmetrical molecular structures and orientations are highly attractive as piezoelectric
materials due to their superior mechanical flexibility, ease of low-temperature processing, and design versatility
compared to inorganic alternatives. In particular, biodegradable and biocompatible polymers like PLLA and its
composites are widely employed in implantable and wearable biomedical applications [71-73]. Wang et al.
developed a core-shell structure of PLLA/glycine nanofibers using an electrospinning technique through an
interfacial anchoring strategy [74]. These nanofibers exhibit a high proportion of piezoelectric B-phase and
excellent alignment. The self-assembled core-shell architecture promoted strong intermolecular interactions
between the hydroxyl groups of glycine and the carbonyl groups of PLLA, facilitating the formation and alignment
of B-phase in PLLA. Piezoresponse force microscopy (PFM) which was used to characterize the piezoelectric
properties revealed a @33 value of 2.21 pm V! for individual fibers. A stable voltage output with a peak-to-peak
voltage of 1.2 V is achieved under repetitive pressure applied over a vertical distance of 8 mm at a frequency of
4 Hz. In addition to nanofibers, Tang et al. utilized microinjection molding to fabricate hybrid
PLLA/polyvinylidene fluoride (PLLA/PVDF) micro bone screws with enhanced toughness for bone repair [75].
SEM images of the screws showed high-quality fabrication with smooth surfaces and no visible defects
(Figure 4a,b). After bending tests, digital images confirmed the improved mechanical properties of the screws,
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attributed to the incorporation of PVDF (Figure 4c). During microinjection molding, the shear stress field induced
the in-situ formation of highly oriented PVDF fiber arrays (Figure 4d—g). These aligned PVDF fibers significantly
enhanced both the toughness and strength of the micro bone screws. Piezoelectric testing demonstrated that these
screws could generate an open-circuit voltage of up to 2 V (Figure 4h). Although multiple physical field methods
including electric field and directional shear force field could induce phase transitions or orientation alignment in
polymer crystals, the piezoelectric performance of polymer-based materials remains significantly lower than that
of piezoelectric ceramics and single crystals. To meet higher performance demands, future research should focus
on constructing porous structures to enhance polarization efficiency and improve the piezoelectric properties of
polymer-based materials.

Y

3.0

——PLLA —— 10%PVDF —— 30%PVDF

Open-circuit voltage (V)

Figure 4. Polymer-based piezoelectric materials. (a,b) The SEM images of micro bone screw. (¢) Optical
photographs of the micro bone screw after three-point bending test (from left to right: 0 wt%, 10 wt%, 20 wt%, and
30 wt% PVDF, respectively). The morphology characterization of PVDF dispersed phase fibers: (d) SEM images
of cryo-fracture surface, (e) after etching PLLA matrix and (f) transmission electron microscopy image. (g) The
formation of the submicron PVDF fibers. (h) The piezoelectric performances of micro bone screws. Reproduced
with permission [75]. Copyright 2024, Elsevier.

Table 1 summarizes the piezoelectric properties of various biomaterials, including their composition,
fabrication methods, structures, piezoelectric performances, and applications. In brief, piezoelectric ceramic
materials are renowned for their high piezoelectric performance, making them valuable for a wide range of
applications. However, their inherent rigidity and brittleness limit their integration into flexible or dynamic systems.
Furthermore, many piezoelectric ceramics lack biodegradability and biocompatibility, necessitating restrictions of
their use in medical devices. In contrast, piezoelectric polymers are flexible, lightweight, and easily deployable.
However, repeated mechanical stress and strain could induce changes in their internal structures through
mechanisms such as creep. The accumulation of such changes ultimately leads to a gradual decline in their
piezoelectric performance of the polymers. Molecular crystals, such as amino acids, exhibit excellent
biocompatibility and biodegradability. Despite these advantages, their piezoelectric performance is relatively low,
often relegating them to roles as fillers in polymer matrices.
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Table 1. Summary of piezoelectric properties of biomaterials.
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3. Multi-Level Structural Construction Strategies

Recent advancements in mechanical engineering and material fabrication technologies have paved the way
for high-performance piezoelectric devices, unlocking new possibilities for biomedical applications. This section
highlights key strategies to enhance piezoelectric performance, while also improving structural stability and
durability through innovations in molecular design, supramolecular packing, and 3D assembly techniques.

3.1. Molecular Design

Although biodegradable materials such as collagen, cellulose, and PLLA have been investigated for
biomedical applications, there remains a need for biomaterials with superior piezoelectric properties [22]. In this
context, Xiong et al. pioneered the development of a molecular crystal HOCH2(CF2);CH2OH [2,2,3,3,4,4-
hexafluoropentane-1,5-diol (HFPD)], exhibiting a remarkable piezoelectric response of 138 pC N™!, which is more
than 13 times higher than glycine [87,88]. HFPD molecules form a 2D hydrogen-bonded layer through O—H:--O
interactions, while the asymmetric distribution of C-F bonds creates non-zero molecular dipole moments, aligned
by the hydrogen-bonded structure (Figure 5a,b). The mechanical properties of HFPD crystals revealed significant
anisotropy in the directional Young’s modulus, with two maximum values aligned on an elliptical plane. This
anisotropy stems from the 2D hydrogen-bonding network and the ordered arrangement of F atoms (Figure 5c).
The spatial dependence of the shear modulus also displays a shell-like structure, where the MIN surface is nested
within the MAX surface, contributing to the high piezoelectric coefficient (Figure 5d,e). The piezoelectric
performance of HFPD was characterized using PFM (Figure 5f,g), showing a much higher response peak
compared to PVDF. The estimated piezoelectric coefficient for HFPD is 119.3 pm/V, significantly outperforming
PVDF’s 18.8 pm/V. These findings suggest that HFPD molecular crystals could be developed into flexible
piezoelectric films suitable for drug delivery, energy-harvesting devices, and tissue engineering scaffolds. In
parallel, Ji et al. investigated how molecular design could enhance the piezoelectricity of amino acid-based
materials [89]. They found that chemically modifying amino acid side chains through acetylation could increase
molecular polarization, significantly enhancing the piezoelectric response. For example, acetylated tryptophan was
predicted to have a piezoelectric strain constant of 47 pm V™!, comparable to that of bismuth triboride. These
results emphasize the critical role of molecular design in optimizing the piezoelectric properties of biomolecular
crystals.

19



Mater. Interfaces 2024, 1, 13-34 https://doi.org/10.53941/mi.2024.100004

(a) i‘/ % 5& &/’ Z«; k},’ :;g: (b) | ‘
-.j g gy O gy B Heating or decompressing )& , : l_“ ;&i@'ﬁ-ﬁ&;&if’?

S

Cooling or compressing ©° ;‘\%&Q‘q&? 3@5‘

GPa
(©) s (@) -_ (e) ope
20 2
25 " 10 - 4
10 8 N0 3
NO 15 N 0 6 1 2
-10 5 2 1
-20 5 4
-20 102 -2 2

0 5 5 o
10 K 0 0
X o 20 x 5 5°Y X 2 2 Y
(f) (9)
25{ —e—PVDF 1204 o PVDF
A— HFPD — ® HFPD
S 20 SHO fitting £ 100 Fitted lines
Q
E = 80
g 151 g |
3 2 0 119.3 pm\j
= 104 |
g £ 40-
< 5 < 18.8 pm/
201 18.8 pm/V]
= . . . . . 0 : - . . .
300 325 350 375 400 425 0.0 0.2 0.4 0.6 0.8 1.0
Frequency (kHz) Excitation voltage (V)

Figure 5. Molecular design for enhancing piezoelectric properties. (a) The transition of 2D monolayer formed
through O—H---O interactions. (b) Packing view of 2D hydrogen bond layers. 3D plots of elastic modulus of HFPD
crystals: (¢) Young’s modulus, (d) shear modulus MAX, and (e) shear modulus MIN. (f) Piezoelectric response of
HFPD and PVDF films versus excitation frequency measured with PFM. (g) The derived amplitude curve for HFPD
and PVDF films. Reproduced with permission [87]. Copyright 2024, The American Association for the
Advancement of Science.

3.2. Supramolecular Packing

Supramolecular packing involves the organized assembly of molecules through non-covalent interactions,
such as hydrogen bonding, van der Waals forces, and n-r stacking. Researchers have employed various strategies,
including template-assisted methods, dynamic self-assembly, and the use of external electrostatic and magnetic
fields, to align molecules along specific crystallographic planes and directions, thereby affecting the overall dipole
moment and enhancing piezoelectric properties [90-92]. For instance, Thompson et al. demonstrated how co-
crystallization can enhance the piezoelectric properties of materials by using glycine and sulfamic acid as
examples [60]. While these co-formers typically crystallize in centrosymmetric space groups when grown
independently, co-crystallization leads to the formation of non-centrosymmetric, piezoelectrically active ionic co-
crystals. In a related study, Feng et al. engineered flexible B-glycine/Nb2CTx piezoelectric nanofibers using a
nanoconfinement self-assembly approach, which locked aligned crystal domains through interfacial polarization
(Figure 6a) [93]. NboCTx nanosheets acted as nucleating agents, guiding the crystallization of glycine from the
edges to the surfaces along its 2D crystal plane. This spontaneous kinetic crystallization process allowed precise
control over the orientation of the glycine crystals. To elucidate the mechanism of the polarization templating, the
interaction between glycine and the nanosheets was explored through DFT (Figure 6b,c). The alignment
orientations and the electronic charge density difference map indicate the formation of weak ionic bonds between
glycine and Nb2CTx nanosheets, facilitating preferential crystallization of glycine on the nanosheet surfaces. After
the co-crystallization process, glycine crystallizes into B-phase, optimally oriented on the NboCTx nanosheets,
forming an interfacial polarization lock. This configuration maintained a non-zero net polarization in the glycine
crystals, yielding piezoelectric coefficients dis and d22 (Figure 6d,e). Experimental results demonstrated that these
glycine/Nb2CTx co-crystals grew uniformly on aligned nanofiber substrates, generating a stable output voltage of
4.3 V under a stress of 10 N (Figure 6f,g).
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Figure 6. Supramolecular packing for enhancing piezoelectric properties. (a) The growth mechanism of glycine on
Nb2CTx nanosheets. (b) Adsorption configurations of glycine-Nb2CTx nanosheets. (¢) Difference of charge density
contour on adsorption plane. (d) Formation of piezoelectric glycine induced by Nb2CTx nanosheets. (e)
Piezoelectric response in glycine crystals with molecular dipoles. (f) SEM image of obtained nanofibers and
corresponding EDS map of O and Nb elements. Scale bar = 400 nm. (g) Stability of the piezoelectric output. The
inset shows the SEM image before and after fatigue resistance. Scale bar = 400 nm. Reproduced with

permission [93]. Copyright 2024, Wiley.

3.3. Three-Dimensional Assembly

3D piezoelectric materials, known for their complex structures, superior mechanical properties, lightweight
nature, and enhanced surface activity, hold significant promise for applications in biomedical sensors, tissue
engineering scaffolds, and wearable devices [94-97]. Inspired by the unique chambered wall-septa microstructure
of cuttlebone, Yang et al. developed a biomimetic 3D piezoelectric composite with enhanced mechanical and
electrical properties [47]. They utilized stereolithography to create a photocurable resin model mimicking the
cuttlebone structure, then grew recyclable piezoelectric Rochelle salt crystals within the resin framework
(Figure 7a). When compared to other conventional structures with the same dimensions (e.g., cubic, honeycomb,
and triangular), the cuttlebone-inspired composite exhibited the least deformation and most uniform stress
distribution under compressive loads (Figure 7b). As shown in Figure 7c, the composite was integrated into devices
with silver electrodes to evaluate its piezoelectric properties, showing a robust response to varying force levels
and producing significant voltage outputs. Moreover, the composite exhibited excellent durability, maintaining
stable voltage output over 6800 shock cycles (Figure 7d,e). These biomimetic 3D piezoelectric composites offer
both exceptional mechanical protection and impressive sensing capabilities, making them ideal for applications
such as smart knee pads. These pads can deliver integrated mechanical protection, act as fall detection alarms, and
collect data for medical evaluation. In addition to biomimetic design, advanced technologies such as 3D printing
and 3D weaving have been employed to assemble complex piezoelectric materials [98,99]. These fabrication
methods enable the creation of complex, customized structures that enhance the functionality and performance of
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piezoelectric composites, paving the way for innovative applications and improved integration into various smart
devices.
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output at different frequencies. (e) Voltage output over 8000 cycles cyclic impact test (2 Hz). Reproduced with
permission [47]. Copyright 2023, Springer Nature.

4. Biomedical Applications

The electromechanical conversion capabilities of piezoelectric bio-systems allow them to convert external
stimuli into electrical energy, making them ideal for a wide range of biomedical applications. In recent years,
significant advancements have been made in both implantable and wearable devices leveraging this
technology [100-104]. Research has primary focused on four key areas: (i) Stimulating cellular growth and tissue
repair and regeneration; (ii) Enhancing drug delivery by improving molecular release and permeability; (iii)
Directing and accelerating cell migration to promote wound healing; and (iv) Capturing multimodal physiological
signals for non-invasive diagnostic purposes.

4.1. Tissue Regeneration

Over the past decades, piezoelectric biomaterials have shown great potential in tissue healing and the
restoration of cellular functions. Biomedical engineers have used dynamic electric stimulation on these materials
to activate, proliferate, and differentiate cells, aiding the repair of various tissues including nerves, muscles, skin,
and bone [105-108]. For example, Wang et al. fabricated electrospun fibers composed of PCL embedded with
piezoelectric tetragonal-SrTiOs to mimic the native tendon structure for tendon injury repair [109]. The tetragonal-
SrTiO; enhanced the expression of tendon-related genes, and promoted collagen deposition, and reduced
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inflammation. Similarly, Liu et al. created a conductive piezoelectric BaTiOs/perampanel silk fibroin hydrogel
capable of wireless electrical stimulation triggered by ultrasound [110]. This hydrogel not only showed excellent
electrical conductivity but also anti-glutamate excitotoxicity, enhanced motor function recovery, and promoted
spinal cord regeneration in a spinal cord injury rat model. During bone regeneration, electrical stimulation
enhances Ca?' influx by activating voltage-gated calcium channels (VGCCs) and triggering the Ca®" signaling
pathway, thereby promoting osteogenic differentiation [111,112]. In nerve regeneration, an increase in intracellular
calcium concentration can induce actin depolymerization and contraction of this side of the cell, directing the cell’s
movement toward the cathode [113,114]. Similarly, in neural stem cell differentiation, applying an electric field
modulates calcium signaling at the early stage, effectively steering differentiation toward neuronal lineages [115].

4.1.1. Bone Regeneration

Zheng et al. developed a fully implantable bone defect electrical stimulation (BD-ES) device, which
integrates a hybrid tribo-/piezoelectric nanogenerator (HTP-NG) to generate electric pulses in response to
rehabilitation movements [39]. This system was coupled with a conductive bioactive hydrogel made from
ECM/alginate methacryloyl/polydopamine modified black phosphorus nanosheets (EABP) (Figure 8a). The BD-
ES system facilitated the creation of an osteogenic microenvironment at the defect site by triggering biological
processes, including calcium ion influx, cell proliferation and migration, and osteogenic differentiation. The
piezoelectric materials used in the device consisted of commercial poled PVDF films with silver electrodes on
both sides. In vivo studies on the osteogenic properties of the BD- ES system involved placing the HTP-NG near
the knee joint and drilling a 3-mm-diameter cylindrical defect in the medial femur condyle. The HTP-NG was
connected to the defect site via subcutaneously implanted platinum wires. The device efficiently harvested energy
from rat knee joint’s movements, generating electric pulses. Micro-CT scans demonstrated that the group treated
with EABP and ES showed enhanced osteogenic induction compared to the control groups (ECM/alginate
methacryloyl hydrogel (EA) and EABP without stimulation) (Figure 8b). Morphological parameters such as bone
mineral density (BMD), bone volume (BV)/total volume (TV), trabecular number (Tb. N), and trabecular thickness
(Tb. Th) were also assessed, with the EABP + ES group exhibiting significantly improved bone regeneration
(Figure 8c). The BV/TV ratio was 1.4 times greater in the EABP + ES group than in the EABP group (Figure 8d),
and Tb. N and Tb also showed significant differences (Figure 8e,f). Additionally, histological analyses using
hematoxylin and eosin (H&E) and Masson trichrome staining demonstrated a marked increase in newly formed
bone and collagen in the EABP + ES group (Figure 8g). The BD-ES system demonstrates the potential for
integrating rehabilitation exercise with electrical stimulation to enhance bone regeneration, offering new insights
for the design of self-responsive devices for intelligent healthcare. This innovation holds promise for improving
the treatment of clinical BD.
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Figure 8. Implantable electrical stimulation device made of tribo- and piezoelectric nanogenerators for enhancing

bone regeneration. (a) Surgical images of the implanted system. (b) 3D reconstruction images and sagittal and
transverse view images of the distal femur by micro-CT. (¢—f) Micro-CT quantitative evaluation of BMD, BV/TV,
Tb. n, and Tb. Th in defect areas. Data are expressed as means = SD. One-way ANOVA with Tukey’s multiple
comparisons test, *** p < 0.001 and * p < 0.05, n = 3. (g) H&E and Masson’s trichrome staining images of the rat
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femurs. Scale bar = 500 um. Reproduced with permission [39]. Copyright 2024, The American Association for the
Advancement of Science.

4.1.2. Wound Healing

Wound healing is crucial for maintaining the integrity of multicellular organisms. Numerous studies have
demonstrated that disruption of the epithelial layer generates endogenous electric fields (EF) that play a key role
in directing and accelerating cell migration [116,117]. However, the clinical application of exogenous EF to
promote wound healing is often hindered by the need for cumbersome and complex ES devices at the injury site.
To address this challenge, Sun et al. developed a flexible sono-piezo patch comprised of multifunctional fibers
embedded with piezoelectric ZnO nanoparticles [118]. This patch leveraged low-intensity pulsed ultrasound to
activate ES in the target tissues, which enhanced pro-regenerative behaviors in surrounding tissues and cells.
Similarly, bio-piezoelectric materials, which convert motion-induced mechanical energy into electricity, show
promise in actively accelerating the wound healing process. In this context, Wu et al. designed a self-aligned
piezoelectric y-glycine/PV A biofilm, optimized for use as a bioresorbable ultrasonic wireless electrotherapy device
(b-WPUE) [58]. With concentric electrode devices spaced 1 mm apart, the system produced an electric field
strength of approximately 220 mV mm™', sufficient for effective wound electrotherapy. In a rodent model with
artificial surgical wounds, the functionality of the b-WPUE was evaluated. Figure 9a illustrates the healing
progress across four different treatment groups, where the wounds treated with b-WPUE and ultrasound exhibited
significantly faster healing (~40% acceleration) compared to the control group. Notably the b-WPUE device alone
did not alter the rate of healing, and while all wounds healed by day 15, the stimulated group achieved nearly
complete recovery by day 10 (Figure 9b,c). No significant changes in weight were observed during treatment
(Figure 9d). Histology analysis using H&E staining on tissue samples collected on days 6 and 12 further confirmed
accelerated wound healing in the stimulated group (Figure 9¢). These findings suggest that piezoelectric biofilms
with excellent acoustic-electric conversion can be successfully integrated into b-WPUE device, offering an
effective wireless electrotherapy approach that promotes wound healing rates in preclinical models.
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Figure 9. Bioresorbable ultrasonic wireless electrotherapy device made of piezoelectric y-glycine/PV A biofilm for
enhancing wound healing. (a) Optical photographs of wound healing in mice with different treatments. Scale bar =
6 mm. (b) Quantitative analysis of wound healing from 0 to 10 days (n = 4; *** p < 0.001). (¢) Summary of the
complete wound closure times (n = 4; *** p < (0.001). (d) Mice weight changes during wound treatments (n = 4).
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(e) H&E staining images of wound sections at days 6 and 12 after wounding. Scale bar = 1 mm. Reproduced with
permission [58]. Copyright 2024, The American Association for the Advancement of Science.

4.1.3. Nerve Regeneration

Peripheral nerve injuries are common in clinical settings and often involve severe long-gap interruptions,
significantly impacting patients’ daily lives and social activities [119,120]. For large-diameter peripheral nerve
injuries (greater than 2 mm), researchers typically use biocompatible conduits to encase the damaged sciatic nerve,
creating an artificial guiding channel to promote nerve regeneration. For example, Chai et al. developed a nerve
guidance conduit composed of BTO nanoparticles-doped P(VDF-TrFE) aligned piezoelectric nanofibers, capable
of repairing peripheral nerve injuries through ultrasound-triggered electrical stimulation [15]. These piezoelectric
nanofibers achieved an open-circuit voltage of about 1.69 V under ultrasound stimulation at 0.75 W c¢cm2. To
evaluate their clinical potential, conduits with varying treatments were implanted into 10 mm sciatic nerve defects
in Sprague-Dawley (SD) rats (Figure 10a). Immunostaining of regenerated nerve tissue for S-1008 (a Schwann
cell marker) and NF200 (a neurofilament marker) confirmed nerve regeneration. Figure 10b,c demonstrate the
presence of S-1008-positive cells and NF200-positive cells in the transversal nerves of experimental groups.
Importantly, conduits subjected to ultrasound stimulation (BPN US(+)) exhibited higher expression of S-1008 and
NF200 compared to those without stimulation (BPN US(—)), demonstrating the enhanced nerve regeneration
achieved through ultrasound-triggered wireless electrical stimulation. For smaller-diameter nerves (less than 1 mm)
located in deeper anatomical sites and in contact with surrounding tissues, a nanopatch offers a promising
alternative for nerve repair. Liu et al. introduced a band-aid-like nanopatch made of BTO@PCL/graphene
oxide@gelatin methacryloyl for peripheral nerve repair using wireless ultrasound-electrical stimulation [121]. In
a rat model of erectile dysfunction caused by peripheral nerve injury, the nanopatch adhered seamlessly to the
damaged nerve, functioning like a band-aid (Figure 10d—f). This approach significantly improved corpus
cavernosum nerve regeneration, enhancing tissue structure, erectile function, and a higher conception rate in
female rats.

(e

.~

(a) | (d)g
Wﬂﬂhﬁﬂ' :
| .
I -
|
I
I
DAP| NF200 0B |
I
|
I
1

Figure 10. Piezoelectric conduits and nanopatches for the repair of peripheral nerve injuries. (a) SEM images of
the aligned electrospun nanofibers and conduit; Photographs of implantation of (BPN US(-)) and (BPN US(+)).
Scale bars are 5 pm in the first SEM image, 500 pm in the second SEM image. (b,c) Immunofluorescent staining
of DAPI, NF200, and S-1008 of (BPN US(—)) and (BPN US(+)) at eight weeks postoperatively. Scar bar is 20 um.
(a—c) Reproduced with permission [15]. Copyright 2024, Wiley. (d) Anatomical location diagram of cavernous
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nerve in rats. (e,f) Diagram of a band-aid-like nanopatch acting on neurologic erectile dysfunction rats. (d,e)
Reproduced with permission [121]. Copyright 2024, Wiley.

4.2. Drug Delivery

Precise drug delivery is essential for the treatment of various diseases, including cancer, tissue damage, and
degenerative diseases. Recent research highlights the potential of piezoelectric materials in enhancing drug
delivery systems by providing electrical stimulation, which can significantly improve the release and permeability
of therapeutic molecules [122—124]. For instance, Lin et al. developed a controlled drug delivery system using
piezocatalytic molybdenum disulfide nanoflowers as carriers for indomethacin, which can be activated by
ultrasound to generate reactive oxygen species, facilitating targeted drug release for acute inflammation
therapy [78]. In a paw edema model, a commercially available dressing functionalized with MoS: containing
indomethacin showed effective in vivo drug release, reducing paw swelling by up to 56% within 6 h. In another
study, Nguyen et al. designed biodegradable, flexible piezoelectric glycine-PCL nanofiber membranes, which
served as the core of an implantable ultrasonic transducer. This device, implanted into the brain, enhanced drug
delivery across the blood-brain barrier (BBB), offering a novel approach for treating brain cancers [i.e.,
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glioblastoma (GBM)] (Figure 11a) [44]. In an orthotopic U87MG-Luc GBM mouse model, the combination of
paclitaxel (PTX) and ultrasound stimulation from the piezoelectric glycine-PCL transducer significantly improved
anti-tumor efficacy (Figure 11b,c). Bioluminescence imaging revealed that mice treated with ultrasound-assisted
PTX had the smallest tumors compared to other treatment groups (Figure 11d). Furthermore, the Kaplan-Meier
survival analysis demonstrated that mice receiving the combined treatment had a prolonged median survival time
of 65 days, with some surviving up to 72 days, which was significantly longer than those in other groups
(Figure 11e). Furthermore, the corresponding images of the bioluminescence intensity of GBM cell at day 26,
collected brain ex vivo imaging of the entire brain (Figure 11f) confirm that, in comparison to all other treatment
groups, mice treated with glycine-PCL ultrasound-assisted PTX possessed the smallest tumor. All these findings
indicate that biodegradable ultrasonic transducers based on piezoelectric glycine-PCL present a reliable and
efficient option for future GBM treatments. These technologies have the potential to significantly advance
biomedicine by overcoming the limitations of conventional external focused ultrasound, particularly in opening
the BBB. Traditional methods face challenges such as significant attenuation of sound waves when passing through
thick skulls and the difficulty of inducing effects repeatedly at precise locations. Piezoelectric systems offer a more
targeted and reliable alternative.
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Figure 11. Implantable device made of glycine-PCL nanofiber membranes for facilitated delivery of

chemotherapeutic drugs to brain tissue. (a) Optical photograph of a biodegradable glycine-PCL ultrasonic

transducer. (b) Model of the glycine-PCL ultrasonic transducer in enhancing the delivery of chemotherapeutic drug

to the brain for the treatment of GBM tumor. (¢) Micro-CT image revealing the position of the implant in the animal.

(d) Mean GBM tumor luminescence intensity levels of mice receiving different treatments. Data are means + SD

(n =8, one-way ANOVA and Tukey multiple comparisons tests at day 31). (e) Kaplan-Meier survival of animals
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receiving different treatments (n = 8, log-rank test). (f) Bioluminescence images of GBM tumor growth in live
animals and ex vivo images of GBM-bearing brains. Reproduced with permission [44]. Copyright 2023, The
American Association for the Advancement of Science.

4.3. Biosensors

As digital healthcare technology continues to advance, wearable biosensors are being increasingly utilized to
monitor multimodal physiological signals for various biomedical applications such as mental stress analysis,
bladder volume monitoring, and blood pressure measurement [125-129]. A recent study introduced a wearable
bio-adhesive ultrasound elastography (BAUS-E) device, featuring a piezoelectric lead zirconate titanate (PZT)
layer. This device generated acoustic radiation force impulses to create shear waves, enabling the continuous
evaluation of liver stiffness. Such measurements can serve as valuable biomarkers for tracking the progression of
acute liver failure (ALF) through rapid, real-time changes in tissue elasticity. Figure 12a depicts the procedure for
monitoring liver stiffness using a pharmacologically induced ALF animal model. Shear wave elastography (SWEs)
data were collected over a 48-h period to evaluate the elasticity of rat livers using BAUS-E. The shear wave
velocity (group velocity, Cg) values for the rat livers at four distinct time points—O0, 12, 30, and 48 h—were
recorded as 1.23, 1.53, 1.80, and 2.42 m/s, respectively, indicating a clear progression of liver injury (Figure 12b).
A significant difference in liver stiffness was observed between normal livers and those affected by ALF at every
time point (Figure 12¢,d). Both BAUS-E and histological staining confirmed a strong positive correlation between
liver stiffness and the severity of ALF. These findings suggest that BAUS-E could have extensive clinical
applications, particularly for the non-invasive and continuous monitoring of internal organ changes in rapidly
progressing conditions like ALF. The device’s potential for real-time tracking could be especially valuable in
intensive care units and clinical settings where timely diagnosis and monitoring are critical.
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Figure 12. Wearable bio-adhesive ultrasound elastography based on a piezoelectric PZT layer for monitoring liver
elasticity. (a) Schematic diagram of the procedure for assessing elasticity changes in rats with ALF. (b)
Spatiotemporal maps of shear wave velocities. (¢) Shear wave velocities were observed from 0 to 48 h using BAUS-
E. (d) Trend of Young’s modulus changes in relation to the severity of rats with ALF over 48 h. IF,
immunofluorescence. * p <0.05, ** p <0.01, and *** p <0.001. Reproduced with permission [42]. Copyright 2024,
The American Association for the Advancement of Science.
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In addition to these specialized applications, the use of piezoelectric materials in integrated diagnostic and
treatment systems is propelling the development of innovative, non-invasive, and personalized medical
technologies. These materials have been employed in efforts to achieve simultaneous visualization and treatment
of malignant tissues. For instance, Shung et al. designed an integrated multifunctional confocal phased zirconate
titanate array for noninvasive prostate tissue surgery, combining diagnosis and therapy capabilities [130]. The
device features a triple row phased arrays: a 6-MHz array in the center row for imaging and two 4-MHz arrays in
the outer rows for therapy. The 6-MHz imaging array consists of 128 elements with a 0.73\ = 188 pm pitch, 25
pm kerf, and 8 mm height, while each 4-MHz therapy array also has 128 elements with a 0.5A = 188 um pitch, 25
pm kerf, and 14 mm height. Both simulation and experimental results confirmed the device’s ability to provide
real-time imaging during treatment. Similarly, Shrestha et al. developed a dual-mode piezo-composite transducer
array integrating the therapeutic and diagnostic functions for image guided surgery [131,132]. This system offers
immediate, spatially accurate lesion imaging and real-time feedback on tissue response to high-intensity focused
ultrasound beams. As research advances, the application of piezoelectric materials in such integrated systems is
expected to grow, enhancing the efficiency, accessibility, and effectiveness of healthcare delivery.

5. Conclusions and Outlook

Engineered piezoelectric metamaterials have emerged as an important innovation in biomedical applications,
offering promising capabilities in addressing complex medical challenges and enhancing patient care. By
integrating piezoelectric materials with metamaterial structures, researchers have developed highly specialized
devices and systems that enhance both performance and functionality. The ability of these materials to efficiently
convert mechanical stress into electrical energy has driven substantial progress in areas such as tissue regeneration,
drug delivery, wound healing, and biosensing.

However, despite these advancements, a considerable gap remains between laboratory-scale demonstrations
and practical clinical applications. As an emerging field, the development and deployment of piezoelectric
metamaterials face several challenges. While many piezoelectric biomaterials exhibit excellent biocompatibility,
their lack of biodegradability often requires secondary surgical procedures to remove them once they have served
their purpose. To address this, there is increasing focus on developing naturally biodegradable piezoelectric
materials. Modified proteins, for instance, are being explored as potential candidates to reduce the need for
additional surgeries, thereby improving patient outcomes [89,133,134]. The degradation rates of biodegradable
materials are often either too rapid or too slow for clinical needs. Many biomedical implants require functionality
for several months to even years. Therefore, it is crucial to develop safe encapsulation materials or integrate
degradation catalysts into piezoelectric devices to ensure they remain functional for the desired period and degrade
predictably thereafter. For wearable biomedical devices, ensuring breathability and moisture management is
crucial for user comfort and device reliability. Piezoelectric materials used in wearables must allow sufficient
airflow and manage moisture effectively to prevent skin irritation [135—137]. Balancing piezoelectric functionality
with user comfort is critical to the successful adoption of these devices in practical, long-term applications.

Moreover, the piezoelectric properties of materials can be significantly enhanced by subjecting them to high
electric fields through polarization [71]. In their natural state, the dipoles within a material are randomly oriented,
canceling each other out and resulting in minimal or no piezoelectric response. When an electric field greater than
the saturation field but below the breakdown field is applied, the dipoles align, creating directional
polarization [138]. Two commonly poling methods are direct current poling (DCP) and alternating current poling
(ACP). DCP, a traditional technique, involves applying a DC voltage for a specific duration, allowing complete
domain motion or switching during the poling process. In contrast, ACP is a dynamic approach that cyclically
changes the polarization direction, offering significant potential for industrial applications. However, ACP does
not allow sufficient time for internal stress relaxation, making it more difficult to achieve saturated poling
compared to DCP [139,140]. To address this limitation, some researchers have combined the two methods, using
ACP to change domain configuration initially, followed by DCP to ensure full domain reorientation [141].
Developing optimized polarization processes remains a key focus for advancing the fabrication of biological
piezoelectric materials, paving the way for enhanced performance and broader applications. In summary, while
piezoelectric metamaterials hold great promise in advancing biomedical technologies, overcoming these
challenges will be essential for their widespread clinical adoption and sustained success.
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improve outcomes after flexor tendon repair. The system features a multi-layered design with anti-adhesion and
pro-matrix factors encapsulated in separate layers of hyaluronate films crosslinked to different degrees to control
their direction and rate of release. After validating drug delivery under controlled release, cell culture experiments
involving tendon fibroblasts and a Transwell system are conducted to demonstrate the system’s efficacy in
modulating local cellular responses. The promising results from this study lay the groundwork for moving this
system toward in vivo testing and clinical translation.
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1. Introduction

The flexor tendons of the hand facilitate movements necessary for daily activities such as gripping and
manipulating objects. Intrasynovial flexor tendon injuries, including lacerations and ruptures, are common and
they result in significant pain and disability. Treatment of these injuries typically requires surgical repair and
prolonged rehabilitation to regain function. Unfortunately, current approaches often fail to return full function to
the hand due to poor healing that leads to gapping or repair-site-failure, and adhesion formation that limits motion.
To improve the outcome of the repair of an intrasynovial flexor tendon injury, it is necessary to concurrently
suppress the adhesion between the tendon and the surrounding sheath while accelerating the regeneration of the
tendon at the repair site [1].

Recent research efforts have focused on applying stem cells, growth factors, and/or small molecule drugs to
the tendon injury site following surgical repair to improve the outcome [2—5]. However, most delivery systems are
designed to release a single factor at the target site, making them inadequate for flexor tendon repair, which
requires simultaneous prevention of adhesion at the tendon surface and promotion of matrix synthesis inside the
tendon. Herein, we report a novel bi-directional and bi-temporal controlled release system that can be wrapped
around the intrasynovial tendon repair site to address this need. Specifically, this system delivers an anti-adhesion
factor toward the tendon sheath during the early inflammatory period and a pro-matrix factor toward the tendon
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repair site in the subsequent proliferative and remodeling phases, effectively addressing both requirements for
successful healing.

Our controlled release system is based on sodium hyaluronate (NaHA), a major lubricating component of the
synovial fluid that has been extensively used in flexor tendon repairs [6,7]. Prior studies suggested that NaHA can
prevent adhesion formation and reduce gliding resistance both in vitro and in vivo [8,9]. Therefore, NaHA is
considered an excellent carrier material for delivering biological effectors in intrasynovial tendon repair. However,
the half-life of NaHA in the physiological environment is very short (several hours to 1.5 days [10]) due to the
presence of enzymes, such as hyaluronidase (HAase), capable of rapidly breaking down NaHA-based carriers once
implanted. To increase the tissue residence time of a NaHA-based delivery system while enhancing its mechanical
properties, here we use (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) to help crosslink the NaHA
matrix into a network. By controlling the duration of crosslinking, we obtain NaHA films with different degrees
of crosslinking under a condition compatible with the physiological system. The crosslinked NaHA films are fully
characterized, and their drug delivery capabilities are examined, including the degradation rates and cumulative
drug release profiles. To achieve bi-directional and bi-temporal release, the delivery system is designed to adopt a
multi-layered structure, in which the payloads are encapsulated in two separate hosting layers between NaHA films
crosslinked to different degrees (Figure 1). While the two sides of the system are capped by NaHA films (i.e., the
permeable layers) crosslinked to different degrees to achieve bi-temporal release, a middle film made of the most
heavily crosslinked NaHA serves as a blocking layer to prevent the inter-diffusion between the two drug-loaded
layers, realizing bi-directional delivery. We explore two small molecule drugs, the IKKf inhibitor 2-amino-6-(2-
(cyclopropylmethoxy)-6-hydroxyphenyl)-4-(piperidin-4-yl)nicotinonitrile hydrochloride (ACHP hydrochloride,
C21H25CIN4O2) (to control inflammation) and sodium dichloroacetate (DCA) (to control metabolism), in this study.
To avert a potential detrimental burst release effect, the small molecule drugs are pre-loaded in nanoparticles made
of natural fatty acids and then encapsulated in a hosting layer comprised of physically-crosslinked poly(vinyl
alcohol) (PVA) and NaHA. The bi-directional and bi-temporal release is visualized and validated by replacing the
small molecule drugs with fluorescent model compounds. A series of tendon fibroblast Transwell culture
experiments are conducted to demonstrate the efficacy of the bi-directional and bi-temporal delivery system in
modulating cellular responses. By establishing the biological effectiveness of the bi-directional delivery of ACHP
and DCA in vitro, the current study poses a strong foundation for exploring the opportunity to concurrently prevent
adhesion formation through IKKp inhibition and enhance tendon strength through modulation of metabolism.
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Figure 1. Schematic of the bi-directional and bi-temporal release system, which adopts a multi-layered structure,
with two hosting layers containing fatty acid nanoparticles pre-loaded with the small molecule drugs, ACHP and
DCA, respectively, and stabilized by DSPE-PEG surfactant. The hosting layers are comprised of a physically-
crosslinked PVA-NaHA matrix. The two hosting layers are separated by a blocking layer made of NaHA-60. Two
permeable layers, made of NaHA-24 and NaHA-48, respectively, help control the release kinetics of the ACHP-
and DCA-loaded nanoparticles. NaHA-24, NaHA-48, and NaHA-60 correspond to NaHA films crosslinked for 24,
48, and 60 h in the presence of (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, respectively.

2. Experimental Section

2.1. Chemicals and Materials

Lauric acid (>98%), stearic acid (95%), ethanol (EtOH, HPLC grade), PVA (Mw = 89,000-98,000), thiazolyl
blue tetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), rhodamine B (RhB), indocyanine green (ICG),
DCA, hyaluronidase (from bovine testes, 400—1000 units/mg solid), and glass microcapillary tube (Ace Glass)
were all obtained from Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine serum (FBS), EDC hydrochloride,
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Dulbecco’s modified Eagle medium (DMEM) with a high glucose content (4.5 g/L), DMEM with a low glucose
content (1 g/L) and sodium pyruvate (110 mg/L), antibiotic-antimycotic, phosphate-buffered saline (PBS,
pH = 7.4), calcein-AM, ethidium homodimer-1 (EthD-1), TRIzol reagent, and PVC tubes were ordered from
Thermo Fisher (Waltham, MA, USA). ACHP hydrochloride was obtained from MedChemExpress (Monmouth
Junction, NJ, USA); 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethylene glycol)-5000]
(Mw = 5000, DSPE-PEG 5000) was purchased from Laysan Bio Inc (Arab, AL, USA); NaHA (Mw = 200 k) was
ordered from Lifecore Biomedical (Chaska, MN, USA); syringe needles (18 G and 26 G) were ordered from BD
(Franklin Lakes, NJ, USA); and epoxy adhesive was obtained from Devcon. All chemicals and materials were
used as received. The deionized (DI) water used in all experiments was obtained by filtering through a Millipore
ultrapure water system (Billerica, MA, USA).

2.2. Fabrication of Fatty Acid Nanoparticles and Encapsulation of Payloads

Fatty acid nanoparticles were prepared through hydrodynamic focusing in a homemade fluidic device by
following a published protocol [11]. Briefly, the fluidic device was fabricated by inserting a 26 G needle into a
PVC tube (inner diameter: 1/16 inch) and connecting it with a microcapillary tube (550 um inner diameter),
followed by fixing and sealing with epoxy adhesive. The focused phase, a solution of fatty acids, was prepared by
dissolving lauric acid and stearic acid at a 4:1 mass ratio in EtOH with a total concentration of 6 mg/mL. The
focusing phase was prepared by dissolving the surfactant DSPE-PEG in water at a concentration of 0.2 mg/mL.
The fatty acid and surfactant solutions were introduced using two syringe pumps (KD100, KD Scientific, Holliston,
MA, USA) with independently controlled flow rates. The flow rates of the focused phase and focusing phase were
set to 14 and 700 pL/min, respectively. The encapsulation of the fluorescent molecules (RhB and ICG), DCA, and
ACHP in the fatty acid nanoparticles was achieved by directly adding them into the fatty acid solution. For
molecules that are scarcely soluble in EtOH, including ICG and ACHP, they were dissolved in DMSO at specific
concentrations (10 mg/mL for ICG and 25 mg/mL for ACHP), followed by mixing with the fatty acid solution in
ethanol at a 5:95 (v/v) ratio. For compounds highly soluble in EtOH (e.g., RhB and DCA), the powders were
directly dissolved in the fatty acid solution in EtOH at a concentration of 20 mg/mL for RhB and 30 mg/mL for
DCA at 50 °C, respectively. The nanoparticles were collected and kept in an ice bath, except for washing. The
nanoparticles were washed with water containing DSPE-PEG (0.5 mg/mL) three times at 16,600 g rcf for 8 min
using a centrifuge (5471C and 5810, Eppendorf, Hamburg, Germany) to remove the free drug molecules. The
nanoparticles were finally resuspended in water containing DSPE-PEG (1 mg/mL) for further use.

2.3. Preparation and Characterization of the Crosslinked NaHA Films

The NaHA films were prepared through solution casting, followed by crosslinking in a 50 mM EDC solution
in an EtOH/water mixture (8:2, v/v) for different periods of time. The polymer solution was prepared by dissolving
NaHA in water at a concentration of 1 wt.% under stirring overnight on an orbital shaker (Apollo Digital Orbital
Shaker, CLP) at 300 rpm and room temperature. In a typical process, 5 mL of 1 wt.% NaHA was cast in a glass
petri dish (VWR, Radnor, PA, USA) with a diameter of 50 mm. The dish was placed in a fume hood with a laminar
flow for 20 h to allow the solvent to evaporate. The dried NaHA film was peeled off and then cut into smaller
pieces of the desired size (circles with a diameter of 1 inch). The crosslinking solution was prepared by dissolving
EDC in the EtOH/water mixture and shaking at 300 rpm for 1 h to obtain a homogeneous mixture. To achieve
varying degrees of crosslinking, the NaHA films were immersed in the crosslinking solution for 24, 48, and 60 h
at room temperature. The resultant films are denoted NaHA-24, NaHA-48, and NaHA-60, respectively, according
to the duration of crosslinking. After crosslinking, the films were washed with the EtOH/water mixture for 3 min,
followed by rinsing with 50% EtOH and H>O and finally drying at room temperature in a fume hood with laminar
flow. Infrared (IR) spectra of the non-crosslinked NaHA, NaHA-24, NaHA-48, and NaHA-60 films were recorded
using a Fourier Transform Infrared (FT-IR) Spectrometer (Shimadzu IRAffinity-1, Shimadzu, Kyoto, Kyoto,
Japan) under attenuated total reflection mode.

2.4. Degradation of the Crosslinked NaHA Films

The degradation of the NaHA films with different degrees of crosslinking was evaluated in vitro by
immersing the NaHA-24, NaHA-48, and NaHA-60 films in 1 mL of PBS containing 20 U HAase and incubating
at 37 °C [12]. The medium was changed every day. For each type of film, multiple (N = 3) pieces were used for
mass loss measurement at each time point. Briefly, the medium was removed, and the films were then freeze-dried
for 5 h to remove any remaining liquid before being weighed on a balance. The percentage mass remaining for
each group was calculated by normalizing the value against the starting mass of the respective group.
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2.5. Monitoring the Release of Fatty Acid Nanoparticles from the Crosslinked NaHA Films

Fluorescently-labeled fatty acid nanoparticles were prepared by encapsulating RhB and ICG using the
antisolvent precipitation method described above. A mixture of PVA (7.5 wt.%) and NaHA (0.5 wt.%) was
prepared by mixing 15 wt.% PVA and 1 wt.% NaHA at 1:1 (v/v) ratio and vortexing for 1 min on a Vortex-Genie
2 vortex mixer (Scientific Industries, Bohemia, NY, USA) to obtain a homogeneous solution. This mixture was
used both as the hosting layer for the drug-loaded fatty acid nanoparticles and as a glue during the layer-by-layer
assembly process. The fluorescently labeled nanoparticles were loaded between NaHA films with different degrees
of crosslinking. Release from NaHA-24 and NaHA-48 were monitored using the structure in Figure S1A, and that
from NaHA-60 was monitored using the structure in Figure S1B. After the assembling process, the structure went
through three freeze-thawing cycles for the PVA in the PVA-NaHA mixture to form hydrogen bonds. One freeze-
thawing cycle involved freezing at —80 °C for 3 h and thawing at 4 °C for 1 h. The structure was subsequently
incubated in 150 pL of PBS, or PBS containing 10 U or 20 U HAase at 37 °C [12,13]. For each sample, the
incubation solution was removed every 24 h and 150 pL of fresh solution of the corresponding type was
supplemented back. The amount of nanoparticles released was correlated with the reduction of fluorescence
intensity within the system. Fluorescence images were recorded using a confocal fluorescence microscope (Zeiss
LSM 900, Zeiss, Oberkochen, Germany) every 24 h for the first 5 days and every 48 h for the remaining period.
The beam intensity, exposure time, and digital gain were fixed for each sample. At each time point, images were
taken at 10 random spots on a single sample and the average fluorescence intensity of these spots was recorded.
The release for each sample was normalized against the fluorescence intensity recorded at the beginning of the
experiment (¢ = 0 h). Three technical replicates with the same degree of crosslinking and the same incubation
condition were performed for each group (N = 3).

2.6. Fabrication of the Bi-Directional and Bi-Temporal Delivery System

We fabricated the delivery system by assembling the NaHA films in a layer-by-layer manner. In a typical
process, a NaHA-48 film was placed at the bottom and then a thin layer of the PVA-NaHA mixture was applied
by brush coating. Afterward, 50 uL of the suspension of DCA-loaded fatty acid nanoparticles containing a total
dose of 1.483 mg (9.83 umol) DCA was dropped on the top. The PVA-NaHA mixture was evenly applied to the
bottom of a NaHA-60 film and the film was attached to the previous structure, with the PVA-NaHA side facing
down. The same procedure was repeated for the top layers containing the ACHP-loaded nanoparticles: a 10 pL
suspension of ACHP-loaded fatty acid nanoparticles containing a total dose of 22.3 pg (56 nmol) ACHP was
sandwiched between the middle layer of NaHA-60 and the topmost layer of NaHA-24. After the assembly process,
the delivery system went through three freeze-thawing cycles. The thickness of the dried construct was around
46.0 um.

2.7. Visualization of the Bi-Directional Release

The bi-directional release from the multi-layered NaHA construct was visualized using fatty acid
nanoparticles pre-loaded with fluorescent model compounds. Specifically, ICG and RhB were selected to represent
ACHP and DCA, respectively. The construct was incubated in 200 puL of 20 U HAase-supplemented PBS solution
at 37 °C in a 12-well plate for up to 6 days [12]. Z-stack confocal fluorescence micrographs were captured every
day using a confocal fluorescence microscope (Zeiss LSM 900). Cross-sectional images were reconstructed from
the z-stack ones using the Zen (blue) software from Zeiss.

2.8. Fabrication of a Unidirectional Delivery System for the Cell Culture Experiment

A simplified unidirectional delivery system was used in the in vitro experiment (Figure S2). The system was
fabricated and attached to the Transwell insert in a similar manner to the bi-directional and bi-temporal delivery
system, except that only two layers of NaHA films were involved. The system was attached to the bottom of a
Transwell insert (6-well insert, 0.4 um, PET translucent, cellQART, SABEU, Northeim, Germany) with the same
PVA-NaHA mixture as described above, covering the Transwell membrane entirely from the bottom. The PVA-
NaHA mixture was carefully applied to the peripheral region of the film only. Three freeze-thawing cycles were
carried out to securely bond the delivery system to the Transwell membrane. For the DCA experiment, DCA-
loaded fatty acid nanoparticles were hosted in a PVA-NaHA mixture layer sandwiched between a NaHA-48 film
and a NaHA-60 film. The system was attached to the bottom of the Transwell insert with the NaHA-60 film facing
the membrane. For the ACHP experiment, ACHP-loaded fatty acid nanoparticles were hosted in a PVA-NaHA

38



Mater. Interfaces 2024, 1, 35-46 https://doi.org/10.53941/mi.2024.100001

mixture layer sandwiched between a NaHA-60 film and a NaHA-24 film. The system was attached to the bottom
of the Transwell insert with the NaHA-24 film facing the membrane.

2.9. Isolation, Culture, and Seeding of Tendon Fibroblasts

Primary rat tail tendon fibroblasts were received from Columbia University. After being recovered from
cryopreservation, the cells were cultured until the fourth generation in a DMEM medium supplemented with 10%
FBS and 1% antibiotics (containing penicillin and streptomycin) prior to seeding. Tendon fibroblasts were seeded
in both the upper and lower chambers at a density of 0.021 x 10° cells/cm?. A total of 1.2 mL and 3 mL of the
medium were added to the upper and lower chambers of the Transwell, respectively. For the ACHP experiment, a
normal DMEM medium with a high glucose content (4.5 g/L) was used, whereas for the DCA experiment, DMEM
with a low glucose content (1 g/L) and sodium pyruvate (110 mg/L) was used to amplify the cellular response to
DCA. After adding the cell suspension, the system was shaken on a 3D shaker platform (Corning GyroTwister
S1000-40, Corning Life Sciences, Durham, NC, USA) at 30 rpm for 5 min, followed by incubation at 37 °C in a
humidified chamber containing 5% COz for 12 h to allow the cells to sediment and adhere to the Transwell
membrane in the upper chamber and the bottom of the lower chamber.

2.10. Evaluation of the Biocompatibility of the Delivery System

Live/dead staining and MTT assay were used to evaluate the biocompatibility of the delivery system. Calcein-
AM and EthD-1 were used to stain the live and dead cells, respectively. After 24 h of culture, cells were incubated
with serum-free DMEM containing 5 mM calcein-AM and 4 uM EthD-1 at 37 °C for 30 min. After washing with
PBS three times, the samples were observed under a confocal fluorescence microscope (Zeiss LSM 900). For the
MTT assay, the upper and lower chambers of the Transwell system were rinsed three times with PBS and then 500
pL of serum-free DMEM containing 0.5 mg/mL MTT was added into both chambers. After incubation at 37 °C
in a humidified chamber containing 5% COz for 4 h, the MTT solution was removed and 500 uL. of DMSO was
added to dissolve the formazan produced. The DMSO solution was then transferred to a 24-well plate and its
absorbance at 570 nm was read with a microplate reader (Infinite 200, Tecan, Mannedorf, Switzerland). Five
technical replicates were performed for each group (N =5).

2.11. In Vitro Transwell Cell Culture Experiment for Directional Delivery of ACHP.

After tendon fibroblasts had adhered for 12 h, both the upper and lower chambers of the ACHP-treated and
control group received 20 ng/mL Interleukin-1B (IL-1B) (R&D Systems, Minneapolis, MN, USA) for 48 h to
stimulate inflammatory conditions. At the end of the culture period, the supernatants of all chambers were
separately collected to evaluate inflammatory cytokine production (Interleukin 6, IL-6). The concentration of IL-
6 was measured using a commercial IL-6 ELISA kit (Aviva Systems Biology, San Diego, CA, USA). The values
obtained were subsequently used to calculate the total amount of IL-6 produced in each chamber by multiplying
the concentration with a known total volume of the medium. The total IL-6 was normalized against the number of
cells seeded in the respective chamber. RNA samples of the cells in both chambers were isolated to evaluate
inflammatory-related gene expressions. 500 uL. TRIzol was added to each chamber and RNA samples were
isolated following the manufacturer’s protocol. Total RNA yield and sample purity were determined using a
spectrophotometer (Nanodrop, Thermo Fisher, Waltham, MA, USA). 100 ng of total RNA was reverse transcribed
to complementary DNA (reverse transcription kit, QTAGEN, Hilden, Germany) using a dry bath (myBlock,
Benchmark Scientific, Sayreville, NJ, USA). Quantitative real-time polymerase chain reaction (PCR) was
performed using TB Green and a real-time PCR System (StepOnePlus, Applied Biosystems, Waltham, MA, USA).
Primers were designed using PrimerQuest (Integrated DNA Technologies, Coralville, 1A, USA) and were
commercially obtained from ThermoFisher Scientific. The sequences for the primers followed those published in
our prior work [14]. Analysis was performed using the AACt method with Rplp! as the housekeeping gene.

2.12. In Vitro Transwell Cell Culture Experiment for Directional Delivery of DCA

After 60 h of culture, tendon fibroblasts in both the upper and lower chambers of the DCA-treated and control
groups were trypsinized, snap-frozen with liquid N2, and pulverized by quick sonication (10 s). Acetyl-CoA
concentrations in the sample extracts were determined with an acetyl-coenzyme A assay kit (Sigma-Aldrich)
according to the manufacturer’s instructions. Since different numbers of cells were seeded in the upper and lower
chambers of the Transwell culture system, the results were normalized against the number of cells seeded.
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2.13. Statistical Analysis

Data are presented as mean + standard deviation and “N” indicates the number of samples per group. One-
way analysis of variance (one-way ANOVA) was performed to evaluate the generation of acetyl-CoA and the
level of IL-6 production in the experiment (DCA- and ACHP-treated) and control groups; two-way analysis of
variance (two-way ANOVA) was performed to evaluate the expression of inflammatory-related genes in these
groups (GraphPad Prism). A significant difference was represented by a bar (** p < 0.01, *** p < 0.001, ****
p <0.0001).

3. Results and Discussion

3.1. Design and Characterizations of the Bi-Directional and Bi-Temporal Release System

The release system was fabricated using NaHA thin films with different degrees of crosslinking. Instead of
using classic crosslinking agents such as glutaraldehyde and epoxy [15,16], we chose to focus on the use of EDC
for its water solubility and thus high biocompatibility of the crosslinking process. Following the protocol
developed by Tomihata and Ikada [17], small pieces of NaHA thin films were immersed in an aqueous solution
containing EDC and EtOH for 24, 48, and 60 h at 25 °C to achieve different degrees of crosslinking. It is worth
noting that the entire process occurred under close-to-physiological pH at room temperature and did not involve
any harmful organic solvents. After crosslinking, FT-IR spectra were recorded from the films, including the
pristine sample, to gain a quantitative measure of the degree of crosslinking. As shown in Figures 2A and S3, the
most notable difference between the spectra occurred around 1700 cm™!, which can be assigned to the carbonyl
group (C=0 stretching) associated with the new C=0O bond formed during the crosslinking process. In the
crosslinking process, EDC did not directly serve as a crosslinker but as an activator for the carboxylate group of
the polysaccharide NaHA (Figure S4) [18]. Eventually, intermolecular ester bonds were formed between the
hydroxyl and carboxyl groups of NaHA to achieve crosslinking. Compared to the initial pristine sample, the by-
product of the crosslinking reaction, which was supposed to be trapped within the crosslinked polymer network,
contains an additional C=0 bond, contributing to the rise of the C=0 stretching peak in the FT-IR spectra. Using
the peak intensity around 2925 cm ! for the -CHa group, which did not participate in the crosslinking reaction, as
a reference, the relative intensity of the C=O stretching peak increased with the duration of crosslinking
(Table S1), indicating a higher degree of crosslinking.

Subsequently, we monitored the degradation of the crosslinked NaHA films in PBS supplemented with
20 units of HAase (in vivo mimicry [12]) over a period of two weeks. As shown in Figure 2B, the NaHA-60 films
exhibited the slowest degradation rate, with over 60% of their original mass remaining by the end of the
experimental period. In contrast, both NaHA-48 and NaHA-24 films degraded more rapidly. Specifically, NaHA-
24 films lost over 50% of their original mass within the first 24 h of incubation. The cumulative release of fatty
acid nanoparticles pre-loaded with a fluorescent model drug from the three types of NaHA thin films showed a
trend similar to that of the degradation profile (Figure S5). Considering the presence of HAase in the in vivo
environment, we monitored the release under three different conditions, with the construct being incubated in pure
PBS, PBS with 10 units of HAase, and PBS with 20 units of HAase, respectively [12,13]. To quantify the release
behavior, we assumed that the release process follows the first order kinetics and calculated the half-life for each
type of NaHA film (Figure 2C, Table 1). As expected, increasing the concentration of HAase from 0 to 20 units
significantly shortened the half-life for all three types of crosslinked HA films. At a moderate concentration of
10 units, NaHA-24 had a short half-life of around 1 day, while those of NaHA-48 and NaHA-60 were over 3 days
and up to 2 weeks, respectively. These half-life values match the required time scales for inflammatory suppression
in the early phase of healing and for metabolism regulation during the later proliferative and remodeling phases of
healing for the in vivo repair model.

Table 1. Half-life of the crosslinked NaHA films as a function of HAase concentration.

HAase Concentration (U) NaHA-24 (Day) NaHA-48 (Day) NaHA-60 (Day)
0 1.5 4.9 37.9
10 0.9 34 16.3
20 0.8 1.9 8.8
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Figure 2. Characterizations of pristine NaHA films and those crosslinked to different degrees. (A) FT-IR spectra
recorded from the films. (B) Degradation profiles of the films (N = 3 for each data point). (C) Half-life of the films
when incubated in PBS containing different amounts of HAase (N = 3 for each data point). (D) Bi-directional
release of fatty acid nanoparticles pre-loaded with fluorescent model compounds, ICG (green color) and RhB (red
color), respectively, from the construct when incubated in enzyme-supplemented PBS at 37 °C and a quantitative
analysis of the distribution of ICG and RhB following the direction of the dashed arrow (Day 0 and Day 6).

In practice, water infiltrates the looser network of the lightly-crosslinked NaHA barrier layer (NaHA-24)
more rapidly when compared to the heavily-crosslinked NaHA-48 layer, leading to its disintegration within the
first three days of implementation. Upon exposure to an aqueous environment, the hosting layer will swell to
swiftly release the embedded fatty acid nanoparticles. While a small number of the nanoparticles may start to
release their payloads (the small molecule drugs) at this stage, the major release should not occur until the
nanoparticles have escaped from the crosslinked NaHA layer. When the nanoparticles are internalized by cells in
vitro or come into contact with plasma albumin in body fluid in vivo, the fatty acids will be quickly dissolved or
degraded, releasing the payloads [19]. Throughout this process, the most heavily-crosslinked NaHA-60 layer can
prevent the inter-diffusion of nanoparticles between the two hosting layers, achieving bi-directional release.

To visualize and qualitatively analyze the release kinetics, two fluorescent compounds, ICG (green
fluorescence) and RhB (red fluorescence), were selected as model compounds for ACHP and DCA, respectively.
We recorded confocal fluorescence micrographs (cross-sectional view) from the construct after incubation in the
enzyme-supplemented PBS at 37 °C for up to 6 days (Figure 2D, Figure S6). Due to the presence of the NaHA-60
blocking layer, the nanoparticles pre-loaded with the model compounds were released in two opposite directions
with minimum inter-mixing. On day six, the signal from ICG, which represented ACHP that was supposed to be
released in the early stage to combat inflammatory response, was mostly diminished. In contrast, the signal from
RhB was still visible at this time point, confirming the more sustained release from this side of the construct.

In principle, NaHA films with varying degrees of crosslinking could be produced by controlling the duration
of crosslinking until the maximum level is reached. As demonstrated above, the water infiltration rate is expected
to be inversely correlated with the degree of NaHA crosslinking. While NaHA-24, -48, and -60 were selected
based on the specific cumulative drug release requirements for the flexor tendon repair in vitro model, they can be
substituted by films with other degrees of crosslinking and/or different thicknesses to achieve alternative release
profiles. Furthermore, the fatty acid matrix that encapsulates the small molecule drugs could also be modified by
crosslinking to offer another layer of control over the temporal release profile. The modular design grants a high
level of flexibility, allowing for a broader spectrum of applications for the proposed system.

3.2. In Vitro Transwell Cell Culture Experiments

To demonstrate the bi-directional release capability of the delivery system in modulating cellular behavior in
vitro, we adopted a Transwell culture system that allowed for the segregation of the environments. Specifically,
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ACHP (an IKK inhibitor) and DCA (a pyruvate dehydrogenase kinase 1 [PDK1] inhibitor) were delivered into
the upper and lower chambers of the Transwell system. Rat tail tendon fibroblasts were seeded into both chambers,
allowing us to analyze the biological effects of the directional delivery of these two effectors.

We first assessed the biocompatibility of the delivery system by incubating it with tendon fibroblasts under
normal growth conditions in the Transwell system. Specifically, the delivery construct was attached to the
polyethylene terephthalate (PET) membrane at the bottom of the Transwell insert using the same PVA-NaHA
mixture used for the hosting layer. Through freeze-thawing cycles, physical crosslinking was established between
PET, PVA, and NaHA to firmly attach the construct to the Transwell membrane throughout the cell culture
experiment. Live/dead staining and MTT assay were performed for cells seeded in both the upper and lower
chambers of the Transwell system. The cells showed good viability in all groups, with negligible differences
between the construct-treated and control groups (Figure S7). These results indicate that the delivery system has
excellent biocompatibility, which is vital to the proposed application.

Since ACHP and DCA are known to have contrasting effects on the tendon fibroblast cells, two simplified
versions of the construct (Figure S8) were designed to deliver a single type of effector at a time and thereby isolate
the cellular responses in one culture system. The construct, which contained either drug-loaded or plain (control
group) fatty acid nanoparticles encapsulated between one barrier layer and one blocking layer of NaHA films, was
attached to the Transwell insert in the same manner as described above. To better demonstrate the directionality
of the delivery system, we purposely covered the entire permeable Transwell membrane with the construct to
reduce the medium exchange and thereby enhance the segregation between the upper and lower chambers.

Cell culture experiments were conducted using the ACHP-loaded constructs to demonstrate the directional
release of ACHP toward the upper chamber (Figure 3A). The early inflammatory phase of healing of an
intrasynovial flexor tendon is dominated by high levels of proinflammatory cytokine production and the activation
of the NF-kB pathway [20]. Our previous work showed that the IKK[ inhibitor ACHP is effective in modulating
inflammatory response in tendon fibroblasts in vitro and in vivo by suppressing the NF-kB pathway
(Figure 3B) [14]. As a result, ACHP was designed to be released toward the tendon sheath to subdue the early
inflammation and thus prevent adhesion or scar tissue formation. To model the inflammatory environment in the
in vitro culture system, the tendon fibroblasts in both chambers were treated with 20 ng/mL IL-1p for 48 h after
they had been seeded for 12 h. Afterward, the biological effectiveness of the directional delivery of IKKf inhibitor
ACHP was evaluated for both the ACHP delivery and control groups. Since the activation of the NF-kB pathway
by IL-1p would lead to a dramatic increase in IL-6 cytokine production, we compared the concentrations of IL-6
in the ACHP upper and lower chambers with the control upper chamber. As shown in Figure 3C, the IL-6 level
was significantly lower in the ACHP upper chamber (p < 0.01), suggesting that ACHP was predominantly released
into the upper chamber, thereby effectively inhibiting the generation of IL-6. The gene expression analysis
corroborated the IL-6 production result (Figure 3D,E). In the ACHP upper chamber, the expressions of NF-kB
target genes (IL-1p, IL-6, and Cox2) were reduced significantly compared to the ACHP lower chamber and control
upper chamber (p < 0.0001). In addition, the expressions of other inflammatory-related genes, such as Ccl2, which
is involved in the recruitment of immune cells [21], and Mmp3, which encodes a common inflammation-promoting
factor [22], were also reduced (p < 0.001 for comparing Cc/2 between the ACHP and control upper chamber; p <
0.0001 for all other comparisons). This downregulation of inflammation-related gene expression was consistent
with what was observed following systemic treatment with ACHP [14]. In contrast, there was no significant
difference between the upper and lower chambers of the control group (Figure S9A,B). Collectively, it can be
concluded that ACHP was successfully delivered to the upper chamber only, suppressing the NF-kB pathway and
modulating inflammation.

In the DCA cell culture experiment, the effector was designed to be released toward the lower chamber,
mimicking its desired release direction toward the intrasynovial tendon in an in vivo application scenario
(Figure 4A). In one of our prior studies, we reported that DCA is effective in shifting the metabolism of tendon
fibroblasts from glycolysis to oxidative phosphorylation (Figure 4B) by inhibiting PDK1 [23]. Since PDK prevents
pyruvate from being converted to acetyl-CoA, an inhibition of this enzyme would essentially increase the
production of acetyl-CoA. To amplify the in vitro effect of DCA, we cultured the tendon fibroblasts in a pyruvate-
enhanced environment. After 60 h of culture, the tendon fibroblasts were collected and pulverized. Acetyl-CoA
concentrations in the sample extracts were determined. As shown in Figure 4C, within the same culture system,
there was a significant increase in acetyl-CoA production in the lower chamber compared to the upper chamber as
DCA was predominantly released toward the lower chamber (p < 0.001). Concurrently, the acetyl-CoA level in
the lower chamber was also significantly higher than that in the lower chamber of the control group, where a
construct loaded with plain fatty acid nanoparticles was used (p < 0.001). Notably, there was no significant
difference between the upper chamber of the DCA release group and the lower chamber of the control group, nor
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between the upper and lower chambers of the control group (Figure S9C). This trend further indicates the

effectiveness of the blocking layer (NaHA-60) in controlling the directionality of DCA release.
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Figure 3. In vitro Transwell culture experiment demonstrating the directional release of ACHP. (A) Schematic of
the experimental setup. (B) Schematic of the modulation of NF-kB signaling pathways by ACHP. Adapted from
ref. [14]. (C—E) The biological effect of the directional release of ACHP as demonstrated by (C) reduced production
of inflammatory cytokine IL-6 in the ACHP upper chamber. The value was normalized to the number of cells

seeded into the upper or lower chamber of the Transwell system, respectively. (D) Fold changes in gene expression
for the cells from the ACHP upper chamber relative to those from the ACHP lower chamber. (E) Fold changes in

gene expression for the cells from the ACHP upper chamber relative to those from the control upper chamber. A
significant difference was represented by a bar (** p <0.01, *** p <0.001, **** p <(0.0001). N = 3 for the ACHP-
treated group and N = 2 for the control group.
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Figure 4. In vitro Transwell culture experiment demonstrating the directional release of DCA. (A) Schematic of
the experimental setup. (B) Schematic of the primary pathways and regulation of glucose metabolism by DCA in
tendon fibroblast cells. LDH, lactate dehydrogenase; PDK1, pyruvate dehydrogenase kinase 1; PDC, pyruvate
dehydrogenase complex. Adapted from ref. [23]. (C) The biological effect of DCA as demonstrated by the
increased generation of acetyl-CoA in the DCA lower chamber. The value was normalized to the number of cells
seeded into the upper or lower chamber of the Transwell system, respectively. A significant difference was
represented by a bar (*** p <0.001). N =4 for the DCA-treated group and N = 2 for the control group.

Taking together the results from the two stand-alone in vitro Transwell studies, we have demonstrated that
ACHP and DCA can be effectively delivered to their targeted chambers, with minimum release toward the other
side of the construct. Moreover, the biological effects of the two small molecule drugs were retained and both
drugs were potent enough to induce major biological responses. This work serves as a sound basis for more
comprehensive studies combining the delivery of ACHP and DCA in a single cell culture system, which would in
turn serve as a strong foundation for future in vivo experiments.

4. Conclusions

Using NaHA, a naturally derived polymer, we have developed a bi-directional and bi-temporal controlled
release system to concurrently deliver two therapeutics to address the contrasting goals of suppressing adhesion at
the tendon surface and promoting tendon matrix formation within the repair site. Leveraging the distinct drug
delivery capabilities of NaHA films with different degrees of crosslinking, we designed a multi-layered construct
capable of releasing two payloads in opposite directions at different rates. Following validation and visualization
of the delivery system, we conducted a set of Transwell cell culture experiments with tendon fibroblasts to
demonstrate the system’s potential in flexor tendon repair. Two small molecule drugs, anti-adhesion ACHP and
pro-matrix factor DCA, were delivered to their targeted locations to effectively modulate the cellular behaviors.
The success of the in vitro study laid the groundwork for future in vivo inquiries and potential clinical translation.
In principle, this delivery system can also be readily extended to deliver other combinations of therapeutics, such
as cells, growth factors, and cytokines, expanding its application in tendon injury repair.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.sciltp.com/journals/mi/2024/1/519/s1 , Figure S1: Schematic of the construct used for monitoring the release;
Figure S2: Digital photos of the bi-directional and bi-temporal delivery system; Figure S3: FT-IR spectra recorded from the
NaHA films crosslinked for different periods of time; Figure S4: Schematic of the crosslinking reaction between two HA chains
in the presence of EDC as an activator; Table S1: Ratio between the absorbance of C=O0 stretching (Ac-0) and the absorbance
of -CHaz stretching (A-cuz) for the crosslinked NaHA films; Figure S5: Cumulative release of fatty acid nanoparticles pre-loaded
with fluorescent model compounds from the NaHA films with different degrees of crosslinking; Figure S6: Bi-directional
release of fatty acid nanoparticles pre-loaded with fluorescent model compounds, ICG (green color) and RhB (red color),
respectively, from the construct when incubated in the enzyme-supplemented PBS at 37 °C; Figure S7: Biocompatibility of the
delivery system; Figure S8: Schematic of the delivery systems used in the Transwell cell culture experiments; Figure S9:

Comparison between the cellular response in the two chambers of the control group, where a construct loaded with plain fatty
acid nanoparticles was used.
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Abstract: Metal-organic frameworks (MOFs) have
emerged as attractive bioencapsulants for preserving
the structure and function of various biomolecules
against harsh environmental conditions. However, the
effect of the loading density of the biomolecules on
the structure, physical properties, and biopreservation
efficacy of MOF crystals remains elusive. We
investigated the structure and properties of zeolitic
imidazolate framework (ZIF)-90 crystals as a
function of the loading density of a model protein,
bovine/human serum albumin (BSA/HSA). We show that the total protein concentration in the MOF growth
reaction solution significantly affects the morphology, degree of crystallinity, and biopreservation efficacy of the
MOF crystals. The structure integrity and immunologic functionality of albumin remained well-preserved within
an optimal protein concentration range of 0.1-1 mg/mL. The proposed optimal range of biomolecule concentration
during in situ MOF growth is critical for guiding future research and design endeavors within the rapidly evolving
field of MOF-biomedical applications, offering exciting possibilities for biopreservation, drug delivery, and
diagnostics.
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1. Introduction

The stability and functionality of biomolecules in various biofluids and biospecimens are critical
considerations in biomedical research and clinical diagnosis [1-3]. The accuracy of diagnostic information
obtained from analyzing biofluids heavily depends on the stability and functionality of the biomolecules [2].
Unfortunately, many molecular biomarkers, particularly proteins, are prone to losing their structure and
biofunctionality due to poor stability under ambient and elevated temperatures [4,5]. To accurately measure
biomolecules in clinical labs, an extensive ‘cold chain’ distribution network is required [6], which is often
impractical and unaffordable in resource-limited settings, especially given the existential threat of climate change.
To address this challenge, extensive efforts have been dedicated to developing refrigeration-free techniques for
preserving biospecimens and other biological entities [6—12].

Metal-organic frameworks (MOF) are crystalline [13,14], nanoporous materials comprised of metal clusters
and bridged by organic ligands. A subclass of MOFs, zeolitic imidazolate frameworks (ZIFs), are comprised of
metal nodes and imidazolate linkers held together by metal-coordination bonds. Over the past decade, ZIFs have
emerged as highly promising encapsulants for a diverse range of biomolecules, including DNA [8], peptides [15],
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therapeutic proteins [16,17], enzymes [15,18,19], vaccines [20-22], living cells [23], and immobilized antibodies
in biodiagnostic devices [24]. ZIFs are particularly attractive as encapsulants and preservatives due to their
remarkable properties, which include high thermal and chemical stability, tunable pore size, high loading capacity,
biocompatibility, and mild synthesis conditions and on-demand dissociation. ZIF crystals can be formed under
mild aqueous conditions (i.e., at room temperature and physiological pH), readily encapsulating biomolecules and
effectively preserving their structural and functional integrity against denaturation and degradation under harsh
conditions.

Encapsulation of various biological entities within MOFs has been achieved through two primary pathways:
molecular infiltration and biomineralization [11,25]. Molecular diffusion involves the passive transport of
biomolecules into pre-synthesized MOFs [26], but this method is limited by the stringent requirements of guest
size and surface chemistry of MOFs, potentially denaturing biomolecules during the formation of MOF-protein
inclusion complexes. ZIF-90 possesses a aperture size of approximately 0.35 nm [14], which is significantly
smaller than the dimensions of most proteins. As a result, the encapsulation and preservation of proteins within
ZIF-90 using diffusion-based methods are inherently challenging. The limited pore size restricts the diffusion of
larger biomolecules into the internal cavities of the ZIF-90 crystals, thereby hindering effective protein loading
and storage. The second method involves the in situ growth of MOF crystals in the presence of the biological
species [7], offering a unique opportunity to create precisely tailored MOF-biomolecule composites with enhanced
stability of the encapsulated biomolecules [10,27-29]. This interest in utilizing MOFs for hosting and delivering
biological guest materials has prompted investigations into the interaction between MOFs and biomolecules
through experimental and computational methods [25-28,30-40]. However, the structure and properties of MOFs,
biomolecules, and their interfaces in MOF-based biocomposites remain elusive: (i) what is the effect of the loading
density of the proteins on the structure and properties of MOF crystals? (ii) how does the biopreservation efficacy
of MOF crystals vary with the loading density of the proteins? (iii) what are the optimal conditions for protein
encapsulation and preservation within MOF crystals?

In this study, we reveal how the total protein concentration in the reaction solution governs the morphology,
crystallinity, thermal stability, and preservation efficacy of the in situ-synthesized ZIF-90 crystals. The
morphological and structural evolution of protein-encapsulated ZIF-90 crystals were explored with environmental
scanning electron microscope (ESEM), transmission electron Microscope (TEM), Brunauer-Emmett-Teller (BET),
X-ray diffraction (XRD), and differential scanning calorimetry (DSC). The structure and functionality of protein
were evaluated by using a plasmonic-fluor-linked enzyme-linked immunosorbent assay (p-FLISA) and Fourier
transform infrared (FTIR) spectroscopy. The crystallinity and thermal stability of MOF crystals progressively
decreased with an increase in the protein loading. The biopreservation efficacy of the MOF crystals was maximum
at an intermediate protein concentration, determined by the tradeoff between efficient loading/recovery of the
protein and optimal encapsulation under harsh environmental conditions.

2. Materials and Methods

2.1. Materials

Human serum albumin (HSA) (H6914), and bovine serum albumin (BSA) (A7030) were purchased from
Millipore Sigma (St. Louis, MO, USA), human serum albumin ELISA kits (DY 1455) from R&D Systems
(Minneapolis, MN, USA). Plasmonic-fluor—800 was purchased from Auragent Biosciences (St. Louis, MO, USA),
while zinc nitrate, 2-imidazolecarboxaldehyde (ICA), -ethylenediaminetetraacetic acid (EDTA),
polyvinylpyrrolidone (PVP), tween-20, sodium phosphate monobasic, and sodium phosphate dibasic, were
purchased from Millipore Sigma (St. Louis, MO, USA). All chemicals were used as received without further
purification.

2.2. Methods

2.2.1. Encapsulation of HSA/BSA Proteins with ZIF-90 Crystals

HSA/BSA were diluted 10 times and 30 times with nanopure water. Then each diluted sample was mixed
with ICA (320 pL) and 80 pL of zinc nitrate solution, the final concentration of HSA/BSA in each samples are 0,
0.01,0.05,0.1,0.32,0.5,0.64,1, 1.2, 5, 10 and 20 mg/mL. 0.2 wt% PVP were mixed well with ICA before reacting
with zinc nitrate solution. The final concentration of I[CA was 160 mM and the molar ratio of ICA and zinc nitrate
was controlled to be 4:1. After 4 h of incubation at room temperature (20-23 °C), the mixture solution was
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centrifuged at 8000 rpm for 15 min. The resultant particles were then rinsed with slightly alkaline nanopure water
three times. Finally, the particles were stored at 55 °C for various lengths of time up to 2 weeks.

2.2.2. Protein Recovery

To recover embedded proteins from ZIF-90 crystals, MOF dissociation buffer (0.1 M phosphate buffer with
100 mM EDTA and 0.05% Tween-20 at pH 5.1) was added to each of the tubes and subjected to gentle orbital
mixing for 25 min. After protein released from the crystals, the suspension turned from white to clear. To quantify
the protein recovery after storage, HSA p-FLISA were performed. The preservation efficacy was calculated by
comparing the amount of HSA released from ZIF crystals to the amount of HSA stored at —20° C, a standard cold
chain condition, which represents 100%.

2.2.3. Plasmonic-Fluor-Linked Immunosorbent Assay of HSA

Human HSA DuoSet ELISA kit (R&D DY 1455) was employed in the study. Specifically, 96-well plates
were first incubated with capture antibodies (2 pg/mL in phosphate buffered saline (PBS) overnight at room
temperature, followed by blocking with 3% BSA in 1X PBS for 2 h at room temperature. After 3 times washing
with PBS containing 0.5% Tween 20 (PBST), 100 pL of serially diluted standard as well as samples (e.g., eluted
protein solution) were added into different wells, and the plate was incubated at room temperature for two hours.
The plate was washed subsequently and incubated with biotinylated detection antibodies for 2 h, followed by
washing and the addition of 100 pL of plasmonic-fluors [3]. Plasmonic-fluors were incubated for 30 min, and the
plate was washed three times with PBST. The fluorescence image of the microtiter plate was obtained using a LI-
COR CLx fluorescence scanner. The concentration of the protein in unknown samples was determined using
standard curve fit with a 4-parameter logistic model.

2.2.4. Statistics

For analyzing the statistical difference between two groups, an unpaired two-tailed t-test with Welch’s
correction was used. For analyzing the statistical difference between more than two groups, one-way analysis of
variance (ANOVA) with a post-hoc Dunnett’s significance test was used. Statistical significance of the data was
calculated at 95% (p < 0.05) confidence intervals. All values are expressed as mean + s.d.

2.2.5. Material Characterization

X-ray diffraction (XRD) measurements of the samples were performed on a Bruker D8-Advance X-ray
powder diffractometer (Madison, WI, USA) using Cu Ka radiation (A = 1.5406 A) with scattering angles (20) of
5-25°. SEM images were obtained using Thermo Scientific Quattro S Environmental Scanning Electron
Microscope (ESEM, Waltham, MA, USA). Transmission electron microscopy images were obtained using a JEOL
JEM-2100F field emission instrument (TEM, Akishima, Japan). The surface area was calculated with the
Brunauer—-Emmett-Teller (BET) equation, and the pore size distribution was calculated by the Barrett—Joyner—
Halenda (BJH) method. Attenuated total reflection Fourier transform infrared spectra (ATR-FTIR, Waltham, MA,
USA) were obtained using a Nicolet iS10 spectrometer in the range of 400-4000 cm ™! at a resolution of 0.48 cm ™!,
averaging 100 scans. Differential scanning calorimetry (DSC, Greifensee, Switzerland) measurements were
performed on a Mettler Toledo STARe DSC1 with a heating rate of 20 K/min.

3. Results and Discussion

We have investigated the influence of protein concentration on the structure and properties of biomineralized
ZIF-90 crystals, using BSA as a model protein. We synthesized biocomposite samples by varying the concentration
of BSA with fixed concentrations of zinc nitrate (100 mM) and 2-imidazolecarboxaldehyde (ICA, 25 mM). The
final concentrations of BSA in ZIF-90 precursor solution ranged from 0 to 20 mg/mL. All reactions were conducted
in water with a Zn/ICA molar ratio of 1:4. After mixing BSA and precursors, the solutions with different
compositions were kept at room temperature (22-25 °C) for 4 h. The resultant particles were collected by
centrifugation and washed with slightly alkaline water (pH > 7.2) three times.

It has been suggested that proteins serve as pre-nucleation sites and facilitate the nucleation and
crystallization of ZIF crystals [10,19,39]. At low BSA concentration (0.1-0.5 mg/mL), the reaction solution turns
turbid rapidly upon the addition and redispersion of BSA (Supplementary Video S1). The MOF crystals grow and
precipitate within 40 min after the BSA addition. For BSA concentrations exceeding 1.2 mg/mL, the solution
turned cloudy upon the addition of BSA and resulted in the formation of a much denser white precipitate. At the
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highest BSA concentration studied here (20 mg/mL), the solution became cloudy initially, and with further mixing,
it transitioned to a semi-transparent state (Supplementary Video S2). Without the addition of BSA, the rate of ZIF-
90 formation is slower compared to when BSA is present, and the reaction solution did not turn turbid during the
first 20 mins. The visual observation of the reaction solutions suggests that when BSA concentration is within 0.1—
1 mg/mL, the rate of BSA-ZIF-90 crystal formation increases as the BSA concentration increases. At higher BSA
concentrations, the excess BSA possibly disrupts the formation of well-defined BSA-ZIF-90 crystals.

To further probe the structural variations of BSA-embedded ZIF-90 crystals with varying BSA concentrations,
we examined selected samples using high-angle annular dark-field scanning transmission electron microscopy
(HAADF-HRSTEM), ESEM, XRD, and DSC. First, we investigated the particle size and morphology of different
samples by BET, ESEM and HR-STEM (Figures 1 and 2). MOF crystals formed under various reaction conditions
exhibited a tendency to adopt a rhombic dodecahedral structure (Figure 1), which corresponds to the stable
structure of ZIF-90. With a BSA concentration of 0.1 mg/mL in the reaction solution, we found the average crystal
size to be 1.0-1.5 um from ESEM and HR-STEM images (Figures 1 and 2b). At this concentration, the BSA-ZIF-
90 crystals exhibit a well-defined rhombic dodecahedral shape and are of similar size to pristine ZIF-90 crystals
(Figure 1a), but the surface of BSA-ZIF-90 crystals was not as smooth as that of pristine ZIF-90 crystals. In the
presence of BSA concentrations ranging from 0.5 to 1.2 mg/mL, the particles have an average size of 1.2-2.0 um
and maintain the thombic dodecahedra structure but exhibit a rough and grainy surface (Figures 1c,d and 2¢,d).
The specific surface area and pore volume of the MOF crystals decreased upon loading the crystals with BSA.
(Figure S1 and Table S1). The grainy surface and the presence of defects indicate that the encapsulation of higher
concentrations of protein is beginning to disrupt the formation of the ZIF matrix, albeit not catastrophically. At
BSA concentrations around 5 mg/mL, the estimated average size ranged from 2 to 5 um, displaying a less well-
defined rhombic dodecahedral morphology (Figures le and 2e). The pronounced granularity of particle surface
and increased occurrence of defects in BSA-embedded ZIF-90 particles indicate reduced crystallinity at very high
BSA concentrations. At a BSA concentration of 20 mg/mL, particle size decreased to approximately 500 nm,
accompanied by an extremely rough surface (Figures 1f and 2f). At this concentration, the particles lack well-
defined facets and appear to be surrounded by aggregated BSA-precursor complexes, suggesting that the excess
biomolecules in the reaction solution hinder the growth of the nuclei into well-defined crystals.

Next, to further explore the effect of the concentration of encapsulated biomolecule on ZIF-90 crystals, we
investigated the thermal properties and crystallinity of BSA-ZIF crystals using DSC and XRD. DSC revealed the
progressive decay in the thermal stability of ZIF-based biocomposites with different BSA concentrations
(Figure 3A,B). We observed that as the BSA concentration increased, the exothermic peak in the DSC curves of
all seven samples consistently shifted to lower temperatures. Specifically, the exothermic peak shifted from 320 °C
in pristine ZIF-90 to 270 °C in the ZIF-based biocomposites with a BSA concentration of 20 mg/mL. These shifts
indicate a lower decomposition temperature during the pyrolysis process as the BSA content increases. High BSA
loading within the ZIF-90 crystals partially disrupts the coordination between metal ions and organic linkers,
lowering the thermal stability of the crystals.

(f)-20.mg/ml

Figure 1. ESEM images of BSA-embedded ZIF-90 crystals with BSA concentrations of (a) 0 mg/mL, (b) 0.1
mg/mL, (¢) 0.5 mg/mL, (d) 1.2 mg/mL, (e) 5 mg/mL, (f) 20 mg/mL.
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(a) 0 mg/ml (b) 0.1 mg/ml (c) 0.5 mg/ml

(d) 1.2 mg/ml (e) 5 mg/ml

ps

Figure 2. HAADF-HRSTEM images of BSA-embedded ZIF-90 crystals with BSA concentrations of (a) 0 mg/mL,
(b) 0.1 mg/mL, (¢) 0.5 mg/mL, (d) 1.2 mg/mL, (e) 5 mg/mL, (f) 20 mg/mL.

XRD is routinely employed to probe the crystal structure of pristine MOFs grown in solution and on surfaces.
We determined the degree of crystallinity of pristine and protein-embedded ZIF-90 crystals by calculating the ratio
of the areas of crystalline peaks to the total area of XRD peaks of each sample [41]. Crystallite size was determined
by using the Bruker Topas software and Scherrer equation [41]. The predominant peaks of the pristine ZIF-90
sample (S0) at (110), (200), (211), (220), (310) and (222) are in good agreement with the literature, confirming
the typical sodalite structure of ZIF-90 (Figure 3C), consistent with our ESEM and HR-STEM results
(Figures 1A and 2A). From samples SO to S6, which correspond to increasing BSA concentrations ranging from
0 mg/mL to 20 mg/mL, we observed a progressive broadening of the XRD peaks. This observation suggests a
correlation between BSA concentration and crystallinity (Figure 3D). The crystallite size and crystallinity were
found to decrease gradually with an increase in BSA concentrations encapsulated in ZIF-90 crystals
(Figure 3D—F). The variations in particle size and morphology can be ascribed to the partial disruption in the
crystalline framework in the presence of BSA. In the range of BSA concentrations from 0 to 1.2 mg/mL, the
samples exhibit strong agreement with simulated ZIF-90 patterns, indicating that the incorporation of BSA did not
significantly disrupt the long-range order and general morphology of the host MOF material. At BSA
concentrations higher than 5 mg/mL, biocomposites show a significant decrease in crystallinity and an associated
reduction in thermal stability (Figure 3B). This observation suggests that an increase in the amount of BSA
embedded in the ZIF-90 crystals increases the defects in the crystals by disrupting the tight and extended metal-
organic ligand coordination network observed in pristine crystals.

To explore the effect of increasing encapsulated biomolecule concentrations on the structure of biomolecules
within BSA-ZIF-90 biocomposites, we obtained ATR-FTIR spectra of lyophilized biocomposite samples. This
technique enables us to investigate the conformational changes of BSA embedded in the microcrystals [37,42—44].
Pristine ZIF-90 crystals exhibited absorption peaks at 1402-1467 cm™' and 1680-1700 cm™', while pristine BSA
exhibited absorption peaks at 1600-1700 cm ™!, 1500-1560 cm™!, corresponding to amide I and amide II bonds of
BSA [43], respectively (Figure 4A). FTIR spectra of BSA-ZIF-90 biocomposites shared the characteristic peaks
of both ZIF-90 and BSA, suggesting the successful incorporation of BSA within ZIF-90 cystals [35,37,44,45].
Amide I involves the C=O0 stretching of CONH groups in proteins [37] and encompasses the major elements of
proteins secondary structure, including o- helix, B-sheet/B-turn, random coils and extended chains [37,43,46,47].
Amide II primarily involves N-H bending and C-N stretching, which is less affected by the changes in the protein
structure. Therefore, to decipher the interaction between BSA and ZIF-90 in the bicomposites, we analyzed the
Amide I peak (1600-1700 cm™!) with quantitative Voigt peak fitting to determine the secondary structure of BSA
(Figure 4B—G). The FTIR vibrational frequency assignments are summarized in Table 1. To quantify the secondary
structures, the percentage of each structure is calculated by measuring the area of the corresponding absorption
band to the total area of all assigned bands in the FTIR spectrum. Among all the possible secondary structures of
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lyophilized free BSA, a- helix is the dominant conformation with an estimated contribution of 46% (Figure 4H),
which agrees with previous studies [42,43,46,48]. With an increase in the BSA concentration from 0.1 mg/mL to
2.5 mg/mL in the MOF crystals, there was a reduction in the contribution of MOF (1700-1680 cm™")
(Figure 4C-F). Correspondingly, there was increased loss of o- helix (1655-1648 c¢cm™), increase in B-turns
(1684-1662 cm™), and extended chains (16201639 cm™"), indicating that higher concentrations of encapsulated
proteins lead to a higher possibility of unfolded protein structure. Additionally, there are increased contributions
from short segment chains connecting o- helix segments and aggregated strands (1620-1630 cm™!), alongside the
presence of intermolecular B-sheet (1600-1616 cm™!) at elevated BSA concentration. These changes indicate the
partial denaturation/aggregation of BSA at high encapsulation concentrations during the formation of BSA-ZIF-
90 microcrystals [46].
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Figure 3. (A,B) DSC analysis of BSA-embedded ZIF-90 crystals with various BSA concentrations; (C) XRD
analysis of BSA-embedded ZIF-90 crystals with various BSA concentrations; (D) Crystallinity; (E) and crystallite
size analysis; (F) FWHM analysis.

Table 1. Vibrational frequency assignments of the MOF crystals and BSA.

Vibrational Frequency Range (cm™)
Ref. [43] Ref. [46] Ref. [42] This Work

Secondary Structure Assignment

MOF - - - 1700-1680
B-Turns 1680-1663 1670-1662 1690-1660  1684-1662
a-Helix 1655-1650 1655-1650 1660-1650  1655-1648

Random coil 1646-1642 1645-1642 1648-1644

Extended chains/

B-sheets/short-segment chains connecting the a-helical segment2 1639-1632 1638-16321640-1630  1639-1632
Extended chains/B-sheets, Aggregated strands 1630-1620 1630-1620  1630-1620
Side chain moieties/ Intermolecular -sheet 16161600 1620-1610 1620-1600  1616—1600
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Figure 4. ATR-FTIR analysis of BSA-embedded ZIF-90 crystals with various BSA concentrations (A);
deconvoluted ATR-FTIR spectra of the BSA-embedded ZIF-90 with BSA concentration of 0 mg/mL (B), 0.1
mg/mL (C), 0.5 mg/mL (D), 1.2 mg/mL (E), 2.5 mg/mL (F); Pristine BSA (G); Secondary structure analysis of
BSA embedded in ZIF-90 crystals quantified by FTIR (H).

Lastly, we set out to evaluate the structure and biofunctionality of the biomolecules encapsulated in the
biocomposites using HSA as a model protein. Samples were prepared by following the same protocol described
above and analyzed using a commercial HSA enzyme-linked immunosorbent assay (ELISA) kit. The few BSA
ELISA kits available commercially were not sufficiently sensitive. Hence, we have employed HSA as a model
protein to investigate the loading density-dependent encapsulation and preservation. HSA and BSA have nearly
80% sequence homology, are similar structurally, and have similar binding pockets for various biomolecules [49]
To increase the sensitivity and dynamic range of the assay, we converted this commercial colorimetric assay to a
plasmonic fluor-linked immunosorbent assay (p-FLISA) [10]. The amount of HSA quantified by p-FLISA
accounts for various possible losses of protein, including encapsulated and retrieved protein with compromised
secondary structure, unencapsulated protein with lost secondary structure, and finite loss that may occur in the
encapsulation and retrieval process. The preservation efficacy, defined here as the recognition by antibodies, was
found to be above 85% with HSA concentrations in the range of 0.1-1 mg/mL for 1 week stored at 55 °C
(Figure 5A) and above 80% with HSA concentrations in the range of 0.1-0.5 mg/mL for 2 weeks stored at 55 °C
(Figure 5B). For HSA concentration above 1 mg/mL, the preservation efficacy was below 75% for 1-week storage
and below 55% for 2-week storage at 55 °C (Figure 5). Statistical analysis demonstrates significant differences in
preservation efficacy between MOF-encapsulated HSA in the concentration range of 0.1-1 mg/mL and the
negative control (without MOF encapsulation) (Figure 5). Additionally, within the concentration range of 0.1-1
mg/mL, no significant differences were observed in preservation efficacy across these concentrations after storage
for 2 weeks at 55 °C. The resultant optimal concentration range for achieving high preservation efficacy was in
good agreement with the range of maintaining well-defined crystal structures. In the optimal concentration range
of protein (0.1-1 mg/mL), biomolecules serve as pre-nucleation sites for the MOF precursors and promote the fast
formation of ZIF-90 crystals with a well-defined rhombic dodecahedron shape (Figures 1b,c and 2b,c) and well-
defined structure preserve the structure and biofuntionality of biomolecules (Figures 4 and 5). The small but finite
loss of protein during the encapsulation and release significantly lowers the measured preservation efficacy of
MOFs at extremely low protein concentrations (Figure 5). On the other hand, at high protein loading densities, the
ZIF-90 structure becomes partially disrupted due to increased defects in the crystals (Figures le,fand 2e,f). Under
these conditions, ZIF-90 fails to provide tight encapsulation of the proteins, leading to a loss of secondary structure
and functionality, including antibody recognition (Figure 5). In addition, excess protein can be adsorbed on the
surface of the crystals or remain unencapsulated in the solution. The denaturation of the unencapsulated proteins
at high temperatures decreases preservation efficacy.
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Figure 5. Preservation efficacy of HSA-embedded ZIF-90 particles stored at 55 °C for 1 week (A) and 2 weeks
(B). (N =3, ** p<0.01, **** p <0.0001, data represent mean + s.d.).

4. Conclusions

We systematically investigated the effect of protein loading on the morphology and structure properties of
ZIF-90 crystals by synthesizing ZIF-90-based biocomposites using albumin as a model protein. We demonstrated
that the morphology, crystallinity, thermal stability, and preservation efficacy of the MOF are total protein
concentration-dependent. The structure of albumin-encapsulated MOF crystals was stable when the total protein
concentration was below 0.5 mg/mL. The protein structure and immunologic functionality of albumin were well-
preserved when the encapsulated protein concentration was around 0.1-1 mg/mL. While the optimal concentration
range for individual proteins might slightly vary, we believe the dependence of the MOF structure and properties
on the protein loading density will be similar for various globular proteins. Our results will inform and facilitate
future research in the burgeoning area of MOF biocomposites for biopreservation, drug delivery, and diagnostics.
Supplementary Materials: The following supporting information can be downloaded at:
https://www.sciltp.com/journals/mi/2024/1/494/s1 , Figure S1: Nitrogen adsorption isotherms (A) and pore size distribution
(B) of ZIF-90 and BSA-embedded ZIF-90 determined by Brunauer-Emmett-Teller (BET) and Barrett—Joyner—Halenda (BJH),

respectively; Table S1: Specific surface area and pore dimensions of ZIF-90and BSA embedded -ZIF-90; Video S1: MOF
encapsulation with low protein concentration; Video S2: MOF encapsulation with high protein concentration.
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Abstract: Colorimetric lateral flow assay (CLFA) has

been a widely recognized point-of-care testing

technology over the past few decades. Driven by the 0

increasing demand in various biomedical applications, it e Pt

is urgently needed to develop CLFAs with high
sensitivities and low costs. In this work, we report a type
of CLFA that relies on unique colorimetric labels—
silver-platinum hollow nanoparticles (Ag-Pt HNPs). The

Ag-Pt HNPs possess intrinsic enzyme-like catalytic PS-'::L:‘: all

activities, providing the Ag-Pt HNP-based CLFA with (pgmL") 0 10 20 50 100 200 500 1k 2k 5k 10k

strong color signal and thus a high sensitivity. Meanwhile, the Ag-Pt HNPs have hollow interiors and are mainly
composed of less expensive silver, making the Ag-Pt HNP-based CLFA cost-effective. Using prostate-specific
antigen (PSA) as a model disease biomarker, the Ag-Pt HNP-based CLFA achieved a high sensitivity with a
detection limit at the low picogram-per-milliliter level. Potential application of the CLFA in clinical diagnosis was
demonstrated by detecting PSA from human serum samples.

Ag-Pt HNP-based CLFA of PSA
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Keywords: hollow nanoparticles; lateral flow assay; catalysis; biomarker; detection

1. Introduction

Over the past few decades, lateral flow assays (LFAs) have been widely recognized and used as an accessible
point-of-care (POC) technique due to their end-user-friendly, simple, rapid, and cost-effective natures [1,2].
Among various types of LFAs, colorimetric LFAs (CLFAs) stand out owing to their straightforward readouts,
which provide visible test results without the need for additional equipment to stimulate or read signals [2]. This
characteristic makes CLFAs particularly appealing for use in resource-limited settings [3]. Nevertheless, a
significant drawback of CLFAs is their relatively low detection sensitivities compared to other laboratory tests.
Conventional CLFAs typically use solid gold nanoparticles (Au NPs) with an overall spherical shape as labels (i.e.,
nanoscale particles pre-functionalized with bioreceptors that are responsible for specifically producing a visible
signal in the test/control lines of a CLFA test strip) [1,4]. The color signal in conventional Au NP-based CLFAs
originates from the plasmonic activities of Au NPs, which are intrinsically confined by the size of particles [5]. In
general, small Au NPs generate limited colorimetric signals. Larger Au NPs or Au NP aggregates, however, can
impede the mobility of the labels in the test strip [6]. Such a reduction of label mobility results in non-specific
retention of labels in the membrane of test strip, leading to prolonged assay time and elevated background signals.
In addition, bulky labels also cause steric hindrance that reduces the binding efficiency of the bioreceptors to
analytes [7]. Because of the size effects, Au NPs of approximately 40 nm in diameter are widely used in
conventional CLFAs [8-10].

To address these limitations, recent advancements have introduced a novel approach to substantially enhance
the sensitivity of CLFAs. This approach employs platinum-group metal nanoparticles (PGM NPs) with peroxidase-
like catalytic activities as labels, which are also known as “peroxidase mimics” or “artificial peroxidase” [11,12].
For example, in recent studies [8,13,14], conventional Au NPs were coated with Pt or Ir to form Au-Pt or Au-Ir
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core-shell NPs. The Pt or Ir shells endowed the nanoparticles with high peroxidase-like activities, which could
generate intense color signals by catalyzing the oxidation of chromogenic substrates (e.g., 3,3',5,5'-
tetramethylbenzidine (TMB) and 3,3'-diaminobenzidine (DAB) [15]) in the test region of CLFA. Through this
catalytic process, these PGM NPs can generate a much stronger color signal than conventional Au NP-based labels
that rely on intrinsic plasmonic activities, thereby significantly improving the sensitivity of CLFA. Despite their
advantages, PGM NPs are precious and costly materials. Most of the reported PGM NPs used in CLFAs were solid
particles [16], where only the surface layers contributed to catalytic activity [16,17]. In a sense, the underutilized
PGM inside the solid particles causes extra materials costs.

In this work, we report a type of hollow PGM-based nanoparticles as labels for CLFA, namely silver-platinum
hollow nanoparticles (Ag-Pt HNPs). The Ag-Pt HNPs were synthesized through galvanic replacement between
silver nanoparticles (Ag NPs) and Pt>* ions. The Ag-Pt HNPs possess hollow interiors and are mainly made of less
expensive Ag, greatly reducing the materials cost of PGM. Using prostate-specific antigen (PSA) as a model
analyte, we have demonstrated that the Ag-Pt HNP-based CLFA could offer a high sensitivity with a limit of
detection (LOD) over 20-fold lower than the LOD of conventional Au NP-based CLFA. The design of labels in
this work greatly enhances both the sensitivity and cost-effectiveness of CLFA, aligning with the Affordable,
Sensitive, Specific, User-friendly, Rapid/Robust, Equipment-free, and Deliverable (ASSURED) criteria suggested
by the World Health Organization (WHO) for POC diagnostics [18].

2. Materials and Methods

2.1. Materials and Reagents

Silver nitrate (AgNOs, >99.0%), gold(II) chloride trihydrate (HAuCls-:3H20, >99.9%), sodium citrate
dihydrate (=99%), L-ascorbic acid (=99%), potassium tetrachloroplatinate(II) (K2PtCls-6H20, 98%), hydrogen
peroxide solution (H202, 30 wt % in H20), 3,3",5,5'-tetramethylbenzidine (TMB, >99%), sodium acetate (NaOAc,
>99%), acetic acid (HOAc, >99.7%), sodium borohydride (NaBHa4), prostate-specific antigen (PSA) from human
semen, bovine serum albumin (BSA, >98%), potassium phosphate monobasic (KH2POs, >99%), sodium
phosphate dibasic (Na2HPO4, >99%)), potassium chloride (KCl, >99%), sodium chloride (NaCl, >99.5%), sodium
azide (NaN3, >99.5%), sodium carbonate (Na2COs3, >99.5%), human serum (male AB plasma), TMB substrate
solution for membranes, Tween 20, and NP 40 were all purchased from Sigma Aldrich (St. Louis, MS, USA).
Monoclonal mouse anti-human PSA detection antibody (referred to as “anti-PSA DAb”) and polyclonal rabbit
anti-human PSA capture antibody (referred to as “anti-PSA CAb”) were obtained from Abcam plc (Waltham, MA,
USA). Polyclonal goat anti-mouse IgG antibody and Pierce protein concentrator (PES, 10K MWCO, 0.5 mL) were
obtained from Thermo Fisher Scientific, Inc (Suwanee, GA, USA). The patient serum sample with PSA was
purchased from Boca Biolistics LLC, Pompano Beach, Florida. Nitrocellulose (NC) membrane, glass fiber
membrane, and absorbent pad were obtained from Cytiva. Polyvinyl chloride (PVC) backing card was obtained
from DCN Diagnostics. All materials and reagents were used as received without further purifications and
treatments. All aqueous solutions were prepared using deionized (DI) water with a resistivity of 18.2 MQ-cm.

2.2. Instrumentations

The steady-state kinetic assays were recorded by an Agilent Cary 60 UV-vis spectrophotometer (Santa Clara,
CA, USA). Transmission electron microscopy (TEM) images were taken using a JEOL 1011 microscope operated
at 200 kV (Peabody, MA, USA). High-angle annular dark-field scanning TEM (HAADF-STEM) and energy
dispersive X-ray (EDX) mapping images were taken using a FEI 200 kV Titan Themis scanning transmission
electron microscope (Hillsboro, OR, USA). The concentrations of Au, Ag, and Pt ions (which were obtained from
the digestion of nanoparticles by aqua regia) were determined using an inductively coupled plasma mass
spectroscopy (ICP-MS, Thermo Scientific iCAP RQ, Waltham, MA, USA). These concentrations could be
converted to the particle concentrations of Au NPs and Ag-Pt HNPs once the particle sizes and shapes had been
resolved by TEM analyses. X-ray photoelectron spectroscopy (XPS) was performed on a Physical Electronics
5400 ESCA spectrometer system (Chanhassen, MN, USA). Fourier transform infrared spectroscopy (FT-IR)
analyses were performed using a Shimadzu IRSpirit Infrared Spectrometer (Tampa, FL, USA). The lateral flow
assay test strips were prepared by a ZX1000 Dispensing Platform and a CM4000 Guillotine Cutter (BioDot
Inc.,Irvine, CA, USA). The pH values of all buffer solutions were measured by an Oakton pH 700 benchtop meter.
Photographs of strips were taken using a Canon EOS 80D digital camera (Huntington, NY, USA).
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2.3. Synthesis of Ag NPs and Au NPs

The ~40 nm, citrate-capped Ag NPs (see Supplementary Figure S1) were synthesized using a two-step growth
method [19]. First, the silver seed solution was prepared as follows: 12 mL of sodium citrate (SC) aqueous solution
(0.25%, w/v) was added to a 50 mL round-bottom flask with a condenser and heated to boiling in an oil bath under
magnetic stirring. Next, 270 pL of AgNO3 (10 mg mL™") solution and 300 pL of freshly prepared NaBH4
(1.0 mg mL™") solution were sequentially injected using a pipet. The reaction mixture was kept boiling and stirring
for 30 min until the solution color became bright yellow. After that, the silver seed solution as the product was
cooled to room temperature and stored in dark for future use. In the second step, the ~40 nm Ag NPs were
synthesized using a seed-mediated growth with minor modifications [20]. Briefly, 1.0 mL of preformed silver seed
solution was diluted to 35 mL with water in a 100 mL round-bottomed flask and heated to 80 °C in an oil bath
under magnetic stirring. After 10 min, 256 puL of SC solution (1%, w/v), 256 pL of L-ascorbic acid solution (1%,
w/v), and 256 puL of AgNOs solution (1%, w/v) were sequentially injected using a pipet with a time interval of
~1 min. The reaction was terminated after 30 min. The ~40 nm Ag NPs as final products were cooled to room
temperature and stored in dark for future use.

The citrate-capped Au NPs with an average diameter of ~40 nm (see Supplementary Figure S2) were prepared
according to our previously reported procedures [8].

2.4. Synthesis of Ag-Pt HNPs

The Ag-Pt HNPs were synthesized based on the galvanic replacement reaction between the above-mentioned
~40 nm Ag NPs as sacrificial templates and K:PtCls, according to published protocols with some
modifications [21,22]. In a standard synthesis, 10 mL of ~40 nm Ag NPs was added to a 50 mL round-bottomed
flask and preheated to 80 °C in an oil bath under magnetic stirring. Then, 160 pL of K2PtCls solution (0.005%,
w/v) was injected into the flask at a rate of 8 pL min™' using a syringe pump. After completing injection of the
K>PtCls solution, the reaction mixture was kept stirring at 80 °C for 10 min to allow reaction to complete. The Ag-
Pt HNPs as final products were collected by centrifugation and eventually redispersed in 1.0 mL of water for future
use.

2.5. Steady-State Kinetic Assays

All steady-state kinetic assays were performed at room temperature in cuvettes with a path length (/) of 1.0
cm using 0.2 M NaOAc/HOAc buffer (pH = 4.0) as the reaction buffer [23,24]. A final particle concentration at
8.6 x 10713 M for Ag-Pt HNP suspension was used for all kinetic measurements. Note that the particle
concentrations in this work were quantified using a combination of ICP-MS analysis and TEM imaging (see the
Instrumentations section for details). After the addition of the nanoparticles to the reaction solution containing 2.0
M H:02 and TMB of different concentrations, the absorbance of the reaction solution at 653 nm for each sample
was immediately measured as a function of time using a UV-vis spectrophotometer for 1 min (interval = 3 s). The
“absorbance vs. time” plots were then used to derive the slope at the initial point (Slopemitial) of each reaction by
performing the first derivation using Origin 2019 software. The initial reaction velocity (v) was calculated by
Slopemitial/(€oxTMB-653 nm % [), Where goxTMB-653 nm is the molar extinction coefficient of oxidized TMB at 653 nm
(£oxT™B-653 nm = 3.9 x 10* M ! cm ™) [23,24]. The plots of v against TMB concentrations were fitted using nonlinear
regression of the Michaelis-Menten equation. The apparent kinetic parameters were calculated based on the
Michaelis-Menten equation: v = Vmax X [S]/(Km + [S]), where Vmax is the maximal reaction velocity, [S] represents
the concentration of TMB substrate, and K is the Michaelis constant. Vmax could be obtained from the double
reciprocal plot (or Lineweaver-Burk plot) [25]. Finally, the catalytic constant (Kca, which is defined as the
maximum number of colored products generated per second per single nanoparticle) can be obtained from the
equation: Kcat= Vmax/[E], where [E] is the catalyst concentration (i.e., 8.6 x 10713 M).

2.6. Conjugation of Antibodies to Nanoparticles

A non-covalent method was used to conjugate Ag-Pt HNPs to antibodies [8,16]. Specifically, 2 puL of anti-
PSA DAb (2 mg mL™!) was added to 100 uL of as-prepared Ag-Pt HNP suspension. After incubating at room
temperature for 30 min, the mixture was put in a refrigerator overnight at 4 °C. Subsequently, 10 puL of blocking
solution (10 mM phosphate buffered saline (PBS) buffer, pH 7.4, containing 10% BSA) was added to the mixture
and incubated for 1 h. The final products (i.e., Ag-Pt HNP-anti-PSA DADb conjugates) were collected by
centrifugation, washed twice by PBS, and redispersed in 100 pL of PBS solution containing 5% BSA, 0.5% NP40,
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and 0.05% NaN3 for future use. The same conjugation procedure was used for functionalizing Au NPs with anti-
PSA DAD, which yielded Au NP-anti-PSA DAb conjugates as the final products.

2.7. Fabrication of CLFA Test Strips

The Ag-Pt HNP-based CLFA test strips were fabricated according to our previously reported protocol with
minor modifications [8]. Specifically, a ZX1000 dispensing platform and a CM4000 Guillotine Cutter (BioDot
Inc. Irvine, CA, USA) were used for the test strip fabrication. As shown in Figure 3A, a test strip comprises five
main components: an absorbent pad, a PVC backing card, a nitrocellulose (NC) membrane with test and control
lines, a sample pad, and a conjugate pad. The backing card and absorbent pad were used without pretreatment.
The sample pad was prepared by immersing the glass fiber membrane in PBS solution containing 5% BSA, 0.5%
NP40, and 0.05% NaN3, followed by drying at room temperature for 4 h. The conjugate pad was prepared by
dispensing Ag-Pt HNP-anti-PSA DAb conjugates onto the glass fiber membrane at a rate of 25 L. cm™' using the
7X1000 dispensing platform, followed by drying at room temperature for 2 h. The NC membrane with test and
control lines was prepared by spotting anti-PSA CAb (1.1 mg mL ™! in PBS buffer containing 0.05% NaN3, which
was pre-concentrated with a Pierce protein concentrator) at the test line region and anti-mouse IgG (1.2 mg mL™!
in PBS containing 0.05% NaN3) at the control line region using a ZX1000 dispensing platform at the spray rate of
1.0 uL. cm™'. The interval between the test and control lines was set to 8.0 mm. Finally, the sample pad, the
conjugate pad, the NC membrane, and the absorbent pad were pasted to the PVC backing card with a 2 mm overlap
between each component. The assembled sheets were then cut into 3 mm wide strips. The resultant Ag-Pt HNP-
based CLFA strips were stored in refrigerator at —20 °C under dry conditions for future use.

The procedure for preparing Au NP-based CLFA strips was the same as that for the Ag-Pt HNP-based CLFA
strips, except that Ag-Pt HNP-anti-PSA DADb conjugates were substituted with the Au NP-anti-PSA DAb
conjugates of the same particle concentration.

2.8. Detection of PSA by CLFA

The assay procedure of Ag-Pt HNP-based CLFA for PSA detection involves two steps: a sample loading
step, which is a standard and routine procedure for CLFA, and a TMB substrate treatment step for color signal
development [8,14]. Specifically, in the first step, 100 pL of PSA standard or human serum sample was loaded
onto the sample pad of an Ag-Pt HNP-based CLFA strip using a pipet. Note, the serum samples were pre-diluted
2 folds by assay buffer (i.e., 1% BSA in PBS containing 0.05% Tween 20). The CLFA strip was then kept at room
temperature for ~10 min until the liquid flow stopped. In the second step, a PBS solution containing 5% BSA, 0.5%
NP40, and 0.05% NaN3 was dropped to the sample pad using a pipet to wash away the excess Ag-Pt HNP-anti-
PSA DAD conjugates in the NC membrane. Then, TMB substrate treatment process was applied according to the
following procedure: the Ag-Pt HNP-based CLFA strip was immersed in a plastic centrifuge tube containing 1.5
mL of TMB substrate solution (i.e., a mixture containing 0.9 mL of TMB substrate solution for membrane, 0.3
mL of 1.0 M NaOAc/HOAc buffer, pH 4.0, and 0.3 mL of 1.0 M H20z) at room temperature. After ~5 min of
incubation, photograph of the CLFA strip was taken using a digital camera. For quantitative analysis, all
photographs were imported into a computer and converted to 8-bit grayscale images using Adobe Photoshop
software. The arithmetic mean of the pixel intensity in the test line region was measured as the color signal
intensity [14].

The assay procedure for the Au NP-based CLFA of PSA was the same as the procedure for Ag-Pt HNP-
based CLFA, except for the omission of TMB substrate treatment step.

3. Results and Discussion

3.1. Synthesis and Characterization of Ag-Pt HNPs

Ag-Pt HNPs were synthesized through galvanic replacement reaction between the ~40 nm Ag NPs as
sacrificial templates and K2PtCls (see the Experimental section) [21]. Figure 1A,B shows typical transmission
electron microscopy (TEM) images of the Ag-Pt HNPs at low- and high-magnifications, respectively. It can be
observed that the Ag-Pt HNPs had good uniformities in terms of both shape and size. The Ag-Pt HNPs were of
overall spherical shape with a hollow interior. By randomly analyzing 100 particles in the TEM images, the average
outer diameter of the particles was measured to be 42.4 nm and their average wall thickness was measured to be
5.2 nm. In addition to morphology (i.e., size and/or shape), we also examined the elemental composition of these
nanoparticles. The energy-dispersive X-ray (EDX) mapping images of an individual Ag-Pt HNP (see Figure 1C)
revealed that elemental Ag and Pt co-exist in the particles in the form of Ag-Pt alloy, which is consistent with our
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previous study [21]. The overall molar ratio of Ag to Pt in the Ag-Pt HNPs was quantified to be roughly 4:1 by
inductively coupled plasma mass spectrometry (ICP-MS) analysis. This result suggests that the nanoparticles were

primarily made of less expensive silver, ensuring a low material cost relative to those solid nanoparticles of pure
PGMs.
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Figure 1. Morphological, structural, and compositional analyses of the Ag-Pt HNPs. (A,B) TEM images at low
and high magnifications, respectively. (C) EDX mapping image of an individual particle (magenta = Ag, blue =
Pt). (D) XPS survey spectrum. (E) High-resolution XPS spectra of the Ag 3d and Pt 4f regions shown in (D). (F)
FT-IR spectra taken from an aqueous suspension of Ag-Pt HNPs and an aqueous solution of sodium citrate.

Surface chemistry of the Ag-Pt HNPs was characterized by X-ray photoelectron spectroscopy (XPS) and
Fourier transform infrared spectroscopy (FT-IR). Figure 1D shows a full XPS spectral survey recorded from the
Ag-Pt HNPs. The observation of peaks for Ag 3d, Pt 4p, Pt 3d, and Pt 4f confirmed that the nanoparticles were
composed of Ag and Pt elements. The high-resolution XPS spectra of the Ag 3d and Pt 4f regions (Figure 1E)
revealed that the Ag-Pt HNPs were mainly composed of zero-valent Ag(0) and Pt(0). The co-existence of relatively
small amounts of oxidized metal atoms was presumably because of surface oxidations (e.g., by dissolved oxygen
in nanoparticle suspensions) [26]. Notably, as shown by the full spectral scan (Figure 1D) and the high-resolution
spectra (see Supplementary Figure S3), C 1s and O 1s peaks were observed, hinting at the absorbance of citrate
on the surface of Ag-Pt HNPs. This assumption was confirmed by the FT-IR results (see the red spectrum in
Figure 1F). Specifically, the peak observed at ~1600 cm™! was representative of the C=0 stretch. The broad peak
between 3100 and 3400 cm™! was attributed to be from the O—H stretch. These characteristic peaks of citrate on
nanoparticle surface were overall consistent with the peaks observed from pristine citrate (black spectrum in
Figure 1F). These FT-IR analyses along with the XPS data confirmed the absorption of citrate on the surface of
Ag-Pt HNPs. Note that this result implies that the citrate acting as a colloidal stabilizer on initial Ag NP templates
was retained on particle surface after the galvanic replacement reaction. The capping of citrate on particle surface
allows for convenient conjugation of the Ag-Pt HNPs with antibodies through attractive electrostatic
interactions [27,28].

It is worth noting that all these characterization data demonstrate that the Ag-Pt HNPs had a similar size and
shape and the same surface ligand as the ~40 nm citrate-capped Au NPs—a type of widely used label in the CLFA
industry [9,29]. Such similarities facilitate a direct and reasonable comparison of the Ag-Pt HNPs and Au NPs in
CLFA performance.
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3.2. Catalytic Activities

The peroxidase-like catalytic activities of Ag-Pt HNPs were assessed using the oxidation of TMB (a typical
peroxidase substrate) by H202 as a model catalytic reaction. This catalytic reaction yielded a blue product (i.e.,
oxidized TMB [30]) with maximal absorbance at ~653 nm, which could be easily tracked and quantified by a UV-
vis spectrophotometer (see Supplementary Figure S4). It is worth noting that in addition to TMB, 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), 3,3’-diaminobenzidine (DAB), and o-
phenylenediamine (OPD) are commonly used peroxidase substrates that can yield blue/green-, brown-, and
orange-colored products, respectively [31]. Nevertheless, in the context of application in CLFA, the catalytic
products from the peroxidase substrates are preferred to meet the following expectations: (i) The color should be
easily distinguished from that of the samples (e.g., red for whole blood samples); (ii) The products can be rendered
to be insoluble by a precipitator to avoid being washed away by the liquid flow in the test strip; and (iii) the
products exhibit minimal toxicities to human and environment. Taking all these into consideration, TMB is the
optimal choice among all the peroxidase substrates.

To quantify the catalytic efficiency of Ag-Pt HNPs, an apparent steady-state kinetic assay was conducted, in
which the particle concentration of Ag-Pt HNPs (E) was fixed at 8.6 x 107> M (details are provided in the
Experimental section). Note that the catalytic efficiency is measured by a parameter—catalytic constant (Kcat) that
is defined as the maximum number of colored molecules produced per second per catalyst [23,24]. Figure 2A
shows the Michaelis-Menten curve, which was obtained by nonlinear fitting of the initial reaction velocity (v) at
varying TMB concentrations. This curve was further transformed into a double reciprocal plot (Figure 2B), from
which a maximum reaction rate (Vmax) of 9.6 x 1077 M s™! was derived. Therefore, the catalytic constant Kca was
determined to be 1.1 x 10° s7!, according to the equation Kcat = Vmax/[E]. Notably, the Keca of Ag-Pt HNPs as
peroxidase mimics is several orders of magnitude higher than that of horseradish peroxidase (HRP, a typical natural
peroxidase with a Kca= 4.0 x 103 s71) [24]. It is worth mentioning that the molar extinction coefficient of ~40 nm
citrate-capped Au NPs is approximately at the level of 10'° M~ em™ as reported in previous studies [8,32]. In
comparison, the equivalent molar extinction coefficient of the Ag-Pt HNPs (which is defined as the total light
extinction of color products yielded at catalytic reaction time # = 5 min [8]) is estimated to be at the regime of
10'* M cm™!, based on their catalytic efficiency. In a sense, the color signal from the catalytic Ag-Pt HNPs (with
a short reaction time of 5 min) is orders of magnitude stronger than that from conventional plasmonic Au NPs.
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Figure 2. Kinetic assays of the Ag-Pt HNPs as catalysts for the oxidation of TMB by H202. The initial reaction
velocity (v) was measured from 0.2 M HOAc/NaOAc buffer solution (pH 4.0) containing 2.0 M H20z, 8.6 x 10713
M Ag-Pt HNPs, and TMB of various concentrations at room temperature. (A) Plot of v against TMB concentration.
(B) Double-reciprocal plot derived from the data in (A). Error bars denote the standard deviations of three

independent measurements.

3.3. Application in CLFA

As illustrated in Figure 3A, the Ag-Pt HNPs were applied as labels to CLFA. Prostate-specific antigen (PSA,
a biomarker for recurrence of prostate cancer [33]) was detected as a model disease biomarker to demonstrate the
potential application of Ag-Pt HNP-based CLFA in medical diagnostics. After capturing the Ag-Pt HNP-antibody
conjugates in the test and control line regions of the test strip, a simple TMB substrate treatment process was
applied, which took only ~5 min and was operated at room temperature. Details of the CLFA assembly and assay
procedures are provided in the Experimental section. It should be mentioned that instead of directly dropping the
substrate solution onto the test and control lines as reported in previous studies [8,14], in this work we immersed
the test strip in a substrate solution hosted in a plastic tube. Such a modification of the substrate treatment procedure
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ensures good assay reproducibility and relatively low background at the expense of extra substrate solution, which
is inexpensive [34]. Notably, the Ag-Pt HNPs display a visible color (gray) due to their plasmonic activities.
Nevertheless, this color is significantly weaker than the color signal produced from the nanoparticles-medicated
catalytic reaction [8]. Therefore, the color signal in the test and control lines of Ag-Pt HNP-based CLFA test strip
is primarily from the catalytic reaction products (i.e., oxidized TMB). For comparison, conventional CLFA using
~40 nm citrate-capped Au NPs (see Supplementary Figure S2) as labels was fabricated using the same antibodies
and materials as Ag-Pt HNP-based CLFA.
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Figure 3. Ag-Pt HNP-based CLFA and conventional Au NP-based CLFA for detection of PSA. (A) Schematics
illustrating the principle of Ag-Pt HNP-based CLFA. (B) Representative photographs of both CLFAs of PSA
standards. Asterisks (*) indicate the detection limits by the naked eyes. (C) Corresponding calibration curves of the
detection results shown in (B). Error bars denote standard deviations of six independent measurements. Inset shows
linear range region of the Ag-Pt HNP-based CLFA.

PSA standards with concentrations ranging from 10 pg mL ' to 10 ng mL"! were detected by both the Ag-Pt
HNP- and Au NP-based CLFAs. For quantitative analyses, the detection results were recorded with a digital
camera (see Figure 3B). The color bands of the test line region were quantified using Adobe Photoshop software
to generate the corresponding calibration curves (Figure 3C). For the Ag-Pt HNP-based CLFA, blue bands
(originated from the oxidized TMB) at the test lines were visible to the naked eye at concentrations as low as
20 pg mLL. In contrast, the red bands (from the plasmonics of Au NPs) in Au NP-based CLFA could only be
observed at PSA concentrations above 500 pg mL . These results suggest the naked-eye detection limit of Ag-Pt
HNP-based CLFA was about 25 times lower than that of Au NP-based CLFA. As shown by the calibration curves
in Figure 3C, the Ag-Pt HNP-based CLFA exhibited a good linear correlation in 10-200 pg mL~! PSA with an R?
of 0.994. The limit of detection (LOD, which is defined by the 3SD method [35,36]) of the Ag-Pt HNP-based
CLFA was determined to be 3.07 pg mL™!, which was ~27 times lower than the LOD of Au NP-based CLFA
(82.64 pg mL™!, which was calculated based on its calibration curve).

These results demonstrate that the Ag-Pt HNPs with peroxidase-like activities can lower the detection limit
of conventional Au NP-based CLFA by more than 20 times. Such a substantial improvement in CLFA sensitivity
is only paid by a simple substrate treatment process at room temperature. Remarkably, the hollow structure and
composition of Ag-Pt HNPs significantly reduce the usage amount of previous noble metals in CLFA, making the
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Ag-Pt HNP-based CLFA cost-effective. Taken together, the Ag-Pt HNP-based CLFA outperforms conventional
Au NP-based CLFA from the aspects of both sensitivity and cost effectiveness.

3.4. Demonstration of Clinical Use

We first assessed the influence of biological matrices on the performance of Ag-Pt HNP-based CLFA. To
this end, we applied the CLFA to quantify PSA from spiked human serum samples. Note, serum is one of the most
common types of clinical samples in medical diagnostics [37-39]. All serum samples were diluted 2-fold by assay
buffer prior to the loading of sample onto test strip. Four spiked samples with final PSA concentrations in
25-150 pg mL ! were prepared by spiking a PSA-free human serum sample (purchased from Sigma-Aldrich) with
PSA standards. These samples were then detected by the Ag-Pt HNP-based CLFA. For quantitative analysis, the
intensities of color signal at test lines of the CLFA strips were quantified and compared with the calibration curve
shown in Supplementary Figure S5, from which the concentrations of PSA were determined. As summarized in
Table 1, the analytical recoveries (which is defined as the PSA amount measured as a percentage of the PSA
amount initially added to the serum) of the Ag-Pt HNP-based CLFA in detecting the four PSA-spiked serum
samples were in the range of 94.81-102.92%. In addition, the coefficient of variation (n = 6) of all the spiked
samples was <6.8%, indicating a good reproducibility of the CLFA test. These results demonstrated that the
performance of Ag-Pt HNP-based CLFA was not significantly influenced by the biological matrices in human
serum.

Table 1. Analytical recoveries of the Ag-Pt HNP-based CLFA in detection of PSA spiked human serum samples.

PSA Amount Spiked PSA Amount Measured Coefficient of Variations

(pg mLY) (pgmLY) (%, 1= 6) Recovery (%)
25 24.00 4.37 96.00 +4.20
50 51.46 3.31 102.92 +£3.19
100 97.88 5.51 97.88 £4.99
150 142.22 6.80 94 .81 £ 6.45

Finally, to demonstrate the potential clinical use of Ag-Pt HNP-based CLFA, we used it for detecting PSA
in a positive serum sample that was collected from a patient. This patient sample was purchased from Boca
Biolistics (Pompano Beach, FL, USA, donor code #D106968). The sample was analyzed by a certified method (a
commercial chemiluminescence immunoassay kit, Ortho-Clinical Diagnostics VITROS) to contain 0.5 ng mL™!
of PSA. We intended to determine whether the PSA concentration measured by our Ag-Pt HNP-based CLFA
agrees with the “known concentration” (i.e., 0.50 ng mL™') within experimental error. To this end, we analyzed
the sample six times (# = 6) by our CLFA and measured the PSA concentrations. The measured values were 0.51,
0.40, 0.42, 0.49, 0.52, and 0.43 ng mL™! PSA, giving a mean of X = 0.46 and a standard deviation of s = 0.051.
Based on these results, we performed the Student’s ¢ test [40]. Specifically, for six measurements, there are 5
degrees of freedom and thus #os% = 2.57. The 95% confidence interval [which is expressed as X + ts/v/n] is
calculated to be 0.46 £ 0.054. The known concentration (0.50 ng mL™") is within the 95% confidence interval.
Therefore, we can conclude that the detection result from our CLFA (0.46 ng mL™' PSA) agrees with the result
from the commercial diagnostic kit (0.50 ng mL™' PSA) within experimental error at a 95% confidence level.
These results demonstrated the potential application of the Ag-Pt HNP-based CLFA in clinical settings. A more
comprehensive assessment of the clinical performance of the CLFA using large-scale samples will be the subject
of our future study.

4. Conclusions

In summary, we have demonstrated a sensitive and cost-effective CLFA. The CLFA relies on Ag-Pt HNPs
as colorimetric labels. The Ag-Pt HNPs possess strong peroxidase-like catalytic activities, allowing them to
produce sensitive color signals through catalysis. Moreover, the Ag-Pt HNPs have hollow interiors and are
primarily made of less expensive silver, which effectively reduces materials cost of previous noble metals in CLFA.
The Ag-Pt HNP-based CLFA was successfully applied to the detection of a cancer biomarker PSA, of which
sensitivity was much higher than conventional solid Au NP-based CLFA. We believe the CLFA presented in this
work as a sensitive and cost-effective point-of-care technology has great potential for diagnostic applications,
especially in resource-limited settings.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.sciltp.com/journals/mi/2024/1/515/s1 , Figure 1: TEM image of citrate-capped silver nanoparticles (Ag NPs) with
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an average diameter of 40.3 nm. These Ag NPs were used as sacrificial templates for the synthesis of Ag-Pt hollow
nanoparticles (Ag-Pt HNPs) shown in Figure 1. Figure S2: Citrate-capped gold nanoparticles (Au NPs) with an average
diameter of 40.8 nm. (A) A representative TEM image of the Au NPs. (B) An XPS spectrum recorded from the Au NPs. Figure
S3: High-resolution XPS spectra of the C 1s and O 1s regions shown in Figure 1D. The peaks were analyzed and assigned
according to the literature. Figure S4: UV-vis spectra recorded from 0.2 M NaOAc/HOAc buffer solution, pH 4.0, containing
0.8 mM TMB and 2.0 M H202 in the absence (#1) and presence (#2) of Ag-Pt HNPs (sample in Figure 1). Insets show the
photographs of corresponding solutions. Figure S5: Calibration curve of the Ag-Pt HNP-based CLFA for detection of CEA
standards in 1:1 (v/v) buffer/human serum mixture. Each data point in the plot represents an average of six independent
measurements.
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Abstract: Piezocatalysis, an emerging approach that harnesses
mechanical energy to drive chemical reactions, has garnered \%

. . . . . . . . e~ + 0, - -05
significant attention due to its potential applications in diverse

fields, particularly in environmental remediation. Its broader
application, however, is often hindered by the low efficiency of
existing piezocatalytic materials. Here, we report the synthesis
of Mn?**-doped ZnS nanocrystals with improved piezoelectric
properties using an emulsion-based colloidal assembly
technique. Through well-controlled Mn?" doping, these
nanocrystals demonstrate high piezocatalytic activity for
degrading organic dyes under ultrasonic vibration. The optimal performance is achieved with 3% Mn?*" doping,
outperforming many existing piezocatalysts. Mechanistic studies reveal the generation of reactive oxygen species
as the primary driving force for degradation. Notably, pre-excitation with UV light further boosts the piezocatalytic
efficiency of these metal ion-doped ZnS nanocrystals by filling electron trap states, leading to improved overall
performance. This research paves the way for developing high-performance piezocatalysts, expanding the potential
of piezocatalysis for a wide range of applications.

Trap states

h*+ H,0- -OH + HY

Keywords: piezocatalysis; piezoelectricity; zinc sulfide; pollutant degradation; water decontamination

1. Introduction

The rapid industrial development has led to a surge in water-soluble organic pollutants, posing severe
environmental and health concerns. Traditional water treatment methods often fall short of effectiveness in
addressing these pollutants, necessitating the exploration of advanced oxidation processes (AOPs). Coupled with
photocatalysis [1-3] electrocatalysis [4,5] and Fenton reactions [6—8] these methods have emerged as promising
decontamination strategies due to their ability to generate reactive radicals for breaking down a wide range of
organic molecules into less harmful substances. Photocatalysis utilizes light to activate semiconductor materials,
creating electron-hole pairs to drive radical formation. Similarly, electrocatalysis applies an electrical current to
induce redox processes, while Fenton reactions use iron-based catalysts to break down hydrogen peroxide into
highly reactive hydroxyl radicals. Despite their effectiveness, these processes also face their own challenges, such
as significant energy inputs or dependence on specific reagents, prompting the need for developing alternative
catalytic strategies.

Recently, the piezoelectric effect has been explored to use mechanical energy to drive degradation reactions
of organic pollutants [9,10], leading to the development of a new catalytic process termed piezocatalysis.
Piezocatalysis distinguishes itself from traditional electrocatalysis and photocatalysis by utilizing charge
separation in piezoelectric materials when subjected to mechanical vibrations [11,12]. This unique mechanism
enables a range of chemical reactions, making piezocatalysis an attractive option for environmental
remediation [13—17], energy sustainability [18-20], and biomedical applications [21-23]. Commonly studied
piezocatalytic materials include ZnO and BaTiOs, known for their non-centrosymmetric crystal structures and
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piezoelectric coefficients ranging between 20 and 100 pC/N [23,24]. However, these materials face limitations
such as instability in acidic environments or potential ecological and cytotoxic concerns [25,26]. Alternatively,
wurtzite-phase zinc sulfide (ZnS), another non-centrosymmetric piezoelectric material with good chemical
stability and biocompatibility, has shown decent piezocatalytic performance in hydrogen generation from pure
water [18]. Nonetheless, due to its lower piezoelectric coefficient than ZnO and BaTiOs, ZnS has been less
explored for piezocatalytic applications. Moreover, its transition from the stable zinc blende to the more
piezoelectrically active wurtzite phase typically requires high-temperature calcination [27,28], which, however,
increases its bulkiness, making it difficult to compete with nanoscale catalysts featuring extremely high specific
surface area. Therefore, strategies to enhance the piezoelectric properties of ZnS nanocrystals and expand their use
in piezocatalysis are of significant research interest.

In this study, we report the synthesis of manganese-doped ZnS (ZnS:Mn?") nanocrystals from their quantum
dot precursors using an emulsion-based assembly approach. The resulting nanocrystals exhibited exceptionally
high piezoelectricity, with a piezoelectric coefficient of up to 23 pC/N, and outstanding piezocatalytic efficiency
for the degradation of model organic pollutants, including methylene blue (MB) and rhodamine B (RhB), under
ultrasound vibration. Our mechanistic studies revealed that the degradation process was driven by hydroxyl and
superoxide radicals generated from charge carriers under sonication. Notably, UV pre-excitation of the catalysts
significantly enhanced the piezocatalytic performance by filling the trap states and promoting charge separation
during sonication. The enhanced piezoelectricity and piezocatalytic activity can be attributed to the synergistic
effects of doping-induced point defects and assembly-caused stacking faults within the nanocrystals, with the
former creating trap states that facilitate charge separation and the latter enhancing spontaneous polarization. These
material characteristics promotes the generation and utilization of charge carriers under mechanical vibration,
leading to improved catalytic performance. This innovative synthesis approach to develop high-performance
piezocatalytic materials opens new avenues for sustainable environmental remediation and biomedical
applications.

2. Results and Discussion

Figure 1a depicts the process of synthesizing wurtzite phase ZnS nanocrystals, using their zinc blende phase
quantum dots (QD) as precursors. It begins with dispersing pre-synthesized QDs in droplets of an oil-in-water
emulsion, allowing the QDs to form clusters as the solvent evaporates, and then coating the clusters with a layer
of silica. Subsequent steps involve calcination of the core-shell particles, during which QD clusters transform into
wurtzite nanocrystals and sinter into larger domains, followed by selective etching of the silica using sodium
hydroxide (NaOH) to release the wurtzite nanocrystals. Specifically, pure ZnS QDs and ZnS:Mn?" QDs were
synthesized at a high temperature (300 °C) via a Lewis acid-base reaction between metal chlorides and elemental
sulfur, with oleylamine as the solvent and capping ligand [29,30]. The synthesis produced QDs with a relatively
narrow size distribution, as evidenced in the transmission electron microscopy (TEM, Thermo Fisher Scientific,
Waltham, MA, USA) image in Figure Sla for a sample of 3% Mn**-doped ZnS QDs with an average diameter of
approximately 9.4 nm (Figure S1b). The Mn?" doping level does not appear to affect the QD size, as indicated by
the TEM images of undoped (Figure Slc) and 1% Mn?'-doped ZnS QDs (Figure S1d). Using
cetyltrimethylammonium bromide (CTAB) as the surfactant, the QD solution in cyclohexane was dispersed in
water to produce an oil-in-water emulsion. Subsequent evaporation of cyclohexane promoted the assembly of QDs
into clusters [31]. The detailed procedures are provided in the Supporting Information. Figure 1b displays the TEM
image of QD clusters with an average size of ~81 nm (size distribution shown in Figure S2). Since the as-prepared
QDs are in the zinc blende phase [30], high-temperature calcination is required to induce the phase transition from
zinc blende to wurtzite as the latter is more piezoelectrically active due to the lack of inversion symmetry. To
prevent sintering between the clusters during calcination, they were coated with a silica layer using the Stober
method [32]. Figure 1c presents the TEM image of silica-coated clusters, which have an average coating thickness
of ~11.5 nm, estimated based on 30 measurements (Figure S3). The silica-coated clusters were then calcined at
1050 °C for 90 min to convert them into larger nanocrystals (Figure 1d) and induce the zinc blende-to-wurtzite
phase transition. After the silica layer was removed by NaOH etching, spherical nanocrystals in the wurtzite phase
were obtained, as shown in Figures le and S4a. The average size of these nanocrystals was determined to be
~76 nm, based on the statistical size distribution presented in Figure S4b. These nanocrystals were further
characterized using aberration-corrected scanning transmission electron microscopy (STEM, JEOL, Freising,
Germany) equipped with energy-dispersive X-ray spectroscopy (EDS, JEOL, Freising, Germany). Figure 1f
provides the high-angle annular dark-field (HAADF) STEM image of ZnS:3%Mn?" nanocrystals, while
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Figure 1g—i show that Mn?" was successfully incorporated into the final nanocrystals through initial doping during
QD synthesis, with Zn, S, and Mn elements uniformly distributed throughout the nanocrystals.

- Si0, coatin Calcination SiO; etching |
2 00 v, Assembly  SEEEAA 2 oI =% .
.J g - -

Nanocrystal (wurtzite)

Figure 1. (a) Fabrication process of ZnS-based nanocrystals. (b—e) TEM images of clusters of ZnS:3%Mn?* QDs
(b), silica-coated clusters of ZnS:3%Mn?* QDs (c¢), silica-coated ZnS:3%Mn*" nanocrystals after calcination (d),
and the released ZnS:3%Mn?" nanocrystals after removing silica via base etching (e). (f) HAADF-STEM image of
ZnS:3%Mn?* nanocrystals. (g—i) EDS mapping of Zn (g), S (h), and Mn (i) in ZnS:3%Mn?" nanocrystals.

Figure 2a shows the X-ray diffraction (XRD, PANalytical, Almelo, The Netherlands) patterns of the ZnS QD
precursors and the ZnS nanocrystals doped with varying amounts of Mn?* (0-4%). The ZnS QD precursors exhibit
a zinc blende phase, displaying peaks consistent with the standard powder diffraction file (PDF#05-0566). After
assembly and calcination, the nanocrystals transit to a wurtzite phase, as confirmed by comparing to the standard
PDF#36-1450, regardless of the Mn?>" doping concentration. When the Mn?* doping ratio exceeds 3%, a slight
peak shift to lower angles is observed. This can be attributed to the larger ionic radius of Mn?* (0.83 A) compared
to Zn*>* (0.74 A) [33], which increases the lattice parameter and shifts the diffraction peaks to lower angles
according to Bragg’s Law. To investigate the piezoelectric properties, piezoresponse force microscopy (PFM,
Asylum Research, Goleta, CA, USA) was performed on the ZnS:3%Mn?" wurtzite nanocrystals. Figure S5
displays the response amplitude (A) of the nanocrystals under a voltage bias (B) of 3 V, resulting in a piezoelectric
coefficient (ds3) of 23.3 pm/V, calculated using the equation d33 = A-f/(B-Qy), where f is the correction factor and
Or is the quality factor (Or= 150) [28]. This high ds3 value indicates strong piezoelectricity in the nanocrystals,
significantly exceeding previously reported values for ZnS [34].

The piezoelectric ZnS-based nanocrystals were utilized as catalysts for dye degradation. The catalyst loading
was maintained at 1 mg/mL, and the initial dye concentration was set to 10 ppm (or mg/L). The catalysts were
stirred with the dyes in the dark to achieve adsorption-desorption equilibrium. Figure S6a shows the UV-Vis
spectra of methylene blue (MB) during the stirring process with the catalysts for up to 60 min. The corresponding
plot of C/Co over time, derived from Beer’s Law (Figure S6b), indicates that 30 min of stirring is sufficient to
establish adsorption-desorption equilibrium.

In the subsequent step, the mixture was exposed to UV light with emission centered at 365 nm for 1 min to
fill the trap states within the bandgap of ZnS [35]. It was observed that exposure to UV light did not alter the dye
concentration (Figure S7), confirming that no photocatalytic degradation occurred during this step. Subsequently,
the mixture was subjected to ultrasound treatment at 40 kHz while maintaining a constant temperature of 22 °C.
Aliquots were taken at specific time intervals, and the nanocrystals were separated by centrifugation. Figure 2b
displays the UV-Vis spectra of MB degradation catalyzed by ZnS:3%Mn?" nanocrystals. The MB was rapidly
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degraded under sonication, achieving 95% degradation within just 20 min. The degradation ratio (D) was
calculated by:

c A
= - % = - — 9
D (1 Co) x 100% (1 A0> x 100% (1)
where C is the concentration at a given time during the reaction, Co is the initial concentration, A4 is the absorbance
at a given time during the reaction, and Ao is the initial absorbance value [16]. The inset photos in Figure 2b depict
the color change of the MB solution during the piezocatalytic degradation process. The degradation of dyes follows
a simplified Langmuir-Hinshelwood first-order kinetics model:

—1In (C%) =—In (%) =kt 2)

where k represents the degradation rate constant.

ZnS nanocrystals with varying Mn?" doping ratios were tested for their efficiencies in degrading MB.
Figure S8 shows the UV-Vis spectra of MB degradation using ZnS nanocrystals doped with different Mn?* ratios
(0%, 0.5%, 1%, 2%, 3%, and 4%). The degradation rate constants, calculated using Equation (2), are summarized
in Figure 2c. The ZnS nanocrystals doped with 3% Mn?" exhibited the fastest degradation, with the highest rate
constant of 0.1376 min~!. To further confirm the piezocatalytic performance of the ZnS-based nanocrystals,
Rhodamine B (RhB) with an initial concentration of 10 ppm was also used as a model organic dye. Figure 2d
presents the UV-Vis spectra of RhB degradation catalyzed by ZnS:3%Mn?" over 35 min, with the inset showing
the color change of the RhB solution at various stages of degradation. The degradation ratio of RhB reached 95%
after 30 min of sonication, as calculated using Equation (1).
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Figure 2. (a) XRD patterns of the ZnS QDs precursors and ZnS nanocrystals synthesized by calcination. The
nanocrystals were doped with varying amounts of Mn?*. (b,d) UV-Vis spectra of MB (b) and RhB (d) after
piezocatalytic degradation by ZnS:3%Mn?* nanocatalysts for varying periods. (c,e) Piezocatalytic performance of
ZnS:Mn?" nanocatalysts for degrading MB (¢) and RhB (e). (f) Piezocatalytic degradation rates of MB using
ZnS:3%Mn?" nanocatalysts pre-excited under UV for varying durations.

Figure S9 shows the UV-Vis spectra of RhB degraded by ZnS:Mn?" nanocrystals with doping ratios ranging
from 0% to 4%. The degradation rate constants, determined using Equation (2), are summarized in Figure 2e.
Again, the ZnS nanocrystals doped with 3% Mn?" exhibited the highest degradation rate constant of 0.1048 min™".
Control experiments were conducted by sonicating the organic dyes in the absence of catalysts. Figure S10a,b
displays the UV-Vis spectra of MB and RhB during 40 min of sonication. The absorbances of both dyes showed
no significant decrease, indicating that sonication alone is insufficient to degrade the dye molecules, and the
observed degradation is primarily due to the catalytic activity of the ZnS-based nanocrystals.
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The enhancement of piezocatalytic degradation efficiency by UV pre-excitation, a unique feature of our
piezocatalysts, was further investigated using ZnS:3%Mn*" nanocatalysts. The UV pre-excitation process involves
exposing the dye/nanocatalyst mixture to UV light before initiating sonication, and it is believed to modify the
electronic states of the nanocrystals. As illustrated in Figure S11, the degradation of MB was markedly slower
when the pre-excitation step was omitted. Specifically, the MB degradation rate was calculated to be 0.0539 min™!
without UV pre-excitation, compared to a significantly higher rate of 0.1397 min™! with UV pre-excitation of 1
min. These findings highlight the crucial role of UV pre-excitation in achieving efficient piezocatalytic degradation
of organic dyes.

The observed enhancement in the degradation rate by UV pre-excitation can be attributed to the ability of
UV light to excite electrons within the ZnS:Mn?" nanocrystals, filling the trap states that are otherwise empty.>*
These trapped charge carriers can then be readily released under mechanical vibrations during the sonication
process, participating in redox reactions that degrade the dye molecules. This mechanism underscores the
importance of pre-activating the catalyst to maximize the utilization of charge carriers during the piezocatalytic
process.

To further substantiate this hypothesis, we explored the effect of varying the UV pre-excitation time, ranging
from 10 s to 1 min, on the degradation rates of MB. The results, presented in Figure 2f, demonstrate that the
degradation rate initially increased with the duration of UV pre-excitation, reaching an optimal rate after 40 s.
Beyond this point, the degradation rate plateaued, suggesting that the photoexcited electrons fully occupied the
trap states, and additional UV exposure did not contribute to further improvements. The UV-Vis absorption spectra
of MB degradation under different pre-excitation times are shown in Figure S12. The data clearly demonstrate that
UV pre-excitation is essential for optimizing the piezocatalytic performance of the ZnS:Mn?" nanocrystals. The
lack of further noticeable enhancement in degradation rates beyond 40 s of pre-excitation likely indicates the
saturation of electron trap states. This saturation behavior aligns with the hypothesis that UV pre-excitation
maximizes the availability of reactive charge carriers, thereby boosting the overall efficiency of the piezocatalytic
degradation process.

To elucidate the effect of Mn?* doping ratios on piezocatalytic performance, electron paramagnetic resonance
(EPR) spectroscopy was conducted on ZnS-based nanocrystals with varying Mn?" doping levels, with the results
shown in Figure 3a. The EPR signal intensities increase consistently with higher Mn?* doping levels, indicating a
rise in defect concentration as the Mn?' content increases. At lower doping levels, Mn?" ions predominantly occupy
substitutional sites within the Zn-S lattice. However, Mn?" ions are more likely to occupy interstitial sites at higher
doping levels, leading to stronger Mn-Mn interactions. This is evidenced by the broadening of the EPR profiles at
higher Mn?* doping concentrations. While increasing Mn?>" doping enhances defect formation, excessive doping
can destabilize the crystal lattice, ultimately diminishing piezocatalytic efficiency. As a result, the optimal
piezocatalytic performance was observed at a 3% Mn** doping level.

To further elucidate the degradation mechanism, 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) was employed
as the spin trap to capture radicals produced within the reaction system. Figure 3b presents the EPR spectra of
aqueous solutions containing DMPO and 1%, 3%, and 4% Mn**-doped ZnS nanocrystals after sonication, showing
a profile characteristic of *OH radicals [36,37], and thus confirming their presence. Notably, the highest EPR signal
intensity for OH radicals was observed in ZnS:3%Mn?", consistent with its superior piezocatalytic performance.
Figure 3¢ depicts the EPR spectra of the same Mn?*-doped ZnS nanocrystalsyDMPO dispersions in dimethyl
sulfoxide (DMSO), also after sonication. The EPR signals detected in this setup correspond to 'O radicals [38],
with the highest intensity detected at 3% Mn?* doping. These findings indicate the formation of reactive oxygen
species (ROS), such as ‘OH and -O:, within the reaction environment. The proposed radical formation pathway
during piezocatalysis is illustrated in Figure 3d. Upon sonication, the piezoelectric ZnS nanocrystals undergo
tilting of band gap structure and charge separation, likely due to both electron detrapping from trap states and
electron transition from the valence band to the conduction band, which drive the generation of these reactive
species. Specifically, holes react with water molecules to produce hydroxyl radicals (*OH), while electrons
combine with oxygen molecules to generate superoxide radicals (-O2").

The charge separation behavior of ZnS:Mn** nanocrystals under sonication was further confirmed by more
in-depth studies, e.g., modifying the surface of ZnS:3%Mn?* nanocrystals with Pluronic F-127, a hole scavenger.
After pre-excitation with UV light, the nanocrystals were dispersed in degassed water and subjected to sonication.
If charge separation occurred, the holes would be scavenged by Pluronic F-127, and the electrons would partially
convert into hydrated electrons in the solution. These hydrated electrons are known to react with oxidative species,
such as hydrogen peroxide (H202) and hydroxyl radicals (‘OH). The concentration of these oxidative species can
be quantified by reacting with molecules that can change their light absorbance, for example, potassium iodide
(KI) for H202 and salicylic acid (SA) for OH. In the first experiment, the UV pre-excited nanocrystals were
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combined with H20: and then sonicated. After centrifugation to remove nanocrystals, the supernatant was mixed
with KI. UV-Vis spectroscopy was used to monitor the formation of triiodide (I3"), which followed these reactions:
H,0,+ 2I7 - I, + 20H™ and I~ + 1, — I3. As shown in Figure 3e, the absorbance peak of I3 around 350
nm was significantly lower in the presence of ZnS:3%Mn?" nanocrystals (1 mg/mL) compared to the control
experiment without nanocrystals, indicating the consumption of H2O2 by piezo-generated electrons and, therefore,
reduced formation of I3 .

In the second experiment, the reaction between SA and ‘OH radicals was used to investigate charge carrier
separation, as electrons can reduce hydroxyl radicals, leading to observable changes in the UV-Vis spectra. ‘OH
was produced through a Fenton reaction involving ferrous sulfate and H>O: and subsequently mixed with
ZnS:3%Mn?" nanocrystals. The resulting oxidized product of SA, which appeared purple, exhibited an absorbance
peak around 520 nm. Figure 3f shows that the absorbance decreased in the presence of ZnS:3%Mn?" nanocrystals,
confirming the reaction of the ‘OH radicals with electrons generated from the nanocrystals. Moreover, the
comparison of the absorbance with and without UV pre-excitation (Figure 3e,f) revealed that pre-excited samples
had significantly lower absorbance for both I3 and oxidized SA. This result confirms that UV pre-excitation
enhances electron generation during sonication by filling trap states within the ZnS:3%Mn?" nanocrystals. These
findings are consistent with the piezocatalytic data discussed previously.

Control experiments were also performed to compare the absorbance of systems with and without sonication
in the absence of nanocrystals. As illustrated in Figure 3e,f, sonication alone did not significantly decompose H202
or degrade ‘OH, confirming that the observed effects were due to the presence and charge separation of the
7ZnS:3%Mn?*" nanocrystals.
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Figure 3. (a) EPR spectra of ZnS nanocrystals doped with different amounts of Mn?*. (b) EPR spectra of DMPO-
trapped hydroxyl radicals in water generated from sonication of water-dispersed ZnS:Mn?" nanocrystals with 1%,
3%, and 4% doping, compared with DMPO/water solution. (¢) EPR spectra of DMPO-trapped superoxide radicals
in water generated from sonication of water-dispersed ZnS:Mn?" nanocrystals with 1%, 3%, and 4% doping,
compared with DMPO/water solution. (d) Scheme of charge separation for ZnS:Mn?* nanocrystals under sonication.
(e,f) UV-Vis spectra of I3 (e) and oxidized SA (f) generated during the reaction under various conditions including
with or without ZnS:3%Mn?" catalyst (labeled with concentration), UV pre-excitation (labeled as “UV”), and
(ultra)sonication (labeled as “US”).

The impact of the silica layer on the piezocatalytic performance of the nanocrystals was systematically
investigated. Figure 4a shows the FTIR spectra of the ZnS:3%Mn?" nanocrystals before and after removing the
silica coating. For the silica-coated samples, strong Si-O-Si vibrational peaks (highlighted in the pink region)
appeared around 1060 and 1160 cm™. These peaks were significantly diminished after silica etching, suggesting
effective removal of the silica layer. The adsorption of MB on ZnS:Mn?" nanocrystals was further confirmed
through FTIR analysis of the nanocrystal-MB mixture, collected after reaching adsorption-desorption equilibrium.
The characteristic peaks at 1600 cm™ (peak a, CH=N), 1388-1335 ¢cm™! (peak b,c, C-H), 1253 cm™' (-C-N),
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1153 cm™! (C-N), and 1064 cm™! (C-S-C) correspond to vibrations from MB, consistent with the FTIR spectrum
of pure MB (Figure S13). The successful adsorption of these dyes on the nanocrystal surface is a critical factor
contributing to the enhanced catalytic performance of the ZnS-based nanocatalysts.

The UV-Vis spectra of MB during piezocatalytic degradation using silica-coated ZnS:3%Mn?" nanocrystals
are shown in Figure S14. The degradation rate constant for silica-coated ZnS:3%Mn?* was calculated to be
0.0597 min™', significantly lower than that for silica-etched nanocatalysts. This result suggests that the presence
of a silica layer is detrimental to the piezocatalytic degradation of organic dyes. A plausible explanation is that
after undergoing high-temperature calcination, the silica layer increased its crosslinking degree and reduced its
porosity [39], inhibiting effective piezocatalysis.

We also measured the piezocatalytic degradation of a binary dye mixture of MB and RhB with the same
initial concentration using ZnS:3%Mn?" nanocrystals. Figure 4b shows the UV-Vis spectra of the dye mixture
during sonication for 30 min, with measurements taken at 10-min intervals. Figure 4c¢ presents the degradation
rates for RhB (0.0765 min™') and MB (0.0582 min™"), respectively, as derived from linear fitting. RhB degraded
faster than MB in the dye mixture, likely due to their different molecular orbital energy levels, which may facilitate
electron transfer from MB to RhB [28].
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Figure 4. (a) FTIR spectra of silica-coated and silica-etched ZnS:3%Mn?* nanocrystals. (b) The UV-Vis spectra
of RhB and MB binary dye mixture during piezocatalytic degradation by ZnS:3%Mn?*. (¢) The degradation rate
for RhB and MB by linear fitting. (d) The kinetics of MB degradation with and without scavengers. (e) The kinetics
of RhB degradation with and without scavengers. (f) The recyclability tests of ZnS:Mn?* nanocrystal piezocatalysts.

To further verify the mechanism behind the piezocatalytic degradation of organic molecules, scavengers were
introduced into the reaction system to assess their impact on the catalytic performance, including
ethylenediaminetetraacetic acid disodium salt (EDTA-2Na) as a hole (h*) scavenger, tert-butyl alcohol (TBA) as
a "OH radical scavenger, and benzoquinone (BQ) as a ‘O2™ radical scavenger. These scavengers were added to the
reaction system containing ZnS:3%Mn?" nanocrystals and organic dye molecules of MB or RhB. The UV-Vis
spectra of MB during piezocatalytic degradation by ZnS:3%Mn?" nanocrystals with EDTA-2Na, TBA, and BQ
scavengers are shown in Figure S15a—c, respectively. The degradation kinetics were linearly fitted, yielding rate
constants of 0.0533, 0.0351, and 0.0436 min™' for EDTA-2Na, TBA, and BQ, respectively, as presented in Figure
S15d-f. These kinetic values are summarized and compared in Figure 4d. Similarly, the UV-Vis spectra of RhB
during piezocatalytic degradation in the presence of EDTA-2Na, TBA, and BQ are depicted in Figure S16a—c. The
corresponding degradation rates were linearly fitted and found to be 0.0601, 0.0192, and 0.0239 min* for EDTA-
2Na, TBA, and BQ, respectively, as illustrated in Figure S16d—f. These results are compared in Figure 4e. The
significant reduction in degradation rates upon the addition of these scavengers supports the involvement of holes,
hydroxyl radicals, and superoxide radicals in the piezocatalytic degradation process, further confirming the role of
reactive oxygen species in the catalytic reaction.
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The reusability of the Mn-doped ZnS piezocatalysts was evaluated through multiple catalytic cycles. As
shown in Figure 4f, the relative concentration of MB (C/Co) was monitored over four consecutive cycles using
recycled ZnS:3%Mn?" nanocrystals. Only slight decline in degradation efficiency was observed after four cycles,
indicating high stability in catalytic activity, possibly due to the refillable trap states and stable crystal structure of
the nanocrystals. Overall, the ZnS:3%Mn?" nanocrystals exhibit substantial retention of their piezocatalytic
performance, underscoring their potential for practical applications where catalyst reusability is essential.

The ZnS:3%Mn?" nanocrystals synthesized in this study demonstrate exceptional piezocatalytic performance,
outperforming many existing piezocatalysts such as BaTiOs [41], ZnO [42], metal dichalcogenides (MoS2, WS,
and WSe) [43] and BiFeOs [44,45], as shown in the comparison in Table 1. This enhanced performance can be
primarily attributed to two key factors: the unique electron filling-detrapping mechanism enabled by UV pre-
excitation and ultrasonic vibration, as well as the intrinsically high piezoelectricity of the nanocrystals. TEM
images (Figures le and S4a) reveal a significant presence of stacking faults within the ZnS nanocrystals. These
stacking faults are believed to greatly enhance the piezoelectric properties of the nanocrystals by inducing
spontaneous polarization [46], consistent with the high piezoelectric coefficient (ds3) values measured via PFM.
This piezoelectric enhancement is particularly advantageous for piezocatalysis, as it facilitates effective charge
separation under mechanical vibrations, thereby generating more reactive radicals for the degradation of pollutants.

Table 1. Comparison of degradation rates for various piezocatalysts under ultrasonic vibrations.

Catalyst Dye Species Rate Constant (min™!) Reference
BaTiO; nanowires Methylene orange ~0.017 [41]
Methylene orange 0.019
BaTiOs3 nanocrystals RhB 0.009 [10]

MB ~0.007

(Ba,Sr)TiO3 nanowires Methylene orange 0.0196 [15]
ZnQ nanoparticles MB 0.02487 [42]
MoS: [43]
WSs RhB 0.047 [43]
WSe2 RhB 0.023 [43]
BiFeO3 RhB 0.017 [44]
BiFeOs/PVDF-TrFE RhB 0.0143 [45]

. . MB 0.1376 .

7ZnS:3%Mn*" (UV pre-excited) RLB 0.1048 This work

We believe that the piezoelectric enhancement of ZnS:Mn?" nanocrystals benefits from their dual-defect
structure, which comprises both point defects resulting from Mn?* doping and planar stacking faults generated
during the sintering of the clusters. The point defects create numerous trap states within the bandgap, capable of
storing photo-excited charge carriers that are essential for initiating subsequent piezocatalytic reactions.
Meanwhile, the stacking faults likely enhance the piezoelectric effect by promoting spontaneous polarization and
promote electron transport to the surface for chemical reactions [47,48]. These defects can efficiently inhibit charge
carrier recombination, transforming ZnS:Mn?* from a well-known luminescent material into active
piezocatalysts [49-53]. We believe these two types of defects may work synergistically to not only maximize the
generation of reactive oxygen species but also ensure a more sustainable and repeatable piezocatalytic process,
making these nanocrystals highly promising for practical applications in environmental remediation and other
catalytic fields.

3. Conclusion

We have successfully synthesized ZnS:Mn?* nanocrystals with exceptional piezocatalytic performance for
the degradation of organic pollutants. Our flexible synthesis method allows for precise tuning of the Mn?* doping
ratio, resulting in optimal piezocatalytic activity at 3% Mn?* doping. This composition achieved a degradation rate
0f 0.1376 min™! for methylene blue and 0.1048 min™! for rhodamine B under ultrasonic vibrations. A distinctive
advantage of this piezocatalyst is its significantly enhanced degradation efficiency when pre-excited with UV light
prior to sonication. In-depth investigations revealed that the catalytic process is mediated by reactive oxygen
species, including hydroxyl and superoxide radicals, generated under ultrasonic vibrations. The superior
performance is attributed to the synergistic effects of two types of defects within the nanocrystals: Mn-induced
point defects that facilitate efficient charge separation and stacking faults that enhance piezoelectricity. These
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combined effects substantially boost piezocatalytic activity, positioning the doped-ZnS nanocrystals as promising
catalysts for environmental remediation and broader catalytic applications.

Supplementary Materials: The Supplementary Materials can be downloaded at:
https://www.sciltp.com/journals/mi/2024/1/552/s1, and accessed free of charge. Figure S1. (a) The TEM image of
ZnS:3%Mn?" QDs; (b) The particle size distribution of ZnS:3%Mn?* QDs; (¢) The TEM image of ZnS QDs; (d) The TEM
image of ZnS:1%Mn?" QDs. Figure S2. The size distribution of ZnS:3%Mn?" QD assemblies. Figure S3. The thickness
distribution of the silica layer around the QD assemblies. Figure S4. (a) The TEM image of silica-etched ZnS:3%Mn?*
nanocrystals; (b) The particle size distribution of silica-etched ZnS:3%Mn?" nanocrystals. Figure S5. The PFM response
amplitude of ZnS:3%Mn?" nanocrystals under the voltage of 3V. Figure S6. (a) The UV-Vis spectra of MB after stirring with
ZnS:3%Mn?" nanocrystals for different durations; (b) The concentration ratio (C/Co) during the stirring. Figure S7. The UV-
Vis spectra of MB solution before and after exposing the MB-nanocrystal mixture to 365-nm UV light for 1 min. Figure S8.
The UV-Vis spectra of MB during piezocatalytic degradation using 0%Mn?* (a), 0.5%Mn?" (b), 1%Mn?* (c), 2%Mn?* (d),
4%Mn?" (e). Figure S9. The UV-Vis spectra of RhB during piezocatalytic degradation using 0%Mn?* (a), 0.5%Mn>" (b),
1%Mn?* (¢), 2%Mn?* (d), 4%Mn>" (). Figure S10. The UV-Vis spectra of MB (a) and RhB (b) during sonication for up to 40
min. Figure S11. (a) The UV-Vis spectra of MB during degradation without UV pre-excitation; (b) The corresponding linear
fitting of -In(C/Co) vs. vibration time plot. Figure S12. The UV-Vis spectra of MB during piezocatalytic degradation with UV
pre-excitation for different durations. Figure S13. The FTIR spectrum of pure MB. The peaks labeled as (a): 1600 cm™' (CH=N);
(b,c): 1388-1335 cm™! (C-H); (d): 1253 cm™! (-C-N); (e): 1153 em™! (C-N); (f): 1064 cm™' (C-S-C). Figure S14. The UV-Vis
spectra of MB during piezocatalytic degradation with silica coating around the ZnS:3%Mn?* nanocrystals. Figure S15. The
UV-Vis spectra of MB during piezocatalytic degradation with the addition of scavengers: EDTA-2Na (a), TBA (b), BQ (c).
The linear fitting of -In(C/Co) vs. vibration time plot for MB during piezocatalytic degradation with the addition of scavengers:
EDTA-2Na (d), TBA (e), BQ (f). Figure S16. The UV-Vis spectra of RhB during piezocatalytic degradation with the addition
of scavengers: EDTA-2Na (a), TBA (b), BQ (c). The linear fitting of —In(C/Co) vs. vibration time plot for RhB during
piezocatalytic degradation with the addition of scavengers: EDTA-2Na (d), TBA (e), BQ (f).
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Abstract: The electrochemical CO: reduction

reaction (CO2RR) has attracted significant HER 3¢
attention as a promising strategy for storing
intermittent energy in chemical bonds while
sustainably producing value-added chemicals and
fuels. Copper-based bimetallic catalysts are
particularly appealing for CO:RR due to their
unique ability to generate multi-carbon products. While substantial effort has been devoted to developing new
catalysts, the evolution of bimetallic systems under operational conditions remains underexplored. In this work,
we synthesized a series of CuxNii— nanoparticles and investigated their structural evolution during CO2RR. Due
to the higher oxophilicity of Ni compared to Cu, the particles tend to become Ni-enriched at the surface upon air
exposure, promoting the competing hydrogen evolution reaction (HER). At negative activation potentials, cathodic
corrosion has been observed in Cu.Nii-» nanoparticles, leading to the significant Ni loss and the formation of
irregularly shaped Cu nanoparticles with increased defects. This structural evolution, driven by cathodic corrosion,
shifts the electrolysis from HER toward COz reduction, significantly enhancing the Faradaic efficiency of multi-
carbon products (Ca+).
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1. Introduction

With the rapid rise in CO2 emissions and growing global energy demand, the electrochemical CO: reduction
reaction (CO2RR) has attracted widespread interest as a promising strategy to close the carbon cycle by converting
CO: into valuable chemicals and fuels [1-3]. Extensive research has been devoted to CO2RR catalysts in recent
years, particularly Cu-based catalysts, which exhibit a unique ability to convert CO:z into multi-carbon products,
such as C2Ha, C2HsOH, and CsH7OH. These multi-carbon products offer higher energy density and greater market
value compared to single-carbon products [4-8]. This unique property is closely associated with the moderate *CO
adsorption energy on Cu, which balances the activation of CO. and the subsequent hydrogenation of *CO
intermediate [5,9]. However, Cu still faces challenges such as poor selectivity, high overpotential, and competition
from the hydrogen evolution reaction (HER) [10,11]. To overcome these limitations, various strategies—such as
alloying [12-14], tuning the oxidation state [15,16], and surface/interface modification [17,18]—have been
explored to modulate the physicochemical properties of Cu.

Constructing bimetallic catalysts has emerged as an effective strategy for improving CO2RR performance by
harnessing the synergistic effects between Cu and a secondary metal [13,19,20]. For instance, AgCu bimetallic
catalysts employ a tandem catalysis strategy, where the reaction is partitioned into distinct steps, each facilitated
by different catalytic sites [21,22]. Additionally, the compressive strain exerted on Cu by the CuAg surface alloy
exemplifies the bimetallic synergistic effect in CO2RR. This strain reduces the surface coverage of adsorbed

Copyright: © 2024 by the authors. This is an open access article under the terms and conditions of the Creative Commons
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hydrogen (*H) and decreases oxophilicity, thereby improving catalytic performance [23]. Alloying can also refine
catalytic performance. The Cu-Ni alloy, for instance, exhibits synergistic Cu-Ni active sites that increase *H
coverage, facilitating the hydrogenation of adsorbed *CO into C; products. This leads to a gradual shift from the
production of CO and C: species toward an increased formation of CHs and HCOO™ [14].

While numerous Cu-based bimetallic catalysts have been studied, maintaining their structural stability under
CO2RR conditions remains a significant challenge [24,25]. The application of potential bias, along with exposure
to electrolytes, COz, and reaction intermediates, can induce substantial changes in catalyst structures. These
changes, often involving atomic rearrangement or alterations in chemical states [26], ultimately lead to the
reconstruction of active sites [9,27,28], which can significantly impact catalytic performance. Unfortunately, the
dynamic evolution of bimetallic systems is often overlooked, resulting in a limited fundamental understanding of
the true nature of the active sites. For example, polycrystalline Cu electrodes undergo facet evolution through
stepwise surface reconstruction, initially forming Cu (111) within the first 30 min, followed by a transition to Cu
(100) after an additional 30 min [29]. Cu is also prone to spontaneous oxidation in air and reduction under cathodic
potential. The presence of Cu" and subsurface oxygen atoms is believed to contribute to the enhanced catalytic
performance of oxide-derived (OD)-Cu [30]. Subsurface oxygen can improve *CO adsorption and promote
subsequent C-C coupling; however, the precise nature and dynamic evolution of the true active sites remains
elusive [16]. Using in-situ and operando techniques, Vavra et al. observed that during the startup phase, dissolution
and redeposition occur on the surface of Cu, resulting in an increase in particle size and changes in morphology,
with Cu oxides playing a crucial role in this process [31]. Beyond redox reactions, Cu’s high mobility under
working conditions can result in leaching from electrodes. Chen et al. synthesized intermixed and phase-segregated
AgCu nanoparticles (NPs) and found that both types evolved into structures with two distinct phases due to Cu’s
high mobility and poor Ag-Cu compatibility [32]. Another example is the Cu-Zn system, where cationic Zn species
are reduced during the reaction, forming a CuZn alloy, which shifts selectivity from CHa (over Cu-ZnO) to CO
(over the CuZn alloy) [33]. Overall, the dynamic evolution of Cu-based bimetallic catalysts is anticipated to be
more complex than that of pure metals, involving morphological changes, structural reconstruction, and variations
in chemical state. This complexity arises from the competitive and coexisting processes of redox reactions,
dissolution, and redeposition of multiple metal species.

In this work, we investigated the structural evolution of bimetallic CuxNii-x NPs with tunable composition
under CO2RR operating conditions. Our results reveal that these bimetallic catalysts undergo cathodic corrosion
in CO2RR, shifting selectivity from H> evolution to CO2 reduction. Prior to cathodic activation, these catalysts
exhibited a Ni-enriched surface due to Ni’s high oxophilicity, resulting in over 90% Faradaic efficiency (FE) for
Ha. Upon cathodic activation, the catalysts underwent surface reconstruction and changes in oxidation state, with
Ni leaching out due to cathodic corrosion at working potentials, while Cu was simultaneously reduced. This
process results in a roughened surface that exposed more metallic Cu active sites (Figure la), significantly
enhancing the selectivity for multi-carbon products. By tuning the Cu and Ni composition and optimizing the
cathodic activation steps, we found that CuxNii—x with a precursor ratio of Cuo.71Nio.29 achieved the highest C2+ FE
0f 42.5% at —1.4 VRHE (reversible hydrogen electrode, RHE), compared to 24.1% for pristine Cu at the same potential.

CuoaiNia 1o
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Figure 1. (a) Scheme of evolution behavior of CuxNii-x NPs upon cathodic corrosion and CO2RR. TEM images of
CuxNii—x NPs: (b) pure Cu, (¢) Cuo.s1Nio.19, (d) Cuo.71Nio.29, (€) Cuo.63Ni037, (f) Cuo.39Nio.1, (g) pure Ni. (h) XRD
patterns of Cu,Nii—x NPs. (i) The HAADF-STEM image and corresponding STEM-EELS elemental maps of

Cuo.71Ni0.29.
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2. Result and Discussion

2.1. Synthesis and Characterization of CuxNii—x

A series of CuxNii—+ NPs with varying Cu and Ni compositions were synthesized using a modified
method [34], by adjusting the Ni precursor content (details provided in the Supporting Information). For
comparison, pure Cu and Ni NPs were also synthesized using the same method. The composition of the as-
synthesized Cu:Nii-» NPs was confirmed by inductively coupled plasma optical emission spectroscopy (ICP-OES)
on a on a SPECTRO GENESIS ICP spectrometer (SPECTRO Analytical Instruments GmbH, Kleve, North Rhine-
Westphalia, Germany) and designated as Cu, Cuo.81Nio.19, Cuo.71Ni0.29, Cu0.63Ni0.37, Cuo.39Nio.61, and Ni, respectively.
Transmission electron microscope (TEM, Thermo Fisher Scientific, Waltham, MA, US) images (Figure 1b—g)
reveal that the Cu.Nii- exhibit a spherical shape and uniform morphology, with average sizes ranging from 15 nm
to 25 nm. Pure Cu has the largest size (25.4 £ 6.0 nm), while Ni displays the smallest diameter (7.4 £ 1.3 nm).
Particle size generally decreases with increasing Ni content (Figure S1 and Table S1). The X-ray Diffraction (XRD,
Philips Analytical, Westborough, MA, US) patterns of all the samples are presented in Figure S2. As shown in the
magnified region (Figure 1h), the Cu (111) peak in Cu.Nii-r gradually shifts from 43.3° to 44.5° with the
incorporation of Ni, indicating a reduction in Cu lattice spacing [35]. The peak also broadens with increasing Ni
content, consistent with the TEM results. Notably, due to Ni’s higher oxophilicity compared to Cu, the CuxNii—
NPs tend to develop a Ni-enriched surface when stored under ambient conditions, as evidenced by the high-angle
annular dark-field (HAADF) scanning transmission electron microscopy combined with electron energy loss
spectroscopy (STEM-EELS, Hitachi, Tokyo, Japan) images and element mappings of Cuo.71Nio.29 (Figure 11).

2.2. Cathodic Activation of CuxNij-x

Electrochemical experiments were conducted on all samples to assess their CO2RR performance, with
detailed procedures provided in the SI. Prior to CO2RR, cathodic pre-treatment was employed to activate the
working electrodes loaded with the as-synthesized NPs. Half of the electrodes were activated for 2 h at their
optimal activation potential, while the untreated electrodes served as the control group. The difference in the
CO2RR between the activated and control groups was used to evaluate the impact of activation on catalytic
performance. Cathodic activation was performed at various potentials in a conventional H-cell, with a Pt foil
serving as the anode and Ag/AgCl as the reference electrode, while CO2 was continuously bubbled at a rate of
10 sccm. Cyclic voltammetry (CV) was initially performed in Ar-saturated and subsequently in CO»-saturated
solutions, with scans between —1.4 Vrug and 0 Vrue for 20 cycles at a scan rate of 20 mV/s to clean the surface of
the electrocatalysts. For instance, CV cycles were performed on pure Cu electrode, and then the electrode activated
at —1.0 Vrue for 2 h under continuous CO:z flow (10 sccm). After activation, CV was performed again in both Ar-
saturated and COq-saturated solutions. The treated electrode was then used for CO2RR at potentials from
—1.0 Vrue to —1.4 Vraug, in 0.1 V intervals, with each potential step maintained for 1 h. This process was repeated
for different activation potentials of —1.1 Vrug, —1.2 Vrug, and —1.3 Vrue (Figure S3). Figure 2a,b illustrate the
product distribution and corresponding FEs for pure Cu before and after activation at —1.1 Vrue for 2 h. Notably,
there is no substantial change in product distribution before and after activation. At the applied potential of
—1.0 Vrug, the primary products of CO2RR on pure Cu before activation are formate, Hz, and CO, with FEs of
50.3%, 37.7%, and 4.8%, respectively (Figure 2a). At the same potential after activation, the FEs of these products
are 51.4%, 41.8% and 5.2%, which are close to those observed prior activation. This indicates that cathodic
activation had minimal effect on the catalytic performance of pure Cu. The Cz+ FE summarized in Figure 2c¢ further
confirms the negligible effect of the activation treatment on pure Cu, with only a slight increase in C2+ FE from
20.0% to 24.1% at —1.4 VruE after activation, while the FEs of other products remain largely unchanged.

In contrast, Cuo.71Nio29 exhibits a high H2 FE of over 90% at —1.0 Vrue before activation, which can be
attributed to surface enrichment with Ni, leading to a notably low FE for CO2RR products (Figure 2d). Electrodes
loaded with Cuo71Nio29 were then activated at —1.2 Vrue, —1.3 Vrue, —1.4 Vrug, respectively. Taking the
—1.3 VraE activation as an example, the HER after activation was significantly suppressed, with the FE decreasing
to 67.4% at —1.0 Vrue (Figure 2e). Products distribution shifts remarkably after activation, as evidenced by a
substantial increase in CO2RR efficiency. For instance, the formate FE rose from 5.8% to 29.4% at —1.0 Vrug, and
the CO FE increased from 7.9% to 21.1% at —1.2 Vrug. As shown in Figure 2f and Table S4, after activation at
—1.3 VRaug, the Ca+ FE at —1.4 Vrue increased to 42.5%, the highest among all trials, establishing —1.3 VruE as the
optimal activation potential for Cuo.71Nio.29. Additionally, a new liquid product, 1-propanol (1-PrOH), was detected
with a FE of 12.6% at —1.4 Vrue. These results indicate that cathodic activation of Cuo.71Nio29 effectively
suppressed the HER while promoting the formation of Ca+ product. A similar trend is observed for other CuNii—
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catalysts (Figures S4-S7). Based on these findings, we hypothesize that cathodic activation induces surface
evolution or reconstruction in CuxNii—, enhancing CO2RR selectivity. In addition, the suppressed HER after
activation suggests a plausible mechanism in which surface Ni atoms leach from catalysts, creating more surface
defects under cathodic potentials.
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Figure 2. FEs of CO2RR on pure Cu before activation (a), and after activation (b) at —1.1 Vrug for 2 h. (¢) C2+ FEs
on pure Cu after activation at different potentials. FEs of CO2RR on Cuo.71Nio29 before activation (d), and after
activation (e) at —1.3 Vrue for 2 h. (f) Co+ FEs on Cuo.71Nio.29 after activation at different potentials.

2.3. CO:2RR Performance

To comprehensively evaluate the composition effect, Figures 3, S8 and S9 summarize the activity and
selectivity towards Hz, Ci and Ca+ of CuxNii-x under different conditions. It is important to note that each catalyst
was activated at its optimized activation potential. Notably, differences in product distribution were observed with
changes in catalysts composition, applied potential, and the activation status. As shown in Figures 3a and S8, the
CuxNii- catalysts generally exhibit higher geometric surface area-normalized total current density (jwott) and partial
current density for Ca+ (jcz2+) than pure Cu. The jc2+ increases with Cu content, highlighting the intrinsic activity of
Cu for Ca+ formation and the advantage of the bimetallic NPs over pure Cu. Cuo.s1Nio.19 exhibits the highest jco+
as well as the highest FE before activation. After activation, Cuo.71Nio.29 achieved the highest Ca+ FE of 42.5%,
compared to 24.1% of pure Cu at —1.4 VruE, and the largest current density ratio of jc2+/ju2 of 2.1 (Figure 3b). By
reducing Ni content and increasing applied potential, CO2RR selectivity was enhanced, while HER was greatly
suppressed both in pre-activated and after activated conditions (Figure S9). For instance, for pre-activated
Cuo.63Nio.37, as the potential shifts from —1.0 VruE to —1.4 Vrug, the H2 FE drops from 95.8% to 35.4%, while the
Ci FE increases from 2.0% to 32.6% and the Cz+ FE rises from 0 to 28.6%. Regarding the Cz+, cathodic activation
enhances the FE for all Cu:Nii-x compositions (Figure 3c). For example, for Cuo.71Nio.29, after activation at —1.3
VruE, the H2 FE decreases from 87.7% to 43.8% at —1.1 Vrue and from 28.9% to 20.2% at —1.4 Vrug, while the
Ca+ FE increases from 28.1% to 42.5% at —1.4 Vrue. 1-PrOH was detected on Cuo.63Nio.37, Cuo.71Ni0.209, and
Cuo.81Nio.19 (Figure 3d). The optimization of detailed activation and reaction conditions in Figure 3d were listed in
Tables S2—-S6. These results suggest that the CuxNii—x NPs with higher Cu content exhibit greater Ca+ activity and
selectivity after activation, and the cathodic activation positively influence CO2RR. In the following discussion,
we focus on the evolution behavior of Cuo.71Nio.29 NPs.
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Figure 3. (a) The geometric surface area-normalized total current density (jiota) at different applied potentials. (b)
Partial current density ratio jc2+/jn2. (¢) C2+ FE of CuxNii—r. (d) Products distribution after activation under the
condition highlighted in Tables S2—S6.

2.4. In-Situ and Ex-Situ Characterization of the Structural Evolution of CuxNiix.

To elucidate the mechanisms driving the shift in selectivity, we employed in-situ and ex-situ techniques to
investigate the structural evolution under working conditions. Figure 4 presents the STEM-EELS data, clearly
showing a Ni-enriched surface (green) with a Cu core (red). According to the EELS data in Table S7, after 2 h of
activation, both Ni and O content in Cuo.71Nio.29 decrease, with Ni dropping from 24.9% to 13.7%, while the Cu
ratio increasing from 52.0% to 76.0%. This compositional change is further corroborated by ICP-OES results
(Figure S10), which indicates that as the activation potential becomes more cathodic, the Ni loss of the electrode
increases, while the Cu content rises. When the activation is performed at —1.4 Vrug, the Ni content loss reaches
90%. In addition, the change in morphology and composition persists during the subsequent reaction and become
increasingly pronounced as the reaction progresses. After 5 h of COz2RR, nearly all Ni leaches off, resulting in an
approximate absolute loss of 100% and the formation of a rougher surface with more defects. The morphology of
NPs undergoes a significant transformation, adopting an irregular shape (Figures 4k-m), similar to the
morphological changes observed in the pure Cu (Figure S11). Regarding the observed cathodic corrosion and
dissolution, recent studies suggest that pure Cu can form dissolvable ternary hydrides under CO2RR conditions at
extremely negative potentials, aided by alkali cations [36]. Another possible mechanism for Cu’s structural
evolution involves the formation of transient Cu-carbonyls and Cu-oxalates [27]. Our observations indicate that
Cu:Nii-; catalysts with a Ni-enriched surface predominantly produce H. via the HER in the absence of
electrochemical activation. Given that Ni is more susceptible to corrosion in CuNi solid solutions, as indicated by
the Pourbaix diagram [37], it is plausible that Ni undergoes an Hz-induced and/or ternary hydride pathway [38],
leading to its dissolution into the electrolytes. Notably, unlike Cu, which tends to redeposit onto the parent
material [31,32], Ni remains in the electrolyte without re-deposition onto the electrode (Figure S10) [39].

In-situ X-ray absorption spectroscopy (XAS) was performed to monitor the evolution of the chemical state
of Cuo.71Nio.29 and pure Cu at relevant potentials. Figures 5 and S12—S18 present the normalized Cu and Ni K-edge
spectra from X-ray absorption near-edge spectroscopy (XANES) and Fourier-transformed extended X-ray
absorption fine structure (EXAFS) spectra, along with fitting results. The XANES spectra show that the absorption
edges of both Cuo.71Nio.29 and pure Cu shift to higher energy direction compared to Cu foil, with Cuo.71Nio.20 being
closer to Cu foil (Figure 5a,b), indicating that Cu in Cuo.71Nio29 is less oxidized than that in pure Cu. Under
activation conditions, the edge positions shift to lower energy direction, approaching that of Cu foil, which
suggests reduction upon activation. In the R space (Figures Sc,d and S12), two distinct peaks at 1.5 A and 2.2 A
correspond to Cu-O and Cu-Cu/Ni coordination, respectively [40]. Due to the similar atomic radius of Cu and Ni
(2.552 A and 2.488 A, respectively), it is challenging to distinguish between Cu-Ni and Cu-Cu coordination. While
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no significant peak shifts are observed, the increased intensity of the Cu-Cu/Ni coordination and the diminished
Cu-O signal confirms a transition from the oxidized to metallic state upon cathodic activation. Additionally, the
difference in R space between pure Cu and Cuo.71Nio29 further confirms the higher oxidation state of pure Cu
(Figure S12). EXAFS fitting (Figure S14-S18, Table S8—S10) provides quantitative insights into the coordination
environment of Cu and Ni. At open circuit potential (OCP), the coordination numbers (CNs) of Cu-Cu/Ni for
Cuo.71Nio.29 and pure Cu are 9.28 and 5.54 (Figure 5e), respectively, indicating that a predominantly metallic Cu
state in Cuo.71Nio29. After activation, the CNs increase to over 10 for both catalysts and remain stable throughout
reaction process, with Cuo.71Nio29 exhibiting slightly higher CNs than pure Cu. In the zoomed R space (Figure 51),
a slight peak shift in Cu-O and Cu-Cu/Ni is observed for Cuo.71Nio29 compared to pure Cu and Cu foil. The peak
positions for pure Cu are close to those of Cu foil, while those of Cuo.71Nio.29 shift to shorter radial distances,
indicating the presence of residual Ni after activation and reaction under the most cathodic potential, as shown in
ICP results (Figure S10). Compared to the pre-activated Cuo.71Nio.29 catalysts, this extremely low concentration of
Ni residue, along with the structural defects and roughened Cu surface, may play a role in promoting CO:
adsorption and reduction during the CO2RR. For Ni, the shift of the absorption edge to higher energy at OCP
followed by a subsequent shift to lower energy after activation (Figure S13) suggests the presence of Ni oxides
and their subsequent reduction. As the potential becomes more negative, Ni transitions into a more metallic state,
as evidenced by the increase in Ni-Cu peak intensity in R space and Ni-Ni/Cu CN. Collectively, the Cu in
Cuo.71Nio.29 is largely protected from oxidation by Ni-enriched surface. During activation, Ni leaches from the
catalyst surface due to cathodic corrosion, allowing Cu to be reduced to its metallic state. This process creates
structural defects and roughness on the Cu surface, potentially enhancing CO: adsorption and catalytic activity.
The residual Ni likely stabilizes the metallic Cu state and provides additional active sites [41].

Figure 4. Structural evolution of Cuo.71Nio29 catalysts during activation and CO2RR. HAADF-STEM and
corresponding STEM-EELS elemental maps of pristine Cuo.71Nio.29 (a—e), Cuo.71Nio.29 after activation for 2 h at
—1.3 Vrue (f-j), and Cuo.71Nio.29 after CO2RR for 5 h (k—m).
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Figure 5. (a) Cu K-edge XANES of Cuo.71Nio.29 under different potentials and standard references of Cu foil, Cu20
and CuO, with a zoomed view of the Cu K-edge as inset. (b) Cu K-edge XANES of pure Cu under different
potentials and references, with a zoomed view of the Cu K-edge as inset. (¢) k3-Weighted Cu K-edge in-situ EXAFS
spectra of Cuo.71Nio.29 and standard samples. (d) &*-Weighted Cu K-edge in-situ EXAFS spectra of pure Cu and
standard samples. (€¢) CNs of Cu-metal for Cuo.71Nio.29 (blue) and pure Cu (red). (f) &*-Weighted Cu K-edge in-situ
EXAFS of Cu foil, pure Cu and Cuo.71Nio.29 after CO2 reduction condition.

3. Conclusion

In summary, we report the cathodic corrosion-induced structural evolution and enhanced catalytic
performance of bimetallic CuxNij— NPs for CO2RR. The incorporation of Ni, due to its higher oxophilicity, results
in surface enrichment that favors the HER prior to activation. Upon cathodic activation, Ni undergoes corrosion,
resulting in Ni leaching, Cu exposure, and the formation of a roughened, defect-rich surface. This structural
evolution significantly enhances both CO2RR activity and Cz+ selectivity, with Cuo.71Nio29 achieving a jca+/jmz ratio
of 2.1 and a FE of 42.5% for Ca+ products at —1.4 Vrug, compared to just 24.1% for pure Cu NPs. /n-situ and ex-
situ structural analyses reveal that the Cu in Cuo.71Nio29 is less oxidized than in pure Cu and is fully reduced upon
activation, confirming Ni’s protective effect. Changes in Cu morphology and coordination environment suggest
that cathodic corrosion optimizes catalyst performance through the synergistic effects of Ni leaching, Cu reduction,
and trace amounts of Ni residue.

Supplementary Materials: The Supplementary Materials can be downloaded at:
https://www.sciltp.com/journals/mi/2024/1/562/s1. Figure S1. TEM images and size distribution of (a,b) Cu; (c,d) Cuo.s1Nio.19;
(e,f) Cuo.71Nio.29; (g,h) Cuo.63Nio.37; (i,j) Cuo.39Nio.61 and (k,1) Ni NPs. Figure S2. XRD patterns from 30 to 80 degree of CuxNii—
with Cu and Ni references. Figure S3. Optimization of the activation step for pure Cu. (a) No activation step. (b) Activation at
—1.0 VruE. (c) Activation at —1.1 Vrue. (d) Activation at —1.2 Vrue. () Ca2+ products FE. Figure S4. Optimization of the
Activation step for Cuo.s1Nio.19. (2) No activation step. (b) Activation at —1.2 Vrue. (¢c) Activation at —1.3 Vrae. (d) Activation
at —1.4 Vrue. (e) Co+ products FE. Figure S5. Optimization of the Activation step for Cuo.71Nio.29. (a) No activation step. (b)
Activation at —1.2 VRruE. (¢) Activation at —1.3 VruE. (d) Activation at —1.4 Vrae. (€) C2+ products FE. Figure S6. Optimization
of the Activation step for Cuo.s3Nio.37. (a) No activation step. (b) Activation at —1.0 VRrHe. (c) Activation at —1.1 Vrue. (d)
Activation at —1.2 Vrue. (€) Ca+ products FE. Figure S7. Optimization of the Activation step for Cuo.39Nio.61. (a) No activation
step. (b) Activation at —1.1 Vrue. (c) Activation at —1.2 Vrue. (d) Activation at —1.3 Vrue. (e) C2+ products FE. Figure S8.
Geometric surface area-normalized current density of CuxNii—x during CO2RR. (a) Partial current density of Ca+ products (jca+)
at different applied potential. (b) Partial current density of Hz (ju2) at different applied potential. Figure S9. FEs of Hz, Ci and
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Ca+ for CuxNii— before (top) and after (bottom) activation at optimized potential. Figure S10. Composition change and Ni
leaching percentage of Cuo.71Nio29 under different activation potentials. (The black and blue line are the composition change
of Cu and Ni, respectively; the red line is the Ni leaching percentage). Figure S11. HAADF-STEM and corresponding STEM-
EELS elemental maps of pure Cu. (a—c) Before activation. (d,e) After activation for 2 h. (g—i) After CO2RR for 5 h. Figure S12.
Comparison in &*-Weighted Cu K-edge in-situ EXAFS spectra of pure Cu and Cuo.71Nio.20 at OCP and after activation at their
optimized activation potential. Figure S13. (a) XANES of Cuo.71Nio.29, Ni scan. (b) Fourier Transformed EXAFS of Cuo.71Nio.29,
Ni scan. (¢) CN of Cuo.71Nio29, Ni scan. Figure S14. (a—h) Fourier Transformed EXAFS fitting of Cuo.71Nio29 at different
activation potential, and Cu foil. Figure S15. Fourier Transformed EXAFS fitting of pure Cu at different activation potentials.
Figure S16. Fourier Transformed EXAFS fitting of Cuo.71Nio.29, Ni scan and Ni foil. Figure S17. EXAFS oscillation functions
at the Cu K-edge of Cuo.71Nio.29 at different conditions and Cu foil reference. Figure S18. EXAFS oscillation functions at the
Cu K-edge of pure Cu at different conditions and Cu foil reference. Table S1. Sizes of CuxNii—x NPs. Table S2. Co+ FE in the
optimization of the activation step for pure Cu (the optimized condition is highlighted). Table S3. Cz+ FE in the optimization
of the activation step for pure Cuo.s1Nio.19 (the optimized condition is highlighted). Table S4. C2+ FE in the optimization of the
activation step for pure Cuo.71Nio29 (the optimized condition is highlighted). Table S5. C2+ FE in the optimization of the
activation step for pure Cuo.s3Nio37 (the optimized condition is highlighted). Table S6. C2+ FE in the optimization of the
activation step for pure Cuo39Nios1 (the optimized condition is highlighted). Table S7. Atomic composition of Figures 4 and
S11. Table S8. Fitting parameters of Cuo.71Nio.29, Cu scan. Table S9. Fitting parameter of pure Cu, Cu scan. Table S10. Fitting
parameters of Cuo.71Nio.29, Ni scan.
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Abstract: Conducting polyaniline (PANI) nanotubes
with strong broadband optical absorption have been
synthesized using single-crystalline MnO: nanotubes
as a solid-state oxidant that can oxidize aniline to
induce polymerization in acidic solutions. The smooth
surfaces and high crystalline integrity of the MnOz
nanotubes provide the appropriate reactive solid/liquid
interface and templating effect to enable the
transformation of the MnO: nanotubes into PANI
nanotubes. Such templated chemical transformation
can be extended to silica-coated MnO:> nanotubes,
allowing the synthesis of silica-coated PANI MnO, Polyaniline
nanotubes, which are challenging to be synthesized

through direct coating silica on PANI nanotubes due to the low wettability between PANI and silica. The versatile
chemistry of the outer silica shells opens the possibility of modifying the as-synthesized PANI nanotubes, which
usually inconveniently graft other interesting motifs.

+
\ e

Reactive Templating
Effect

Keywords: templated redox reaction synthesis; conducting polymer nanotubes; inorganic-polymer core-shell
nanotubes; broadband optical absorption composite nanomaterials

1. Introduction

Polyaniline (PANI), a widely studied conducting polymer, has shown great promise in many fields, such as
sensing, energy storage, and medicine, owing to its favorable physical properties, tunable electrical conductivity,
ease of processing, and stability [1-5]. While polymerization of aniline monomer is a simple process initiated in
the presence of an appropriate oxidant [6,7], shape-controlled synthesis of PANI nanostructures is still challenging.
For example, the widely adopted approach is using ammonium persulfate (APS), a soluble oxidant salt with a
redox potential of 2.01 V (vs. SHE or standard hydrogen electrode), to enable the polymerization of aniline (with
a redox potential of 1.10 V) [8]. Persulfate ions oxidize aniline monomer rapidly in solution, leading to difficulty
in controlling the morphology of PANI. Emerging strategies for controlling the shape of PANI nanostructures
include confined polymerization in micelles [9,10], self-assembly micro/nanotubes [11], and polymerization on
inert nanoparticle surfaces followed by post-processing [12]. Alternatively, a solid-state oxidant that relies on the
exposed surface to react with aniline could provide controllability over reaction kinetics to enable a controlled
growth of PANI nanostructures. When the solid-state oxidant is a nanostructure with a desirable shape, it oxidizes
aniline to initiate a polymerization reaction, forming a PANI nanoparticle with a shape determined by the oxidant
nanostructure. The solid-state oxidant nanostructure provides the important solid-liquid interface to restrict the
reaction kinetics and confine the polymerization adjacent to the nanostructure surface, in which the oxidant
nanostructure behaves as a reactive transient template. For instance, nanostructures of manganese oxides [13—19]
and cerium dioxides (ceria) [20] have been reported to react with aniline and guide polymerization of aniline,
forming PANI nanostructures with inheritance of the geometries of the oxide nanostructures. Reproducing the
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reported recipes showed that some oxide nanostructures (e.g., MnO2 nanorods and nanotubes) gave successful
production of PANI nanostructures with controlled shapes, but some oxide nanostructures (e.g., ceria nanoparticles,
MnO: flowers, MnOz spheres) failed to produce the well-shaped PANI nanostructures. Such inconsistent
reproducibility motivated us to investigate the critical parameters of the oxide nanostructures to determine the
success of producing well-shaped PANI nanostructures.

In this work, we compare the use of CeO> nanoparticles, desert rose-like 6-MnQO: flowers, and single-
crystalline 0-MnO:2 nanotubes in reaction with aniline and analyze whether the geometries of the oxide
nanostructures are preserved in the resulting PANI nanostructures. Conducting PANI nanotubes are successfully
synthesized by using the a-MnO: nanotubes as the reactive template to oxidize aniline and facilitate polymerization
reaction in a controlled manner, without the appearance of randomly formed PANI. The standard reduction
potential of MnO2/Mn?* pair is 1.23 V, which is high enough to oxidize aniline under appropriate conditions, for
example, a high acidity of the reaction solution that allows the solid MnOz is reduced to soluble Mn?* ions.
Reducing MnO> nanotubes to soluble ions is essential to continuously expose reactive MnOx surfaces to oxidize
aniline and drive polymerization reaction. In addition, the single crystallinity of the MnO: nanotubes prevents
them from being shattered during the redox reaction, facilitating the formation of PANI nanotubes due to the
templating effect. In contrast, the polycrystalline 6-MnO: flowers made of intertwined thin nanoflakes and
polycrystalline MnCO3;@MnO:> spherical particles with rough surfaces react with aniline to form entangled PANI
nanofibers without inheriting the MnO2 geometries. The stark difference indicates that high crystallinity and
smooth surfaces of the reactive template oxide nanostructures are crucial to forming integral PANI nanostructures
with the preservation of oxide geometries. The evolution of PANI nanotubes has been examined to understand the
shape preservation of the single-crystalline MnO2 nanotubes during the templated redox reaction.

2. Materials and Methods

2.1. Synthesis of MnO: Nanotubes

Single-crystalline MnO:2 nanotubes were synthesized through a hydrothermal method. In a typical synthesis,
112.5 mg of KMnOs4 (Acros Organics, ACS Reagent, 99%+, Fair Lawn, NJ, USA) was dissolved in 10 mL of DI
H:0. To this solution was added 0.250 mL of concentrated HCI (Fisher Chemical, ACS Plus Reagent, 37% w/w,
Fair Lawn, NJ, USA) under magnetic stirring, and the solution was allowed to stir for 30 min. The solution was
transferred to a Teflon-lined stainless steel hydrothermal reactor, which was then placed in an oven set at 120 °C
for 12 h. The reactor was allowed to cool completely to room temperature before opening. The solid product was
washed three times with DI H20 and one time with ethanol (Pharmco, 190 proof, Brookfield, CT, USA) before
drying in an oven set at 60 °C overnight.

2.2. Synthesis of PANI Nanotubes

In a synthesis, 15 mg of the as-prepared MnO: nanotubes were dispersed in 5 mL of DI H20. To this
dispersion was added 0.2 mL of 0.6 M H>SO4 (Fisher Chemical, Certified ACS Plus, 95% w/w, Fair Lawn, NJ,
USA). The dispersion was ultrasonicated for 30 min. A separate solution containing 18 mL of aniline (Acros
Organics, ACS Reagent, 99%, Fair Lawn, NJ, USA) in 1 mL of DI H.O was prepared. Following the 30-min
ultrasonication period, the aniline solution was added to the dispersion of MnOz nanotubes to trigger the redox and
polymerization reactions. The reaction was performed at room temperature and ambient air atmosphere. The PANI
product was washed three times with DI H20 before being dispersed in 5 mL of ethanol for storage.

2.3. Synthesis of PANI@silica Nanotubes

The as-synthesized MnOz nanotubes were first coated with silica with an appropriate thickness through a sol-
gel process. For example, 15 mg of MnO: nanotubes were dispersed in a solution containing 2.5 mL DI H20 and
0.5 mL NH4OH with the assistance of ultrasonication. While magnetic stirring, to the MnO: dispersion 12 mL of
0.03 M cetyltrimethylammonium bromide (CTAB) (CHEM-IMPEX INT’L INC., 99.52%, Wood Dale, IL, USA)
solution in H2O/ethanol (v/v = 2:1) was added dropwise and the magnetical stirring continued for additional 30
min. A solution containing the appropriate amount of tetraethyl orthosilicate (TEOS) (Acros Organics, 98%, Fair
Lawn, NJ, USA) in 0.5 mL of pure ethanol was then added dropwise to the dispersion, followed with continuous
stirring at room temperature overnight. The solution was centrifuged and washed with DI H>O and ethanol to
remove excess CTAB. The MnOx@silica nanotubes were dried in an oven set at 60 °C before use. Transforming
the MnO:z nanotubes to PANI nanotubes inside the silica coating followed the same procedure described above.
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2.4. XRD Characterization

The XRD characterization was performed using a Bruker D8 Advance diffractometer (Billerica, MA, USA).
The as-synthesized MnO2 product powder was loaded to a sample holder made of Poly(Methyl Mathacrylate)
(PMMA). The X-ray beam was generated using Cu K. emission with wavelength of 1.5418 A. The total power of
the instrument was set at 1600 W. The measurement was recorded at a rate of 1 s per increment of 0.0204°.

2.5. TEM Characterization

The transmission electron microscopy (TEM) images were recorded using a JEOL JEM-1400 electron
microscope equipped with a LaBs filament (Tokyo, Japan). For sample preparation, the PANI dispersion in ethanol
was diluted by a factor of 4 with additional ethanol before a 20-uL aliquot was drop cast on a Formvar/carbon
200 mesh copper TEM grid (Ted Pella Inc. Redding, CA, USA). The solvent vaporized in a fume hood to dry the
sample. All images were collected at an accelerating voltage of 120 kV with the beam current between
85-100 pA.

2.6. SEM/EDS Characterization

The scanning electron microscopy (SEM) images were recorded using a FEI Quanta 450FEG electron
microscope (Hillsboro, OR, USA), which was equipped with an Oxford Instruents X-Max~ 50 detector for energy
dispersive x-ray spectroscopy (EDS) characterization (High Wycombe, UK). For sample preparation, the PANI
dispersion in ethanol was directly used and a 20-uL aliquot was drop-cast on a silicon chip. The solvent vaporized
in a fume hood to dry the sample. All images were collected at an accelerating voltage of 10 kV. All EDS
characterization and analysis was conducted using the AZtec software (Oxford Instruments, High Wycombe, UK).

2.7. UV-Visible Absorption/Extinction Spectroscopy

The UV-visible optical absorption/extinction spectroscopy was studied using a Thermo Scientific Evolution
220 UV-Visible spectrophotometer (Madison, WI, USA). For the study of reaction evolution, a 0.1-mL aliquot of
the reaction solution was sampled at a specific time and dispersed in 1 mL of DI H2O. The quartz cuvette was
rinsed twice with DI H2O between samples. The spectral scans were conducted at a rate of 3000 nm/min with an
integration time of 30 milliseconds and a scan interval of 1.5 nm.

3. Results and Discussion

When a MnO2 nanotube is immersed in acidic aniline solution, aniline molecules are in direct contact with
the outer side surfaces and end surfaces of the nanotube to react and initiate polymerization to form a thin PANI
layer on these surfaces (step i, Figure 1). Because of the small diameter of the nanotube, the diffusion of aniline
into the tube cavity is significantly restricted, making it difficult to form a PANI layer against the inner surfaces
of the MnOz nanotube. The thin PANI layer is still permeable to aniline monomer, allowing the continuous redox
reaction between aniline and MnOz to grow the PANI layer. The outer side surfaces of the single-crystalline a-
MnO:z nanotube are smooth and terminated by the low-index {100} facets, while its end surfaces are rough (or
curved) and terminated by the higher-index facets [21]. The crystallographic differences between the side and end
surfaces lead to different reactivity: the end surfaces are more reactive than the outer side surfaces. As a result, the
continuous reaction will consume MnO> along the longitudinal direction faster than the transverse direction. Such
anisotropic reactivity results in a PANI nanotube with a shortened MnO: nanotube in the middle (step ii,
Figure 1). The end portions of the PANI nanotube (with complete consumption of MnOz) become thicker to reach
the thickness determined by the reaction stoichiometry. Meanwhile, the PANI layer outside the remaining MnO»
also slightly thickens even though the reaction along the transverse direction is slow. The further reaction will
ultimately consume the MnOz nanotube to form a pure PANI nanotube with uniform thickness (step iii, Figure 1).
The redox reaction and polymerization occurring against the MnO: surfaces ensures the resulting PANI to adopt
the tubular morphology of the MnO:z nanotube.
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Figure 1. Schematic illustration of the major steps involved in the evolution of single-crystalline a-MnO: nanotube
during the reaction with aniline, which results in a PANI nanotube.

PANI exists in three oxidation states: fully reduced leucoemeraldine, fully oxidized pernigraniline, and
partially oxidized emeraldine phase. The former two forms exhibit negligible electric conductivity, while the latter
emeraldine phase is highly conductive and represents the most studied PANI phase [7]. The conductivity and
optical properties of PANI can be modulated by the concentration of doped protons along the polymer backbone,
allowing delocalization of the trapped electron states. Therefore, strong acidity (or low pH) of reaction solutions
is necessary to synthesize highly conductive PANI nanostructures. The polymerization reaction using APS yields
H2SO4 as a byproduct, providing sufficient proton dopant to produce conductive PANI. In contrast, the
polymerization reaction with MnO2 consumes protons (Figure S1, ESI), preventing the formation of the conductive
emeraldine phase. A high concentration of acid must be added to the reaction solution to maintain a sufficiently
acidic condition for producing conductive PANI when using MnO: as a solid-state oxidant.

Single-crystalline a-MnO2 nanotubes were synthesized using a hydrothermal method reported elsewhere [22].
The X-ray diffraction (XRD) pattern exhibits only a group of peaks consistent with the a-phase of MnO>
(Figure S2). The electron microscopy images show their tubular geometry with smooth surfaces and square cross-
sections. Each nanotube is straight with a uniform lateral dimension of 105 nm on average (Figure S3). In a typical
reaction with aniline, 15 mg of the synthesized MnO> nanotubes were dispersed in 5 mL of deionized (DI) H20
under ultrasonication. The pH of the aqueous dispersion was adjusted using 0.5 M H2SO4 aqueous solution to a
value of 1.5 (or any value below 1.5, condition optimization in Table S1, ESI). A mixture of 0.013 mL of aniline
and 1 mL of DI H20 was then added to the acidified dispersion of MnO2 nanotubes under vigorous magnetic
stirring. The mixing promoted the redox reaction between aniline and the MnO: nanotubes, producing aniline
radicals followed by polymerization into PANI. The dispersion was under constant stirring at room temperature
to complete the reaction. Centrifuging the dispersion collects the PANI product, which was washed three times
with DI H20 and then dispersed in ethanol for further use.

The morphological and compositional evolution of the MnO> nanotubes during reaction with aniline in the
acidic solution was studied by sampling the reaction solution at different times. The solid nanostructures in each
aliquot were immediately collected through centrifugation and washing with DI H>O. Figure 2 compares the TEM
images of the typical individual nanotubes sampled at different reaction times. Each a-MnO> nanotube exhibits
smooth side surfaces, open ends with curved end surfaces, and slightly tapered walls at the ends (Figure 2a). The
line-scan energy-dispersive X-ray spectroscopy (EDS) across the nanotube shows a typical bell-curve profile of
Mn with the presence of C that is common due to environment contamination (Figure 3a). The larger surface
curvatures of the end surfaces are responsible for the higher reactivity than the side surfaces. The initial reaction
of the MnO:z nanotubes with aniline (i.e., for 1 min) formed a thin layer of PANI covering both the outer side
surfaces and the end surfaces of the MnOz nanotubes (Figure 2b). The line scan EDS across the nanotube for both
Mn and C exhibit the same profile with an increase of C signal relative to Mn (Figure 3b), confirming the
occurrence of redox reaction that consumes MnQO> and produces PANI. The PANI on the end surfaces is much
thicker than on the side surfaces, which could be partially attributed to the different reactivity of the MnO: surfaces
at different locations. In addition, the diffusion of aniline to the MnO. surfaces influences the redox reaction
kinetics at the solid/liquid interface. The diffusion cross section for the end MnO: surfaces, which is close to a
three-dimensional (3D) point diffusion model, is much larger than that for the side MnO- surfaces, which is
equivalent to a two-dimension (2D) planar diffusion model (dashed curve vs. dashed line, Figure 2b). The
difference in diffusion also contribute to the fast reaction on the end surfaces of the MnO: nanotubes, leading to
the anisotropic shrink of the MnO: nanotubes along their longitudinal direction. Continuous reaction for 5 min
shortens the MnO: nanotubes, forming composite nanotubes with multiple segments—pure PANI for the end
sections and PANI/MnO: for the central section (Figure 2¢). The compositional difference at different segments
is evaluated with the line-scan EDS analysis (Figure 3c). The line-scan EDS profiles for both C and Mn at the
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central section are similar, confirming the incomplete consumption of MnO.. The C intensity relative to Mn
increases compared to the sample formed at 1 min, indicating that the redox reaction on the side surfaces of the
MnO:z nanotubes (i.e., along the transverse direction) still occurs, although the reaction rate is slower than that
along the longitudinal direction. Another possibility of the redox reaction could be similar to the formation of
hollow metal nanoparticles through the galvanic replacement reaction of silver nanoparticles with chloroauric
acid [23]. Aniline molecules give out electrons on the outer surface, being oxidized to polymerize and thicken the
PANI shells. The electrons migrate across the conductive PANI layer to inject into the MnOz nanotubes, reducing
MnO: into soluble Mn?" ions. In contrast, the line-scan EDS profiles at the end section show the absence of Mn,
indicating that MnO: is completely consumed, and this section is composed of pure PANI. The apparent diameter
of the end section is ~75% of that of the central section, implying the mechanical flexibility of the PANI nanotube.
Without the support of the rigid MnO: nanotube, the PANI nanotube tends to shrink, possibly due to capillary
force during drying. Reaction for a longer time (e.g., 10 min) completely consumes MnOz, producing pure PANI
nanotubes (Figures 2d and S4). The long PANI nanotubes in electron microscopy images exhibit bent geometries
(Figure S5), different from the straight geometry of the MnOz nanotubes, confirming the mechanical flexibility of
PANI.

Figure 2. Typical TEM images of representative a-MnO2 nanotube (a) and (b—d) after reaction with aniline for
different times: (b) 1 min, (¢) 5 min, and (d) 10 min. The dotted curve and line in (b) indicate the diffusion cross-
sections of aniline toward the end and side surface, respectively. The red arrows indicate the diffusion direction of

aniline.
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Figure 3. Line-scan EDS profiles of Mn and C along individual nanotubes before (a) and after (b,c) the a-MnO2
nanotubes react with aniline for different times: (b) 1min. and (¢) 10 min. The insets are the nanotubes that have
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been studied. The arrows highlight the positions for EDS analysis and line-scan directions. The grey boxes highlight
the edges of the studied nanotubes, which determine their lateral dimensions.

The Fourier transform infrared (FTIR) spectrum of the as-synthesized nanotubes exhibits characteristic peaks
of PANI (Figure S6). The two peaks located at 1583 cm™! and 1498 cm™! are attributed to quinonoid and benzenoid
ring stretching respectively [24]. The weak peak at 1384 cm™! appears as a result of C-N stretching of alternating
quinonoid-benzenoid-quinonoid rings within the PANI structure [25]. The peak at 1315 cm™' represents the C-N
vibrational mode of secondary aromatic amines [26] while the peak at 1267 cm ™! is attributed to the polaron lattice
C-N stretching mode [27]. The broad peak at 1142 cm! is associated with positively charged -NH" stretching
modes within the polymer arising from the high degree of polymer backbone protonation while the peak at 699
cm! represents -NH wagging in secondary amines. The peak at 824 cm™! corresponds to the out of plane C-H
stretching modes of para-disubstituted benzene rings arising from the end to end monomer coupling during the
polymerization reaction [25].

The color evolution of the solution during the conversion of MnO: nanotubes to PANI nanotubes allows
using ultraviolet (UV)-visible absorption spectroscopy to follow the redox/polymerization reactions on MnO:
surfaces. The emeraldine PANI phase has three characteristic absorption bands in the UV-visible spectral range.
According to the previous studies on emeraldine PANI films [28], the absorption band around 4 eV (or 310 nm)
originates from the m-n* transition, owing to the excitation of benzenoid rings within the polymer chain. This
transition is present in both aniline monomer and PANI of all phases. The emeraldine base has an absorption band
at ~2.1 eV (or 590 nm) due to the localized benzenoid HOMO (highest occupied molecular orbital) to quinoid
LUMO (lowest unoccupied molecular orbital) excitation. Protonation of the emeraldine base leads to the formation
of bipolarons, in which the two N atoms connecting to the quinoid rings are protonated with positive charges. Such
localized protonation could elevate the quinoid LUMO position and blueshift the absorption band. The internal
redox reaction of bipolarons transforms quinoids into benzenoid rings, forming polarons. The following polaron
separation spreads the polarons to form a polaronic lattice with alternated cations (—/NH —) along the polymer
chains. The polymer chain with high-density polarons possesses a polaron band that is half occupied with electrons.
Excitation of electrons from the fully occupied lower-energy band to the polaron band becomes possible, shifting
the HOMO-LOMO absorption peak to the red around 1.5 eV (or 825 nm). The polaron band transition usually
gives an intense and broad absorption peak. Further protonation increases the density of polarons to exhibit polaron
bications that are neighboring polarons. Such breaking of the polaron lattice makes the emeraldine PANI more
metallic, extending its absorption further to the near-infrared region [28,29].

Figure 4 plots the time-dependent UV-visible extinction spectra of an acidic dispersion of MnO2 nanotubes
before and after the reaction with aniline for different times. The extinction spectrum of the MnO:2 nanotubes
shows a shallow and broad peak at 610 nm (black curve, Figure 4a). The significant baseline offset is attributed to
the strong scattering of the MnO2 nanotubes due to their longitudinal dimensions comparable to or larger than the
light wavelength. The dispersion of the MnO2 nanotubes is opaque (inset, Figure S3), confirming the strong
scattering of the nanotubes. Once the reaction with aniline starts, a strong absorption peak at 530 nm and a weak
shoulder peak at 700 nm emerge simultaneously (see the spectrum at 15 s), indicating the formation of protonated
emeraldine PANI dominated by bipolarons. The absorption peak of MnO: is too weak to display and be embedded
in the strong absorption of PANI. The absorption of resulting Mn?" cations is also very weak compared to PANI
(Figure S7). Therefore, the peaks observed in the extinction spectra are dominated by the absorption of emeraldine
PANI. As the reaction continues, the peak at the shorter wavelength slightly increases and redshifts. The peak at
the longer wavelength significantly increases in intensity, but its position remains unchanged. The evolution of
these two absorption peaks indicates that thicker PANI favors the formation of polaron lattice at longer reaction
times. For example, the PANI nanotubes formed at 10 min after complete consumption of MnO: essentially exhibit
one peak at 700 nm (yellow curve, Figure 4a), indicating the freshly produced PANI nanotubes are composed of
polymer chains primarily with polaron lattices. This extinction spectrum still shows a large offset baseline without
the MnO: nanotubes, indicating that the resulting PANI nanotubes have strong scattering. The strong scattering
makes the dispersion of PANI nanotubes opaque (inset, Figure S5). In contrast, the PANI dispersion synthesized
using APS exhibits an extinction spectrum with a smaller offset (Figure S8), indicating that the lateral dimensions
of the PANI nanostructures are smaller compared to the PANI nanotubes. The PANI product is dominated by
wavy and entangled nanofibers with thin diameters, which could be easily swollen with solvent to minimize the
difference in dielectric constant between the PANI nanofibers and solvent. Both the small lateral dimensions and
swelling of the PANI nanofibers lower their optical scattering. The PANI synthesized from reaction with
polycrystalline MnO: shells with rough surfaces [19] gives a transparent solution even though the spherical MnO»
shells have sizes over 2 pm (Figure S9). The lack of strong light scattering implies that the resulting PANI cannot
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inherit the geometry and dimension from the polycrystalline MnO: shells but form fragments. The differences in
PANI products formed from the reactions with the single-crystalline MnO2 nanotubes and the polycrystalline
MnO: shells confirm the importance of single crystallinity, which prevents the reactive MnO: from falling apart
during reaction with aniline, and smooth surface, which provides the solid/liquid interface favoring the localized
polymerization and growth of PANI against the MnO: surface, in synthesizing PANI nanotubes that can inherit
the geometry and dimensions of the MnO2 nanotubes.
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Figure 4. Time-dependent UV-Visible extinction spectra of the dispersion of MnO2 nanotubes before (black curve)
and after reaction with aniline for different times: (a) 15 s—10 min and (b) 20 min—60 min. Note: The first spectrum
(red curve) in (a) was recorded at 15 s (i.e., 0.25 min), the second spectrum (green curve) was recorded at 1 min,

and the following spectra were collected at an interval of 1 min. The units of the legends in (a) are the same as min.

Since the absorption peaks at 530 nm and 700 nm originated from the emeraldine PANI, it is feasible to use
their intensity to roughly estimate the extent of polymerization, which is approximately proportional to the
absorbance [30]. The integrated area by using the line connecting the peak valley around 400 nm and the data
point at the longest wavelength (i.e., 980 nm) as the baseline is used to evaluate the polymerization kinetics during
the reaction of aniline with the MnOz nanotubes (Figure S10). The integrated area exhibits a linear dependence on
the reaction time at the middle stage of the reaction (i.e., 2—7 min), indicating that the polymerization follows a
quai-zeroth reaction order and is independent of concentrations of both aniline and MnO: nanotubes. Such
concentration independence indicates that the exposed MnO: surfaces (i.e., the end surfaces with an almost
constant value) primarily determine the reaction kinetics when the diffusion of aniline does not limit the reaction.
The polymerization becomes slower at the late stage (Figure S10), where the concentration of aniline is so low
that diffusion starts limiting the reaction. After the complete redox and polymerization reaction, incubating the
PANI nanotubes in the acidic reaction solution leads to a slight decrease in peak intensity at 700 nm and an overall
broadband increase in the near-infrared region (Figure 4b). The soaking allows deep protonation of the polaron
lattices (alternated polaron distribution along polymer chains) to polymer chains with high-density polarons (i.e.,
forming neighboring polaron bications), making PANI more metallic (or conductive) to extend its optical
absorption to even longer wavelength, i.e., near-infrared region [31].

The transformation of transient template MnO2 nanotubes to PANI nanotubes through an interfacial redox
reaction provides a possibility to form PANI nanotubes coated with an inorganic layer, which is difficult to deposit
on PANI directly. For example, the conventional sol-gel process cannot grow a silica coating on PANI
nanostructures through controlled hydrolysis of tetracthyl orthosilicate (TEOS) in the presence of the PANI
nanostructures in a solution due to the chemical non-wettability between silica and PANI. In contrast, it is
convenient to grow a silica layer on MnOz nanotubes, forming MnOzx@silica core-shell nanotubes, through the
sol-gel process [32]. When the silica coating is thin enough (<20 nm), the intrinsic porosity of the thin silica layer
still allows the diffusion of aniline molecules to react with MnOz nanotubes and outward diffusion of Mn?" ions,
resulting in the transformation of the MnO2 nanotubes into PANI ones inside the silica shells (Figure 5). The FTIR
spectrum of the resulting composite nanotubes exhibits the same characteristic peaks of the PANI nanotubes shown
in Figure 2d, confirming the conversion of MnO:z to PANI (Figure S6). The formation of PANI nanotubes inside
the silica shells indicates the diffusion of aniline monomer accross the silica layer. The EDS linescan profiles of
Si (corresponding to silica shell) and C (corresponding to PANI tube) of a single composite tube (Figure S11)
show that the signal of Si is wider than the signal of C, highlight the PANI@silica core-shell structure. The lack
of Mn signal and strong C signal indicate the complete reaction of MnO2 with aniline monomers to yielding soluble
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Mn?" ions and PANI core tubes. Due to the versatile chemistry of silica, the presence of silica layer outside the
PANI nanotubes enables the feasibility to modify or graft interesting components onto the composite nanotubes,
adding appropriate properties/functionalities to the PANI nanotubes.

Figure 5. Typical TEM image of representative PANI@silica nanotubes.

4. Conclusion

Single-crystalline a-phase MnO2 nanotubes have been used as a new class of solid-state oxidant to oxidize
aniline and promote polymerization of emeraldine PANI in the appropriate acidic solutions. The MnO: nanotubes
with smooth surfaces also serve as transient templates to confine the polymerization against the MnO: surfaces,
forming pure PANI nanotubes with dimensions determined by the MnO: nanotubes and reaction stoichiometry.
The reduction of MnO: into soluble Mn?" ions is also crucial for hollow PANI nanostructures, which inherit the
geometry of MnO» nanostructures. The reaction of aniline with CeO: nanoparticles failed to produce hollow PANI
shells because Ce20;3 (i.e., the product of reduced CeQz) is not soluble. After the initial reaction, the presence of
thin Ce203 coating on CeO: prevents the contact between aniline and CeO», thus ceasing the continuous redox
reaction. This work shed light on using highly crystalline reactive oxide nanostructures as transient templates to
synthesize shape-controlled conducting polymer nanostructures through oxidation-induced polymerization.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.sciltp.com/journals/mi/2024/1/578/s1, Figure S1. Change of solution pH value as aniline added to the dispersion
of MnO: nanostructures at 30, 90, 180, 270 s. The jump of pH value indicates the consumption of protons as aniline being
oxidized by MnOsz. Figure S2. XRD pattern of the synthesized MnO: nanotubes. Figure S3. (a) Scanning electron microscopy
(SEM) image of the synthesized MnO: nanotubes. The nanotubes standing out-of-substrate show the square cross sections and
hollow interiors. The inset is a photo of an aqueous dispersion of the MnO2 nanotubes. (b) Statistic histogram of the lateral
dimensions of individual MnOz nanotubes. Figure S4. Line-scan EDS profiles across a PANI nanotube (formed from 10-minute
reaction as shown in Figure 2d) at different locations. The near-zero signals of Mn regardless of position confirm the complete
consumption of MnO2 throughout the entire nanotube. The gray boxes highlight the boundaries of the nanotube along the scan
traces. Figure S5. Transmission electron microscopy (TEM) image of the synthesized PANI nanotubes. The bended curves
along their longitudinal directions indicate their mechanical flexibility. Figure S6. FTIR spectrum of the as-synthesized PANI
nanotubes as shown in Figure 2d and PANI@silica nanotubes as shown in Figure 5. Figure S7. Absorption spectrum of the
supernatant after complete reaction of the MnO:z nanotubes. The absorbance beyond 500 nm, where optical absorption of the
emeraldine PANI locates, is lower than 0.01, which is less than 2% of the peak absorption of the PANI nanotube dispersion.
Therefore, it is reasonable to ignore the influence of resulting Mn?* on the extinction spectra during the reaction. Figure S8. (a)
TEM image of PANI synthesized using APS. The inset is the photo of the PANI dispersion. (b) Extinction spectrum of the
PANI dispersion. The concentration of aniline units is same as that used in the synthesis of PANI nanotubes. Figure S9. (a)
SEM image of MnOz spherical shells with rough surfaces. (b) TEM image of PANI synthesized from reaction with the MnO2
shells. The inset is the photo of the PANI dispersion. (c) Extinction spectrum of the PANI dispersion. The concentration of
aniline units is same as that used in the synthesis of PANI nanotubes. Figure S10. Time-dependent integrated area of the
absorption beyond the valley points in Figure 4a. The integration was processed using the line connecting the valley point
around 400 nm and the data point at the longest wavelength (i.e., 980 nm) in each spectrum. Figure S11. Line-scan EDS profiles
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of a synthesized PANI@silica core-shell nanotube. The inset represents the SEM image of the PANI@silica nanotube, with an
arrow highlighting the scan position and direction. The grey box represents the outer boundary of the nanotube along the scan
traces. Table S1: Reactivity of MnO: nanotubes and the resulting PANI phase at different pH of reaction solution.
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