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Abstract: Environmental pollution, particularly water
contamination by heavy metals and organic pollutants,
presents a critical global challenge requiring effective
monitoring  solutions. Colorimetric ~ plasmonic
nanosensors, primarily utilizing gold nanoparticles
(AuNPs) due to their exceptional stability and tunable
optical properties, offer a promising approach for rapid,
cost-effective, and label-free pollutant detection. This
review highlights recent advancements in AuNP-based
colorimetric plasmonic nanosensors for environmental
monitoring. We explore their fundamental sensing
mechanisms and critically examine their applications in
detecting a broad spectrum of waterborne contaminants,
including heavy metals, inorganic species, and diverse organic pollutants. By showcasing the versatility and
potential of these emerging technologies, this review emphasizes their significant contribution towards developing
more efficient and accessible tools for mitigating environmental pollution and protecting public health.
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1. Introduction

Environmental pollution has become a critical global crisis, driven by rapid industrialization, urbanization,
and unsustainable human activities [1]. Among the most pressing concerns is water pollution, which affects
billions of people worldwide [2]. Over 80% of sewage is discharged into rivers and oceans without proper
treatment, leading to widespread environmental degradation and increased disease prevalence [2,3]. Heavy metal
contamination, particularly from toxic elements such as lead (Pb), cadmium (Cd) and mercury (Hg), poses a severe
threat due to their bioaccumulative nature, resulting in long-term toxicity and ecological disruptions [4].
Additionally, organic pollutants from wastewater discharge contribute to oxygen depletion in aquatic ecosystems,
elevating biochemical oxygen demand levels and endangering marine and freshwater life [5,6]. These combined
factors underscore the urgent need for effective pollution control strategies to safeguard public health and
the environment.

Given the growing concerns over environmental pollution, developing advanced monitoring technologies is
essential for effective detection and mitigation strategies. Traditional analytical techniques, including gas
chromatography [7], mass spectrometry [8], atomic absorption and emission spectroscopy [9], and high-
performance liquid chromatography [10], provide high sensitivity and precision but are hindered by high costs,
complex sample preparation, specialized equipment, and lengthy processing times. Furthermore, they are
unsuitable for rapid, on-site monitoring, which is vital for timely pollution control. To overcome these limitations,
there is growing interest in cost-effective and rapid detection methods.

Copyright: © 2025 by the authors. This is an open access article under the terms and conditions of the Creative Commons
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Colorimetric plasmonic nanosensors offer high sensitivity, rapid response, and real-time detection
capabilities [11-13], representing a class of cost-effective, label-free, and highly tunable alternatives to
conventional analytical techniques for monitoring environmental pollution. Their detection mechanism relies on
localized surface plasmon resonance (LSPR), where plasmonic nanoparticles, such as gold and silver
nanoparticles, exhibit measurable optical shifts in response to analyte-induced changes in interparticle distance,
particle size, or surface chemistry. This property enables colorimetric detection, allowing pollutants to be identified
visually or with simple optical devices, eliminating the need for sophisticated laboratory settings.

Gold nanoparticles (AuNPs) are the most popular building blocks for plasmonic nanosensors due to their
high stability, biocompatibility, and highly tunable surface chemistry. While silver and copper nanoparticles are
also plasmonically active, they are susceptible to oxidation and degradation under environmental conditions. The
high chemical stability of AuNPs ensures low toxicity and long-term sensor reliability [14]. In addition, their well-
defined optical properties and ability to be functionalized with a wide range of ligands further enhance their
selectivity and sensitivity toward specific pollutants. These characteristics make AuNPs particularly well-suited
for the development of robust colorimetric nanosensors.

As pollution continues to pose a significant threat to ecosystems and public health, colorimetric plasmonic
nanosensors offer a promising approach for rapid and accessible environmental monitoring. This review explores
recent advancements in AuNP-based colorimetric plasmonic nanosensors for environmental pollution monitoring,
with a specific focus on their applications in detecting heavy metals, inorganic contaminants, and a wide range of
organic pollutants. By leveraging these emerging technologies, more efficient and accessible solutions can be
developed to mitigate environmental pollution.

2. Fundamentals of Plasmonic Nanomaterials in Environmental Sensing

2.1. LSPR—The Basis of Colorimetric Sensing

LSPR is the fundamental principle behind colorimetric plasmonic sensors. It occurs when conduction
electrons on the surface of plasmonic nanoparticles collectively oscillate in response to incident light (Figure 1A)
[15]. The resonance frequency depends on several factors, including nanoparticle size, shape, interparticle
distance, and the surrounding medium [16,17]. As shown in Figure 1B, for small spherical AuNPs, the primary
extinction peak appears at 525 nm and progressively redshifts as the particle size increases. With larger particles,
light scattering becomes more prominent, significantly influencing the overall optical properties [18]. In contrast
to spherical AuNPs, gold nanorods (AuNRs) exhibit two distinct plasmonic peaks owing to their anisotropic shape:
a transverse plasmon peak, which is associated with electron oscillation along the short axis, and a longitudinal
plasmon peak, which occurs along the long axis. As the aspect ratio (length-to-width ratio) of AuNRs increases,
the longitudinal plasmon peak redshifts significantly into the near-infrared (NIR) region, while the transverse
plasmon peak remains relatively unchanged in the visible range (Figure 1C) [19]. This tunability in optical
response makes AuNRs particularly useful for applications in biosensing, imaging, and photothermal therapy,
where NIR light penetration is required [20,21].

Plasmonic coupling in LSPR-based sensing occurs when nanoparticles come into close proximity, leading to
strong plasmonic interactions. In a well-dispersed state, individual AuNPs exhibit a distinct LSPR peak in the
visible spectrum, typically producing a red-colored solution, as shown in Figure 1B. As illustrated in the
electrodynamic modeling in Figure 1D, the plasmon band redshift becomes increasingly pronounced as the
distance between the AuNP dimer decreases [22]. When this distance becomes smaller than the nanoparticle
diameter, plasmon coupling becomes significant, resulting in a redshift of the LSPR peak due to the formation of
lower-energy collective plasmonic modes [23]. Experimental results confirm this redshift, accompanied by a
visible color change from red to purple (Figure 1E) [24]. The resulting spectral redshift and broadening form the
basis of most aggregation-based colorimetric sensors.

2.2. Mechanisms of Colorimetric Responses in Plasmonic Sensors

The ability of AuNP-based colorimetric sensors to detect analytes relies on distinct plasmonic modulation
mechanisms that induce measurable optical shifts. The most common mechanism is aggregation-based sensing,
where AuNPs undergo a red-to-blue/purple color change due to interparticle plasmonic coupling when they come
into proximity. In contrast, anti-aggregation mechanisms prevent nanoparticle aggregation, preserving their
dispersed state and maintaining the original red color even under conditions that would otherwise promote
aggregation, such as the presence of salt or interfering species. Other mechanisms, such as etching-based sensing,
involve oxidative dissolution of AuNRs, causing a color fade or blue shift due to a reduction in particle size, while
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growth-based sensing results in nanoparticle enlargement, shifting the LSPR peak toward longer wavelengths and
intensifying the red color.

Among these, aggregation-based sensing is the most widely used due to its simplicity and strong optical
response. Aggregation can be triggered through several different pathways, including crosslinking-induced
aggregation, destabilization-induced aggregation, and competitive binding-induced aggregation.
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Figure 1. LSPR Principles and Spectral Shifts: Effects of Particle Size, Shape, and Aggregation in Au Nanostructures
(A) Scheme of LSPR. (B) Photographic images and corresponding UV—Vis—NIR spectra of colloidal AuNPs with
different particle sizes. Reproduced with permission [18]. Copyright 2012, Royal Society of Chemistry. (C)
Photographic images and corresponding UV—Vis—NIR spectra of colloidal AuNRs with different aspect ratios.
Reproduced with permission [19]. Copyright 2010, University of Cairo. (D) Electrodynamic simulations of 20 nm
AuNP showing extinction spectra at varying interparticle distances, with the inset illustrating the corresponding
plasmon peak shift as a function of spacing. Reproduced with permission [22]. Copyright 2004, American Chemical
Society. (E) Typical spectral shift observed in colloidal sensors based on the aggregation of spherical nanoparticles
with diameter D. Reproduced with permission [24]. Copyright 2023, American Chemical Society.

2.3. Aggregation-Based Colorimetric Sensing

Aggregation-induced plasmonic coupling significantly alters the optical properties of AuNPs, making this
approach highly effective for colorimetric sensing. One common mechanism is crosslinking-induced aggregation,
where the analyte acts as a crosslinker, binding multiple nanoparticles together. This typically occurs when the
analyte has multiple binding sites that interact with AuNP surfaces, leading to the formation of large aggregates
(Figure 2A). Examples include metal ions such as Pb** and Hg?*, which can bridge AuNPs via specific interactions,
causing a distinct red-to-blue color shift [25,26].

Another widely used mechanism is destabilization-induced aggregation, where the analyte disrupts the
stabilizing ligands on the nanoparticle surface, reducing electrostatic repulsion and allowing AuNPs to aggregate.
This can occur through charge screening, such as in salt-induced aggregation, where high ionic strength neutralizes
the surface charge on AuNPs, leading to uncontrolled aggregation (Figure 2B). Similarly, cationic analytes like
As** and Hg?* can bind with the specific designed aptamers on AuNP surfaces, triggering aggregation and a
corresponding color change [27,28].

Competitive binding-induced aggregation occurs when the analyte competes with existing stabilizing molecules
on the AuNP surface, displacing them and promoting aggregation (Figure 2C). For example, thiol-containing
molecules can replace citrate ligands on AuNPs, leading to ligand exchange and subsequent aggregation [29].
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Figure 2. Mechanisms of Colorimetric Responses in Plasmonic Sensors. (A) Scheme for crosslinking-induced
aggregation. (B) Scheme for destabilization-induced aggregation. (C) Scheme for Competitive binding -induced
aggregation. (D) Scheme for anti-aggregation-based sensing. (E) Scheme for etching-based sensing. (F) Scheme
for growth-based sensing.

2.4. Other Colorimetric Mechanisms: Anti-Aggregation, Etching and Growth

While aggregation-based sensing is the dominant strategy, other plasmonic mechanisms also contribute to
colorimetric detection. Anti-aggregation-based sensing operates in the opposite manner to aggregation; here, the
analyte prevents AuNPs from aggregating by stabilizing their dispersed state (Figure 2D). For example, Pb*" can
induce DNA strand cleavage, releasing a fragment that adsorbs onto the AuNP surface, thereby stabilizing the
nanoparticles and preventing aggregation under high-salt conditions [30].

Etching-based sensing involves the oxidative dissolution of AuNPs, leading to a reduction in particle size
and a corresponding shift in LSPR (Figure 2E). For example, nitrite (NO,") can etch AuNRs to soluble Au species,
resulting in the fading or disappearance of the original color [31].

Growth-based sensing involves the deposition of additional material onto existing AuNPs in the presence of
a reducing agent, resulting in a plasmonic peak shift and a visible color change (Figure 2F). A common example
is the reduction of Ag* by formaldehyde, which leads to silver shell growth on AuNRs and alters their optical
properties, producing noticeable shifts in color depending on the extent of silver deposition [32].

2.5. Surface Functionalization of AuNPs for Colorimetric Sensing

The functionalization of AuNPs plays a crucial role in enhancing their selectivity and stability for
colorimetric sensing applications. The most commonly used AuNPs are citrate-stabilized, relying on electrostatic
repulsion between negatively charged citrate ligands to maintain colloidal stability [33]. However, citrate-capped
AuNPs often lack sufficient selectivity [34] and sensitivity [25], prompting the need for further surface
modification with specific ligands that interact selectively with target analytes. Among various strategies, thiol-
based functionalization is widely employed, as thiol groups form strong Au—S bonds, enabling stable attachment
of molecules such as glutathione (GSH) [35—37] and cysteine [38]. These ligands not only enhance selectivity but
also improve nanoparticle stability under diverse conditions. Amine-functionalized AuNPs offer another approach,
where amino groups interact with the Au surface, as seen in melamine-modified systems [39].

A highly effective strategy for achieving selective detection involves incorporating both a recognition
element and a thiol group into the same molecule—allowing it to react with the target analyte while anchoring
firmly onto the AuNP surface. This dual-binding design ensures both analyte recognition and nanoparticle stability,
minimizing nonspecific aggregation. For instance, thiolated thymine can selectively bind Hg?" [26], thiolated
crown ethers target specific metal ions [40], and thiolated DNA is commonly used for specific recognition [41,42].
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Tailoring the surface chemistry of AuNPs makes it possible to significantly enhance sensor performance, enabling
sensitive and selective detection of a wide range of pollutants, biomolecules, and metal ions.

2.6. Synthesis of AuNPs for Colorimetric Sensing Applications

In colorimetric sensing, the Turkevich method is the most widely adopted for synthesizing AuNPs, producing
citrate-stabilized AuNPs by reducing HAuCls with trisodium citrate in boiling water [43]. These nanoparticles are
widely adopted due to their simple synthesis and ease of post-synthetic functionalization. Molecules such as GSH
[35], melamine [39], and aptamers [44] can readily replace the citrate ligands, enabling the introduction of selective
recognition elements while maintaining colloidal stability for sensing applications. In addition to this classical
approach, green synthesis methods—using reducing agents such as tannic acid [45] and gallic acid [46]—have
been proposed for their environmental friendliness and biocompatibility.

AuNRs are also valuable tools for investigating etching processes and growth mechanisms. A typical seed-
mediated synthesis of short AuNRs involves hexadecyltrimethylammonium bromide (CTAB), silver nitrate, and
ascorbic acid. In this method, silver ions are essential for directing rod formation and minimizing spherical
byproducts, with aspect ratios finely controlled through the seed-to-metal precursor ratio and reagent concentrations
[47]. Building on this, the incorporation of aromatic additives into the CTAB-based system enables AuNR synthesis
under reduced CTAB concentrations, while significantly enhancing monodispersity and tunability [48].

3. Detection of Inorganic Species

AuNP-based colorimetric sensing has been extensively applied to the detection of inorganic species, owing
to its simplicity, high sensitivity, and visual readout. Reported systems include a wide range of analytes such as
heavy metals (Pb*, As**, Hg*, TI*, Ag"), other metal ions (Sc**, Cs*, AI**), and anionic pollutants (CN~, NO;").
In addition to single-target detection, several studies have demonstrated the simultaneous detection of multiple
species using tailored surface ligands or differential response patterns, expanding the applicability of these sensors
to complex environmental and biological samples.

3.1. Detection of Lead Species

Lead ion and other lead species are highly toxic, persistent, and bioaccumulative pollutants, primarily
released from industrial activities, lead-based paints, batteries, and contaminated water sources [49,50]. Lead
exposure poses severe health risks, particularly to the nervous system, kidneys, and cognitive development in
children [51,52]. Given its environmental persistence and toxicity, effective monitoring of lead contamination is
crucial for pollution control and public health protection.

Lu et al. have developed a series of DNAzyme-mediated AuNP sensors for Pb?* detection, utilizing an anti-
aggregation mechanism with distinct strategies [30,41,42]. In 2003, a Pb**-specific DNAzyme was employed to
regulate AuNP assembly through DNA hybridization. The system consisted of AuNPs functionalized with thiol-
modified DNA strands (DNAAau), where the thiol end binds to the AuNP surface, along with the DNAzyme and a
DNA substrate (Subay) that hybridizes specifically to both ends of DNAa, while maintaining the DNAzyme
recognition portion. The hybridization between DNA, and Suba, brought the AuNPs closer together, leading to
aggregation and a blue color change. In the presence of Pb?*, the DNAzyme selectively cleaved the substrate strand,
disrupting hybridization, preventing aggregation, and producing a red color (Figure 3A). However, this method
required a two-hour heating and cooling cycle to facilitate hybridization [41]. To accelerate the process, in 2004, the
design was improved by optimizing nanoparticle alignment and size, enabling faster detection in less than 10 min at
room temperature [42]. Later, in 2008, Lu’s group introduced a label-free sensor that eliminated the need for thiol-
ended DNA to modify AuNPs and instead relied on the property of AuNPs aggregating in a high-ionic-strength
environment. In this system, unmodified AuNPs and DNAzyme complex were treated under high-salt conditions. In
the presence of Pb?", single-stranded DNA was released from the complex and adsorbed onto AuNPs, preventing
their aggregation under high-salt conditions (Figure 3B). This approach simplified sensor fabrication, and lowered
the detection limit to 3 nM, surpassing regulatory standards. Additionally, pH-controlled tunability was introduced,
allowing for the adjustment of the detection range for different environmental applications [30].

The synthesis of DNA oligomers can be complex and expensive, highlighting the need for a simple and cost-
effective colorimetric sensor for Pb** detection. One alternative approach relies on the aggregation mechanism, in
which Pb?* binds to functional groups on AuNPs, triggering their aggregation and causing a red-to-blue color shift.
Frost et al. investigated the interaction between citrate-capped AuNPs and divalent heavy metal ions (Pb**, Cd**,
Ni%", and Hg?"), elucidating the molecular interactions responsible for Pb**-induced aggregation. ATR-FTIR and
computational simulations showed that Pb** uniquely binds to both unbound carboxylate groups of citrate,
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effectively neutralizing the negative charge stabilizing AuNPs. In contrast, Cd**, Ni**, and Hg?* primarily interact
with already-bound carboxylate groups or exhibit weaker binding, failing to fully neutralize the surface charge.
This charge neutralization by Pb?*" was further supported by zeta potential and pH measurements, which
demonstrated a reduction in AuNP surface charge from —44.3 mV to nearly neutral (—1.1 mV), leading to a
significant loss of electrostatic repulsion and rapid aggregation. Additionally, Pb%** caused a major pH drop (from
6.3 to 1.0), further altering surface chemistry and reinforcing nanoparticle destabilization [53]. A basic citrate-
capped AuNP sensor exploits this mechanism, detecting Pb>* via direct complexation with carboxyl groups,
achieving a detection limit of 18 uM [25].

GSH-functionalized AuNPs (GSH-AuNPs) have been widely used for Pb?* detection as a more sensitive
alternative to citrate-capped AuNPs [35,36]. In this system, thiol groups in glutathione strongly bind to the AuNP
surface, while carboxyl and amino groups remain available for metal ion coordination. To minimize interference
from other metal ions, the amino group is protonated to ammonium by adjusting the pH to 8, ensuring that only
the carboxyl groups participate in Pb** binding. This enhances Pb?* selectivity and allows it to induce aggregation
in a manner similar to citrate-capped AuNPs but with improved sensitivity (Figure 3C). GSH-AuNPs in the
presence of salt have been successfully used to detect Pb?* with a detection limit of 100 nM [35]. The aggregation
of AuNPs leads to an increase in particle size, which can be more effectively detected using dynamic light
scattering (DLS). By tracking these size changes, DLS-enhanced detection achieves an ultrasensitive limit of 100
ppt, making it suitable for analyzing Pb*" in water, plastic toys, and paint [36].

Biocompatible materials such as tannic acid and gallic acid have been explored for AuNP functionalization
[45,46,54]. Gallic acid stabilizes AuNPs through carboxylate interactions, while Pb?* binds primarily to phenolic
groups, inducing aggregation. The limit of detection (LOD) for Pb** using gallic acid-functionalized AuNPs is
reported at the micromolar level [46]. Narrowing the size distribution and optimizing pH further reduced the LOD
to 10 nM [54]. Another polyphenolic compound, tannic acid, has also been used to stabilize AuNPs, achieving an
LOD of 60 ng/mL (0.29 uM) [45]. An alternative approach involves triazole-acetate-functionalized AuNPs, where
a dithiol group facilitates attachment to the AuNP surface. Pb?* binds to both carboxyl groups and the triazole ring,
forming a stronger and more selective coordination complex (Figure 3D). This mechanism enhances selectivity
over other metal ions and enables a lower detection limit of 16.7 nM [55].
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Figure 3. Colorimetric sensing strategies for Pb?* detection using AuNP-based sensors. (A) Schematic of an anti-
aggregation mechanism for Pb?* detection, along with the visible color response on an alumina TLC plate at varying
Pb?* concentrations and in the presence of other divalent metal ions. Reproduced with permission [41]. Copyright
2003, American Chemical Society. (B) Anti-aggregation-based, label-free colorimetric sensing of Pb?*.
Reproduced with permission [30]. Copyright 2008, Wiley. (C) Detection of Pb** using GSH-AuNPs. Top:
Schematic illustration of the sensing mechanism. Bottom: UV—vis absorption spectra of GSH-AuNPs after the
addition of Pb?" of varying concentrations. Reproduced with permission [35]. Copyright 2010, American Chemical
Society. (D) Pb?* detection via triazole-acetate-functionalized AuNPs. Reproduced with permission [55]. Copyright
2014, Royal Society of Chemistry.
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3.2. Detection of Arsenic Species

Arsenic is a highly toxic metalloid, with its inorganic forms (As* and As’*) posing the greatest hazard. As a
persistent environmental pollutant, arsenic contaminates groundwater through natural geology, mining, and industrial
discharge, making it a widespread concern [56]. Long-term exposure to arsenic-contaminated water leads to severe
health effects, including skin lesions, peripheral neuropathy, organ damage, and an increased risk of cancer [57].

As*, like Pb*', can be detected through AuNP aggregation mechanisms, where its interaction with surface
ligands triggers nanoparticle clustering and a visible red-to-blue color change. Citrate-capped AuNPs can also be
used for As** detection, with As>* binding to carboxyl groups to induce aggregation. Interestingly, as-synthesized
citrate-capped AuNPs are not initially sensitive to As**. However, after removing excess citrate via dialysis, the
detection limit improves significantly to 1.8 ppb (Figure 4A). When evaluating the selectivity of dialyzed citrate-
capped AuNPs, 256 ppb (1.24 pM) of various metal ions, including Pb**, did not induce a color change [58].
However, it has been reported that Pb?* requires a concentration of 18 uM to cause aggregation [25]. This suggests
that while As** induces aggregation at much lower concentrations than Pb?*, selectivity may become a concern at
higher Pb** concentrations. Glucose, a biodegradable and biocompatible molecule, has also been used to
functionalize AuNPs. It utilizes hydroxyl groups, achieving a detection limit of 0.53 ppb, with selectivity tests
confirming no aggregation in the presence of Pb%", Co?*, Hg?", Cd*', Ni**, or Cu?** [59]. Similarly, GSH-AuNPs
rely on carboxyl groups, detecting As* down to 0.12 ppb via RGB-based image quantification. However, Pb>
also induces weak aggregation, indicating partial selectivity [37].
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Figure 4. Colorimetric sensing strategies for As>* detection using AuNP-based sensors. (A) Top: Schematic
illustration of As** detection via dialyzed citrate-capped AuNPs. Bottom: UV-vis absorption spectra of citrate-
AuNPs after the addition of As>" of varying concentrations. Reproduced with permission [58]. Copyright 2017,
Springer. (B) Bimodal detection of As** based on electrostatic attraction between positively charged AuNPs and a
negatively charged As®" aptamer, enabling both direct (Mode D) and amplified (Mode A) sensing modes.
Reproduced with permission [27]. Copyright 2022, Elsevier.

Multifunctional groups enhance arsenic detection by providing strong binding sites for both AuNP
attachment and metal coordination. GSH forms Au-S bonds via its thiol group, while its carboxyl and amino
groups facilitate metal ion binding. Dithiothreitol (DTT) stabilizes AuNPs through Au—S bonds and reduces As
(V) to As (II), making both oxidation states detectable. Cysteine (Cys), a thiol and amine containing amino acid,
interacts with both AuNPs and metal ions, reinforcing the detection mechanism. 2,6-Pyridinedicarboxylic acid
(PDCA) selectively binds to As**, further improving specificity. The GSH-DTT-Cys-PDCA functionalized AuNPs
achieve a detection limit of 2.5 ppb, making them highly sensitive for arsenic detection [38].

The highest selectivity is achieved with a dual-mode aptamer-based sensor, where an As**-specific aptamer
regulates nanoparticle aggregation and re-dispersion, minimizing false positives. The mechanism relies on
electrostatic interactions between negatively charged aptamers and positively charged AuNPs. At low aptamer
concentrations (Mode D, 8 nM), aptamers cross-link AuNPs, inducing aggregation and a red-to-blue shift. As**
binding sequesters aptamers, breaking cross-links and re-dispersing AuNPs (blue-to-red shift). Conversely, at high
aptamer concentrations (Mode A, 15 nM), aptamers fully coat AuNPs, preventing aggregation. As** binding
removes aptamers, destabilizing AuNPs and triggering aggregation (Figure 4B). This dual-mode system enhances
specificity, achieving LOD values of 0.41 ppb (Mode A) and 0.57 ppb (Mode D) for As** detection [27].
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3.3. Detection of Mercury Species

Mercury is a persistent environmental pollutant released from industrial activities, coal combustion, and
mining, accumulating in water bodies and soil [60]. Its highly toxic forms, particularly methylmercury,
bioaccumulate in the food chain, posing serious risks to ecosystems and human health [61].

Hg?* can be detected using AuNP-based colorimetric sensors through different mechanisms, primarily relying
on thymine-Hg?*-thymine (T-Hg?*-T) coordination chemistry. One straightforward approach is to functionalize
thymine with a thiol group, allowing it to attach to AuNPs via Au-S bonds. Upon Hg?* addition, T-Hg?*-T
coordination bridges the nanoparticles, inducing aggregation and a color change (Figure 5A). This method
achieves a detection limit of 2.8 nM [26]. Alternatively, Hg*" can be detected without thiolation by stabilizing
AuNPs with ssDNA in a high-salt environment. When Hg?" is introduced, T-Hg?*-T coordination induces DNA
hairpin formation, destabilizing the AuNPs and leading to aggregation in the presence of salt, with a LOD of 50

M [28]. A further variation replaces salt with the cationic polymer poly(diallyldimethylammonium chloride)
(PDDA) as the aggregation inducer. In the absence of Hg*", PDDA binds to negatively charged ssDNA, preventing
AuNP aggregation. However, when Hg?* is introduced, ssDNA folds into a hairpin structure, releasing free PDDA,
which neutralizes the AuNP surface charge and triggers aggregation (Figure 5B). This approach offers
ultrasensitive detection with a LOD of 0.15 nM [62]. Beyond T-Hg?*-T interactions, another method employs
diethyldithiocarbamate (DDTC) as a specific ligand for Hg?* detection. In this approach, Cu?* in the Cu(DDTC);,
complex is displaced by Hg?", releasing a thiol group that binds to AuNPs, leading to surface charge neutralization
and aggregation. This method detects both Hg?* (LOD: 10 nM) and methylmercury (LOD: 15 nM) [63]. In a
different approach, Hg?* can be detected through its direct interaction with AuNPs, forming Hg?*-Au bonds that
alter surface charge and stability. However, if citrate remains on AuNPs, it stabilizes them, making Hg?* detection
less effective. When citrate is removed, Hg?* adsorption further reduces surface charge, promoting aggregation.
This method is significantly less sensitive, with a LOD of 5 uM [64].

e

(A) \ (B) § do—> 32 4 3
3

5 5 @ AuNPs é SDNA PDDA ° g
L >

e
lc
4
%

Absorbtion

L L 1 Il
400 500 600 700 800

Wavelength(nm)

Figure 5. Colorimetric sensing strategies for Hg?* detection using AuNP-based systems. (A) Schematic illustration
of Hg?" detection based on thymine-Hg?*—thymine coordination chemistry. Reproduced with permission [26].
Copyright 2011, Royal Society of Chemistry. (B) Top: Detection mechanism of Hg?* through AuNP aggregation
modulated by PDDA, leveraging the specific binding between Hg?" and ssDNA, along with electrostatic
interactions between PDDA and ssDNA. Bottom: UV-vis absorption spectra of AuNPs after the addition of Hg?"
of varying concentrations. Reproduced with permission [62]. Copyright 2015, Elsevier.

3.4. Detection of Aluminum Species

Aluminum is a widespread environmental pollutant, primarily released through industrial activities, mining,
and acid rain-induced leaching from soil into water sources [65]. Elevated aluminum levels in water and soil can
be toxic to aquatic life, plants, and humans, and have been associated with neurodegenerative disorders, including
Alzheimer’s disease [66].

Citrate-capped AuNPs have also been used for AP** detection at an optimal pH of 2.9, achieving an LOD of
1.0 uM through AI** complexation with citrate ligands, which induces aggregation (Figure 6A). The pH was tuned
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to eliminate interference from Fe**, while Pb?* also triggered aggregation but with a longer response time. In
contrast, AI** induced an immediate color change, making it more distinguishable. However, interference from
Sb3* and Cr’** remained a challenge [34].

Beyond citrate-based detection, AI** coordination with hydroxyl groups has also been widely utilized in
AuNP-based sensors. AuNPs have been functionalized with catechol ligands, including pyrocatechol, 3-(3,4-
dihydroxyphenyl)propionic acid, dopamine, and levodopa, which strongly chelate with Al**. Upon AI** binding,
these ligands dissociate from the AuNP surface due to their stronger affinity for Al**, leading to nanoparticle
destabilization and aggregation. Among these, dopamine-functionalized AuNPs exhibited the highest sensitivity,
achieving a LOD of 0.81 uM [67]. Similarly, N-lauroyltyramine has been used as a capping ligand, where AI**
forms coordination complexes with hydroxyl groups, inducing AuNP aggregation with a detection limit of
1.15 uM [68]. Another approach employs Schiff base-functionalized AuNPs using N-(2-hydroxynaphthylidene)-
2-aminoethanethiol (HNAET) as a chelating ligand for selective Al** detection (Figure 6B). The thiol group
anchors HNAET to the AuNP surface, while the hydroxyl and imine groups strongly chelate Al**, achieving a
detection limit of 0.29 pM [69].
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Figure 6. Colorimetric sensing strategies for Al’* detection using AuNP-based sensors. (A) Schematic illustration
of AI** sensing based on citrate-capped AuNPs. Reproduced with permission [34]. Copyright 2012, Royal Society
of Chemistry. (B) Top: Synthesis of HNAET and the ligand exchange of HNAET onto AuNP surfaces and the
corresponding signaling mechanism for AI** detection using the HNAET-AuNP probe. Bottom: UV—vis absorption
spectra of citrate-AuNPs after the addition of AI*". Reproduced with permission [69]. Copyright 2016, Springer.

3.5. Detection of Cesium

Cesium primarily originates from nuclear accidents, industrial waste, and mining activities, posing
environmental risks due to their long-term soil retention, and potential radiotoxicity [70].

Cs* can be detected using colorimetric sensors based on nonmorphological transitions of AuNPs. Cs* fits well
into Prussian blue (PB) lattice and forms stable PB-Cs" complex. When Prussian blue precursor (PB-P) is added to
the AuNP dispersion, citric acid reduces Fe** to Fe?*, leading to the formation of a PB nanoshell on the AuNP surface,
causing a color change from red to blue. However, in the presence of Cs*, PB-P preferentially reacts with Cs*. This
interaction prevents PB deposition onto AuNPs, allowing them to retain their original red color (Figure 7A). The
method achieved a naked-eye detection limit of 30 pM and a UV-Vis detection limit of 19 uM [71].

3.6. Detection of Silver Species

Silver pollution arises from industrial discharge, mining, and medical waste, with excessive levels causing
toxicity in aquatic ecosystems and disrupting microbial communities [72].

A three-step aggregation—dispersion—reaggregation mechanism can be utilized for Ag" detection. First,
AuNPs aggregate in the presence of quantum carbon dots, exhibiting a blue color. Then, upon addition of GSH,
AuNPs redisperse, restoring the original red color. Finally, when Ag* ions are introduced, they preferentially bind

269



Mater. Interfaces 2025, 2(3), 261-284 https://doi.org/ 10.53941/mi.2025.100021

GSH, preventing AuNP redispersion and maintaining the aggregated state (Figure 7B). This method achieves
detection limits of 50 nM (UV-Vis) and 140 nM (naked-eye) [73].

3.7. Detection of Thallium Species

Thallium pollution mainly originates from mining, smelting, and industrial waste, posing severe
environmental and health risks due to its high toxicity, bioaccumulation, and adverse effects on the nervous [74].

A similar three-step mechanism is employed for TI* detection. Initially, positively charged thioflavin T (ThT)
induces AuNP aggregation. Subsequently, the addition of negatively charged PS2.M DNA displaces ThT, redispersing
the AuNPs. Finally, when TI" is introduced, DNA preferentially binds TI*, releasing ThT, which reaggregates AuNPs
(Figure 7C). This method demonstrates high selectivity and achieves a detection limit of 3.2 nM [75].

3.8. Detection of Scandium Species

Scandium, as a rare earth element, has been widely used in various industrial applications [76], leading to its
extensive release into the environment through waste and emissions, which may pose risks to ecosystems and
human health [77].

The three-step mechanism can also be adapted for Sc** detection. Initially, positively charged pyridoxal
phosphate (PLP) aggregates negatively charged cysteamine-stabilized AuNPs. However, when Sc** is introduced,
it strongly binds PLP, forming a stable complex that prevents PLP-induced aggregation, resulting in AuNP
redispersion. This approach achieves high selectivity and a detection limit of 0.02 uM [78].

3.9. Detection of Cyanide

Cyanide pollution arises from industrial processes such as mining, electroplating, and chemical
manufacturing, posing severe environmental and health risks due to its high toxicity, which can cause rapid aquatic
life depletion [79] and human poisoning [80].
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Sensing mechanism for Cs* detection based on the interaction between AuNPs and Prussian blue (PB). Reproduced
with permission [71]. Copyright 2020, Royal Society of Chemistry. (B) Colorimetric detection of Ag* via stable
AuNP aggregation triggered by carbon dots in the presence of GSH. Reproduced with permission [73]. Copyright
2018, American Chemical Society. (C) Thioflavin T-induced charge neutralization aggregation of AuNPs for T1*
detection. Reproduced with permission [75]. Copyright 2022, Elsevier. (D) Schematic illustration of the CN~
sensing mechanism based on the dual fluorescent and colorimetric response of AuNPs. Reproduced with permission
[81]. Copyright 2016, Elsevier.
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Cyanide can be detected by exploiting direct reactions with the AuNP surface, beyond traditional ligand-based
aggregation mechanisms. In one approach, AuNPs stabilized by polysorbate 20 (PS20) and fluorescein isothiocyanate
(FITC) have been employed to detect cyanide (CN") through a surface-etching mechanism (Figure 7D). Initially,
FITC fluorescence is quenched when attached to the AuNP surface. Upon CN™ addition, the AuNP surface is
selectively etched, releasing FITC molecules into solution and restoring fluorescence intensity proportionally to the
cyanide concentration (below 150 uM). At higher CN™ concentrations (>150 uM), extensive etching destabilizes the
AuNPs beyond the protective capacity of PS20, leading to particle aggregation and a visible color shift from red to
blue-gray, enabling naked-eye detection [81].

3.10. Detection of Nitrite

Nitrite is a harmful environmental pollutant commonly found in contaminated drinking water due to
agricultural runoff and industrial waste [82]. It poses significant health risks, including methemoglobinemia and
increased cancer risk, making its rapid and sensitive detection essential for water quality monitoring [83].

A highly sensitive and selective colorimetric sensor for NO,~ was developed based on the etching of AuNRs,
producing a visible color change from bluish green to red and eventually to colorless as NO,  concentration
increases. Under acidic conditions, NO,™ oxidizes Au to soluble species, causing preferential axial etching, which
reduces the nanorod aspect ratio and induces a blue-shift in the longitudinal plasmon peak. CTAB enhances this
process by stabilizing intermediate Au—Br or Au—Cl complexes. The sensor shows excellent selectivity and a
detection limit of 0.5 pM and visible response at 4 uM, this system enables naked-eye detection and is promising
for field applications [31].

3.11. Simultaneous Detection

While many colorimetric sensors are designed for the selective detection of a single metal ion, some
approaches leverage broader interactions to enable the detection of multiple metal species.

Colorimetric sensor arrays provide effective platforms for simultaneously detecting and differentiating
multiple metal ions. One array utilizes AuNPs functionalized with 11-mercaptoundecanoic acid combined with
various amino acids (lysine, cysteine, histidine, tyrosine, and arginine) to detect Hg?*, Cd*, Fe**, Pb**, AI**, Cu?*,
and Cr*". The metal-ligand interactions produce distinct responses: some ions directly induce aggregation, some
modulate aggregation cooperatively with amino acids, and others form stable metal-amino acid complexes,
preventing aggregation (Figure 8A). This results in unique colorimetric fingerprints, enabling simultaneous
detection and differentiation of these metal ions, with detection limits in the micromolar range (approximately
2-50 uM) [84]. Another array employs AuNPs individually functionalized with cysteine, glutathione, or melamine
to discriminate among Ti*, Cr**, Mn*", Fe**, Pb**, and Sn*". Each metal ion produces a distinct colorimetric
fingerprint, enabling accurate differentiation and quantification through linear discriminant analysis (LDA) with
high selectivity and sensitivity in the concentration range of 100-900 nM [85].

Crown ether cavities can selectively bind metal ions such as Ba?*, Cd**, and Pb**. To attach crown ether (4'-
aminobenzo-18-crown-6) onto AuNP surfaces, a thiol group is introduced via reaction with 3-mercaptonicotinic
acid, forming stable Au-S bonds. Metal ions (Ba**, Cd*', and Pb?") interact selectively with the crown ether cavity,
reducing electrostatic repulsion between AuNPs and inducing aggregation, resulting in a visible color shift
(Figure 8B). Although this sensor achieves low detection limits (20 nM for Ba?>* and Cd**; 50 nM for Pb%), it
cannot individually differentiate among these three ions, despite good selectivity over other tested metal ions [86].
Another approach employs thiolated calixarene ligands attached to AuNP surfaces, providing both aggregation-
based and alloy-formation-based sensing mechanisms. In this method, Pb?>" ions cause AuNP aggregation by
bridging nanoparticles through calixarene cavities, while Cu?>* ions undergo reduction upon interaction with
AuNPs, forming an Au—Cu alloy shell via anti-galvanic exchange. This method achieves detection limits of 0.65
ppm for Cu®>* and 10 ppm for Pb?* [40].

The binding between heavy metal ions and protein can also be utilized for sensing. Papain protein adsorbed
on AuNPs via hydrophobic and electrostatic interactions. Metal ions bind specifically to the sulfur groups of
papain’s cysteine residues, reducing electrostatic repulsion and causing AuNP aggregation. This aggregation
induces a visible color shift from red to blue, allowing easy, naked-eye detection. Although the sensor does not
distinctly differentiate among Hg?*, Pb**, and Cu?* ions, it effectively discriminates them as a group from other
common metal ions, with detection limits around 200 nM [87].
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Figure 8. Simultaneous colorimetric detection of toxic metal ions using AuNP-based systems. (A) Schematic
representation of the interactions among metal ions, amino acids, and AuNPs. Reproduced with permission [84].
Copyright 2014, American Chemical Society. (B) Top: Colorimetric detection mechanism of Ba?*, Pb**, and Cd*
using crown ether-functionalized AuNPs. Bottom: UV—vis absorption spectra crown ether-AuNPs after the addition
of Ba?*, Pb?*, and Cd**. Reproduced with permission [86]. Copyright 2019, Royal Society of Chemistry.

4. Detection of Organic Molecules

AuNP-based colorimetric sensing has been successfully applied to the detection of organic molecules.
Reported systems include a wide variety of targets such as pesticides, fungicides, antibiotics, as well as food and
environmental contaminants like clenbuterol, azodicarbonamide, bisphenol A (BPA), formaldehyde, T-2 toxin,
and microcystin-LR.

4.1. Detection of Pesticides and Fungicide

Pesticides and fungicides are widely used in agriculture to protect crops from pests and diseases, but their
environmental impact is a growing concern. These chemicals can leach into soil and water sources, leading to
contamination that affects non-target organisms, including beneficial insects, aquatic life, and soil microbiota
[88,89]. Many pesticides persist in the environment, accumulating in the food chain and posing long-term
ecological and health risks. Excessive exposure to certain pesticides has been linked to neurological disorders,
endocrine disruption, and cancer in humans [90].

A colorimetric sensor array utilizing citrate-capped AuNPs enables the discrimination of organophosphate
pesticides (OPs) through their pH- and ionic strength-dependent interactions with citrate ligands (Figure 9A). OPs
induce AuNP aggregation via hydrogen bonding and electrostatic interactions, with their affinity for citrate
modulated by protonation or hydrolysis under varying pH conditions (4.5, 6.5, 9.0). Additionally, increasing ionic
strength (0, 5, 15 mM NaCl) weakens citrate stabilization, altering aggregation behavior and generating distinct
spectral response patterns for classification via hierarchical cluster analysis and LDA, with a detection range of
120400 ng/mL [91]. A ligand exchange-based mechanism offers an alternative approach for pesticide
discrimination, where pesticides containing thiol, amine, carbonyl, or nitrile functional groups replace citrate on
AuNP surfaces, leading to destabilization, aggregation, and a red-to-blue color shift. Detection is pH-dependent,
with acephate (346 nM), phenthoate (3.0 nM), and profenofos (600 nM) aggregating at pH 4; acetamiprid (0.624
nM) and chlorothalonil (375 nM) at pH 6; and cartap (17 nM) at neutral pH, demonstrating high selectivity and
applicability in water and food analysis [29]. Citrate-capped AuNPs have also been used to detect terbuthylazine
(TBA) and dimethoate (DMT) via distinct charge-based mechanisms. TBA, carrying a strong positive charge,
neutralizes citrate’s negative charge, inducing aggregation and a red-to-blue color change. In contrast, DMT
undergoes alkaline hydrolysis, producing negatively charged species that stabilize AuNPs, preventing aggregation
and resulting in a gray-to-red color shift (Figure 9B). This sensor exhibited high selectivity, with LODs of 0.3 uM
(visual) and 0.02 uM (UV-Vis) for TBA and 20 nM (visual) and 6.2 nM (UV-Vis) for DMT [92].
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A label-free colorimetric assay has been developed for the detection of prothioconazole. The thiocarbonyl
group in prothioconazole binds to AuNPs via Au-S interactions, while hydrogen bonding between prothioconazole
molecules induces nanoparticle aggregation, resulting in a wine red-to-royal purple color shift (Figure 9C). The
assay achieved a LOD of 0.38 pg/L under optimal conditions (pH 10, 1-min incubation, 0.15 M NaCl) and
demonstrated high selectivity with minimal interference from other compounds [93]. A simple and rapid
colorimetric sensor has been developed for the detection of tetramethylthiuram disulfide (thiram) based on the
anti-aggregation of AuNPs. The detection mechanism relies on 4-aminothiophenol-functionalized AuNPs, where
the thiol group anchors to the AuNP surface, and the amine group coordinates with Ag*, inducing aggregation.
However, in the presence of thiram, its strong binding affinity for Ag" captures the ions, preventing AuNP
aggregation and restoring the original red color (Figure 9D). This system enables naked-eye detection within
15 min, with a detection limit of 0.04 uM. The sensor demonstrates high selectivity against other pesticides and
metal ions and has been successfully applied to apple and soil samples [94].
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Figure 9. Colorimetric sensing strategies for pesticide and fungicide detection using AuNP-based probes. (A)
Diagram of a colorimetric sensor array and detection principle for OPs based on citrate-stabilized AuNPs.
Reproduced with permission [91]. Copyright 2016, American Chemical Society. (B) Schematic illustration of the
detection mechanism for TBA and DMT, along with the reaction equation of DMT under alkaline conditions.
Reproduced with permission [92]. Copyright 2018, Elsevier. (C) Prothioconazole-induced colorimetric response
of AuNPs. Reproduced with permission [93]. Copyright 2020, American Chemical Society. (D) Schematic
illustration of thiram detection using 4-aminothiophenol-functionalized AuNPs. Reproduced with permission [94].
Copyright 2022, Elsevier.

4.2. Detection of Veterinary Drug Residues

Clenbuterol, a strictly regulated growth promoter in livestock, can contaminate meat products and pose
serious health risks to consumers, including cardiovascular complications, and metabolic disturbances [95,96].

A rapid and selective colorimetric sensor for CB detection has been developed using cysteamine-modified
AuNPs. In this system, the thiol group of cysteamine binds to the AuNP surface, while the amine group remains
exposed, enabling hydrogen bonding interactions with the hydroxyl, chloride, and amine groups of clenbuterol.
These interactions induce AuNP aggregation, leading to a wine red-to-blue-gray color change, which is detectable
by naked-eye observation or UV-vis spectroscopy. This sensor achieves a detection limit of 50 nM, demonstrating
excellent selectivity against common food components [97]. Similarly, melamine-functionalized AuNPs have been
employed for CB detection, where hydrogen bonding interactions between CB and melamine trigger AuNP
aggregation, resulting in a wine red-to-blue color shift (Figure 10A). This method achieves an ultra-low detection
limit of 2.8 x 107" M, offering a highly sensitive and cost-effective approach for clenbuterol analysis [39].
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Figure 10. Colorimetric sensing strategies for CB and microcystin-LR using AuNP-based systems. (A) Left:
Schematic illustration of the detection procedure for CB using melamine functionalized AuNPs. Right: UV—vis
absorption spectra of AuNPs after the addition of CB of varying concentrations. Reproduced with permission [39].
Copyright 2012, Elsevier. (B) Schematic representation of the colorimetric sensing mechanism for the analytical
determination of microcystin-LR. Reproduced with permission [106]. Copyright 2015, Elsevier.

4.3. Detection of Antibiotics

Antibiotics enter the environment through pharmaceutical waste, livestock runoff, and wastewater discharge,
leading to contamination of soil and water systems [98,99]. Their persistent presence promotes the development
of antibiotic-resistant bacteria, posing serious risks to ecosystems and public health by reducing the effectiveness
of essential medical treatments [100].

Hydrogen bonding interactions are also utilized for antibiotic detection. Kanamycin, an aminoglycoside
antibiotic, contains multiple amino and hydroxyl groups capable of forming hydrogen bonds. To exploit this
property, AuNPs are functionalized with 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole (AHMT), where the thiol
group anchors onto the AuNP surface. Upon kanamycin addition, hydrogen bonding interactions between
kanamycin and AHMT facilitate nanoparticle aggregation, leading to a visible red-to-deep purple color shift. This
sensor achieves a detection limit of 0.004 uM, demonstrating high sensitivity and selectivity [101]. Another
approach to detect antibiotics is using aptamers. The AuNPs are first stabilized with aptamers in high salt condition
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while with the tetracycline (TET) and chloramphenicol (CAP), the antibiotics selectively bind to aptamers and this
binding reduces the aptamer’s ability to stabilize the AuNPs, leading to the detachment of the recognized fragment
and subsequent AuNP aggregation causing aggregation in high-salt conditions. The sensor demonstrates high
selectivity and sensitivity, achieving detection limits of 32.9 nM for TET and 7.0 nM for CAP [102].

4.4. Detection of Industrial and Natural Contaminants in Food and Water

Microcystin-LR is a potent hepatotoxin produced by cyanobacteria in contaminated water sources [103]. T-
2 toxin is a mycotoxin from Fusarium fungi, contaminating food and feed, causing immunotoxic and cytotoxic
effects [104]. Bisphenol A (BPA) is an industrial chemical used in plastics, acting as an endocrine disruptor with
potential health risks [105].

Aptamers can also be utilized for both natural toxins and chemical contaminants detection. In this approach,
aptamers first stabilize AuNPs in a high-salt environment, preventing aggregation. Upon introduction of target,
the aptamers selectively bind to their targets, undergo conformational changes, and detach from the AuNP surface,
triggering nanoparticle aggregation and a visible color shift (Figure 10B). This method enables the detection of
microcystin-LR (LOD: 0.37 nM) [106], T-2 toxin (LOD: 57.8 pg/mL) [107], and bisphenol A (LOD: 0.004 nM)
[108], demonstrating high sensitivity and specificity.

Azodicarbonamide (ADA), used as a food additive and dough conditioner, can contribute to environmental
pollution through industrial emissions and wastewater discharge, potentially forming harmful byproducts that
impact air and water quality [109]. ADA can be detected using an anti-aggregation mechanism. Unlike previously
introduced methods, GSH is used to induce AuNP aggregation post-synthesis. GSH binds to AuNP surfaces via
Au-S bonding, while its zwitterionic groups promote aggregation through electrostatic interactions. Upon
introduction of ADA, GSH undergoes oxidation, leading to thiol dimerization and the formation of glutathione
disulfide. This modification prevents GSH from cross-linking AuNPs, reducing aggregation and restoring the red
color. The sensor achieves a visual detection limit of 0.33 pM (38.3 ppb) and a spectrophotometric detection limit
0f 0.23 pM (26.7 ppb) [110].

4.5. Detection of Formaldehyde

Formaldehyde (HCHO) is a toxic environmental pollutant commonly released from industrial emissions,
building materials, and household products [111]. It poses serious health risks, including respiratory irritation,
allergic asthma, and increased cancer risk with long-term exposure [112].

An ultra-sensitive colorimetric sensor for HCHO was developed based on its ability to reduce Ag*, forming
Au@Ag core-shell nanorods. Ag® selectively deposits on the tips of AuNRs, where CTAB shields the sides,
increasing the aspect ratio and inducing a redshift in the longitudinal plasmon band accompanied by a visible color
change. The sensor achieves a detection limit as low as 6.3 x 107! g/mL, offering a rapid, label-free, and selective
method suitable for on-site environmental monitoring [32].

5. Colorimetric Sensors Beyond AuNPs

Although AuNPs are the most used plasmonic materials in colorimetric sensors, other plasmonic
nanoparticles, such as silver and copper nanoparticles (AgNPs and CuNPs), have also been explored. AgNPs
exhibit a color change from yellow to red upon aggregation and, like AuNPs, citrate-capped AgNPs have been
used to detect Ni?" via crosslinking-induced aggregation [113]. Similarly, GSH-capped AgNPs show Ni**-induced
aggregation behavior [114]. Green-synthesized AgNPs have also demonstrated detection capability for ions such
as Hg?", Pb?", and Zn?*' [115]. In the case of Cu, L-cysteine [116] and citrate-capped nanoparticles [117] have been
used for Hg?* detection. Together, AgNPs and CuNPs expand the colorimetric sensing toolkit beyond AuNPs,
enabling complementary detection strategies for environmental pollutants.

In addition to plasmonic nanosensors, other colorimetric sensing strategies have also been widely explored
for environmental pollutant detection. Intramolecular charge transfer transitions enable highly selective sensing
of Cu?*, resulting in a visible color change from yellow to blue [118]. Fluorescence resonance energy transfer
between donor and acceptor molecules allows for highly sensitive detection of Hg?*, accompanied by a shift
from greenish-yellow to orange [119]. Specific recognition between small-molecule ligands and various metal
ions enables distinct color responses for multimetal ion identification [120]. Fluorescence quenching between
Fe* and nitrogen-doped graphene quantum dots demonstrates excellent sensitivity and selectivity [121]. Metal—
organic frameworks with nitro-functionalized linkers also show promise as dual-mode sensors, exhibiting
luminescent turn-off or turn-on responses for MnO,~ and Hg?", respectively [122]. The synthesis routes and
detection mechanisms of these sensors vary significantly from system to system. In contrast, most AuNP-based

275



Mater. Interfaces 2025, 2(3), 261-284 https://doi.org/ 10.53941/mi.2025.100021

colorimetric sensors rely on aggregation-induced color change, with AuNPs serving as readily available and
tunable templates. Notably, many non-plasmonic colorimetric sensors incorporate fluorescence-based
detection, often requiring UV illumination for visual readout. In these systems, the design and synthesis of the
sensing molecule play a central role in performance. Additionally, non-plasmonic systems often produce a wider
range of color transitions, whereas AuNP-based sensors typically shift from red to purple (or vice versa). While
differing in mechanism and design, these sensor types offer complementary strengths, and integrating plasmonic
platforms with other colorimetric approaches may further enhance the performance and adaptability of future
sensing systems.

6. Summary and Outlook

AuNP-based colorimetric sensing has emerged as a powerful platform for the rapid, sensitive, and visual
detection of a wide range of analytes. This review highlights the diverse mechanisms underlying AuNP-based
colorimetric sensing, including aggregation-based strategies such as classical aggregation, anti-aggregation, and
ligand exchange, along with non-aggregation mechanisms like growth and etching, which alter the optical
properties of AuNPs through changes in size, shape, or surface composition. These approaches enable the
detection of various inorganic species, such as metal ions and anions, as well as organic targets, including
pesticides, antibiotics, industrial additives, and toxins. Table 1 summarizes the key sensing attributes of
representative colorimetric nanosensors, including analyte type, LOD, dynamic range, selectivity, response
time, and notable sensor characteristics. The strength of AuNP-based sensors lies in their simplicity, low cost,
and ease of interpretation via visible color changes without the need for sophisticated instrumentation.
Furthermore, the surface chemistry of AuNPs is highly adaptable, allowing selective recognition through
various chemistries and providing a flexible foundation for designing highly tailored sensing systems.

Despite significant advances, several practical challenges remain. While many sensing systems claim
selectivity, most studies still rely on simplified interference tests with metal ion mixtures, and only a few have
demonstrated reliable performance in complex sample matrices such as milk, urine, or paint extracts. Additionally,
although the visual nature of colorimetric sensing is appealing, quantifying subtle color variations remains difficult
without external instrumentation. Some approaches address this by incorporating smartphone-based RGB analysis,
UV-vis spectrometry, or even fluorescence and DLS—but these additions often compromise the simplicity that
makes colorimetric methods attractive in the first place. Lowering the detection limit has been a major focus, with
aptamer-based sensors showing impressive sensitivity. However, the high cost and structural complexity of DNA-
based components limit their widespread application.

Looking ahead, more efforts should focus on bridging the gap between laboratory demonstrations and real-
world usability. Many studies still lack rigorous validation in real sample matrices, and reproducibility is often
underreported or unsupported by statistical analysis. While colorimetric methods are valued for their simplicity,
consistently and quantitatively interpreting color changes remains challenging. Current strategies using RGB
values or UV-vis absorbance ratios can be inconsistent or dependent on lighting and instrumentation. To address
this, incorporating hue-based color models could provide a more standardized approach to quantifying visual
responses [24]. Future work should emphasize developing robust, low-cost, and user-friendly analysis tools—such
as smartphone apps with hue extraction—and validating sensor performance under practical conditions.

Overall, AuNP-based colorimetric sensing remains a dynamic and evolving field with broad potential across
environmental monitoring, food safety, and beyond. Realizing its full potential will depend on continued
innovation in surface chemistry, signal quantification, and device integration—ultimately paving the way for
practical, on-site, and user-friendly sensing solutions.
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Table 1. Key sensing attributes of representative sensors.

Refs. Analytes LOD Dynamic Selectivity Over ResP OS¢ Features/Limitations
Range Time
2+ 2+ 2+ 2+ 12+ 2+ 2+
[41] Pb?* 0.1uM  100nM—4pm Me > Ca, Mo, g;z NiT, Cu™>Zn", 51 Long incubation time
[42] Pb>* 04uM  042uM  Co*,Zn¥, Cd, Mn¥, Ni¥", Ca*, Mg?* 10min 1180 ZZ‘;Z:;VO‘;Y fast
pH 7.2: 3nM pH 7.2: 3 nM-— " P N S " . s )
[30] Pb> pH55:120 12 uMpH 5.5 2% > Mn™, Co™, E;’z; Cd™, Ca™, Mg™, ¢ in  High frffxlﬁyl;slabel
nM 120 nM-20 uM
£ RN 2+ 2% Qadt (g 6F 5+ PR,
[25] Pb2 18 uM 18-100 uM Zn”", Ni*", Cu™", Mg™, Se*", Cr*", As™", 0 min Low sensitivity; fast
H " Hg*', Fe*', AP', Ca®*, Li', Sn*", Cd** response
2+ 2+ 2+ 12+ 2+ 2+ 2+
[35] Pb** 100 nM 0.1-50 pM He™ lﬁizf ?;zj Ig:izi %‘;25 (é(;}ﬁ Ca”, 0 min Fast response
Mg*, Ca®', Hg?", Mn*', Fe**, Cu?*, Ni** . High sensitivity (DLS-
2+ - H] s s > > s >
[36] Pb 100 ppt ~ 100-25,000 ppt Co*. Zn™, Cd>* 20 min enabled)
Li*, Na", K*, Mg?", Ca?*, Sr**, Ba®", Mn*", . e
[54] Pb>* 10nM  10-1000nM  Fe, Fe™, Co®', Ni*, Au™, Cu®*, Zn®, 20 min 1Hgh sensitivity; broad
Cd¥, Hg™, Pb* selectivity testing
[45] Pb>* 020pM  BOMEMLI2S N b Mg Ca?, Zn?, Fet Smin LW sensitivity and
png/ml selectivity
Ag', A, Ca*', Cd*, Co?**, Cr*, Cr*,
[55] Pb** 16.7 nM 0.5-8uM  Cu*, Fe¥, Fe*', Hg*', Mg?, Mn*, Ni*Y, 10 min High sensitivity
Pb2+’ Zn2+
K*, Cu*', Mn*", Zn*", Mg*, Na*, Hg*", High sensitivity via
[58] As* 1.8 ppb 4-100 ppb Fe*, Fe ¥, Ca®, Ni**, Pb**, Cd*", Cr**, 6 min dialyzed citrate-Au
Al3+, ASS+, CH4AsNa03, (CHg)zASOzH NPs
" B St B2t 2t TT2% 42t wr2b 2t . Green synthesis with
[59] As 0.53 ppb 1-114 ppb As*", Pb*", Co*", Hg*", Cd*", Ni*", Cu 5 min
. bl bl bl bl b b glucose
Fe¥, Co*, Ni*", K*, Na*, Mg, Ca** RGB quantification;
3+ _ > > > > > > > >
[37] As 0.12 ppb 0.12-1 ppb Cu?', He', Pb?* lh narrow range
[38] As™, As?* 2.5ug/L  0.25-20 pg/L Cu*, Ni**, Co*', Ca?*, Mg*', Na* N/A As>" detection
Mode D: 0.57Mode D: 2-240 Pb**, Ag*, Fe**, Zn?*, Cd**, Cu*', Ni**,
[27] As** ppb Mode A: ppb Mode A: Cr**, Bi**, K*, Na', Mg?", AP*, Ba’*, Sn*", 35 min High sensitivity
0.41 ppb 2-40 ppb Ca’", As**, CH;AsNaO;, (CH;),As0,H
2+ 2+ 2+ 2+ 2+ 2+ 12+
[26] Hg*" 2.8nM  5nM-1000 nM Cd, MCgr“’ %?12: ir;zj }1:23+’ I\N/[; » NI, Smin  Broad dynamic range
2+ 2+ 2+ 2+ 2+ + 2+
[28] Hg* 50 nM 25-750 nM Co™, Mn”, Pbc{lSaNifd e, Zn, 40 min Long incubation time
[62] Hg** 0.15nM_ 0.25-500 nM__ Zn?>*, Mg?’, Cu*', Mn*', Cd**, Ni*', Pb** 3 min High sensitivity
Hg?:10 nM—
Hg*: 10 nM 24 pR2t 2+ 2+ 2 Qa2+ 72+
[63] Hg*', CH;Hg' CH;Hg":15 ISuM - Cd™, Pb™, Mg™, Mn™, Co™, Ba™, Zn™, 5 i CHyHg' detection
M CH;Hg™:15 Ag
nM-0.8 uM
[64] Hg** 5uM N/A Cu*, Zn*', Co*', Mg*', Ni**, Ba* 20 min Low sensitivity
. Low sensitivity; fast
2+ 3+ 2+ + 2+ 2+ 2+ >
[34] AP 1 uM N/A He™, FeM=nEf1 éoﬁg l;bcz? Allil 207 Omin  response; Sb*/Cr
i ’ ’ interference
+ 2+ 2+ 2+ 2+ 22+ 2+
[67] AP* 0.81 uM 1-3.5 uM /ngn£+MCg dzxcgg;fvggzz CFZZ 1};1;3 813 1 min  Narrow dynamic range
K', Ag’, Na', Ba®*, Cd*', Ca?*, Cu®', Pb*,
[68] AP 1.15 uM 1.15-12uM  Mn*, Mg*, Hg*, Ni*’, P£**, Sn*", Zn**, 1 min Low sensitivity
A13+, C03+, Cr 3+, Au3+, Fe3+
Ag', Cd*, Co*, APY, Cr**, Cu?!, Fe* Relatively high
3+ - B > > > 5 > 5
[69] Al 0.29 uM 9-23 M Hg*, Mg, Mn*", Ni*", Pb*", Ba®*, Zn*" 10 sensitivity
++ + + 2+ 3+ 2+ 2+ 2+
[71] Cs* 19 uM 19-70um  HoNELK 1\?12—11 K ‘;(1) _;,Mcnl,’ FesMg™ »3min Low sensitivity
4 bl 4 5
2+ 3+ 2+ 2+ 2+ 2+ 12+
[73] Ag sonM 100-4000nM  C4- e C/;’P; 1\2122 gt‘:z; Com NI 10min  High sensitivity
K', Na*, Mg** ,Ca” ’Al” Co?*, Ni?*
[75] TI 3.2nM 0.01-0.6 M Mn?*', Cu?**, Zn*", Fe*', Cr**, Cd*, Ag", 10 min High sensitivity
2+ 2+
Pb*’, Hg
Ce3+, Pr3+, Nd3+’ Sm3+, Eu3+, Gd3+’ Tb3+’
[78] Sc?* 0.02 yM 0.1-3 uM Dy*', Ho’", Er**, Tm*', Yb**, Lu**, Y**, 1 min Narrow dynamic range
La3+
CI', Br, BrO;*, C¢Hs0;,7, NO;~, CO5%,
PO, F, SO:™, 8,05, SO, ClOy,
[81] CN 0.1uM  0.1-50uM  CH,COO, Li, Mg>, K, Ca>*,Cr¥*,  30min  High selectivity
Mn2+7 Fe2+7 C02+, Ni2+, Cu2+’ Cd2+, Zn2+’
Hg2+, Pb2+
NO;~, SO4%, PO4, Ac™, Br, SCN',
[31] NO; 4 uM 1.0-15.0 M ClOy4, S*, Cu*', Pb**, Mg?", Hg?", Cd**, 10 min Narrow dynamic range
Zn2+’ A13+’ an*, Ag*, Cr3+
Pb%, Hg?*:2 . Multi-metal-ion
24 24 Fadt PRt AP+ > + 2+ 2+ 2+ N2t ot +
[84] Hg™, CdC:lf*eC’rEb AL uM Fe3*:10 2-50 uM Ag’, Ca™, Zn7, C‘;e;}\]‘ S, K Na, 15min  discrimination; Low
’ uM sensitivity
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Table 1. Cont.

Refs. Analytes LOD Dynamic Selectivity Over ResP OS¢ Features/Limitations
Range Time
Ti4+’ Cr3+ Mn2+’
Pb**: 100-900
4+ 3 2+ PRt Qpét nM
3+ n*:100— min o selectivity testing
(85] Ti*, Cr'*, Mn*", Pb*", Sn*", 100 nM for Sn**:100-1000 N/A 20 mi No selectivi .
Fe all
nM
Fe**:100-800
nM
Ba": 0.02-22
Ba?": 20 nM c dz*P'l ]\(;[ 00— NH,", SO, CO;*, PO, AP, Zn*', Cs”, Cannot differentiate
a :20n , K", Li", Fe’', Fe’", Na', Mg*", Cu™", min individual cation; hig|
[86] Ba? Cd* Pb** Cd**: 20 nM 16 M Rb*, K*, Li*, Fe**, Fe?', Na*, Mg?", Cu*’, 20 min individual cation; high
Pb*": 50 nM Pb2+'l(L) 05— Ni%*, Ca®*, Mn?*, Co?*", Cr** sensitivity
10uM
0.65 ppm N Tt T2k e T3 At Troas Pb** vs Cu?* color
[40] Pb¥, Cu?* Cu2* 10.0 N/A L‘C;Eaz’nli ’ ggp’lﬁ/{i ’Sfji (’:Si ’}i% > N/A different; range not
ppm Pb* ’ ’ T e ’ reported
7 (a2t A2t 2 Radt 2+ 2+ - -
[87]  Hg Pb¥ Cu*  200nM forall 02-1um D% »CaCd f\fé? s o MELMIT, g Ca&%‘;i?&iirf;im
. AM: 80-400
Azinphosmethyl (AM) AN(I:'}Z ?%gmL ng/mL CP: 12—
Chlorpyrifos (CP) ©op. 4 800 ng/mL FP: carbaryl, carbofuran, methiocarb, . .
g ng/mL FP: 7 S 1 . . . Simultaneous detection
[91] Fenamiphos (FP) ne/mL PM: 80-400 ng/mL pirimicarb, imidacloprid, thiamethoxam, 10 min and discrimination
Pirimiphosmethyl (PM) 3 Ogn JmL P'S_ PM: 40-800 tebuconazole, propiconazole ¢ °
Phosalone (PS) 37gn mL " ng/mL PS: 40—
g 320 ng/mL
AC:346x  AC:10-900
107MPT: uM PT: 0.01—
3.0x10°M 1.50 uM PF:
Acz’gﬁitgrg‘?g{)?f:?g;‘;ate PF:6.0x 107 1.0-200 M Na', K, Cu*, Zn®", Cd®, Fe?*, M,
[29] Acetamiprid (AP) M AP: 6.24 x AP: 0.001-0.15 Mg?*, Ba*', Cr**, Fe**, AP, CI,1,Br, 5 min High selectivity
P 10°MCT: pMCT: 1.0— NOs~, SO,2, Cry07>
Chlorothalonil(CT)Cartap 375x107M 1000 uM
Cartap: 1.7 x  Cartap: 0.05—
108 M 1.50 pM
TBA:0.02 TBA:0.1-0.9 Broad sclectivit
[92] TBA, DMT uM DMT: uM DMT: 1-40 30 kinds of environmental pollutants 5 min . y
testing
6.2 nM nM
prothioconazole-desthio, fluxapyroxad,
. 1.33-19.99 fluazinam, azoxystrobin, metconazole, . High sensitivity; fast
(93] Prothioconazole 0.38 ng/L ng/L pyraclostrobine, methoxone, I min response
diflubenzuron and cyazofamid, thiodicarb
ethametsulfuron, diniconazole,
. thiophanate, gibberellins, dinotefuran, . Low sensitivity, narrow
(941 Thiram 0.04 M 0.05-2.0 M 2mercaptobenzothiazole, nereistoxin 12 min range
oxalate.
alamime, phenylalanine, glycerol, vitamin, Low sensitivity. narrow
[97] CB 0.05 uM 0.05-1 uM threonine, urea, cysteamine, glucose, 15 min ran ey’
glycine, NaCl, CaCl, &
. DL-epinephrine, phenylalamine
10_ s 5
[39] CB 28x10"M 2'8; 1100,5 Ml 4 tryptohan, alamine, uric acid, glycine, 2 min Broargsﬁgf:é flast
glycerol, glucose, MgCl,, CaCl,, NaCl
[106] Microcystin-LR 0370M 0.5 0M-7.5 uM acetaminprid, glyphosate, dylox, atrazine, 15 min Broad dynamic range,
y ) ) K clofentezine high sensitivity
. . Broad dynamic range
. 0.1 ng/mL— aflatoxins B1, ochratoxin A, zearalenone, . . DI >
[107] T-2 toxin 57.8 pg/mL 5000 ng/mL fumonisin B 40 min hlgilrllcssgzgl)\gtt}i/;rizng
. . . L Broad dynamic range,
[108] Bisphenol A 1 pg/mL O.OI?gl/;nli)OO bisphenol B, bLsiEEEZELICA%IPhGHOIIC acid, 40 min  high sensitivity, long
incubation time
. . . Short dynamic range,
[110] Azodicarbonamide 0.23 uM 0.12 uM-1.00 - dibenzoyl peroxide, potassium bromate, 2h low selectivity, long

uM cysteine

incubation time
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Abstract: In this study, a temperature-

responsive polymer network was successfully .~ . v, s

synthesized by using a 4-arm star-shaped N A Yo oelomer, ¥ S am
polyethylene glycol (PEG) derivative as an R % S

initiator and polymerizing N-

isopropylacrylamide (NIPA) as a secondary it - -y
acrylamide. The resulting star-shaped block . P

copolymer was used as a building block to . o /éﬁ

prepare a polymer network. Detailed analysis ) C P . 4 T 8 ﬁ ; Z 7 . 7
of the polymerization process (including SEC 2 N ( ' bz 2 \B
and 'H NMR) confirmed the successful X ’ £ 4
synthesis and high control over the star-shaped S SR \ " N N T

block copolymer structure. The obtained star- et

shaped block copolymer was crosslinked under semi-dilute conditions via a click reaction, in which the hydrophilic
PEG was incorporated in an ordered manner into the poly(N-isopropylacrylamide) (PNIPA) network. This network
exhibits a lower critical solution temperature (LCST) behavior at 32.5 °C in water. The introduction of PEG led
to unique properties, such as volume shrinkage upon heating while maintaining optical transparency, due to the
effective suppression of phase separation within the network. This advancement overcomes the limitations of
conventional PNIPA-based gels and expands their potential applications in optical sensors, actuators, and
biomedical devices. The results highlight the promising applications of this polymer network in the development
of advanced smart materials.

Keywords: temperature-responsive polymer gel; LCST; star-shaped block copolymer; click chemistry; optical
transparency

1. Introduction

Polymer systems that exhibit a sharp change in solubility due to significant alterations in their interaction
with solvents upon temperature changes have been extensively studied. In systems where the polymer does not
dissolve at low temperatures but dissolves at high temperatures, the upper critical solution temperature (UCST) is
observed [1,2], which intuitively correlates with the temperature-dependent solubility changes of typical
substances. On the other hand, there are also systems that dissolve well at low temperatures but fail to dissolve at
higher temperatures, which are classified as polymers exhibiting the lower critical solution temperature (LCST)
[3,4]. Such systems are often observed in structure-forming solvents like water or ionic liquids [5].
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Among polymers that exhibit LCST behavior in water, poly(N-isopropylacrylamide) (PNIPA), which
consists of N-isopropylacrylamide (NIPA), has been the most studied [6]. PNIPA shows an LCST of about 32 °C
in water, and its crosslinked gel, which consists of polymer chains forming a network, exhibits reversible swelling
at low temperatures and contraction at high temperatures due to temperature-dependent interactions in water. This
temperature responsiveness has led to extensive research into the application of PNIPA gels in sensors [7], catalysts
[8], drug delivery systems [9], and actuators [10,11]. Although certain applications have shown promise, issues
such as the slow rate of volume change of the gel remain a challenge, preventing widespread commercialization.
Specifically, the very slow contraction rate and optical turbidity of the gel due to network phase separation prior
to contraction can pose practical problems [12]. Polymer gels that undergo large volumetric changes in response
to environmental stimuli can transiently enter thermodynamically unstable states under certain conditions. In such
cases, the polymer chains within the network may phase-separate into aggregated and expanded domains (Figure
1). This results in the formation of refractive index fluctuations on the scale of visible wavelengths within the
polymer network, leading to strong light scattering and macroscopic turbidity. Moreover, returning from the
unstable state to the thermodynamically stable state can take a considerable amount of time, significantly slowing
the gel’s response. Such turbidity and delayed responsiveness can impair the performance or functionality of
devices such as optical sensors, actuators, and biomedical systems. Therefore, it is essential to develop strategies
for material design or structural control that can suppress or prevent these undesirable phenomena. To improve the
contraction rate, methods such as introducing pores into the gel [13] or incorporating dangling chains that are not
crosslinked at one end [14,15] have been explored. However, these methods still face the challenge of the gel
losing optical transparency due to network phase separation during contraction. Therefore, if a gel can be obtained
that contracts rapidly while maintaining optical transparency, it would have great potential for applications in
optical sensors and other devices.

a) (7 b)

3

Figure 1. Conceptual diagrams showing the difference in the network structure of NIPA gel obtained from
conventional free-radical polymerization, which is (a) fully swollen at low temperatures in water and (b) phase
separated near the transition temperature: It segregates along regions with sparse and dense network densities, and
the difference in refractive indices between these regions scatters visible light, making it appear white.

We have previously synthesized block copolymers by combining temperature-responsive PNIPA obtained
through living polymerization with polymers that dissolve in water over a wide temperature range, and have
explored a method of obtaining polymer networks by crosslinking their ends under appropriate conditions [16,17].
For example, after synthesizing a 4-arm star-shaped PNIPA, N,N-dimethylacrylamide (DMA), which dissolves in
water over a wide temperature range, was polymerized, and the star-shaped block copolymer was crosslinked
under appropriate conditions to successfully form a polymer network [18,19]. In this system, excess amounts of
the crosslinking agent methylene bis-acrylamide (BIS), commonly used for gel preparation, were employed for
crosslinking the star-shaped block copolymers, resulting in the formation of particles derived from BIS between
the star-shaped block copolymers, as revealed by small-angle X-ray scattering (SAXS). The influence of these
BIS-derived particles on the gel’s properties is currently being investigated, but to accurately understand the
behavior as the polymer network with an ordered structure made from the block copolymers mentioned above, it
is desirable to prepare a system without the presence of BIS-derived particles. Furthermore, in order to achieve a
high degree of functionality in polymer chain end-group transformations using halogenated alkyl groups, it is
necessary to stabilize the halogenated chain ends during polymerization. In block copolymerization using
acrylamide derivatives, it is known that the disappearance of halogenated terminal groups is significantly greater
for tertiary acrylamides than for secondary acrylamides. This is due to the increase in electron density of the amide
group, which results in increased alkyl substitution on the nitrogen atom, promoting the cyclization reaction of the
halogenated terminal groups and leading to faster termination and the disappearance of active polymer chains.
Unfortunately, polymerization using copper complexes makes it difficult to effectively activate these unstable
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species, inhibiting the transformation or substitution reactions of the halogenated terminal groups. This complexity
makes polymerization control difficult and hinders the desired terminal group modification. Therefore, when
synthesizing block copolymers, it is preferable to choose secondary acrylamide derivatives like NIPA, as reactive
halogenated alkyl groups will remain at the polymer chain ends, allowing for subsequent modification and the
introduction of new polymer structures [20].

If structural challenges and synthetic inconveniences of the polymer network can be avoided, it will be
possible to prepare polymer networks with a more ideally ordered structure. In this study, we used a derivative of
a tetrafunctional star-shaped polymer made from polyethylene glycol (PEG), which exhibits hydrophilicity over a
wide temperature range, as the initiator, and polymerized NIPA as a secondary acrylamide to synthesize a star-
shaped block copolymer. Furthermore, under appropriate network formation conditions, we coupled the ends of
this star-shaped block copolymer through a click reaction, introducing hydrophilic PEG into the structure of the
PNIPA exhibiting LCST in an ordered manner. As a result, the obtained gel was shown to maintain optical
transparency while undergoing volume reduction upon an increase in temperature.

2. Experimental Part

2.1. Materials

The 4-arm star-shaped polymer consisting of polyethylene glycol (PEG) chains, with amino groups at the
ends and an average molecular weight of 2000 (4-ArmPEG-Amine), was purchased from Funakoshi
(Manufacturer: Biopharma PEG Scientific, Watertown, MA, USA). 2-Chloropropionic Acid, 4-(4,6-Dimethoxy-
1,3,5-triazin-2-yl)-4-methylmorpholinium Chloride (DMT-MM), Lithium bromide (LiBr), 5,6,11,12-
Tetradehydrodibenzo[a,e]cyclooctene (DIBOD), and dibenzocyclooctyne-amine (DBCO-Amine) were purchased
from Tokyo Chemical Industry Co., Ltd., Tokyo, Japan. Methanol (MeOH), chloroform, N,N-dimethylformamide
(DMF), tetrahydrofuran (THF), acetonitrile, hydrochloric acid (HCI), copper(I) chloride (CuCl), and sodium azide
(NaN3) were purchased from Kishida Chemical Co., Ltd., Osaka, Japan. DMF used as a synthetic solvent was
purified by vacuum distillation. CuCl was dissolved in concentrated hydrochloric acid, and the resulting solution
was dropped into water. The precipitate was purified by suction filtration and drying. N-isopropylacrylamide
(NIPA) was obtained from KJ Chemicals, Tokyo, Japan and tris(2-dimethylaminoethyl)amine (MesTREN) was
provided by Mitsubishi Chemical, Tokyo, Japan. Both were purified by recrystallization and vacuum distillation.
Ultrapure water was obtained by purifying tap water using a Direct-Q system (Merck) (resistivity 18.2 MQ-cm).
Ion-exchange water was obtained using a G-5C cartridge-type water purifier purchased from Organo, Chiba,
Japan. Pentaerythritoltetra(2-chloropropionate) (PETCP) was synthesized on request by Tokyo Chemical Industry
Co., Ltd., Tokyo, Japan.

2.2. Synthesis of Initiator from 4-ArmPEG-Amine

An amide condensation reaction using DMT-MM was employed to synthesize a 4-arm initiator containing
PEG chains. 0.48 g of 4-ArmPEG-Amine, 145 pL of 2-Chloropropionic Acid, 0.93 g of DMT-MM, and 90 mL of
MeOH were added to a 300 mL round-bottom flask, which was wrapped with aluminum foil to shield it from light.
The synthetic scheme is shown in Figure 2, Step 1. The mixture was stirred at room temperature for 24 h. After
stirring, the solvent was removed using a rotary evaporator. The crude product was purified by silica gel column
chromatography (CHCl3/MeOH = 2:3), yielding a viscous liquid (192.5 mg, 41% yield). The resulting sample was
dissolved in CDCl; and analyzed by '"H NMR.

2.3. Synthesis of End-CI 4-Arm PEG-b-PNIPA

The 4-arm initiator containing PEG chains obtained in Section 2.2 was used to synthesize end-Cl 4-arm star-
shaped PEG-b-PNIPA by living radical polymerization of NIPA. First, 1.84 g of NIPA and 192.5 mg of the 4-arm
initiator were placed in a 200 mL round-bottom flask, and 5.61 mL of DMF was added under a nitrogen atmosphere
in a glove box. The flask was sealed with a septum, removed from the glove box, and 3.44 mL of ultra-pure water,
previously purged with nitrogen, was added using a syringe. Next, nitrogen bubbling was performed for more than
30 min at room temperature to prepare the monomer solution. Then, 29.3 mg of CuCl was placed in a 100 mL
round-bottom flask, and 79.2 uL of MesTREN was added under nitrogen in a glove box. The solution was
immersed in an ice water bath (4 °C) and stirred for 1 h to decompose the copper catalyst. The prepared monomer
solution was then added via syringe (10.29 mL) under nitrogen flow, and the reaction was stirred at 4 °C for 120
min. The final monomer concentration in the reaction solution was 1.2 mol L', and the volume ratio of DMF to
water was 1:1, with a molar ratio of CuCl:MesTREN:NIPA:initiator = 4:4:200:1. The synthetic scheme is shown
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in Figure 2, Step 2. During the polymerization, a small sample of the reaction solution was withdrawn using a
syringe, and the polymerization was stopped by continuously blowing air for approximately 1 min. The sample
was analyzed by '"H NMR and SEC to monitor the progress of the reaction. The sample was dissolved in acetone-
de for "H NMR analysis. The remaining polymerization solution was diluted with THF and purified using a silica
gel column to remove the copper catalyst. After catalyst removal, the solution was concentrated using a rotary
evaporator. Dialysis was performed using a Spectra/Por6® Dialysis Membrane (MWCO: 1000) for 2 days in
methanol, followed by 3 days in ion-exchange water. After dialysis, the product was lyophilized using a freeze
dryer (FDU-1200, TOKYO RIKAKIKAI CO., LTD., Tokyo, Japan) to obtain a white solid. The final sample was
dissolved in SEC elution solvent, filtered through a Millex-LCR 13 mm membrane filter (pore size 0.45 um), and
analyzed by SEC. The sample was also dissolved in acetone-d¢ for 'H NMR analysis.
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Figure 2. Synthesis of 4-ArmPEG-PNIPA with azide group at the end, Step 1: Synthesis of 4-arm initiator
containing PEG, Step 2: Synthesis of end-Cl 4-arm star-shaped PEG-b-PNIPA, Step 1: Terminal azidation of
tetrabranched PEG-b-PNIPA.

2.4. Synthesis of End-N; 4-Arm Star-Shaped PEG-b-PNIPA

Referring to previously reported procedures, a 4-arm star-shaped PEG-b-PNIPA with an azide group at the
end was synthesized [16—18]. The polymerization of NIPA was carried out using the same method as in 2.3, and
after 80 min, 0.29 g of NaN3 dissolved in 1.55 mL of ultrapure water was added to the reaction solution (1.03 mL).
The mixture was stirred at room temperature for 24 h. The synthetic scheme is shown in Figure 2, Step 3. The
reaction solution was diluted with THF, and the copper catalyst was removed by silica gel column chromatography.
Dialysis was performed using a Spectra/Por 6® Dialysis Membrane (MWCO: 1000) for 2 days in methanol,
followed by 3 days in ion-exchange water. After dialysis, the product was lyophilized to obtain a white solid. The
final sample was analyzed by 'H NMR (acetone-ds) and infrared spectroscopy.

2.5. Azidation Reaction Efficiency of End-N3 4-Arm Star-Shaped PEG-b-PNIPA

The azide content of the end-N3 4-arm star-shaped PEG-b-PNIPA synthesized in 2.4 was quantified. 97.5 mg
(5.0 x 10~ mmol) of the end-N3 4-arm star-shaped PEG-b-PNIPA was placed in a 10 mL round-bottom flask with
a magnetic stirrer. Anhydrous acetonitrile (1.5 mL) and 3.6 mg of DBCO-amine were added in a nitrogen
atmosphere and stirred at room temperature for 24 h. Dialysis was performed using a Spectra/Por 6® Dialysis
Membrane (MWCO: 1000) for 1 day in methanol, followed by 2 days in ion-exchange water. After dialysis, the
product was lyophilized to obtain a white solid. The final sample was analyzed by 'H NMR (acetone-de) and
infrared spectroscopy.

2.6. Synthesis of End-N3 4-Arm Star-Shaped PNIPA

For comparison, end-N3 4-arm star-shaped PNIPA was synthesized from PNIPA only, following a previously
reported procedure [17]. PETCP was used as the initiator for the 4-arm structure.
2.7. Preparation of PEG-b-PNIPA Gel via End-to-End Huisgen Cycloaddition of End-Ns 4-Arm Star-Shaped
PEG-b-PNIPA

To prepare a gel from end-N3 4-arm star-shaped PEG-b-PNIPA, the conditions for achieving a semi-dilute
state of the polymer in a good solvent were investigated by dynamic light scattering (DLS) measurements
(described later). End-N3 4-arm star-shaped PEG-b-PNIPA was dissolved in acetonitrile to prepare solutions with
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volume fractions @ = 0.08, 0.12, and 0.16. The mixture was treated with ultrasonic waves for 30 min and allowed
to stand overnight. DIBOD, in a stoichiometric amount (2 equivalents to end-N3 4-arm star-shaped PEG-b-
PNIPA), was then added, and the mixture was stirred for about 1 min until fully dissolved. It was then left at room
temperature for at least 3 days to form the gel. A similar method was used to prepare the PNIPA gel from end-N;
4-arm star-shaped PNIPA.

2.8. Proton Nuclear Magnetic Resonance ('H NMR) Measurement

Measurements were performed using a 400 MHz NMR (JEOL, Akishima City, Japan). Acetone-ds (Kanto
Chemical, Tokyo, Japan) and chloroform-d1 (Kanto Chemical), each containing 0.03% (v/v) TMS as the internal
standard, were used as solvents. The number of scans was set to 16.

2.9. Size Exclusion Chromatography (SEC) Measurement

2.9.1. For PEG-b-PNIPA Systems

SEC measurements were performed using an ultraviolet detector (UV-41, Shodex, Kyoto, Japan) and a
differential refractive index detector (RI-101, Shodex, Kyoto, Japan). The columns used were DS-4 (Shodex) and
THF solvent columns KF-803L and KF-804L (Shodex) connected in sequence. The UV detector was set to a
measurement wavelength of 254 nm. Molecular weight and molecular weight distribution were calculated from
the calibration curve prepared using polystyrene standards.

2.9.2. For PNIPA Systems

The measurements were conducted using a SHIMADZU LC-20AD pump, SIL-20AHT autosampler, RID-
10A differential refractive index detector, and CTO-20A temperature controller. The columns used were Shodex
KW-G 6B (guard column), KW-804 (two columns), and KW-802.5 (two columns) connected in sequence. LiBr
was dissolved in DMF at a concentration of 5 mmol L™! and stirred overnight, and the resulting solution was used
as the eluent. The system was stabilized for approximately 3 h under the measurement conditions, with a flow rate
of 1.0 mL/min and an oven temperature of 40 °C. The molecular weight and molecular weight distribution were
calculated based on a calibration curve created from measurements of polymethyl methacrylate standards.

2.10. Infrared Absorption Spectroscopy (IR) Measurement

The measurements were conducted using a Fourier-transform infrared spectrometer, NICOLET iS50
(Thermo Scientific, Waltham, MA, USA). The scan was performed 32 times with a data interval of 0.482 cm ',
and the analysis was done using OMNIC software (Spectra Version 2.2). The measurements were carried out using
the KBr pellet method, where approximately 1 mg of the sample and 100 mg of KBr were finely ground in an
agate mortar, placed in a pellet mold, and pressed using a small hydraulic press (Specac, Orpington, UK).

2.11. UV-Vis Transmittance Measurement

End-Cl 4-arm star-shaped PNIPA and end-Cl, N3 4-arm star-shaped PEG-b-PNIPA were dissolved in
ultrapure water to prepare 1 wt% sample solutions. The sample solutions were placed in a 1 cm path length quartz
glass cell and maintained at 20 °C in a water-cooled Peltier unit. The temperature was increased from 20 °C to 50
°C, and the transmittance changes were observed (heating rate of 0.5 °C/min, observation wavelength of 500 nm).
Data were collected at intervals of 0.2 °C.

2.12. Dynamic Light Scattering (DLS) Measurement

The DLS measurements were conducted using a Zetasizer Nano ZS from Malvern, Malvern, UK (He-Ne ser,
beam wavelength 633 nm). The measurements were performed at a scattering angle of 173° and at 25 °C, with 12
measurements over a 10 s period.

2.12.1. DLS Measurement of End-N3 4-Arm Star-Shaped PEG-b-PNIPA in Various Solvents

End-N; 4-arm star-shaped PEG-b-PNIPA was dissolved at 1 wt% in 1.5 mL of MeOH, DMF, THF, and
acetonitrile to prepare four different solutions. After ultrasonic treatment for 30 min, the solutions were left to
stand overnight. Each polymer solution was filtered through a 0.45 pm membrane filter (Millex-LCR 13 mm), and
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1-1.5 mL was injected into the measurement cell. DLS measurements were performed, and the scattering intensity
was measured 12 times.

2.12.2. DLS Measurement of End-N3 4-Arm Star-Shaped PEG-b-PNIPA

Various amounts of end-N3 4-arm star-shaped PEG-b-PNIPA were weighed and dissolved in 1.5 mL of
acetonitrile to prepare solutions with volume fractions @ = 1.6 x 103 to 0.200. After 30 min of ultrasonic treatment,
the solutions were left to stand overnight. The obtained polymer solutions were filtered through a membrane filter
(Millex-LCR 13 mm, pore size 0.45 pm), and 1-1.5 mL was injected into the measurement cell. DLS
measurements were conducted, and the scattering intensity of each solution was measured 12 times. Additionally,
for end-N; 4-arm star-shaped PNIPA, solutions of varying concentrations were prepared using the same method,
and the scattering intensity was evaluated through DLS measurements.

2.13. Small-Angle X-ray Scattering (SAXS) Measurement

SAXS measurements were conducted to analyze the network structure of PEG-b-PNIPA gels at the BLOSXU
beamline in SPring-8 (Hyogo, Japan). The prepared gels, swollen in either water or acetonitrile, were irradiated
with X-rays of 0.1 nm wavelength. The scattered X-rays were detected using a PILATUS3S IM detector
(DECTRIS Ltd., Baden, Switzerland) positioned at a sample-to-detector distance of 3.9 m.

2.14. Gel Swelling Degree Test

2.14.1. Equilibrium Swelling Degree in Water and Acetonitrile

PEG-b-PNIPA gels synthesized at three different concentrations (@ = 0.08, 0.12, 0.16) were prepared inside
capillaries with an inner diameter of 1.1 mm. The gels were soaked in MeOH for several days to remove unreacted
substances, then equilibrated in acetonitrile and pure water. The gel diameter, D, was measured using a digital
microscope (VHX-X1, Keyence, Osaka, Japan), and the swelling degree was calculated using the following
formula:

Swelling Degree = D/D, €))

, where Dy is the initial diameter of 1.1 mm, and D is the diameter after solvent exchange.

2.14.2. Temperature Dependence of Equilibrium Swelling Degree

PNIPA gel (initial concentration @ = 0.1) and PEG-b-PNIPA gel (initial concentration @ = 0.08) were
synthesized as cylindrical gels inside capillaries with an inner diameter of 1.1 mm. After soaking the gels in MeOH
for several days and further soaking them in pure water for several days, they were immersed in ultrapure water in
a jacketed beaker connected to a circulation temperature control unit (Lauda RE104). The temperature was
gradually increased from 20 °C, and the appearance and diameter of the equilibrated gels were observed using a
digital microscope (VHX-X1) approximately every day. The diameter was measured three times, and the average
value was used.

3. Results and Discussion

3.1. Synthesis of Initiator

The '"H NMR measurement results of the obtained product are shown in Figure S1. The integral ratios of each
peak were found to be a:b:c:d = 3:1:1:52, confirming the successful synthesis of the target initiator.

3.2. Synthesis of End-Cl 4-Arm Star-Shaped PEG-b-PNIPA

To monitor the progress of the reaction, 'H NMR spectra were measured for samples taken at various time
points, and the conversion from monomer to polymer was calculated. The proton signal for the vinyl group of
NIPA (2H, 6.2 ppm) and the aldehyde proton of the solvent DMF (1H, 8.0 ppm) were observed at distinct positions.
As the reaction proceeded, the intensity of the signal from the vinyl proton of NIPA decreased (Figure S2). The
integral ratio of the peak from the vinyl proton of NIPA (/nr4) was determined with the aldehyde proton signal of
DMF as the reference. Similarly, the integral ratio of the vinyl proton of NIPA in the monomer solution was
calculated as Iyipa0. The monomer conversion rate for each reaction time was calculated using the following
equation:
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conversion(%) = (1 - M) x 100 )

INIPAO

The monomer conversion rates as a function of reaction time are shown in Figure 3a. The conversion rate
exceeded 90% after 10 min and reached 99% after 120 min, indicating that the reaction was very fast and efficient.

Next, SEC results and the molecular weight and molecular weight distribution relative to the reaction rate are
shown in Figure 3b,c. A narrow molecular weight distribution and polymers with molecular weights corresponding
to the input ratio were obtained.

Furthermore, the obtained sample was dissolved in acetone-ds, and 'H NMR measurements were performed.
The results are shown in Figure 3d. A signal (g) from the methine proton adjacent to the end-Cl of the 4-arm star-
shaped PEG-b-PNIPA was observed around 4.8 ppm.
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Figure 3. (a) Monomer conversion with polymerization time during SET-LRP of NIPA measured by 'H NMR, (b)
Evolution of SEC traces with polymerization time during SET-LRP of NIPA, (¢) Number average molecular
weight, My, and polydispersity index (Mw/Mx) vs. conversion plots, (d) '"H NMR spectrum of end-Cl 4-arm star-
shaped PEG-b-PNIPA.

3.3. Synthesis of End-N3 4-Arm Star-Shaped PEG-b-PNIPA

The '"H NMR measurement results for end-Nj; 4-arm star-shaped PEG-b-PNIPA are shown in Figure 4a. The
signal (g) from the methine proton adjacent to the end-Cl, observed in end-Cl 4-arm star-shaped PEG-b-PNIPA,
was confirmed to have disappeared. However, the expected signal (h) from the methine proton adjacent to the end-
N3 was not observed in the 'H NMR spectrum.
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The FT-IR measurement results of end-Cl 4-arm star-shaped PEG-b-PNIPA and end-N3 4-arm star-shaped
PEG-b-PNIPA are shown in Figure 4b. After azidation, a peak at 2110 cm™! was observed, which was not present
before the azidation [17]. This peak, characteristic of the stretching vibration of the end-N; group, confirmed that
azidation had occurred. From these results, it was confirmed that the end-Cl was successfully replaced with N3
using this experimental method.
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Figure 4. (a) '"H NMR spectrum of end-N3 4-arm star-shaped PEG-b-PNIPA, (b) FT-IR spectra obtained for 4-arm
star-shaped PEG-b-PNIPA (black) before azidation (red) after azidaton.

3.4. Azidation Reaction Rate of End-N3 4-Arm Star-Shaped PEG-b-PNIPA

The terminal azidation rate could not be directly evaluated from the results in Section 3.3. Therefore, DBCO-
amine was introduced into the azidated end-4-arm star-shaped PEG-b-PNIPA through a click reaction, and the
azidation reaction rate was determined by measuring the 'H NMR of the resulting product. The results of 'H NMR
measurements and FT-IR are shown in Figure 5. A peak (g) corresponding to the proton of the benzene ring in
DBCO-amine was observed between 7-8 ppm (Figure 5a). Thus, the 'H NMR spectra before and after the click
reaction, focusing on the 4-8 ppm range, are shown in Figure 5b,c. Before the click reaction, the integral ratio of
peaks d and e in the PNIPA repeat unit was 1.0453:1. After the click reaction, the integral ratio of d and e, along
with the peak g from the benzene ring of DBCO, was 1.1907:1. These results yield a g:e ratio of 0.1454, or e/g =
6.88. Since one arm of the 4-arm star-shaped polymer was synthesized to be 50 units long, the theoretical value
for e/g is 6.25. Therefore, it was confirmed that more than 91% of the terminal azide groups were introduced.
Furthermore, in FT-IR, it was confirmed that the peak from the terminal N3 group disappeared after the reaction
with DBCO-amine (Figure 5d).
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a)

b)

d)

Figure 5. (a) "H NMR spectra of DBCO-amine-terminated 4-arm star-shaped PEG-b-PNIPA, (b) 'H NMR of end-
N3 4-arm star-shaped PEG-b-PNIPA before reaction with DBCO-amine, (¢) '"H NMR of end-N3 4-arm star-shaped
PEG-b-PNIPA after reaction with DBCO-amine, (d) FT-IR spectra obtained for end-Cl 4-arm star-shaped PEG-b-
PNIPA (black), end-N3 4-arm star-shaped PEG-b-PNIPA (blue), DBCO-amine-terminated 4-arm star-shaped PEG-
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3.5. UV-Vis Transmittance Measurement

Figure 6 shows the UV-Vis transmittance of aqueous solutions of terminal Cl 4-arm star-shaped PNIPA and
terminal CI, N3 4-arm star-shaped PEG-b-PNIPA as a function of temperature. All polymers formed colorless and
transparent solutions at low temperatures, and underwent phase separation above a certain temperature, resulting
in turbid solutions. The temperatures at which the solutions of each polymer became turbid, determined from the
transmittance data, are summarized in Table 1. The temperature at which the solution becomes turbid (transition
temperature)—defined as the temperature where the transmittance drops below 99%—correlates with the LCST.
The star-shaped polymer consisting solely of PNIPA with terminal Cl groups and without PEG segments turned
turbid at 33.5 °C. This behavior is nearly identical to that of conventional linear PNIPA. In contrast, the PEG-b-
PNIPA bearing Cl terminal groups and incorporating PEG segments became turbid at 37.0 °C, which is 3.5 °C
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higher. This shift is attributed to the increased hydrophilicity of the polymer due to the presence of the hydrophilic
PEG chains. These results also suggest that the nature of the terminal groups affects LCST behavior.

100 W “

- «ql
—  C1(PEG)
— N, (PEG)

Transmittance / %
wh
=]

o u—q

20 30 40 50
Temperature / °C

Figure 6. Dependence of transmittance on temperature of end-Cl 4-arm star-shaped PNIPA, end-Cl 4-arm star-
shaped PEG-b-PNIPA, and end-N3 4-arm star-shaped PEG-b-PNIPA in pure water.

Table 1. Transition temperature of tetra branched PNIPA and PEG-b-PNIPA.

Termination Transition Temperature/°C
CI 335
CI (PEG) 37.0
N3 (PEG) 36.0

3.6. DLS Measurement of End-N3 4-Arm Star-Shaped PEG-b-PNIPA

In order to synthesize a gel with an ordered network structure, it is essential to use a solvent with high affinity
for the polymer, as well as to densely pack the polymer chains in the solution and fill the space uniformly.
Therefore, we first selected an appropriate good solvent for end-N3 4-arm star-shaped PEG-b-PNIPA. The DLS
results of 1 wt% N3 4-arm star-shaped PEG-b-PNIPA solutions dissolved in various solvents (Figure S3) were
compared, and acetonitrile was selected as it showed the best dispersion properties.

Next, different volume fractions of end-Ns3 4-arm star-shaped PEG-b-PNIPA were dissolved in acetonitrile,
and the scattering intensity was measured to estimate the overlap volume fraction of the polymer. Since the
autocorrelation functions of all polymer solutions prepared in this study exhibited sigmoid behavior, it was
confirmed that no significant aggregation of the polymer occurred in these solutions (Figure S4).

The volume of the polymer in the solution (¥},) can be calculated using its molar concentration (c¢) with the
following equation:

, = S 3)

Here, V is the volume of the solvent (acetonitrile), M,, is the molecular weight of the polymer (the molecular
weight of the end-N; 4-arm star-shaped PEG-b-PNIPA is M,, = 2.0 x 10* g mol!), and d is the density of the
polymer (1.34 x 10° g L™"). Therefore, the volume fraction (@) of the polymer chain can be calculated using the
following equation:

cMyy,

=i )

Tty 1w

The results of plotting the scattering intensity against the volume fraction (@ = 1.6 x 103~0.200) for
acetonitrile solutions of end-N3 4-arm star-shaped PEG-b-PNIPA at different concentrations, obtained by DLS
measurement, are shown in Figure 7. The scattering intensity values used were corrected by subtracting the effect
of the attenuator in the DLS apparatus. The region deviating from the theoretical scaling laws for dilute solutions
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in a good solvent (/~®') and semi-dilute solutions (I~@'/*) was defined as the overlap region, which corresponds
to the transition from the dilute region to the semi-dilute region of the polymer [21,22]. The boundary between the
overlap region and the semi-dilute region, @ = 0.05, was defined as the overlap volume fraction (c*).

a)

b)

S . S—
107 10
P (-)
Figure 7. (a) Schematic of end-N3 4-arm star-shaped PEG-b-PNIPA, (b) Scattering intensity (/) of end-N3 4-arm
star-shaped PEG-b-PNIPA in acetonitrile for various polymer volume fractions.

Similarly, the value of ¢* for end-N3 4-arm star-shaped PNIPA was estimated using the same method. The
molecular weight of end-N; 4-arm star-shaped PNIPA is My, = 2.9 x 10* g mol ™!, and the polymer density is 1.4 x
10° g L', From the results shown in Figure S5, @ = 0.07 was taken as the volume fraction of c*.

3.7. Preparation of Gel via Huisgen Cycloaddition Reaction of End-N3 4-Arm Star-Shaped PEG-b-PNIPA or
End-N3 4-Arm Star-Shaped PNIPA

The end-N3 4-arm star-shaped PEG-b-PNIPA acetonitrile solution, prepared at a semi-dilute concentration,
was mixed with an appropriate amount of crosslinking agent (Figure 8a) and left at room temperature for 3 days.
The right diagram in Figure 8a illustrates a polymer network with an ideal ordered structure, formed by the end-
to-end crosslinking of four-arm star block copolymers with reactive termini, where each terminal group is
connected to a different four-arm star block copolymer. The gelation process is shown in Figure 8b. In all four
conditions with volume fractions @ =0.08, 0.095, 0.12, and 0.16, the click reaction shown in Figure 8c proceeded,
and the gel was formed. For comparison, the PNIPA gel was prepared at a volume fraction @ = 0.1 (1.4c*).
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Figure 8. (a) Schematic of click reaction crosslinking of end-N3 4-arm star-shaped PEG-b-PNIPA under semi-
dilute conditions, (b) Cross-linking of end-N3 4-arm star-shaped PEG-b-PNIPA by click reaction, (¢) Photo of
PEG-b-PNIPA gels.

3.8. Analysis of the Network Structure by SAXS

The polymer network structure of the PEG-b-PNIPA gels was analyzed using SAXS. Figure 9a shows the
SAXS profiles of PEG-b-PNIPA gels with different prepared volume fractions, @ = 0.08, 0.12, and 0.16, in pure
water and acetonitrile. All the profiles are well described by the following equation [18,23,24]:

I0z(0 _
1(q) =L()+Cq ? + Ipke (5

2
1486247

The first term is the Ornstein-Zernike (OZ) function with the correlation length &g5. The second term, Cg¢,
accounts for the upturn in the low-q region, where C is a constant and d is the power-law exponent. Igk represents
the g-independent background. The solid lines in Figure 9a show the fitting results using Equation (5).

The increase in intensity at low-¢ may indicate a two-phase structure that has a sharp interface, consistent
with Porod’s law (< g#). However, for the @ = 0.08 in both water and acetonitrile, this contribution is negligible.
At higher volume fractions (& = 0.12 and 0.16), the power law exponent d ranges from 2.3 to 3.4, suggesting the
presence of a fractal structure. The low-¢ upturn may be therefore attributed to aggregated formation.
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Figure 9b shows the @-dependence of £y7. At all volume fractions, &y is larger in water than in acetonitrile,
reflecting the higher degree of swelling in water. In both solvents, 5y decreases with increasing @, indicating
that gels with higher prepared volume fractions possess more densely crosslinked networks.
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Figure 9. (a) SAXS profiles of PEG-b-PNIPAM gels with different prepared volume fractions, @ = 0.08, 0.12, and
0.16, in pure water and acetonitrile. (b) @-dependence of the correlation length &g7.

3.9. Equilibrium Swelling Degree Measurement

3.9.1. Measurement and Comparison of Transition Temperature

The equilibrium swelling degree of the PNIPA gel (prepared at @ = 0.1) and PEG-b-PNIPA gel (prepared at
@ = 0.08) was measured during the heating process from 20 °C to 60 °C, and the swelling curves are shown in
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Figure 10. From the derivative curve of these results, the temperature where the absolute value of the slope is
maximum was defined as the transition temperature.
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Figure 10. (a) Swelling curves of PNIPA gel and PEG-b-PNIPA gel, (b) Microscopic photographs of PNIPA gel
and PEG-b-PNIPA gel observed when set at a certain temperature.

For the PNIPA gel, the transition temperature was 27 °C. Generally, the transition temperature of PNIPA
gels prepared by free radical polymerization with crosslinkers like BIS is around 32.0 °C. Comparing the 4-arm
star-shaped PNIPA gel crosslinked with DIBOD and the conventional PNIPA gel, a decrease of about 5 °C was
observed. This decrease can be attributed to the fact that DIBOD is a hydrophobic compound with large aromatic
rings. The introduction of DIBOD likely altered the hydrophilic/hydrophobic balance of the network, shifting the
transition temperature to a lower temperature.

On the other hand, the PEG-b-PNIPA gel showed a transition temperature of 32.5 °C. Compared to the 4-
arm star-shaped PNIPA gel, the transition temperature was 5.5 °C higher. This difference is attributed to the
presence of the hydrophilic PEG. In the PEG-b-PNIPA gel, the introduction of PEG increased the overall
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hydrophilicity of the network, causing the transition temperature to shift to a higher temperature. This result
reflects the LCST observed in the solution, as shown in Figure 6 and Table 1.

3.9.2. Optical Changes of the Gel Near the Transition Temperature

Significant differences were observed in the state changes of the gel during the temperature increase near the
transition temperature.

In the PNIPA gel, as the temperature increased, the entire gel contracted and became cloudy (Figure 10b).
This behavior is similar to that observed in conventional PNIPA gels prepared by free radical polymerization,
where an unstable phase is formed upon heating, and phase separation occurs within the gel. The polymer network
density becomes heterogeneous, forming regions of low and high density. When the size of these regions becomes
comparable to the wavelength of light, light scattering occurs, causing cloudiness. In such a state, it takes a long
time to reach thermodynamic equilibrium, and the optically cloudy state tends to persist [25].

In contrast, the PEG-b-PNIPA gel maintained its transparency during the temperature rise near the transition
temperature, with no cloudiness observed. This is because the hydrophilic PEG is uniformly distributed within the
network, suppressing phase separation due to the temperature-responsive behavior of PNIPA and its interaction
with the solvent. As a result, even though volume shrinkage occurred due to temperature changes, the gel retained
its transparency and quickly reached the equilibrium state. In other words, with these properties, the shrinkage
behavior of the gel can be explained by the cooperative diffusion equation, and the decrease in shrinkage rate due
to phase separation, as observed in conventional PNIPA gels, will no longer occur.

4. Conclusions

In this study, a temperature-responsive polymer network was successfully synthesized by using a 4-arm star-
shaped polyethylene glycol (PEG) derivative as an initiator to polymerize N-isopropylacrylamide (NIPA) as the
secondary acrylamide. The resulting star-shaped block copolymer served as a key building block for the
construction of the polymer network.

Through detailed analysis of the polymerization process, it was confirmed that the 4-arm star-shaped PEG-
b-PNIPA structure was synthesized under high control. The structure was clearly verified by SEC and 'H NMR
measurements. Furthermore, the terminal group conversion efficiency using click chemistry was evaluated, and
over 91% azidation was confirmed by '"H NMR and FT-IR spectroscopy. SAXS measurements indicate that the
PEG-b-PNIPA gels have a more densely cross-linked networks. Additionally, UV-Vis transmittance
measurements showed that the introduction of PEG increased the LCST of the gel, enhancing its hydrophilicity
and transparency.

The obtained gel exhibited unique characteristics of volume shrinkage while maintaining optical transparency
upon heating. This behavior is thought to result from the effective suppression of phase separation during the
shrinkage process due to the regular introduction of PEG within the polymer network. The maintenance of
transparency during shrinkage overcomes the main limitation of conventional PNIPA-based gels and expands the
applicability to optical sensors, actuators, and biomedical devices.

These results suggest the promising potential of this polymer network design for the development of
advanced smart materials. Future research will focus on optimizing the mechanical properties of the gel and
exploring its potential applications in stimulus-responsive devices. By precisely adjusting the polymer composition
and crosslinking strategy, the development of next-generation materials with suitable responsiveness and
durability for practical environments is aimed for.

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/othe
rs/2507101000153971/M1-957-S1.pdf, Figure S1: "H NMR spectrum of initiator prepared from 4-Arm PEG-Amine; Figure S2:
Time change of 'H NMR spectra of the reaction solution for preparation of end-Cl 4-arm star-shaped PEG-b-PNIPA; Figure
S3: Correlation coefficient of end-Ns 4-arm star-shaped PEG-b-PNIPA in various solvents (MeOH, DMF, THF, acetonitrile);
Figure S4: Correlation coefficients observed from solutions of end-Ns 4-arm star-shaped PEG-b-PNIPA dissolved in various
concentrations of acetonitrile; Figure S5: Scattering intensity (I) of end-Ns 4-arm star-shaped PEG-b-PNIPA in Acetonitrile for
various polymer volume fractions.
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Abstract: Short-wave infrared (SWIR) light, 0.9-2.5 um All-

wavelengths, has widespread applications, including s

inspection processes, nighttime imaging, and machine 2’ 1=

vision. As such, there is increasing demand for %

practical and effective SWIR detectors. Many current £ '
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1.6 —

1.4+

1.2

°
|

0.8 —

Absorbance

A

e

N
1

SWIR photodetectors are based on high-cost materials
and require cryogenic cooling. Perovskite materials,
including CsPbl;, have been effectively used as 10
photodetectors in the UV to near IR ranges, but their

large bandgaps limit their use for lower energy SWIR

light. In this report we introduce an all-inorganic perovskite photodetector based on CsPbl; with heterojunction
engineering for efficient and practical detection in the SWIR range at room temperature. The devices undergo a
simple, solution-based fabrication process which includes spin-coating under ambient conditions and moderate
annealing temperatures. Without additional cooling, the SWIR devices produce excellent results at room
temperature with responsivity of 1.65 x 10> A W! and a specific detectivity of 8.0 x 10'° Jones under 0.28 mW
cm 2 of 1310 nm light and bias of =5 V. This material shows not only high response but also high sensitivity,
making it stand out in the field of SWIR photodetection with the additional benefits of low-cost production and
room temperature operation.
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1. Introduction

Short-wave infrared (SWIR) light, 0.9-2.5 um wavelengths, has become important in many applications,
such as remote sensing, communications, spectroscopy, security, and hyperspectral imaging processes [1-5]. In
the communications sector, utilization of SWIR wavelengths enables free-space optical communication systems
and optical wireless communications where radio frequencies are congested [6]. SWIR imaging is able to penetrate
harsh weather conditions like fog better than visible light, providing usefulness in automotive applications [1,7].
Furthermore, SWIR sensors can reliably distinguish between components in the recycling process of lithium-ion
batteries, increasing recycling efficiency and decreasing waste [8]. Sensors for this wavelength range have also
been applied in very-high resolution satellite imaging, making possible large-scale vegetation mapping for
conservation and forest management [9]. Additionally, machine vision in the SWIR is important in military
applications for the identification of camouflaged materials and even the detection of landmines and chemical
warfare agents [2,10]. As such, practical, affordable, and sensitive SWIR photodetectors are needed.

Current state-of-the art SWIR photodetectors are made from mixed-alloy semiconductors such InGaAs, due
to their favorable sensitivities in the range of 10° A W' at 1550 nm with specific detectivity on the order of 10'2
Jones [1,11-13]. However, such materials are economically and energetically expensive, often operating under
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cryogenic conditions to achieve optimum results, warranting the search for new SWIR detection materials [5]. An
emerging candidate for SWIR applications is colloidal quantum dot detectors, due to their tunable spectral
properties, solution-processability, silicon-compatible fabrication, and low cost [10,13—15]. Lead-based quantum
dots (PbS and PbSe QDs) are one of the most promising materials, having solution-processibility, being low-cost
to produce, and possessing tunable bandgaps within the infrared [16]. In 2021, Kwon, et al. fabricated a solution-
processed SWIR detector based on PbS QDs using conductive polymer [17]. The material had an absorption
maximum at 1410 nm and achieved an ultra-high responsivity of 6 kA W' [15]. Chen et al. used a layer-by-layer
spray technique to form a well-rounded PbS QD photodetector with a responsivity over 360 A W' under 1250
nm light, also yielding a detectivity on the scale of 10'? Jones [18]. Yet, these materials have quantum efficiency
and charge transport that are low compared to epitaxial InGaAs, HgCdTe, or InSb detectors [14,15,19]. On the
other hand, graphene-based technologies possess many attractive qualities as SWIR detectors [10,13—15]. Due its
near-zero bandgap, graphene exhibits broadband absorption into the far infrared with fast response and high carrier
mobility [1,20-22] However, graphene has very low light absorption of about 2.3% which limits its responsivity
to the mA W' scale [1,13,20]. Recently, another promising candidate has emerged in the field of SWIR detection:
perovskites materials [23—-26]. Known for having good optoelectronic properties and simple synthesis, these
materials are finding expanded applications in photodetection [23,27-30].

Perovskites are designer materials which have received enormous attention in recent years in fields spanning
from catalysis to solar cells with unprecedented performance [23,31,32]. These materials take the general form
ABX;3, where A is a cation such as methylammonium, B is a transition metal such as lead, and X is a halogen
anion; all together it possess the same type of crystal structure as CaTiO; [23]. Perovskite photodetectors (PPDs)
exhibit notable characteristics including a tunable bandgap, high carrier mobility, and solution-based coating
processes which make them appealing for commercialization [28,33]. Organic-inorganic PDDs, notably
methylammonium lead triiodide (MAPbIs) PDDs have repeatedly shown useful response in the UV to near-IR
(about 300-800 nm) regions but with highly variable responsivity, specific detectivity, and external quantum
efficiency (EQE) [28,34,35]. However, the wide bandgap of these perovskite materials limits their performance in
longer wavelengths, such as SWIR [28,36]. Additionally, organic-inorganic hybrid PPDs suffer from instability in
oxygen and moisture, making broader application difficult [28]. Recent research from our group introduced a
hydrazinium-doped methylammonium lead iodide perovskite, [(MAI)_«(HAI)x]o[Pbl:], a mixed halide perovskite
as a powerful SWIR-absorbing material, whose peak absorption was tunable based on the proportion of MAI to
HAI [26]. The PPD made using this material demonstrated a broad detection range, responsivity of over 10> A
W1 at 1310 nm, good specific detectivity and high external quantum efficiency: all at ambient temperature and
pressure. While this novel material showed superior stability over pure MAPbI;, its relative photocurrent decreased
to about 20% of its original value after 8 months [26].

Research into the application of more stable all-inorganic perovskites as photodetectors is an active field.
All-inorganic lead halide perovskites offer superior stability by replacing the MA group with Cs [37]. Cs-based
inorganic PDDs have shown high temperature tolerance, even maintaining 70% visible photodetection ability
under 373 K heat after 9 h, showing promise for real-world use. However, this photodetector was essentially blind
to wavelengths greater than 430 nm [38]. In 2021, Pintor Monroy et al. published an all-inorganic, all-evaporated
CsPbl; photodetector with NiO and TiO, for broad-band use within the visible range. They formed a fast-
responding mixed-phase CsPbl; to obtain a desirable bandgap of 1.7 eV with responsivity of 0.4 A W™, detectivity
of over 10" Jones, and EQE greater than 70% [39]. CsPbBr;, having a bandgap of 2.3 eV, is another popular
inorganic perovskite for photodetection. For example, Liu et al. fabricated a self-powered, evaporated CsPbBr;
PPD without charge transport layers with the simple configuration ITO/CsPbBris/Ag [40]. The stability of this
device was outstanding, along with responsivity 0.05 A W' and specific detectivity near10'° Jones for visible
detection. Nevertheless, modifications to the perovskite must be made to decrease the bandgap and expand their
usefulness to the SWIR regime.

To overcome the shortcomings of an all-inorganic CsPbls PPD, we present here a unique preparation process
by introducing hydrazinium iodide ((NH,NH;" I"], HAI) stabilized by hydriodic acid (HI) for photodetection in
the SWIR range based on the heterojunction approach of our recent organic-inorganic PPD []. With its facile
synthesis and ambient-condition coating process, we developed an effective SWIR photodetector. The device
achieved remarkably high responsivity and external quantum efficiency measured at room temperature.
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2. Experimental Methods

2.1. Preparation of SWIR Materials

For the SWIR material, Pbl, (Sigma Aldrich, St. Louis, MO, USA, 99.995%), CsI (Alfa Aesar, Ward Hill,
MA, USA, 99.9%), HAI (synthesized in-house) [26], DMF (Sigma Aldrich, St. Louis, MO, USA, anhydrous
99.8%), DMSO (Sigma Alrich, St. Louis, MO, USA, anhydrous >99.9%), GBL (Aldrich, St. Louis, MO, USA,
>99%), and HI (Alfa Aesar, Ward Hill, MA, USA, 57% w/w aqueous solution stabilized with 1.5%
hypophosphorus acid) were used. The solution was prepared in a 2:1 of CsI/HAI and Pbl, ratio using CsI/HAI
with 15% HAI, and Pbl,. The solvent used was a mixture of DMF, DMSO, and GBL. The solution was heated
while stirring for 60—120 min producing a bright yellow solution. HI was added to the vial 3—10 min before coating
and returned to heat. As a result, the sample solution color deepened to a rust red. After heating the substrates to
180-200 °C, 150 uL of the rust red CsPbl; sample solution was deposited and spin coated for 30—60 s.

2.2. Fabrication of SWIR Devices

50 um FTO-striped glass substrates were cleaned using Piranha solution (3:1 of H,SO4 and H,0,) before
rinsing thoroughly and being stored in ethanol. Substrates were dried under an air stream and cleaned in an Ossila
UV-ozone cleaner. Meanwhile, PEDOT:PSS (Heraeus) solution was sonicated for at least 30 min. 150 pL of
PEDOT:PSS was deposited onto the substrate and spin-coated for 20—45 s. The substrates were then annealed at
145 °C under vacuum, then cooled to room temperature. After heating the substrates to 180-200 °C, the rust red
CsPbl; sample solution was deposited on the PEDOT-coated device and spin coated for 30—60 s which resulted in
a black coating. The device was then annealed at 100—130 °C for 20—50 min under vacuum which cooled to a pale-
yellow color. This process is depicted in Figure S1.

2.3. Testing of SWIR Devices Performance

The fabricated devices were prepared for testing by scraping off excess sample from the surface, leaving a
stripe of perovskite over all active cells of the substrate. The testing was performed under ambient conditions in
the dark inside a dehumidified shielding box to decrease environmental effects or disturbances. The light source
was a 1310 nm laser (LPSC-1310-FC, Thorlabs, Newton, NJ, USA) witha 7.1 X 10~2 c¢m? spot size and a Keithley
2401 source meter provided bias to the system and recorded current outputs. The laser output power was measured
at 40.0 mW and regulated by an ND filter to desired levels. The light intensity was measured with a Newport 1916-
R Optical Power Meter (Newport, Irvine, CA, USA).

2.4. Characterization of SWIR Materials and Devices

Mott Schottky measurements were performed using a Gamry Instruments potentiostat from —1 Vto 1 V with
an AC voltage of 10 mV and frequency of 100 Hz. Electrochemical impedance spectroscopy (EIS) was performed
from 10 kHz to 2 Hz using an AC voltage of 10 mV. Transient absorption (TA) spectroscopy was performed
following the procedure of Han et al. (2020) [41]. Fluorescence lifetime measurements were performing using a
515 nm light source by doubling a fundamental light from a Carbide laser (Light Conversion, Vilnius, Lithuania)
and detected by a time-correlated single photon counter (PicoQuant Gmbh, Berlin, Germany).

3. Results & Discussion

We begin our analysis of the all-inorganic CsPbl; material by determining its light absorption properties.
Figure 1A shows absorption spectra of the material coated at a substrate temperature of 185 °C with varied amounts
of HAI included, further explanation for calculating the percentage of HAI is in the SI. Depending on the
composition, each spectrum shows a broad SWIR peak 1200-2500 nm, in addition to a peak at ca. 800 nm due to
the classical perovskite semiconducting material. As the HAI content increases, the SWIR peak is blue-shifted.
Additionally, scanning electron microscopy (SEM) images were also taken to analyze the surface morphology of
the PPDs. The SEM image in Figure 1B shows the surface of the perovskite film at 1000x magnification,
demonstrating that the film was compact. In general, the images were found to be relatively homogenous
but with very small holes. It also shows some self-assembled tree-branch like structures. Careful
inspection of the SEM image shows topographical changes in the sample, with most of the material
being spread out in florets with thicker structures being more disperse. Further optimization of the
coating process may resolve the small holes and structural heterogeneity and potentially improve device
performance. Figure S2 shows the XRD spectrum of our prepared CsPbl; material with HI. In comparison, Haque
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et al. demonstrates that even with varied amounts of HI, the a-CsPbl; diffraction peaks which result from the 100,
110, 200, 211 and 220 Miller indices occur at approximate 20 values of 14, 21, 28, 36 and 42, respectively. As our
sample solution contains 40 pL of HI per mL of solution, it was expected that its XRD spectrum should be similar
to the literature. Our spectrum contains some corresponding peaks near 21, 28, and 36, yet lacks other characteristic
peaks and contains many additional peaks, making the spectrum difficult to decipher. Our XRD results are more
similar—but not a perfect match— to that of 5-CsPbl; shown by Montecucco et al., with many more peaks visible
including those caused by FTO. This may indicate that our compound has characteristics of both & and non-6
CsPbls, and that the inclusion of HAI greatly affects crystal formation in the sample and warrants further
investigation [3,37,42—45]. Counterintuitively, our PPD utilizes the 6 phase of CsPbls for detection of longer
wavelengths than the aforementioned visible detectors, without the need for strict environmental controls. This
generally undesirable form’s bandgap is considered too large for visible detectors but has been reduced to
accommodate SWIR wavelengths with the inclusion of HAI
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Figure 1. (A) Absorption spectra of CsPbls material with different percentages of HAI. (B) SEM image of the
perovskite surface; (C) Schematic of CsPbls photodetector on FTO glass; (D) Energy level diagram of the
perovskite photodetector.

After establishing the absorptive properties of the CsPbls; material, we turned to a simple device fabrication
strategy. The as-prepared all-inorganic perovskite photodetectors consist of FTO-striped glass coated with
5 x 10™* cm? layers of PEDOT:PSS and CsPbl; in the center, with FTO on either side of this stripe as shown in
Figure 1C. The resulting matchup of electronic band structures using pure CsPbl; as the perovskite is shown in
Figure 1D. CsPbl; has a valence band (VB) at —5.8 eV and a conduction band (CB) at —4.1 eV resulting in a
bandgap of 1.7 eV [5]. Additionally, the PEDOT:PSS HTL has a bandgap of 1.7 eV as well, with the work function
of commercial FTO at —4.6 eV [46,47]. The absorption spectrum of our PPD is shown in Figure S3. A local
absorption peak occurs at 725 nm, corresponding to the bandgap energy of CsPbls. Interestingly, the absorption
maximum for the fabricated CsPbl; device occurs at 1132 nm (1.095 eV), suggesting that notable heterojunction
or intraband absorption are occurring in our HAI-doped material [15,35].

Several metrics are used to analyze the performance of photodetector devices. The first is the responsivity, R
(A W), which represents the ability of a photodetector to convert incoming light into useful electrical signals.
Responsivity is the ratio of output current to incident light power on the active area:
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_Ip—la
R=+—= (1)

where I, is the photocurrent (A), I, is the dark current (A), 4 is the cell area (cm?), and P is the incident light
fluence (W cm 2). Additionally, the calculations for the incident light fluence are also found in the Supplementary
Materials. As shown in Figure 2A, we measured the responsivity of the PPD using a 1310 nm laser with incident
fluence values from 0.28 to 567 mW cm 2. We observed an impressive responsivity of 1.65 x 103 A W ! under
0.283 mW cm™? fluence at a bias of —5 V, indicating exceptional detection even at low levels of illumination.
Under the same intensity at a bias of —1 V, the responsivity still reached a value of 1.01 x 10> A W', Overall,
low fluence achieved the highest responsivities and higher fluence maintained similar response curves at lower
magnitudes. We can also look at the responsivity of our device as a function of incident fluence at different applied
potentials, as shown in Figure 2B. At negative potentials, the responsivity of the all-inorganic PPD decreases
quickly with increased fluence and is greater for larger magnitude applied negative bias. The net photocurrent,
1,—1,; remains approximately constant, such that increases in responsivity are a function of the fluence. Assuming
the resistance of our material is constant, Ohm’s law explains the linearity of Figure 2B.
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Figure 2. (A) Representative photoresponsivity curves at various power levels of 1310 nm illumination. (B)
Responsivity at biases from —1 V to =5 V as a function of incident fluence. (C) Photocurrent through the device
with 1310 nm light on and off under a bias of 3 V. (D) Photocurrent as a function of incident fluence.

Another important metric for photodetectors is their external quantum efficiency (EQE), which quantifies the
number of free charge carriers generated from the photosensitive material per incident photon:

Rxhc
EQE = 1 (2)
Here, / is Planck’s constant (6.626 X 1073% Js), c is the speed of light (3 X 108 m s7"), and e is the charge

of a single electron (1.602 x 1071° C). Using R = 1.65 x10° A W' achieved under 0.283 mW/cm? and —5 V bias,
the EQE is found to be 1.48 x 10°. Even at —1 V, the EQE is 90.7.
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Next, we investigated the generated photocurrent over time at different incident intensities, as shown in
Figure 2C. An increase in photocurrent is observed when the sample is irradiated with 1310 nm laser light and
quickly decreases to baseline when the light is blocked. It is also apparent that the photocurrent increases with
incident fluence, and the detector’s response is reproducible for multiple cycles. These experiments produced a
net photocurrent (/,—,) up to 8.8 uA at an incident fluence of 567 mW c¢m™2. Furthermore, we observed a linear
relationship between maximum photocurrent and applied fluence, as shown in Figure 2D. This is important when
implementing the photodetector to easily scale the response with incident light intensity. The theoretical
photoconductive gain, G, is a key parameter for evaluating the efficacy of a photodetector, representing the ratio
of photogenerated charge carriers to absorbed incident photons in the material:

_ Iphv
T epA

3)

Here, v is the frequency of the incident photon (Hz). Under a bias of —5.0 V and intensity of 0.283 mW cm 2,
the gain was found to be 1.43 x 103. Even under only —1.0 V bias, the gain is 87.08, as shown in Table S1.

Specific detectivity, D* (Jones), is a measure of sensitivity which quantifies the ability of the photodetector
to discern weak light signals from noise, and can be computed as

D* = _VAfR - _VAAf (4)
in NEP

In this equation, Af'is the bandwidth (Hz), i, is rms noise, 4 is the active area of detectors, and NEP denotes
the noise equivalent power, or the amount of input signal required for the signal-to-noise ratio to be one [48].
Using the measurements shown in Figure S4, the specific detectivity of our device was found to be on the order
of 8.0 x 10'" Jones under a bias from —1.0 V to —5.0 V. Specific detectivity at other biases can be found in Table
S2. With these baseline metrics of the all-inorganic PPD outlined, we can perform further analyses to better
understand its mechanism for excellent performance.

First, Mott-Schottky measurements were used to characterize the SWIR materials. In such an analysis, the
inverse of the square of the material’s measured capacitance is plotted as a function of applied bias potential. A
positive slope is characteristic of an n-type material while a negative slope indicates a p-type material [49]. Figure
3 A shows an inverted “V” shape, where a positive slope occurs from —1.0 to 0 V and a negative slope occurs from
0 to 1 V. This indicates that a p-n junction was formed within the perovskite material due to the HAI doping
process, since CsPbl; is an inherent p-type semiconductor. Next, fluorescence lifetime measurements were used
to investigate the lifetime of photoinduced carriers to better understand the nature of the SWIR materials. The free
carrier decay can be seen in Figure 3B, after a sharp increase in free carriers is caused by a 515 nm excitation
pulse. A double exponential curve fitting was performed, yielding both fast (t;) and slow (t2) decay constants to
be 10.7 £ 0.1 ns and 68.2 = 0.7 ns, respectively, with an average (Tavg) 0f 39.5 + 0.4 ns [50]. While there is variation
in the carrier lifetime of CsPbls, these are comparable to other studies finding values between 33 and 50 ns [51—
53]. These results suggest that the formed doped structures still have similar carrier lifetimes to CsPbls, allowing
ample time for carrier extraction.

Last, to better understand how charge carriers flow in the heterojunction structure, transient absorption (TA)
measurements were also conducted on the all-inorganic PPD. Figure 3C shows several representative TA spectra
at delay times of —1, 0, 1, 10 and 100 ps between the 515 nm pump and the white light probe. A full 2D plot of
this data including longer delay times is shown in Figure S5. The negative feature denotes photoinduced absorption
(PIA) and is most clearly seen from 800 to 1000 nm with a shoulder at 1070 mm which decreases significantly
with increasing delay as the excited state population declines. The time trace of the PIA at 1070 nm was extracted
and fitted using a double exponential function, as shown in Figure 3D. The fitting yielded two fast decay time
constants of 4.0 = 0.3 ps and 25.9 + 0.9 ps at 1070 nm, which may be due to forward and reverse charge transfer
processes, respectively. These fast processes describe the processes by which the photogenerated carriers transfer
between the doped and undoped perovskite.

As shown in Table 1, our heterojunction-engineered material produces SWIR responsivities far greater than
other modern materials such as other perovskites [26], traditional semiconductors [54], hybrid materials [7,55],
and quantum-confined systems [56] which operate at or below room temperature. Interestingly, a graphene/black
phosphorus detector [57] has achieved responsivity on the same order as ours but requires meticulous fabrication
where our PPD has the advantage of solution processibility and simple spin-coating fabrication.
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Figure 3. (A) Mott-Schottky plot of the fabricated all-inorganic perovskite photodetector; (B) Fluorescence lifetime
measurements; (C) Transient absorption spectra of the PPD device at representative time delays; (D) Time traces
of the TA response at 1070 nm.

Table 1. Comparison of representative SWIR detector performance based on material and operating parameters.

Light Source Responsivity  Temperature

Material (nm) Bias (V) (A/W) (K) Reference

CsPbl;/HAI 1310 -5 1650 Room temp. This work
[(MAI)0_835(HAI)0'165]n[Pb12]1 1310 -5 157 Room temp. [4 1]
InAs/GaAs QDs 2000 -3 60.34 13 [58]
Graphene/InGaAs 1550 04 7.6 Room temp. [57]
InAs/InAs; «Sby/AlAs; Sby 1600 0 0.47 300 [7]
Graphene/black phosphorous 1550 1 3300 Room temp [59]
Monolithic InSb 1550 1 0.50 77 [56]

By doping all-inorganic CsPbls perovskite with HAI, we have extended the useful range of such
photodetectors into the SWIR region through engineering a p-n heterojunction between the doped and undoped
materials. With the introduction of this heterojunction, the effective bandgap of CsPbls is lowered to less than 1.0
eV, which allows for response to light in the SWIR region, where perovskites have historically been blind. Our
PPD achieved moderate specific detectivity, very high gain and EQE, and an excellent responsivity of 1.65 x 103
A W at 1310 nm. A key feature of these PPDs is their ability to convert weak SWIR light to large amounts of
current in ambient conditions without the need for cryogenic cooling systems. This makes our PPD especially
appealing for integration into electronic systems, including low-light contexts like night vision and weather-
impaired imaging, while decreasing cost and complexity.

While our CsPblz-HAI perovskite material shows potential in SWIR detection, improvements to the proof-
of-concept device need to be made. One difficulty is that the absorption spectrum of the PPD was very affected by
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small changes in fabrication conditions. Additionally, our experiments were implemented under ambient
conditions, which resulted in poor stability, as shown in Figure S6 where the device’s performance decreased over
80% in 6 days. This is most likely due to moisture and is typical for CsPbl; and other perovskites [37,52,58—60].
However, this can likely be remedied by mounting the device in a dedicated housing to ensure dry and nonreactive
conditions during preparation and use as shown in the literature [61,62]. Lastly, being a Pb-containing material
poses human and environmental health concerns. Proper handling and disposal must be considered if
commercialization is to occur.

4. Conclusions

In summary, we produced all-inorganic SWIR materials using HAI as an additive to CsPbl; perovskite to
engineer a p-n heterojunction within the material. We further developed simple and highly effective SWIR
detectors based on the HAI-doped CsPbl; on a polymer HTL. We achieved a responsivity as high as 1.65 x 103
A W under 1310 nm light and —5 V bias at room temperature under fluence of 0.28 mW cm 2. The detector also
displayed an ultra-high EQE of 1.48 X 10° and gain of 1.42 X 10° under —5 V, exemplifying its strong ability to
convert incoming photons to charge carriers supplied to the external circuit, which is essential for real-world
application. Additionally, a specific detectivity of 8.0 X 10'° Jones was found, demonstrating the sensitivity of
this material. Our mechanistic studies show that a p-n junction was formed within the perovskite material between
the doped and undoped phases. Fluorescence measurements characterized the carrier lifetimes in the material and
TA revealed ultrafast charge transfer across the heterojunction. The performance of this material shows the
potential for a new era of all-inorganic SWIR photodetectors which do not require extreme temperatures and conditions
to achieve high performance, leading to important technological improvements without prohibitive costs.

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/others/250
7301050279228/07-18-2025-all-inorganic-SI_Yi.pdf, Figure S1: Schematic of CsPbI3 device coating process. The main steps are
preparation for PEDOT coating, PEDOT coating process, preparation for sample, and the sample coating process; Figure S2: XRD
spectrum of CsPbls material with HAI and 40 pL HI/mL; Figure S3: Absorption spectrum of prepared CsPbls device.; Figure S4:
Dark current at room temperature under a bias of =1 V (A) and —5 V (B); Figure S5: 2D plot of transient absorption spectra of the
CsPbls device with a time window of 10 ps (A) and 150 ps (B).; Figure S6: Normalized responsivity of the device over several days.
Table S1: Photocurrent under 0.283 mW/cm2 illumination and corresponding gain separated by bias; Table S2: Specific detectivity at
various bias if we assume 1 + 472 f272 = 1.
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Abstract: Light-driven soft actuators have attracted extensive attention
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rapidly growing field, together with perspectives on future directions. tofrobor [ - Pes
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1. Introduction

An actuator is a device capable of converting various forms of stimuli into mechanical deformation to enable
movement and control of a system at macro, micro, or nanoscale levels [1-8]. The first report of an actuating
system dates back to the late 1930s, when Xhiter Anckeleman came up with the first pneumatic and hydraulic
actuator used for the braking system of an automobile. Since then, research into all sorts of actuators has been
flourishing, including the development of novel functional materials and elucidation of driving mechanisms.
Traditional hard actuators, comprised of rigid components, offer high speed, precision, and strength but often lack
versatility and reconfigurability [9]. In contrast, soft actuators with flexible, lightweight, and miniaturized
structures have gained significant attention in the past few decades [10,11]. Unlike their rigid counterparts, soft
actuators easily perform dynamic deformation and safely interact with humans, making them ideal for applications
in wearable devices, soft robotics, healthcare, micromanufacturing, and micromanipulation [12,13].

In recent years, the development of stimuli-responsive polymers has led to extensive exploration of soft
actuators that can be triggered by diverse stimuli including temperature, pH value, light, ionic strength, moisture,
electric field, and magnetic field. Among them, light easily stands out for its unique advantages, such as wireless
remote activation, precise spatiotemporal control, and noncontact, localized manipulation [7,14]. Moreover, light-
driven actuation can be finely tuned by adjusting parameters such as wavelength, intensity, polarization direction,
and irradiation time [15]. As a result, light-driven soft actuators have attracted ever increasing attention [16—18].

This review focuses on the advances over the past decade in designing and fabricating light-driven soft
actuators and their applications. We begin with an overview of key materials used in their fabrication, followed
by discussion of the state-of-the-art design strategies and the underlying deformation and actuation mechanisms.
We then highlight their emerging applications, including light-responsive biomimetic locomotion robotics,
complex 3D architecture manufacturing, fabrication of microfluidic systems, and biomedicines. Finally, we
address current challenges in this field and offer perspectives on future developments.

Copyright: © 2025 by the authors. This is an open access article under the terms and conditions of the Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
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2. Typical Materials for Light-Driven Soft Actuators

Stimuli-responsive materials play a crucial role in modern materials science. In recent decades, a variety
of photo-responsive materials have been developed and extensively applied to the burgeoning field of soft
actuators [19,20]. In this section, we focus on three classes of materials widely used for light-driven soft actuators,
including azobenzene derivatives, carbon-based materials, and liquid-crystal polymeric materials.

2.1. Azobenzene Derivatives

Among light-sensitive materials, those containing the azobenzene unit have been extensively investigated for
its reversible trans-cis photoisomerization in response to light of different wavelengths [21-23], as illustrated in
Figure 1A. Upon UV light irradiation, azobenzene transitions from a thermally stable extended #rans state to a bent
cis form, while exposure to visible light or thermal relaxation induces the reverse cis to trans isomerization [24].
This isomerization process results in a significant change to the dipole moment, increasing from 0 in the trans
form to 3 Debye in the cis form [22,25], in additional to the dimensional change. Owning to its advantages such
as ease of synthesis and good miscibility with many other polymers, azobenzene has been frequently incorporated
into soft actuators with fantastic photoresponsivity. However, it also presents certain limitations. The poor thermal
stability of the cis isomer restricts the operation of azobenzene-based photo-actuators to room temperature, as
elevated temperatures can induce reversion to the original shape. On the other hand, its non-biodegradability and
limited biocompatibility hinder its potential for in vivo biomedical applications [7].

2.2. Carbon-Based Materials

Carbon-based materials (Figure 1B), including graphene, graphite, and carbon nanotubes (CNTs), have been
actively explored for use in soft actuators on account of their efficient light absorption, high thermal and electrical
conductivity, good flexibility, superb mechanical properties, as well as excellent chemical stability [26—28]. Unlike
photochromic azobenzene, most carbon-based materials are photothermally active. By efficiently converting light
to heat and transferring the generated thermal energy to a thermal-sensitive matrix, they enable rapid photothermal
actuation [26]. Research has shown that carbon-based materials can be incorporated as a filler in processable elastic
polymers or used as a single layer in an asymmetric bilayer system, enhancing both photothermal response and
mechanical strength of the soft actuators [29,30]. Over the last decade, advancements in fabrication techniques
have significantly reduced the cost of carbon-based materials, making them increasingly feasible for commercial
soft actuation products [31].

2.3. Liquid-Crystal Polymeric Materials

Liquid-crystal molecules, also known as mesogens, exhibit a unique state between the crystalline solid and
isotropic liquid phases, and can be grafted to polymeric materials for fabricating soft actuators [15]. As shown in
Figure 1C, there are three most widely used liquid crystal polymeric materials, i.e., liquid-crystal polymers (LCPs),
liquid crystal polymer networks (LCNs), and liquid crystal elastomers (LCEs). Among them, LCEs, which are
crosslinked and highly flexible, can undergo large reversible deformations, making them the most attractive for
soft actuator applications [31]. In liquid crystal polymeric systems, the alignment direction of mesogens determines
the phase, with the smectic and nematic phases being the typical examples. The orientation of mesogens can be
readily reconfigured using external stimuli (e.g., electric, light, or heat), resulting in macroscopic shape changes.
In recent years, photoinduced order—disorder phase transitions have been widely explored for triggering reversible
deflections, primarily through photoisomerization or photothermal mechanisms [32-35].

3. Design Principles of Light-Driven Soft Actuators

From the perspective of device operation, most light-driven soft actuators undergo reversible deformations
based upon either photochemical transformation or photothermal heating. Photochemical transformation such as
photoisomerization typically involve light-sensitive substances [36], a photochemical reaction is necessary in order
to trigger and control the deformation [15]. On the other hand, the photothermal effect involves light-to-heat
conversion, leading to asymmetrical expansion or contraction, as well as phase transition, for the generation of
deformation [30,37]. Both mechanisms have been explored in designing light-responsive soft actuator systems.
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3.1. Deformation Driven by Photoisomerization

Isomerization is the chemical process by which a molecule is transformed into its isomer with the same
chemical composition but a different structure or configuration [38,39]. Photochromic molecules, including
azobenzene, fulgide, diarylethene, and spiropyran, display reversible photoisomerization [39—-42]. In this section,
we focus on two widely used moieties based on azobenzene and diarylethene.
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Figure 1. Representative materials for light-driven soft actuators. (A) Photoisomerization of azobenzene unit. (B)
Structures of graphene, graphite, CNTs, diamond, amorphous carbon, and graphene oxide (GO). (C) Schematic
illustration showing the distinct structures of LCPs, LCNs, and LCEs. (A) Reproduced with permission [23].
Copyright 2023, Wiley-VCH. (B) Reproduced with permission [26]. Copyright 2018, Wiley-VCH. (C) Reproduced
with permission [31]. Copyright 2017, Wiley-VCH.

The trans-cis photoisomerization of azobenzene can effectively induce a rapid shape change. In one example,
the azobenzene was incorporated into a liquid-crystal polymer to form a light-driven film that bends and recovers
under alternating irradiation by UV and visible light (Figure 2A). As mentioned earlier, azobenzene undergo trans-
cis isomerization, where the frans isomer has a length of 0.9 nm while the cis isomer has a length of only 0.56 nm
upon UV irradiation, resulting in a macroscopic shape change due to the change in molecular dimensions. The top
surface absorbs more UV light, causing the film to bend toward the UV light side [43]. Harada and coworkers
developed a polymeric 4-azobenzene-based hydrogel ([c2] AzoCD,) containing photoactive [c2] daisy chains
(polyrotaxane double-threaded dimers) based on a-cyclodextrin hosts and azobenzene guests [44]. As shown in
Figure 2B, UV irradiation induced the isomerization of azobenzene from trans state to cis state, resulting in the
contraction motion of [c2] daisy chains. This conformational change led to the discharge of adsorbed water from
the [c2] AzoCD; hydrogel, resulting in its shrinking in real time. Upon exposure to visible light, the hydrogel
expanded as the [c2] daisy chains recovered their original conformation, restoring the hydrogel to its initial volume.
The photoinduced motion of the hydrogel strip was more pronounced when it was irradiated under water, causing
it to bend toward the UV light side. This bending resulted from the selective shrinkage of the exposed surface
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under UV irradiation, with the unexposed side remaining unchanged. Upon exposure to visible light, the hydrogel
returned to its original state (Figure 2B).

Unlike trans-cis photoisomerization, where the molecular conformation is simply distorted, open-closed ring
photoisomerization involves the formation and breakage of covalent bonds in the intramolecular rings [24].
Typical examples include diarylethene and its derivatives. Irie et al. reported the photoinduced movement of a
cocrystal of a diarylethene derivative, 1,2-bis(2-methyl-5-(1-naphthyl)-3-thienyl) perfluorocyclopentene, and
perfluoronaphthalene [45]. As shown in Figure 2C, the ring in diarylethene molecule switched between open and
closed state upon exposure to light of different wavelengths. Compared to the open ring form of 1,2-bis(2-methyl-
5-(1-naphthyl)-3-thienyl) perfluorocyclopentene, the height of the triangle shape of the closed ring form increased
from 0.534 to 0.679 nm, while the width decreased from 1.554 to 1.411 nm, leading to visible shape deformation
of the cocrystal. The rectangular cocrystal plate displayed reversible bending when alternately exposed to UV and
visible light, with the bending motion being repeatable over 250 cycles without any damage or fatigue.
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Figure 2. Photoisomerization-induced deformation based on azobenzene and diarylethene. (A) Chemical structures

of the trans and cis isomers of azobenzene, and its frans-cis photoisomerization in a liquid-crystalline film. (B)
Schematic illustration of the expansion-contraction behavior of a [c2] AzoCD: hydrogel upon photoirradiation,
highlighting its bending mechanism in water. (C) Chemical structures of the open and closed ring isomers of
diarylethene, and its open-closed ring photoisomerization in a rectangular cocrystal plate. (A) Reproduced with
permission [43]. Copyright 2015, Nature Publishing Group. (B) Reproduced with permission [44]. Copyright 2016,
Nature Publishing Group. (C) Reproduced with permission [45]. Copyright 2010, American Chemical Society.

3.2. Deformation Driven by Photothermally-Induced, Mismatched Expansion/Contraction

To convert photothermal stimulation to mechanical deformation, photothermal agents have to be incorporated
into thermo-sensitive materials with an asymmetric structure, for instance, graded structure, bilayer structure, and

316



Mater. Interfaces 2025, 2(3), 313-331 https://doi.org/10.53941/mi.2025.100024

programmable structure, among others. In an asymmetric system, the temperature change induced by photothermal
heating causes a mismatched expansion/contraction, leading to a distinct volume change and deformation.

3.2.1. Graded Structure

Chen and coworkers developed a photothermally-responsive soft actuator by loading polypyrrole (PPy)
nanoparticles as a photothermal transducer into a poly(N-isopropylacrylamide) (PNIPAM) hydrogel featuring a
gradient in pore size [46]. As shown in Figure 3A, NIPAM, a well-known thermo-responsive material, was first
polymerized with a heterobifunctional crosslinker, 4-hydroxybutyl acrylate (4HBA), via hydrothermally-induced
free radical polymerization, generating a PNIPAM-OH polymer. As the reaction progressed, the PNIPAM-OH
extruded water and gradually precipitated to the bottom, and with the help of the hydrothermally induced
dehydration polymerization, finally generating a hydrogel bearing a gradient in pore size. Then, PPy nanoparticles
were incorporated into the hydrogel, forming a PPy-loaded photothermal-responsive soft actuator. In Figure 3B,C,
the PPy-loaded hydrogel could flexibly fold or curl into a designated pattern and lift weights up in water upon NIR
laser irradiation. Because of the graded distribution in pore size, the top surface of the hydrogel shrinked faster
than the bottom surface when exposed to a NIR laser, resulting in noticeable bending, folding, or curling. The
tunable pore size and various complex actuating behaviors make this soft actuator promising for a variety of
applications, such as octopus-like swimming soft robotics and artificial muscles.
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Figure 3. Photothermal-responsive hydrogel actuator with a gradient in pore size. (A) Schematic illustration of the
three major steps involved in the fabrication of the PPy-loaded PNIPAM hydrogel. (B) Folding or curling the PPy-
loaded hydrogel by irradiating at a designated position or moving the NIR laser across the surface. Scale bars: 1 cm.
(C) Schematic illustration showing the PPy-loaded soft actuator lifting weights in water under NIR laser irradiation.
Scale bars: 1 cm. (A—C) Reproduced with permission [46]. Copyright 2015, Wiley-VCH.

3.2.2. Bilayer Structure

The concept of bilayer design is a widely adopted and effective strategy for developing novel photothermal-
responsive actuators. Hu and coworkers developed a rolled bilayer composite actuator, where the CNT layer
worked for photothermal conversion, and the heat was transferred to the polydimethylsiloxane (PDMS) layer [47].
PDMS has a larger thermal expansion coefficient (3 x 10* K™!) compared to CNT (5 x 107® K™!), resulting in
asymmetric expansion and contraction of the bilayer composite. This leads to rapid and reversible unrolling/rolling
motions upon periodic light stimulation (Figure 4A). This photothermal-responsive bilayer actuator exhibited fast,
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significant deformation, transitioning from a tubular to a flat shape (with an angel change > 200°), enabling various
complex actuating behaviors such as somersaulting, cyclic wobbling, jumping, crawling, and grabbing.
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Figure 4. Photothermal-responsive actuator with a bilayer structure. Schematic illustration and real-time optical
images showing (A) the reversible unrolling/rolling behavior of the tubular CNT/PDMS bilayer actuator under
periodic light irradiation and (B) the reversible bending/unbending motion of the PDA-RGO/NOA-63 bilayer
actuator towards the source of periodic NIR light stimulation under ambient conditions. (C) Schematic illustration
of the actuation mechanisms of multistimuli-responsive CICC/PLA bilayer actuators under NIR light, humidity,
and temperature stimuli. (A) Reproduced with permission [47]. Copyright 2017, Wiley-VCH. (B) Reproduced with
permission [48]. Copyright 2014, Wiley-VCH. (C) Reproduced with permission [49]. Copyright 2023, American
Chemical Society.

Thermal expansion refers to the change in the volume and shape of a material caused by increased molecular
kinetic energy as temperature rises [26]. In addition to thermal expansion, thermal-induced water desorption can
also cause shape deformation, offering another mechanism for designing photothermal-responsive actuators. To
this end, Sun and coworkers constructed a NIR light-driven bilayer actuator using a NIR-absorbing and hydrophilic
layer of polydopamine-modified reduced graphene oxide (PDA-RGO) and a NIR-transparent and hydrophobic
layer of UV-cured Norland Optical Adhesive (NOA-63) [48]. The PDA-RGO layer, composed of hydrophilic PDA
and photothermal RGO, could desorb water to shrink and reabsorb water from the environment to swell when
illuminated by the NIR light. The NOA-63 layer, however, remained unchanged, resulting in asymmetric shrinking
and swelling of the bilayer structure. The resultant bilayer actuator displayed reversible bending and unbending
motions under periodic NIR light irradiation (Figure 4B).

Chen and co-workers proposed a high-performance biomass-based bilayer actuator (CICC/PLA) that
operates based on a multistimuli-responsive actuation mechanism [49]. The cuttlefish ink nanoparticles/cellulose
nanofiber (CINPs/CNF) composite (CICC) layer quickly converted the absorbed optical energy into thermal
energy, causing thermal expansion to the polylactic acid (PLA) layer. Simultaneously, the increased temperature
induced the desorption of water molecules from the CICC layer, resulting in its thermal shrinkage. As a result, the
CICC/PLA bilayer soft actuator exhibited reversible deformation under NIR light, humidity, and temperature
stimuli. Due to this multistimuli-responsive actuation mechanism, a series of untethered soft robots can be
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customized for various functions, such as a grasping robot driven by NIR-light, a weightlifting robot activated by
humidity, and a climbing robot inspired by monkey movement capable of climbing a vertical pole (Figure 4C).

3.2.3. Programmable Structure

Natural plants exhibit diverse mechanical motions in response to environmental stimuli, such as the two-
dimensional (2D) opening and closing behavior of pinecones and the three-dimensional (3D) twisting movement
of Bauhinia variegata pods. The alignment direction of cellulose fibrils in plant cells plays an important role in
guiding motor behaviors.

Inspired by the biological systems, Peng and coworkers developed a general and effective strategy to achieve
complex, tunable photothermal actuation based on a programmable aligned nanostructure [50]. In this case, they
designed a CNT-wax/polyimide actuator by embedding aligned CNTs in paraffin wax on a polyimide substrate.
The aligned CNT mimicked the cellulose fibrils, while the paraffin wax filled the gaps between the CNTs,
resembling the amorphous fillers (e.g., hemicellulose and lignin) in the plant cell wall. By adjusting the orientation
of the aligned CNTs through simple cutting of the CNT-wax/polyimide film in different directions, the actuator
could achieve a variety of mechanical deformations from bending to helical buckling (Figure 5). By integrating
distinct pre-programmed structures, this tunable photothermal actuator can execute sophisticated and well-
controlled motions, making it a promising candidate for light-responsive robotic arms.
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Figure 5. Photothermal-responsive actuator with a programmable structure. (A) Opening/closing behavior of a
pinecone, and the apheliotropic/phototropic bending motion of the CNT-wax/polyimide actuator with different
orientation of aligned CNTs. (B) Twisting movement of a Bauhinia variegata pod and the grasping/releasing
actuation of an assembled mechanical arm utilizing several CNT-wax/polyimide actuators with different pre-
programmed structures. Scale bars: 1 cm. (A,B) Reproduced with permission [50]. Copyright 2016, American
Chemical Society.
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3.3. Deformation Driven by Photothermally-Induced Phase Transition

Liquid crystal polymeric materials, e.g., LCNs and LCEs, contain oriented mesogens that typically maintain
an ordered phase at room temperature. As the temperature increases, the ordered phase transforms into a disordered
phase, realizing a dramatic volume change. In recent years, photothermal-induced order-disorder phase transition in
liquid crystal-based materials has gained attention for enabling rapid and reversible deformation. Lin and coworkers
explored NIR-responsive graphene/LCE nanocomposites, in which the graphene sheets were highly aligned within
the nematic LCE matrix, possessing superior and tunable photomechanical actuation capabilities [5S1]. Upon NIR
light irradiation, the aligned graphene efficiently converted light energy into thermal energy. The heat rapidly
transferred to the surrounding LCE, triggering the nematic-to-isotropic phase transition, and thus induced a
macroscopic contraction (Figure 6A). Over long-term cycling under NIR irradiation, the graphene/LCE
nanocomposites exhibited fast response time, high actuation stress, large contraction strain, and negligible fatigue.
Parmeggiani and coworkers fabricated a light-responsive microhand made of LCN with splayed alignment [52].
Under laser irradiation, the black object absorbed light and transferred heat to the splay-aligned LCN microhand
(Figure 6B). The resulting heat induced the transition from the splayed alignment to a disordered phase, resulting
in the bending of the microhand and enabling it to capture the object.
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Figure 6. Photothermally-induced phase transition triggering mechanical deformation. (A) Schematic diagram
demonstrating the nematic-isotropic phase transition in a graphene/LCE nanocomposite, and the real-time contraction
strain of the graphene/LCE actuator upon cycling NIR irradiation. (B) Schematic diagram showing the splay-disorder
phase transition in a light-responsive microhand. (C) Formation of a gradient crystallinity pattern induced by
photothermal effect from the digital ink, and the consequent 4D transformed pyramid and worm-like structure. Scale
bars: 5 mm. (A) Reproduced with permission [51]. Copyright 2015, Wiley-VCH. (B) Reproduced with permission [52].
Copyright 2017, Wiley-VCH. (C) Reproduced with permission [53]. Copyright 2020, Wiley-VCH.

320



Mater. Interfaces 2025, 2(3), 313-331 https://doi.org/10.53941/mi.2025.100024

In addition to order-disorder phase transition, photothermally-induced amorphous-crystallization transition
offer another strategy to trigger shape deformation. For example, Xie and coworkers used photothermally-induced
heterogeneous amorphous-crystallization phase transitions to achieve four-dimensional (4D) transformation [53].
In Figure 6C, an ink pattern with gradient in grayness was printed on an amorphous poly(L-lactide) (PLLA) film,
which was then exposed to flood fluorescent light. The light exposure caused a gradient in crystallinity pattern due
to the photothermal effect from the digital ink. The resulting heterogeneity in crystallinity reduced spatially distinct
shape recovery abilities, allowing the 2D PLLA film to spontaneously evolve into a 3D shape. Using this 4D
transformation strategy, complex pyramid and worm-like structures could be readily manufactured in seconds.

4. Emerging Applications

Light-driven soft actuators, with their unique advantages of wireless actuation, rapid response, and remote
control, have recently sparked considerable interests for potential applications in a variety of areas. In this section,
we highlight some of the most exciting applications, including light-responsive biomimetic locomotion robotics,
origamis-assisted 3D architecture manufacturing, microfluidic systems, and biomedicine.

4.1. Light-Responsive Biomimetic Locomotion Robotics

In nature, many biological organisms are capable of autonomous, rapid, and self-regulated action in response
to environmental stimuli, providing a continuous source of inspiration for the design of intelligent soft robotics.
Mimicking the phototropism of sunflowers, He and coworkers developed an omnidirectional tracker, refer to as
SunBOT, that could autonomously and instantaneously detect and track incident light in three-dimensions [54].
Sunflowers track light through photoreceptors in their stems. The incident light creates a graded distribution of
auxin between the irradiated and shaded sides, leading to asymmetric stem growth that keeps the sunflower disc
oriented toward the sun throughout the day. As shown in Figure 7A, SunBOT is made of a thermo-responsive
PNIPAM hydrogel, together with homogeneously distributed Au nanoparticles (AuNPs) serving as both the
photoreceptor and photothermal converter. When immersed in water, the asymmetric deformation between the
illuminated and thereby heated side and the shaded cool side enables the SunBOT to autonomously track and aim
at the incident light coming from different directions. This biomimetic phototropic device holds great promise for
application in solar steam generation, achieving up to a 400% enhanced solar energy harvesting when compared
with the conventional, non-tropistic materials under sunlight irradiation.

By mimicking the capture motion of Venus Flytrap, Priimagi and coworkers developed a light-driven soft
gripper capable of preforming object recognition and autonomous closure [55]. They constructed a splay-aligned
LCE strip attached to the tip of an optical fiber, with a transparent window at the center to allow light to pass
through. As illustrated in Figure 7B, when an object entered the gripper’s field of view, it reflected or scattered
sufficient light onto the LCE strip, triggering the closure action to capture the object. The intensity of light reflected
or scattered by the object served as optical feedback, enabling the soft gripper to distinguish between different
targets and execute the corresponding actuation. This flytrap-inspired soft gripper, using optical feedback to trigger
photomechanical motion, offers a new approach to autonomous, self-regulated, intelligent soft robotics.

In addition to plants, animals also exhibit remarkable capabilities to convert reversible shape deformation
into macroscopic locomotion, such as slithering of snakes, swimming of fish, and telescopic motion of inchworms.
In one study, Hu and coworkers reported a light-driven autonomous actuator capable of continuous self-oscillation
by mimicking human sit-up motion [56]. The actuator, composed of CNT and PDMS, was shaped like a curled
droplet. As shown in Figure 8A, when exposed to constant light from the right side, the curled bimorph actuator
flattened (Figure 8A-i) due to the photothermal expansion of the PDMS layer. Once flat (Figure 8A-ii), reduced
light intensity triggered the actuator to sit up, restoring it to its original shape. The self-shadowing-induced light-
mechanical feedback loop enabled the CNT/PDMS actuator to exhibit continuous self-sustained oscillation under
constant light exposure, resembling the human sit-up motion. Real-time optical images of one complete cycle of
this biomimetic sit-up motion are shown in Figure 8B.

Furthermore, by mimicking phototactic locomotion of snakes (Figure 8C), Hu and coworkers fabricated a
self-crawling artificial snake using the droplet-shaped CNT/PDMS actuator. This artificial snake could
autonomously and continuously creep toward a light source. Infrared thermal images were recorded to investigate
the phototactic locomotion mechanism of the artificial snake (Figure 8D). The friction generated during the cyclic
wavelike self-oscillation facilitated the continuous forward motions toward the light. Under constant light
illumination (330 mW cm™2) for 30 s, the self-crawling artificial snake moved almost 6 mm (Figure 8E). Benefiting
from its autonomous and continuous self-oscillation, this light-driven droplet-shaped actuator shows great
potential in self-locomotive soft robotics and smart energy harvesting devices.
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4.2. Origami-Assisted 3D Architectures

Traditional origami and kirigami techniques provide valuable inspiration for fabricating sophisticated 3D
structures. By integrating these techniques with photo-actuation, researchers can fabricate customized 3D
architectures and complex actuators with greater ease [57-59]. In one study, Lee and coworkers applied the
origami concept to a graphene oxide/ethylene cellulose (GO/EC) photothermal-actuated bilayer system, enabling
programmable 2D-to-3D shape morphing [58]. As illustrated in Figure 9A, 2D triangular and annular rings were
transformed into intricate 3D architectures by programming the shape and relative position of the GO domains. In
the case of triangular ring, GO was uniformly casted onto EC, causing its three angles to bend symmetrically
inward upon light irradiation (Figure 9A(a)). For annular ring, GO was deposited on the upper surface of EC in
the bare regions and on the lower surface in the shaded regions, resulting in a centrosymmetric undulatory 3D
structure. These versatile, flexible, and programmable 3D architectures offer exciting opportunities for the
fabrication of intelligent soft actuating devices.
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Figure 7. Light-responsive biomimetic locomotion robotics inspired by natural plants. (A) Sunflower-like
phototropism AuNP-PNIPAM SunBOT, which autonomously tracks and aims at the laser coming from different
directions (20-150°). (B) Flytrap-inspired, light-driven soft gripper capturing a small scattering object falling on
its surface. Scale bar: 5 mm. (A) Reproduced with permission [54]. Copyright 2019, Nature Publishing Group. (B)
Reproduced with permission [55]. Copyright 2017, Nature Publishing Group.
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Figure 8. Light-responsive biomimetic locomotion robotics inspired by animals. (A) Light-driven, droplet-shaped
CNT/PDMS actuator with autonomous self-oscillation, mimicking the human sit-up motion. (B) Real-time optical
images showing one cycle of the biomimetic sit-up motion. (C) Schematic illustration of the phototactic locomotion
of snakes. (D) Real-time infrared thermal images and schematic illustration showing the phototactic locomotion
mechanism of the self-crawling artificial snake under constant light irradiation (330 mW ¢m™2). (E) Time profile
of crawling displacement under constant light illumination (330 mW ¢m?) for 30 s. (A-E) Reproduced with
permission [56]. Copyright 2020, Wiley-VCH.

Zeng and coworkers devised a kirigami-assisted, light-fueled rolling robot using LCN and a photothermal
dye [59]. As shown in Figure 9B, the fabrication process involved rolling an LCN/dye sheet into a tubular structure
with triangular petals at both ends. Upon on—off switching of light (470 nm), the triangular petals exhibited
blooming and closing motion. When exposed to an obliquely incident light beam, the periodic bending of the petals
against the ground induced sequential rolling movements (Figure 9C). By adjusting the direction of light
irradiation, the rolling robot was able to navigate along diverse trajectories. It is anticipated that integrating origami
and kirigami techniques with light-responsive materials will enable the construction of complex architectures and

dynamic shape morphing. This approach holds great potential in endowing soft actuators with multi-mode motions
and advanced functionalities.
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Figure 9. Origami- and kirigami-assisted 3D architectures derived from 2D patterns. (A) Shape morphing of an

equilateral triangular ring and an annulus ring with a predesigned graphic pattern. Scale bars: 1 cm. (B) Fabrication
of the kirigami-assisted, light-fueled rolling robot and its blooming/closing behavior under on—off light (470 nm)
switching. (C) Real-time optical images demonstrating sequential rolling movements induced by an obliquely
incident light beam (violet arrow). Scale bars: 2 mm. (A) Reproduced with permission [58]. Copyright 2020, Royal
Society of Chemistry. (B,C) Reproduced with permission [59]. Copyright 2020, Wiley-VCH.

4.3. Microfluidic Systems

Over the past decades, microfluidic devices have attracted significant attention in microscale reactions and
analyses. Integrating light-responsive actuators within microfluidic systems enables remote and precise liquid control,
significantly expanding their potential applications, especially in chemical and biomedical engineering [60]. Diamond
and coworkers developed a reversible light-driven hydrogel valve compatible for microfluidic systems [61]. The
valve leverages the photoisomerization of a spiropyran derivative, inducing rapid and reversible shrinking and
swelling to enable repeatable valve opening and closing under periodic blue LED illumination (Figure 10A). With
its simplified, compact design and non-contact operation, this light-driven hydrogel valve holds promise for
microfluidic applications.

In another example, Yu and coworkers reported a strategy for manipulating fluid flow using light-induced
asymmetric deformation of tubular micro-actuators (TMAs) [62]. They fabricated various TMA geometries (i.e.,
straight, serpentine, helical, and “Y’-shaped) using linear LCP functionalized with photoactive azobenzene (Figure 10B).
When exposed to blue light with a gradient in intensity along the TMA, asymmetric deformation generated
capillary force that propelled liquid toward the regions of lower light intensity. These TMAs enabled precise light-
driven control of liquid transport, multiphase mixing, and microsphere capture and transport at the microscale.
This strategy simplifies microfluidic systems, paving the way for intelligent, pump-free microfluidic devices.
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A

Figure 10. Light-responsive actuators in microfluidic systems. (A) Schematic illustration of a light-driven
spiropyran-based hydrogel functioning as a smart valve in a microfluidic device. (B) Real-time optical images
demonstrating light-driven fluid control in tubular microactuators (TMAs) with straight, serpentine, helical and
‘Y’-shaped geometries. Scale bars: 0.5 mm. (A) Reproduced with permission [61]. Copyright 2015, American
Chemical Society. (B) Reproduced with permission [62]. Copyright 2016, Nature Publishing Group.

4.4. Biomedical Applications

In recent years, light-responsive actuators have been increasingly pursued for diverse biomedical
applications, such as drug delivery, wound closure, artificial muscle, biosensing, tissue engineering, and minimally
invasive surgery [63,64]. Notable examples of their use in on-demand drug delivery and minimal invasive surgery
are highlighted as follows.

4.4.1. On-Demand Drug Delivery

Biological organisms rely on specific recognition events on cellular surfaces to transfer information from
extracellular to intracellular space. Inspired by cells, Thayumanavan and coworkers used the photoisomerization
of azobenzene to dynamically alter interface mobility for on-demand drug delivery [65]. As shown in Figure 11A,
they fabricated light-actuated vesicles with an 8 nm bilayer membrane through the self-assembly of a hydrophilic-
azobenzene-hydrophobic diblock copolymer (PEG-azo-PLA). Upon light irradiation, the photo-induced trans-to-
cis isomerization of azobenzene caused localized perturbation at the interface, which rapidly propagated through
the entire membrane, triggering the release of the preloaded hydrophobic or hydrophilic cargos. In Figure 11B, the
encased cargo was released under UV (360 nm) or blue (450 nm) light and ceased when the light was turned off.
The release process could be modulated by adjusting the intensity and wavelength of the light, offering a promising
strategy for controlled release.
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In another example, Liu and coworkers developed biomimetic pulsating vesicles with a dual-responsive
behavior, exhibiting light-triggered disassembly-reassembly and pH-tunable membrane permeability [66]. These
supra-amphiphilic vesicles were formed through the self-assembly of a-cyclodextrin (a-CD) with an azobenzene-
containing aromatic foldamer. a-CD selectively recognizes the trans isomer of azobenzene while excluding its cis
counterpart, inducing dynamic vesicular disassembly and reassembly. Upon UV (325 nm) irradiation, the trans-
to-cis isomerization of azobenzene led to vesicle rupture, facilitating the rapid release of the encased anticancer
drugs (DOX). Conversely, exposure to visible light (440 nm) restored the #rans configuration, enabling the vesicles
to reassemble. This reversible transformation provides a controllable platform for drug delivery.
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Figure 11. Light-actuated vesicles applied to on-demand drug delivery. (A) Schematic illustration of PEG-azo-
PLA vesicles, showing their chemical structure and the encapsulation/release mechanism for hydrophilic or
hydrophobic cargo molecules. (B) Release profiles of hydrophobic cargo molecules (Dil) from PEG-azo-PLA
vesicles under alternating on—off cycles of UV (360 nm) and blue (450 nm) light, respectively. (A,B) Reproduced
with permission [65]. Copyright 2018, Nature Publishing Group.

4.4.2. Minimal Invasive Surgery

Soft actuators will revolutionize minimal invasive surgery by enabling highly adaptable and less invasive
operation [67]. To this end, Raquez and coworkers developed a light-responsive, fast-actuating self-tightening
suture (PCL/CNC-AgNPs) composed of biocompatible poly(e-caprolactone) and silver nanoparticle-grafted
cellulose nanocrystals [68]. As shown in Figure 12A, the pre-stretched PCL/CNC-AgNPs, initially fixed in a loose
knot-like shape with 100% deformation, rapidly recovered its shape under NIR irradiation, leading to self-
tightened suturing within 30 s. This innovative suture, benefiting from a simple, noninvasive one-step procedure
and excellent antibacterial properties, holds potential for minimally invasive surgical applications.

With rapid development of medical robotics, continuum soft robots are particularly beneficial in endoluminal
diagnosis and intervention, as they can navigate confined and tortuous anatomical pathways with exceptional
dexterity, flexibility, and maneuverability. Zhou and coworkers introduced a submillimeter-scale fiber robot (~1 mm)
capable of decoupled macro- and micro-manipulations for endoluminal operations [69]. The design integrates thin
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optical fibers that function as both mechanical tendons and light waveguides, allowing macro actuation via tendon-
driven motion while simultaneously enabling micro-actuation through a built-in light-driven liquid crystal elastomer-
based parallel robot. This submillimeter fiber robot, leveraging cross-scale motion several millimeters down to tens
of micrometers, holds promise for delicate micro-operations in endoluminal or endocavitary interventions.
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Figure 12. Light-responsive actuators applied to minimal invasive surgery. (A) Real-time optical images
demonstrating the self-tightening process of the PCL/CNC-AgNPs suture under NIR irradiation. (B) A
submillimeter fiber robot utilizing thin optical fibers for both tendon-driven macro motion and light-driven micro
motion, facilitating cross-scale endoluminal manipulations. (A) Reproduced with permission [68]. Copyright 2018,
American Chemical Society. (B) Reproduced with permission [69]. Copyright 2024, AAAS.

5. Challenges and Future Perspectives

Owning to their merits such as rapid response, flexible actuation, and remote control, light-driven soft
actuators show great promise in applications ranging from soft robotics to complex 3D structure manufacturing,
as well as microfluidic systems and biomedical research. Despite the rapid progress over the past decade, the soft
actuators still face a set of challenges.

5.1. Integrating Multi-Mode Locomotion

Although significant progress has been made in designing light-driven actuators with sensitive and
controllable actuation, there remains substantial room for advancing multi-mode locomotion. Integrating diverse
locomotion behaviors, such as walking, jumping, climbing, and swimming, would enable light-driven soft robotics
to operate in hazardous or inaccessible environments, reducing the need for human intervention. However, a key
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challenge remains in achieving complex, sequential shape deformations and effectively translating them into
diverse locomotion modes. Addressing this issue will be critical for future research in this field.

5.2. Designing Intelligent Autonomous Systems

Autonomous actuation, free of human intervention or computer control, has received increasing attention in
recent years. This automation relies on the ability to independently determine when and how to move based on the
feedback receiving from the environment. However, only a limited number of studies have been reported on the
design of light-driven autonomous systems. As we discussed earlier, Priimagi and coworkers developed a flytrap-
inspired soft gripper that utilized optical feedback based on the reflectance intensity of the object, enabling the
device to distinguish and capture the targets [55]. In another example, a light-mechanical feedback loop induced
autonomous and continuous self-oscillation [56]. Despite these advancements, existing autonomous systems
remain limited to relatively simple and repetitive actions, with issues in terms of response speed, control accuracy,
repeatability, and durability still needing to be addressed. In contrast, most natural organisms exhibit diverse self-
regulated behaviors to adapt to a dynamic environment. Drawing inspiration from biological organisms could
significantly advance light-driven soft actuators, paving the way for intelligent, self-regulating actuation.

5.3. Exploiting Diversified Light-Responsive Materials

Despite the extensive development of materials for light-driven soft actuators, their diversity remains limited,
particularly in terms of the availability of biocompatible and biodegradable light-responsive materials for in vivo
applications. Moreover, many existing photoactive components such as azobenzene, spiropyran, diarylethene,
anthracene, and cinnamate, are primarily activated by UV light. However, long-term UV irradiation will accelarate
materials aging, reducing their service life, and poses significant health risks, including eye damage and skin
cancer [70], thereby limiting their biomedical applications. To this end, the development of materials that respond
effectively to visible or NIR light is highly desirable. Advancements in diversified light-responsive materials hold
great promise for breakthroughs in targeted drug delivery, surgical suturing, vascular waste scavenging, and
functional scaffolds for tissue repair/regeneration.

5.4. Developing New Frontiers of Application

The defining advantages of light-driven soft actuators, including wireless operation, non-invasiveness, and
spatiotemporally precise energy delivery, make them well-positioned as disruptive solutions for scenarios where
conventional actuators fail. For example, light-driven soft actuators are able to travel through the unstructured,
complex, or even extreme environments, allowing them to operate safely in hazardous zones (nuclear/chemical
sites) without spark risks from electrical wiring and function well in vacuum (e.g., space exploration) where
fluid/pneumatic systems falter. In principle, untethered soft micro-tools (e.g., photo-responsive grippers) allow for
complex surgery in confined anatomy, whereas light-actuated soft microrobots can navigate through physiological
barriers (e.g., blood-brain barrier) for site-specific therapeutic release, eliminating infection risks from physical
connections. Furthermore, light-driven soft actuators exhibit definite superiority when interacting with human on
account of their inherent flexibility and rapid photo-responsiveness, allowing breakthrough advances in wearable
technology (e.g., responsive exoskeletons) and smart interfaces (e.g., brain-machine systems, dynamic haptic
surfaces). Strategic focus on these application-driven advances will accelerate the transition from laboratory
innovation to real-world impact where light-driven soft actuation delivers irreplaceable value.

6. Concluding Remarks

We have presented a comprehensive review of light-driven soft actuators, covering advanced light-responsive
materials and innovative design principles, as well as their emerging applications in biomimetic locomotion
robotics, origamis-assisted 3D architectures, microfluidic systems, and biomedical science. We also highlight the
challenges in this rapidly growing field and offer perspectives on future directions. The collaborative efforts from
scientists across multiple disciplines including materials science, chemistry, biomedicine, and mechanical
engineering will drive the development of intelligent light-driven soft actuators, bringing them closer to practical
applications in everyday life.
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Abstract: Electrospinning is a widely used technique

for creating nano- to microscale fibers that resembles -

the fibrous structure of the extracellular matrix (ECM) — _Q
environment, crucial for tissue engineering and \Q

disease modelling. Directly incorporating living cells % | Shear stress oy
into the electrospinning process, ‘cell electrospinning’, Q Q g

has evolved in the last two decades as a new f}

biofabrication method combining homogenous cell (} ﬂ
loading with the potential of single cell resolution. <=
However, keeping cells viable and functional during the
electrohydrodynamic process is an ongoing challenge. In

this review, key parameters in electrospinning affecting

mammalian cell viability and functionality are assessed with the goal of identifying the most critical ones in the
successful production of living cell-embedded fibers. The review further outlooks the potential mechanobiological
and electrophysiological effects on the cells exposed under the electrohydrodynamic condition to layout a couple
unexplored applications.

O
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1. Introduction

Electrospinning is a versatile technique capable of generating continuous, ultrafine fibers with diameters at
the nanometer to micrometer scale. The technique finds broad applications in diverse fields, including drug
delivery [1], tissue engineering [2], air filtration [3], and food biosensors [4]. The underlying principle of
electrospinning involves the formation of a “Taylor cone” from a charged jet of a liquid viscous solution subjected
to a strong electric field, first described by Sir Geoffrey Taylor in 1964 [5]. However, it was until 1971 when
Baumgarten obtained acrylic microfibers [6], electrospinning started to gain momentum as an efficient technique
for the production of nano- and microfibers. In parallel with the development of electrospinning, electrospraying
emerged as well. This technique, while utilizing similar principles as electrospinning, employs lower solution
viscosity to generate micro- and nano-sized droplets instead of fibers [7].

In the biomedical research field, electrospinning has been widely applied to produce fibers that are capable of
mimicking the fibrous morphology of the natural extracellular matrix (ECM) surrounding the cells in our bodies [2].
The ECM can differ in composition and mechanical properties, depending on the specific tissue requirement [8]. Being
able to artificially mimic these fibrous ECM structures provides opportunities to study the effects of morphology,
chemical composition and mechanical stiffness on cell response in a relatively controlled manner. One of the
obstacles in the use of electrospun fibers for tissue engineering is the limited distribution of cells inside the volume
of the densely packed fibrous matrix when seeding cells on top of an electrospun scaffold. To overcome this issue,
an extension of electrospinning has emerged: Cell electrospinning. This technique involves the same principles,
but instead of seeding on top of electrospun fibers, living cells are added directly into the electrospinning solution
to ideally result in cell-embedded fibers [9], creating uniform and in-depth cell distribution within the fibrous
matrix [10,11].
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Other emerging biofabrication techniques such as 3D bioprinting, incorporating cells in the bioprinting
materials, already offers a solution for in-depth cell distribution, but suffers from limited spatial resolutions, such
as above 100 um for extrusion-based bioprinting [12] and above 50 um for light projection-based bioprinting, and
subsequent suboptimal oxygen and nutrients diffusion [13,14]. Bioprinting techniques with higher resolution are highly
desired for replicating physiological features at cellular scale [15]. Because of the inherent high resolution of
electrospinning with fiber diameters of a few hundred nanometres to a few micrometres [16], electrospinning with living
cells could potentially be a powerful tool to meet the needs of both higher resolution and better nutrient diffusion.

Cell viability is often compromised during the bioprinting process, especially in extrusion-based bioprinting
where cells experience shear stresses during the extrusion [17]. Although cell viabilities above 90% have been
achieved in bioprinting, a delicate balance between material stiffness, viscosity, processing parameters and
resulting porosity is crucial for obtaining both high cell viability and printing fidelity [ 14]. Compared to bioprinting
which is a much more established technology, obtaining viable cell-loaded, higher resolutions structures via cell
electrospinning is still under development. While good viabilities above 90% have also been reported, some studies
suffer from much lower viabilities down to 15-25% [18] and slight changes in parameters were found to influence
them drastically [19,20].

Therefore, achieving high cell viability throughout the process of electrospinning is an ultimate prerequisite
for the applications of cell electrospinning. There are several excellent and recent reviews on cell electrospinning,
including materials (Maurmann et al. [9]), its critical processing parameters and biomedical applications (Elveren
et al. [11]). Cell viability has been evaluated in some highlighted studies, emphasizing parameters important for
cell fate; however, there is still ambiguity to which parameters play the most significant roles for cell survival and
function during an electrospinning process. The aim of this review is to investigate the cell electrospinning process
and solution parameters, and their possible interplay. This will be done through a thorough literature review with
focus on discussing reported cell viabilities in relation to electrospinning parameters and resulting fiber
morphologies. Cell electrospinning has been conducted on various cell types, including mammalian, bacteria and
yeast cells; A few reviews have included the latter two [21-23], but in this review, we limit the scope to mammalian
cell electrospinning for tissue regeneration application. The review will cover the majority of conducted studies
on mammalian cell electrospinning and highlight the critical parameters focusing on their role in maintaining cell
viability. We believe that a better understanding of the interplay between process parameters and cell fate will help
improve the success rate for obtaining viable cell-embedded fibers, further leading to the broadening of the
application of single cell-embedded fibers that may provide beyond morphological guidance.

2. Principles of Electrospinning and Cell Electrospinning

Theoretically pinned as electrohydrodynamics, which describes how an electric field influences a charged
fluid, electrospinning is based on the extension of viscous liquid jet from a syringe by an applied electric field,
forming sub-micron scale fibers. In the setup, the viscous liquid dispenser is placed above or next to a collector
plate. While an electric field is applied across the needle and collector, and the liquid is pumped out at a controlled
flow rate, a droplet emerges forming a Taylor cone [5] (Figure 1) to initiate a jet whipping into submicron fibers
deposited on the collector. Various parameters affecting electrospinning performance and morphology of
electrospun fibers can be modified such as the distance between needle and collector (typically 1-20 cm), the
applied voltage (typically 1-20 kV), electric field strength, and the solution flow rate (Figure 1). Instead of a solid
collector, the fibers can also be spun directly into a liquid coagulation bath [24].

Cell electrospinning shares the same principle and procedure, except incorporating living cells into the
electrospinning solution. Cell electrospinning has been reported with a variety of components, cell types and
process parameters. An overview of reported studies can be seen below (Table 1) with the most important
parameters listed. In the next section, the challenges associated with cell electrospinning and the influence of the
most dominant parameters on cell viability will be presented and discussed.
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Solution:
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Polymer MW Solvent
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Taylor cone

Electro- w
hydrodynamics | -,
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Electrospinning:
Voltage Flow rate
Electrode-collector-distance  Humidity
Single/coaxial needle Temperature

Figure 1. Illustration of Cell electrospinning, the typical electrospinning setup, crucial solution properties and
operational parameters.
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Table 1. Overview of publications using cell electrospinning and cell electrospraying and their parameters and highest obtained cell viabilities. Abbreviations: PDMS: Polydimethylsiloxane, PVA:
Polyvinyl alcohol, PLLA: Poly(l-lactic acid), DMF: N,N-dimethyl formamide, DCM: dichloromethane, PEG: Polyethylene glycol, PEO: Poly(ethylene oxide), PCL: Polycaprolactone, FBS: Fetal Bovine

Serum.
Electric Field
Technique Materials Solvent Voltage/Collector Strength Flow Rate Cell Type Cell Viability Year Reference
Distance (mL/h)
(kV/mm)
4 3 . . 0,
Electrospinning  Shell: PDMS, core: Cell -\ o edium 9 kv/105 mm 0.09 0.3636 — Eup 321N cells /0% 1.9% (after 5 [25]
(coaxial) suspension (core/shell) fiber dissolution)
15-25%/>90% in
0, = -
Electrospinning 8% PVA (MW =205 DI water/cell medium 6 kV/150 mm 0.04 0.5 3T3-L1 mouse culture medium 2011 [18]
kDa) fibroblasts
(electrospray)
Shell: 12% PLLA (MW
Electrospinnin = 140 kDa), core: 10%  Shell: DMF/DCM, 1.2/1.5
(Coafial) J PEG (MW =35 Core: Aqueous 20 kV/150 mm 0.133 (core/shell PCI2 cells NA 2012 [26]
kDa)/PEO (MW =900 solution
kDa) + cells
Mononuclear cells
Electrospinning 10% PVA Milli-Q water 21 kV/150 mm 0.14 0.34 (MNCs), mesenchymal ~ 8.38-19.6% 2012 [27]
stem cells (MSCs)
Shell: 12% PCL (MW = Shell: Human umbilical vein NA (but 97% in
Electrospinning ~ 70-90 kDa), Core: 2%  Chloroform/DMF NA (ratio of 1:6 . PEO/FBS solution
. _ ) T epo NA 0.15 endothelial cells 0 2014 [28]
(coaxial) PEO (MW =600 kDa) + 60:40, Core: 50% (core/shell)) (HUVEC) compared to 3%
2% FBS FBS in PEO alone)
Electrosp'mnlng Matr1g§1 rich collagen NA 8 kKV/20 mm 04 NA Primary cardiac ~80% 2014 [29]
(coaxial) biopolymer myocytes
2% alginate, 2% PEO
Electrospinning (MW =900 kDa), 0.7% PBS in water 11.2 kV/70 mm 0.16 0.5 MG63 cells >80% 2015 [30]
lecithin
Electrospraying Cell suspension Cell culture medium 15 kV/40 mm 0.375 2.60 Mesenchymal stem cells 89 +4.6% 2015 [31]
Electrospinning 2 0 Ai€inate, 3% PEO 1y jictitted water  0.7-1.75kV/14mm  0.05-0.125 025 C2C12 myoblasts 90% 2018 [32]
(MW =900 kDa) o ) ) )
. 0 -
Electrospinning 87%61;‘021813/21)13?0}8'\41\(};/0/ Shell: Chloroform,
o > . 0 . 0
(coaxial) PVA (MW = 85-124 Core: Cel.l culture 6 kV/60 mm 0.1 1/1 (core/shell) PCI12 >95% 2018 [33]
medium
kDa)
I 1% Fibrinogen, 0.2% DI water w. 5% C2C12 cells as cellular  NA (estimate:
Electrospinning PEO glucose 4.5 kV/80 mm 0.056 7.5 aggregates ~50-60%) 2019 [34]
o 0.5% Gelatin, 0.5% Serum-free culture Adipose tissue-derived o
Electrospinning pullulan medium 8 kV/75 mm 0.107 1.8 stem cells (hASCs) 90% 2020 [20]
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Table 1. Cont.

Voltage/Collector Electric Field Flow Rate
Technique Materials Solvent J Strength Cell Type Cell Viability Year Reference
Distance (mL/h)
(kV/mm)
Shell: 15% poly(lactic-
co-glycolic acid) (82/18
. ) Shell: Chloroform
Electrospinning  molar ratio), 5% PEO ) ’ 10/50 Pheochromocytoma 12
(coaxial) (MW = 10.065 kDa), core: nl?é(;ivjrt:r/cell 10kV/50 mm 0.2 (core/shell) (PC12) cells NA 2020 [35]
core: 6% PVA (MW =
85-146 kDa)
29% Sodium aleinate. 3% Human umbilical vein
Electrospinning P;E O (MW = % 00 k]’)a)o Triple-distilled water ~ 10.5 kV/140 mm 0.075 0.25 endothelial cells 90% 2020 [36]
(HUVECs)
12% Poly(vinyl) alcohol 10:1 Deionized
Electrospinning  (PVA, MW =89.000—  water/cell culture ~ 1-2 kV/70-100mm  0.029 1 ME3TS osteobast 81% 2021 [37]
98.000) medium P
Electrospraying Lami‘fgliﬁzglﬁed 20 mM HEPES 18 kV/15 mm 1.2 0.04 Adipose gi%vsegstem 99% 2021 [38]
5 - 5 - -
Electrospraying 1o+ ot 41270 Serum-free media 10+ 15kV/70 mm 01430214 g Humen fgll‘;"(ﬁ‘;fgsv)ed 90+70% 2021 [39]
Electrospraying Cell suspension Cell culture medium 9 kV/50 mm 0.18 2 gﬁg;fyﬁgﬁg:;gf:s’ <91% 2022 [40]
Smooth muscle cells
. 2% Alginate/3% PEO . . (SMCs) and o
Electrospinning (MW = 900 kDa) Triple-distilled water ~ 10.5 kV/140 mm 0.075 0.25 Mesenchymal stem cells >90% 2023 [19]
(MSCs)
5 -
Electrospinning  ~° A’fgz)a_nl%(()figi)(MW PBS 20 kV/50 mm 0.40 24 Mesendz%'“‘é)stem cell 900 2023 [41]
7.5% hydrazide
. . ., NA but ~4-fold
Electrospinning %,no"t;l‘;nzhsz;)d;%g\ff“‘? DMEM medium/PBS 10 kV/10 mm 1 0.9 3%22?;&?5 ;niﬁslz increase incell 2023 [42]
. 600 kDa) density at day 14.
7.5% hydrazide
Electrospinning %ngggnzlgz;d;)]% g\h\dvé PBS:DMEM 3:1 10 kV/100 mm 0.1 0.9 C2C12 mouse myoblast >85% 2023 [43]
, 2.970
= 600 kDa)
10% Human umbilical cord
Electrospinning polyvinylpyrrolidone PBS 8 kV/100 mm 0.08 NA mesenchymal stem cells 88 £4.3% 2024 [44]

(PVP) (MW = 360 kDa)

(HUCMSCs)
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3. Challenges in Cell Electrospinning

Cell electrospinning is demanding in terms of the choice of materials and solvents. The options are limited
compared to conventional electrospinning where organic solvents often are used to dissolve polymers, which
should naturally be avoided when incorporating living cells. In addition, the materials should be biocompatible,
non-toxic, and the degradability should be considered depending on the application. Furthermore, the
electrospinning parameters should be fine-tuned to maintain both viable cells and spinnability. Collectively, the
spinnability of the solution and inclusion of living cells in the extruded fibers is a delicate balance [11]. The limited
number of publications using cell electrospinning underlines the necessity to better understand the parameters that
affect both spinnability and viability, thus obtaining fully viable and functional cells inside thin single cell-sized
fibers is still an essential challenge [32,34]. In the next sections, the different parameters in cell electrospinning
will be discussed and assessed for their influence on cell viability and function with examples from literature.

3.1. Solution Components

Solution composition is critical in cell electrospinning since living cells are incorporated. The main criteria
to consider are the use of non-cytotoxic and biocompatible materials and water as solvent, in contrast to the typical
organic solvents such as hexafluoro-isopropanol, chloroform, dichloromethane or dimethylformamide in
conventional electrospinning [45]. The choice of solvent will affect spinnability of the polymer together with the
resulting fiber diameter and morphology [46]. When a polymer solution is extruded as a jet into the air, fibers are
formed from electrostatic tensile forces and solidification of the jet as the solvent evaporates. The behaviour of the
jet is furthermore influenced by the viscosity and the viscoelasticity of the polymer solution. At high viscosities,
larger jets and fibers are formed, but below a certain threshold of viscosity, the jet can start breaking into droplets
resulting in electrospraying instead of spinning [46,47].

The use of aqueous solution for preserving cell viability requires hydrophilic polymers. These are often natural,
biobased polymers e.g., proteins such as collagen, silk fibroin, fibrinogen or collagen-derived gelatine [48],
polysaccharides like sodium alginate [49], pullulan [50] and glycosaminoglycans such as hyaluronic acid [S1], or
synthetic but biocompatible polymers such as poly(vinyl alcohol) (PVA). Polyelectrolytes alone have inherently
low spinnability due to limited chain entanglement. This is the case for one of the most common polysaccharides
in cell electrospinning, sodium alginate (SA), in which limited ability for the negatively charged alginate chains
to entangle sufficiently hinders fiber formation [32]. SA is therefore usually co-electrospun together with other
polymers such as poly(ethylene oxide) (PEO) as a carrier polymer to increase molecular entanglement and
viscosity, and with processing agents such as lecithin [30,32,52—54]. Importantly, since the polymers are water
soluble but would have to be stable in cell culture medium after cell electrospinning, rapid in situ crosslinking of
the materials is needed for the fibers to maintain their structure. Various strategies have been applied varying
depending on the material e.g., physical crosslinking, enzymatic crosslinking or click chemistry photocrosslinking.
SA as an example, rapid ionic physical crosslinking is achieved by immersing fibers into a CaCl, solution in which
Ca?" ions substitute Na?" ions and cause ionic bonding between Ca®" and the carboxyl groups on sodium alginate [55].
Enzymatic crosslinking has, on the other hand, been performed using fibrinogen by the addition of thrombin that
converts fibrinogen molecule to insoluble fibrin [34].

A way to solve the limited choices of hydrophilic polymers with rapid crosslinkability for preparing aqueous
cell-loading solutions, is the use of coaxial cell electrospinning. A coaxial needle is used to separate the core and
shell flows, enabling the use of polymers requiring organic solvents in the shell compartment. By retaining the
cells suspended in culture medium or aqueously dissolved polymers in the core, the two solvents are immiscible
during electrospinning and thus the cells are not in contact with the organic solvent which is further evaporating
quickly. As a benefit, crosslinking is optional as the shell is often a hydrophobic polymer, only needed if the core
material has to be crosslinked as well [26,33].

Osmolarity is also an important parameter to consider for cell viability. Aqueous cell electrospinning
solutions should thus also contain surfactants, cell culture additives and salts for creating a physiological relevant
environment with the correct osmolarity. As an example, in a study of Ang. et al. they observed an increased
viability from 2% to 97% for HUVECs in a 2% PEO solution by addition of 50% FBS, with significant increase
in viability already seen at 5% FBS. The low viability in PEO alone was suspected to be caused by the hypotonic
nature of the aqueous solution in relation to the cell interior, with a low osmolality of 0.41 mOsm/kg compared to
physiological osmolality of 270-290 mOsm/kg, causing water influx across the cell membrane. Besides its
nutritious effect, the addition of FBS to the cell-containing electrospinning solution was anticipated to increase
osmolality closer to physiological conditions and also demonstrated enhanced cell survival [28]. 5% glucose has
been used as an alternative to an ionic buffer such as PBS in order to match cellular osmolarity while keeping the
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solution at low ionic concentrations to maintain conductivity suited for electrospinning and decrease the current
on the cells [34]. These examples highlight the importance of considering physiological osmolarity for obtaining
viable cells in electrospinning and other biofabrication processes.

The ability of a polymer to facilitate cell adhesion is also important for cell survival. For example, PVA has
limited cell adhesion owing to the low protein adsorption, so various biopolymers such as gelatin and chitosan
have often been co-electrospun with PV A as electrospun scaffolds, resulting in increased cell adhesion and survival
upon seeding [56,57]. Porcine and fish gelatin have been popular choices in both conventional electrospinning and
cell electrospinning, owing to its natural collagen origin, biocompatibility, low cost and cell adhesion properties.
In both studies listed here, a very good viability has been obtained for electrospun fibers including gelatin of either
fish or porcine origin [20,41]. Gelatins from different animal sources are different in their chemical structure,
resulting in different sol-gel transition temperature. Fish gelatin has been proposed as an alternative to the
commonly used porcine gelatin as cold-water fish gelatin has a lower sol-gel transition temperature, below ambient
temperature opposed to porcine gelatin that gels at room temperature, requiring extra control over ambient
temperature during electrospinning [58]. On the other hand, crosslinking leads to very different storage moduli,
723-7340 Pa for porcine and 294464 Pa for fish gelatin, which could ultimately influence the behaviour of cells
embedded in electrospun fibers [59].

3.2. Electric Field Strength

The electric field strength, determined by the ratio of applied voltage to the distance between the electrode
and the collector, is a critical parameter in electrospinning. However, while the main limit to the strength of the
electric fields is directed by the range yielding good spinnability and suitable fiber diameters and morphologies in
conventional electrospinning, the parameter seem to be more crucial in cell electrospinning. Excessive electric
field strength has been stated to negatively affect cell viability as a too strong electric field can disrupt the cellular
membrane [32,60,61], however no definite quantitative relationship between electric field strength or time and cell
viability has been established yet.

It is well-known from the use of electroporation in DNA delivery methods, that cells can sustain a certain
electric field, with electroporation typically using electric pulses at 0.5-1 kV/cm [62]. It is noteworthy that there
is usually a fraction of the electroporated cells that do not survive it [63]. There may be similar effect in cell
electrospinning, even though considerable differences in electric field strengths have been reported throughout the
listed studies (Table 1), varying from 0.029 to 0.4 kV/mm (only taking into account the studies that reported
viability results). For electrospraying, the electric fields are often much stronger and better tolerated by cells,
however it fails to facilitate continuous fiber production. Yang et al. successfully produced laminin-alginate
microspheres using cell electrospraying with a strong field at 1.2 kV/mm and resulting 99% viability of adipose
derived stem cells [64]. It was already reported by Jayasinghe et al. as one of the first instances of cells processed
in an electric field in 2006 that Jurkat cells could survive jetting in a 2 kV/mm electric field with no observable
cell damage [65].

This difference in the range of electric fields that cells can sustain during electrospinning may vary among
cell types. From electroporation studies with 15 different cell lines, O’Hare et al. reported that the different cell
types showed markedly different levels of electrosensitivity, which could not be ascribed to cell size or culture
conditions. From this study, they found lymphoid cells to be most sensitive, followed by epithelial and fibroblast
cells [66]. However, in another study investigating electropermeabilization and electrosensitivity, no trend in
electrosensitivities of specific tissue types was found, instead significant differences in electrosensitivities
appeared among different tumor cell lines, even from the same tumor type [67]. However, the electric field
strengths reported in the studies listed in this review vary greatly; it is reasonable to question if the difference could
lie in other process parameters or composition of electrospinning material as well. There are examples where
various field strengths have been employed on the same cell type, such as C2C12 in the studies of Yeo et al. [32]
and Dawson et al. [43]. Yeo et al. reported cell viability at >80% when electrospinning a solution of 2% alginate
and 3% PEO at up to 0.1 kV/mm while it decreased drastically to around 10% at 0.125 kV/mm (Figure 2a) [32].
Dawson et al. reported on similar viability at 0.1 kV/mm with same cell type in a solution of 7.5% hydrazide
functionalized POEGMA (POH) and 2.5% PEO (Figure 2b,c). However, with electrospraying cell suspension in
culture medium, even higher electric fields of up to 0.15 kV/mm could be applied without affecting cell viability
noticeably (Figure 2d) [43]. This example highlights the importance of evaluating electric field strength effects in
combination with other parameters such as solution composition and physical properties. For example, material
conductivity and dielectric properties of both the solutes and the solvents are important to consider in relation to
electric field strength. At the onset of electrospinning, the taylor cone formation is highly affected by the
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availability of free charges in the solution that is further influenced by the dielectric property of the solution. As
cell electrospinning is performed in aqueous solution such as medium or PBS buffer which include ionic salts for
retaining the correct conditions for living cells, the conductivity is markedly increased compared to water. Cell
culture medium and PBS buffer typically have conductivities around 1.5-2 S/m [68,69] and 1.4 S/m [70],
respectively, compared to a conductivity of 5.5 uS/m for pure water, and when exposed to air, 0.1-0.2 mS/m [71].
While not directly shown for electrospinning, medium conductivity has shown to negatively influence the survival
of Chinese hamster fibroblasts (DC3F) cells in electropermeabilization [69]. The electric field strength is therefore
not the only parameter to consider when evaluating the effect of the electric field on living cells; besides affecting
the electrospun cells, it also affects the electrospinning process itself, including electrospinnability and fiber
morphology [72-74].
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Figure 2. Electric field effects on cell viability. (a) C2C12 myoblast viability in increasing electric fields during
cell electrospinning. * p < 0.05, and *** p < 0.001, scale bars = 100 um [32], (b) C2C12 myoblasts electrospun in
random and aligned fibers, red: CellTrace CFSE, blue: DAPI, their viabilities (¢) at day 3, 7 and 14 at 0.1 kV/mm
and (d) electrospray in cell suspension [43]. (a) Reproduced with permission from ref. [32]. Copyright 2018 John
Wiley and Sons. (b) Reprinted (adapted) with permission from [43]. Copyright 2023 American Chemical Society.

3.3. Viscosity and Shear Force

Viscosity is a critical parameter in electrospinning and fiber formation, however, in the context of cell
electrospinning it is even more critical with a smaller process window. A certain viscosity is needed to reach good
spinnability, but if the viscosity becomes too high, the charges initiating the spinning may be insufficient for
stretching the viscous material into a fiber. At this point, spinning would require higher applied voltage, leading
to heterogeneous fibers and would eventually result in a higher shear force which can be damaging to living cells.
On the contrary, too low viscosity results in electrosprayed droplets instead of fibers [47]. The viscosity is therefore
important to control and monitor, however, only two studies included in this review reports on actual viscosity [25,26].
Instead, polymer concentrations are typically given, but reproducing experiments with electrospinning solely based
on published polymer concentrations is challenging. Variations in molecular weight, environmental factors like
temperature, which significantly influences viscosity, can lead to unpredictable changes in fiber morphology or
even render the results irreproducible [75].

The influence of shear force on cell viability during electrospinning is rather underrepresented. The shear
force acting on an object in a viscous solution is partly determined by viscosity of the solution and is proportional
to the viscosity at constant flow rate [28]. The higher the viscosity, the greater force is required to extrude the
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solution, resulting in higher shear stress. This is also a well-known challenge in extrusion-based bioprinting [17]
(Figure 3a). For example, it was observed by Kim et al. that cell viability decreased significantly to below 80%
from 93% when the collagen content in their bioink was increased from <5% to >7% [76]. Shear stress effects
were also observed biologically by Ang. et al., with upregulation of IL-8 expression in HUVECs endothelial cells
post electrospinning (Figure 3b) [28]. Looking across studies using the same polymer such as PVA but achieving
very different cell viabilities could also relate to viscosity. In these studies, 8—12% PVA is used either for single
needle electrospinning or as the core with cells in coaxial electrospinning. The very low viabilities of 15-25% and
8.38-19.6% obtained in the studies by Canbolat et al. [18] and Zanatta et al. [27], respectively, share the use of
higher molecular weight polymers compared to the other two studies by Wu et al. and Das et al. [33,37]. The use
of high MW polymers must have resulted in higher viscosities and higher shear stresses on the cells in the
electrospinning process. This is further supported by the fact that electrospraying cells in culture medium with low
viscosity yielded much better viability (>90%), reported by Canbolat et al. [18]. In addition, these studies [18,27]
yielding low cell viabilities used DI water/cell medium and MilliQ-water in the electrospinning solution, respectively,
further indicating that an osmotic pressure mismatch could also have negatively influenced the cell viability.
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Figure 3. Viscosity and shear stress effects on cells in (a) standard extrusion-based bioprinting where flow-induced
shear stress influences cell function and viability [77], (b) HUVEC cells in coaxial electrospun fibers showing
increased shear stress marker, IL-8, expression 1 day post electrospinning, while decreased expression after 4 days
of culture indicating cell recovery. Red: Dil (membrane dye), blue: DAPI [28]. (a) Reproduced with permission
from ref. [77]. Copyright 2018 John Wiley and Sons. Adapted from ref. [28] (Creative Commons CC-BY-NC 3.0).

Coaxial electrospinning could be a solution to isolate cells from the shear stress induced by the polymer
solution while extruded, by loading cells into the core in a low viscosity solution or cell medium. The core solution
does not need to be electrospinnable, as long as the sheath solution is so and can drag the core solution with it [78].
The compartmentalization further expands the material choice to biocompatible, hydrophobic polymers. For
example, PDMS or PCL shell solutions have been shown to successfully assist the electrospinning of cells only
cell suspension in medium or a low concentrated polymer solution with cells in the core in only cell suspension.
Townsend-Nicholson et al. found that the cell viability remained similar to the control group at 67.6% when
locating the cell solution in the core of a coaxial needle with highly viscous PDMS in the shell [25]. Wu et al.
reported a 20% PCL shell with a cell-loaded 10% PVA core to be electrospun at 0.1 kV/mm with a cell viability
>95% and no reported viability problems even when increasing voltages [33]. It should be noted that they used
different cell types and are not fully comparable, however, it still gives a good indication of the protective role of
shielding cells in the inner core. At the opposite, a certain viscosity might also be beneficial for protecting cells
from the electric field as Wen et al. demonstrated. They observed that better cell viability was obtained when cell
electrospinning was carried out with fish gelatin/PBS compared to electrospraying cells in PBS alone [41]. Another
benefit of using the coaxial needle system relates back to the challenge of the limited availability of solvents and
the need for crosslinking fibers before cell culture (Section 3.1). Studies demonstrated that the use of organic
solvents for dissolving e.g., PLLA or PCL in the shell solution did not affect the electrospun cells when they were
suspended in aqueous solution in the core [26,33].
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3.4. Other Parameters

Flow rate and dehydration time has also been suspected to affect the viability of electrospun cells. Typical
flow rates used are in the range of 0.25 to 7.5 mL/h in single needle cell electrospinning according to our review.
High flow rates may increase the shear force on the cells, but it was in contrast reported by Semitela et al. that a
flow rate of 1 mL/h resulted in much higher cell death compared to flow rates at 2—7 mL/h [40]. It was further
found in a study by Guo et al. that increased flow rate for stabler jet formation had a lower negative influence on
cell viability than decreasing the distance between the electrode and collector which would directly enhance the
electric field strength [34]. In coaxial electrospinning, the flow rates can be controlled separately for core and shell
solution leading to increased complexity and a more challenging process. Typically, shell flow rates needs to be
higher than core flow rates to draw along the core solution and by varying this ratio, the sizes of core/shell
structures can also be manipulated in connection with solution viscosities [ 78—80]. In practice, the ratio of shell:core
flow rates for previous cell electrospinning experiments in literature have varied from 1.2 to 100 (Table 1). Placing
living cells in the core could then be a tool to protect cells from the higher flow rate, i.e., larger shear stresses from
the sheath fluid.

Dehydration has been suspected to influence viability in electrospinning processes since fibers are often
deposited on a dry collector after solvent evaporation [18]. However, Fei Xu et al. tested this with 3T3 fibroblasts
and Psi2 1256 epithelial cells where cell viability was above 80% after 2 h of dehydration, and Dawson et al. tested
the same on C2C12 myoblasts with acceptable viability after 1 h of dehydration (Figure 2b) [42,43].

3.5. Summary

As clearly seen from previous sections, there are many variables both in the experimental settings and
properties of the cell-containing electrospinning solutions that influence electrospinning performance, cell
viability and functionality of post-processed cells. There is of course an operational window of the electric fields
strengths and other physical parameters like needle-to-collector distance, flow rate and dehydration time that a cell
can tolerate. However, putting emphasis on the physical and chemical properties of the bioinks seems to be even
more important. Specifically, one of the main causes of cell death is the high shear stress that cells are experiencing
during the process, which is determined by the combination of both the physical process parameters such as electric
field strength and the composition and mechanical properties of the bioink. As viscosity and viscoelasticity are
important parameters in determining effective shear stress, we believe reporting this parameter is of
underestimated value when publishing papers on cell electrospinning.

4. Tissue Engineering Applications

Current applications of cell electrospinning of mammalian cells are mostly in tissue engineering, spanning
from wound healing, neuron tissue engineering, to skeletal muscle tissue engineering, where the extracellular
matrix and tissue morphology and characteristics are mimicked to regenerate the lost tissue. Here, cell
electrospinning benefits from having cells homogeneously localized all over a scaffold instead of only on the top layer.

Wen et al. included mesenchymal stem cells (MSCs) into fish gelatin electrospun fibers for wound healing.
The cell-loaded fibers were deposited onto a wound on mouse in vivo and was shown to promote healing by
enhancing ECM remodelling with increased collagen deposition and decreased expression of the inflammation
marker IL-6. It also promoted angiogenesis by increasing the expression of vascular endothelial growth factor
(VEGF) and demonstrated to be an efficient approach for stem cell delivery [41].

Another application is in nerve regeneration as also envisioned with conventional electrospinning [81-83].
Wu et al. successfully incorporated PC12 cells and differentiated them inside hollow coaxial electrospun
PVA/PCL fibers without the addition of nerve growth factors NGF) (Figure 4a,b) [33].

Skeletal muscle tissue has also been engineered using cell electrospinning, specifically with a drum collector
to facilitate alignment of fibers. Anisotropic cues are often used to mimic muscle tissue [84] and guide the
formation of myotubes. Yeo et al. demonstrated cell electrospinning for the same purpose, incorporating C2C12
myoblast cells in electrospun alginate fibers, yielding highly aligned and multinucleated cell morphology that
could facilitate myogenic differentiation (Figure 4c) [32].

Embedding cells within single cell-sized electrospun fibers may enable other unexplored functionality. First,
fibers with diameters at the cellular scale can provide a more direct 3D localized morphological and mechanical
cues for the encapsulated single cells [85—88]. 2D Surface topography is known to influence not only the shape of
cells but also intracellular processes such as gene expression. This can happen through focal adhesion assembly
change and cytoskeletal reorganization, which can further activate transcription coregulators, e.g., the well-known
mechanosensing Yes-Associated Protein (YAP) [89]. 2D surface structures and guidance have been further proven
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to direct differentiation of stem cells into specified cell types through mechanobiological pathways [90,91].
Encasing single cells inside a fiber structure is hypothesized to not only induce guided cell alignment but also
provide 3D, subcellular mechanical cues around the single cell, potentially providing a new tool of utilizing
mechanobiology for the production of novel high resolution 3D tissue models.

On the other hand, electrostatic ejection of a cell-embedded liquid jet in the electrospinning process may
affect biophysical functions of the cell and tissue constructs [92]. Apart from mechanical cues, adverse or
beneficial effects of electric field could be anticipated. Electrical stimulation of cells has been demonstrated using
a variety of techniques, such as electromagnetic stimulation [93,94], piezoelectric scaffolds [95] and hybrid
conductive microfibers [96] to affect cell behaviours like differentiation [95,96], proliferation and migration [97],
nerve regeneration [98,99] and gene expression [100] etc. Seeing cell electro-spinning and -spraying as another tool for
single-pulse electrical stimulation could open new perspectives in the utilization of the technology in tissue engineering.
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Figure 4. Examples of applications of cell electrospinning. (a) Coaxial electrospinning with living PC12 cells
suspended in the core with (b) most cells surviving (green) and successful differentiation into neuron-like cells
obtained after 7 days in culture in the fibers. Red: MAP2; blue: DAPI [33]. (¢) C2C12 myoblasts encapsulated
inside electrospun fibers via cell electrospinning. Myosin heavy chain (MHC) positive staining indicated successful
myogenic differentiation, with cell electrospun fibers being superior in performance to a traditional cell printed
scaffold. * p <0.05, ** p <0.01 [32]. (a,b) Reproduced with permission from ref. [33]. Copyright 2018 John Wiley
and Sons Copyright. (¢) Reproduced with permission from ref. [32]. Copyright 2018 John Wiley and Sons.

5. Conclusions and Outlook

While significant progress in cell electrospinning has been achieved, several key areas require further
investigation to optimize the process and broaden its applicability. The fact that viscosity was reported in only two
of the reviewed studies highlights a significant knowledge gap in technology transfer. Future studies should
prioritize characterizing and controlling these key parameters to better understand its impact on cell viability and
fiber formation. Furthermore, computational modelling of shear stress effect on cells during the extrusion in
electrospinning initiation could help the prediction and optimization of experimental outcomes, leading to more
efficient and reproducible results. Achieving a balance between electrospinnability, cell embedding efficiency,
and cell viability remains a central challenge, demanding careful consideration of combined material properties
and process parameters.

Beyond cell viability, it would also be crucial to study mechanobiological and electrophysiological effects
on the cells when being processed through this electrohydrodynamic process. The former addresses the mechanical
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influence of the polymer solution with its molecular entanglement, viscosity and resulting shear forces on a cell
during syringe flow, Taylor cone formation and jetting. The latter exerts electrical interference on cell membrane.
Generally, presenting cells to extracellular physical force such as shear stress, tension or compression has been
proved to influence cell behaviour through mechanosensing pathways [101]. For example, cell stretching on a stiff
substrate or simply compression of the nucleus using an AFM cantilever can result in translocation of the
mechanotransduction regulated transcription factor YAP from cytosol to the nucleus [102]. One could therefore
hypothesize that YAP translocation would also be affected by both the shear forces during the electrospinning
process and the possible compression force that cells experience inside thin fibers. YAP translocation is known to
influence gene transcription and thereby gene expression, potentially leading to interesting biological effects of
cell electrospinning. This might open up new applications in the biomedical field.

Besides mechanobiological effect, electrophysiological effects might also lead changes in both cell
phenotypes and genetics, for example as reported by Das et al. where global DNA hypomethylation was enhanced
in cells subjected to electrical fields during electrospinning [37]. Other desirable electrophysiological effects have
been indicated such as differentiation of PC12 cells inside electrospun fibers [33]. Furthermore, it could also be
hypothesized that electroporation through cell electrospinning should in principle be possible.

In conclusion, if the ongoing challenges of cell electrospinning in terms of electrospinnability, and cell
viability are well addressed, true applications of this technique will be unleashed, providing single cell models for
investigating mechanobiological and electrohydrodynamic effects on diverse cell types, as well as contributing to
the construction of high-resolution tissue engineering constructs with in-depth cell distribution and
mechanobiological/electrohydrodynamic guidance.
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Abstract: Surface instability-based hydrogel sensors offer
equipment-free visual detection but suffer from severe angle-
dependent visibility that limits practical applications. Here we . oo W
demonstrate that film thickness serves as a critical fourth design B‘;:;‘;‘(?;?:f/" °Pa°i§Y/' .
parameter—beyond elastic modulus, swelling ratio, and £ togeim — fesmﬂoe"a'io'n;
stimulus concentration—to achieve omnidirectional optical

readout. Through systematic optimization across poly(2-
(dimethylamino)  ethyl = methacrylate) (PDMAEMA),
poly(acrylamide-co-acrylic acid) (P(AAm-co-AAc)), and
poly(N-isopropylacrylamide-co-acrylamide) (P(NIPAm-co-Am)) systems, we identify an operational thickness
window of 160-1300 pm, with 300 pm producing wrinkle dimensions that match visible light wavelengths for
angle-independent scattering. This morphological control reduces viewing angle effects by >80%, enabling
reliable naked-eye detection across a wide viewing angle range (0—60°), representing an >80% improvement over
previous angle-dependent sensors. We validate this design framework through enzyme-coupled glucose sensors
operating across clinical ranges (200-1000 mg/dL) and direct polarity sensors with binary discrimination at
Polarity Index (PI) ~3.5. Exploiting the threshold nature of instability-induced scattering (IIS), we further
demonstrate soft material logic gates (AND, OR, XOR) that process environmental stimuli and autonomously
control LCE actuators within 15 s—establishing the examples of hydrogel-based Boolean computation without
electronic components. These advances transform IIS sensors from laboratory curiosities into practical platforms
for soft robotics and autonomous systems.
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Keywords: hydrogel sensors; surface instability; angle-independent detection; material-based computation; soft
robotics

1. Introduction

Intelligent responsive materials capable of sensing environmental changes and transducing them into
measurable outputs have emerged as transformative alternatives to traditional rigid electronic sensors [1-4].
Among these, hydrogel-based smart sensors offer unprecedented advantages through their unique combination of
high water content (up to 99%) [5], mechanical flexibility, and stimuli-responsive behavior [6,7], enabling
seamless integration with biological systems while achieving molecular-level detection capabilities and
maintaining mechanical compliance similar to soft tissues [8]. Unlike conventional electronic sensors that require
complex fabrication processes, external power sources, and suffer from biocompatibility issues, hydrogel sensors
leverage volume phase transitions (VPT) [9,10] to achieve detection sensitivities down to femtomolar
concentrations [11] through simple swelling/deswelling mechanisms. Pioneering work on pH-responsive
hydrogels has demonstrated remarkable volume changes, with poly(2-hydroxyethyl methacrylate) systems
exhibiting swelling ratios from 40% to 80% under alkaline conditions [12], while temperature-responsive poly(N-
isopropylacrylamide) systems show sharp transitions at physiologically relevant temperatures [13], and glucose-
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sensing hydrogels incorporating enzymes enable continuous monitoring [14]. Notably, fiber-optic interferometric
sensors incorporating responsive hydrogels have demonstrated detection limits down to nanomolar concentrations
[15], with some systems achieving refractive index sensitivities surpassing 0.001 RIU resolution [16], representing
orders of magnitude improvement over conventional methods by exploiting optical interference patterns in
hydrogel matrices. Beyond sensing, these materials have enabled remarkable advances in soft robotics, with light-
guided swimming robots achieving speeds up to 19.2 mm/s through photothermal Marangoni effects while
incorporating multi-band electromagnetic stealth capabilities [17]. These developments have addressed
fundamental challenges in the sensor field by combining the biocompatibility and flexibility of hydrogels with
detection sensitivities that match or exceed traditional electronic sensors, paving the way for applications in
wearable health monitoring [18], environmental sensing [19], and biomedical diagnostics [20] where rigid
electronics would be impractical.

Among the diverse landscape of smart material sensors, self-reporting capability represent a critical
advancement by fundamentally solving the instrumentation dependency [21] that has limited practical deployment
of responsive hydrogels. Traditional hydrogel sensors, despite their excellent sensitivity and biocompatibility,
typically require external equipment such as spectrophotometers, electrochemical analyzers, or mechanical testing
apparatus to transduce and quantify their responses, adding cost, complexity, and limiting portability [22-24].
Self-reporting sensor address this challenge by integrating both sensing and signaling functions within a single
material platform, producing visually observable outputs—such as color changes [25,26], fluorescence modulation
[27,28], or transparency-to-opacity transitions [29]—that can be interpreted with the naked eye. Frenkel et al. [30]
exemplified this approach by developing self-reporting hydrogel sensors based on surface IIS, establishing a three-
parameter design space encompassing elastic modulus, critical swelling ratio, and stimulus concentration, where
hydrogel films transition from transparent to opaque states upon reaching critical analyte concentrations. This
capability is particularly transformative for point-of-care diagnostics, environmental monitoring in resource-
limited settings, and wearable health devices where conventional readout equipment would be impractical or
prohibitively expensive, demonstrating that sophisticated sensing can be achieved without any external power or
readout devices.

However, when integrating self-reporting sensors into intelligent systems for autonomous decision-making
and actuation, a critical challenge emerges: angle-dependent visibility that compromises reliable signal
interpretation [31-33]. This limitation, inherent to many optical self-reporting mechanisms including surface
instability-based sensors [34], arises from the wavelength-dependent light scattering of surface features that vary
with observation angle—a well-documented phenomenon in rough surface optics where the angular dependence
of scattered light intensity can vary significantly with viewing geometry [35]. Studies on rough surfaces have
demonstrated that the intensity of scattered radiation generally decreases with increasing reflection angle [36],
with some systems showing variations in optical response that can compromise measurement reliability when the
observation angle deviates from normal incidence [37]. Such angle sensitivity severely restricts practical
applications where consistent readout is essential, particularly in soft robotic systems [38,39], wearable devices
[40], or automated monitoring platforms [41] where sensor orientation cannot be precisely controlled. Previous
IIS sensors required oblique viewing angles to confirm wrinkled states, as surface instabilities were not discernibly
opaque when observed head-on [30], fundamentally limiting their integration into autonomous systems that rely
on unambiguous binary signals. We propose that systematic optimization of film thickness—a previously
overlooked fourth design parameter—can fundamentally resolve this angle-dependency by tuning the
characteristic wavelength of surface features to match visible light wavelengths, thereby achieving robust
omnidirectional visibility essential for intelligent system integration.

Here, we present a comprehensive design strategy that advances IIS sensors from angle-dependent reporters
to omnidirectional smart material computing elements suitable for autonomous soft robotic systems. By
systematically investigating the role of film thickness across multiple stimuli-responsive polymer systems—
including cationic PDMAEMA for pH sensing and P(NIPAm-co-Am) for solvent polarity detection—we establish
that thickness optimization within the 160—1300 pm range enables angle-independent visibility through precise
matching of wrinkle wavelengths with visible light. We demonstrate that this fourth design parameter not only
resolves the fundamental optical limitations but also enables the construction of soft material logic gates (AND,
OR, XOR) by exploiting the discrete threshold-dependent transitions inherent to IIS sensors. Furthermore, we
integrate these logic elements with liquid crystal elastomer (LCE) actuators to create fully autonomous soft robotic
systems capable of sensing environmental stimuli, processing information through material-based computation,
and executing mechanical responses without any electronic components—achieving the first demonstration of
closed-loop intelligent behavior in purely soft material systems. This work establishes a new paradigm where
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materials themselves become autonomous agents capable of sophisticated decision-making, opening
unprecedented possibilities for soft robotics, biomedical devices, and adaptive systems.

2. Experimental Methods

2.1. Chemicals and Materials

2-(dimethylamino)ethyl methacrylate (DMAEMA), acrylamide, acrylic acid, N-isopropyl acrylamide (NIPAm),
N,N'-Methylenebisacrylamide (Bis), poly(ethylene glycol) diacrylate (PEGDA) (Mn = 250; 525; and 700), Lithium
phenyl-2.4,6-trimethylbenzoylphosphinate ~ (TPO-Li), 1-[4-(2-Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-
propane-1-one (Irgacure 2959), 2-hydroxy-2-methylpropiophenone (Darocur 1173), azobisisobutyronitrile (AIBN),
glucose oxidase, glucose. Citric acid, monosodium phosphate, disodium phosphate, trisodium phosphate. dimethyl
formamide (DMF), dimethylsulfoxide (DMSO), methanol, 2-propanol, hexane, ethyl acetate. 3-trimethyoxysilyl propyl
methacrylate, acetic acid, ethanol were purchased from Sigma-Aldrich (St. Louis, MO, USA). 2-Methyl-1,4-phenylene
bis(4-(3-(acryloyloxy)propoxy)benzoate) (RM 257) was purchased from Shijiazhuang Sdyano Fine Chemical, Co., Ltd.
(Shijiazhuang, Hebei, China). 1,6-hexanedithiol (HDT), pentaerythritol tetrakis (3-mercaptopropionate) (PETMP),
dipropylamine (DPA) and toluene were purchased from Sigma-Aldrich (St. Louis, MO, USA). Polydimethylsiloxane
(PDMS) (Sylgard 184) was purchased from Dow Inc. (Midland, MI, USA). Silicone adhesive was purchased from
Loctite (Diisseldorf, Germany). These chemicals were used directly as purchased, unless further specified.

UV LED (Dymax, Torrington, CT, USA), pH meter (Thermo Scientific, Waltham, MA, USA), Vacuum
Oven (VWR, Radnor, PA, USA), Freeze Dryer (Labconco, Kansas City, MO, USA), Arduino (Arduino,
Somerville, MA, USA), Profilometer (Bruker, Billerica, MA, USA), SEM (JEOL, Tokyo, Japan), FTIR
(PerkinElmer, Waltham, MA, USA), Critical CO2 dryer (Tousimis, Rockville, MD, USA), Laser (green, 532 nm)
and Laser (red, 650 nm) (Thorlabs, Newton, NJ, USA).

2.2. Synthesis of IIS Sensors

Hydrogel sensors were prepared by photopolymerization of aqueous monomer solutions following the
fabrication process illustrated in Supplementary Figure S1. Monomers (acrylamide, N-isopropylacrylamide,
acrylic acid, or 2-(dimethylamino)ethyl methacrylate) were combined with crosslinkers (Bis, PEGDA250,
PEGDAS525, or PEGDA700) and photoinitiators (Irgacure 2959, Darocur 1173, or TPO-Li) in deionized water.
Formulations contained 10-60% w/w monomer and 1-4% w/w crosslinker relative to total solution mass.

For acrylamide-acrylic acid and NIPAm-Am systems, Bis crosslinker and Irgacure 2959 were maintained at
1% w/iw. DMAEMA formulations utilized 0.7% w/w TPO-Li with various crosslinkers tested. PEGDA700 at 3%
w/w was selected for final device fabrication based on consistent homogeneous polymerization and favorable
swelling characteristics. Formulations with Bis crosslinker produced fragile gels, while those exceeding 60%
monomer or 3% crosslinker content were excessively rigid despite ready polymerization.

For enzyme-responsive sensors, urease (Sigma-Aldrich, St. Louis, MO, USA) (0.4% w/w) or glucose oxidase
(0.1-1% w/w) was dissolved in the monomer solution. Solutions were homogenized by stirring for 15 min.
Aliquots of 160—500 puL were dispensed into PDMS molds (60—1500 pum depth) and covered with functionalized
glass slides, avoiding air bubble entrapment. Acrylamide-based formulations were polymerized under 400 W UV
illumination for 60 s using a Dymax 2000-EC Series flood lamp (Dymax, Torrington, CT, USA). DMAEMA
formulations required 600 W UV LED exposure for 20 min. Polymerized films remained adhered to glass
substrates upon demolding.

2.3. Functionalized Substrates

Glass substrates were cut to size and cleaned by sequential sonication in ethanol, acetone, and water (15 min
each) using a Branson 5800 sonicator (Branson Ultrasonics, Danbury, CT, USA). After N, drying, substrates
underwent O, plasma treatment (3 min, high power) in a Harrick Plasma PDC-001 cleaner (Harrick Plasma, Ithaca,
NY, USA) (115V). Immediately following plasma exposure, substrates were immersed in a silanization solution
containing ethanol (600 mL), acetic acid (18 mL, 10%), and 3-(trimethoxysilyl)propyl methacrylate (6 mL) for 48 h.
Functionalized substrates were stored in a desiccator until use.

The silanization treatment with 3-(trimethoxysilyl)propyl methacrylate creates covalent bonds between the
glass substrate and hydrogel network through copolymerization of the methacrylate groups during UV
polymerization. This chemical anchoring mechanism has been demonstrated to provide exceptional interfacial
stability, withstanding repeated swelling-deswelling cycles and long-term aqueous immersion without
delamination [42]. Previous studies have shown that silanized interfaces maintain adhesion strength above 100
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kPa even after 6 months of continuous water exposure, far exceeding the ~10 kPa stress generated during hydrogel
swelling [43]. Furthermore, the transparent glass substrate requirement can be addressed through alternative
transparent polymeric substrates (e.g., silanized PET or PMMA) that offer similar optical clarity while enabling
flexible device architectures [44].

2.4. Soft Robotic LCE-Based Actuator

Liquid crystal elastomer (LCE) actuators were prepared following the protocol of Shi et al. [38]. Candle soot
(CS) was collected on aluminum foil from burning paraffin candles. The LCE matrix was synthesized via two-
step thiol-acrylate Michael addition. RM 257 monomer and Irgacure 2959 (0.6% w/w) were dissolved in toluene
(30% w/w) and combined with PETMP (13 mol% of thiol groups), HDT (2.5% molar excess of acrylate), and CS
(1.0% w/w). The mixture was stirred at 80 °C and 500 rpm, then sonicated for 20 min in a Branson 5800 bath
sonicator.

DPA catalyst solution (1 mol% based on thiol groups, 2% w/w in toluene) was added dropwise with
continuous stirring. The reaction mixture was cast between glass plates coated with Kapton tape (DuPont,
Wilmington, DE, USA) and reacted at room temperature for 24 h, followed by 55 °C curing for an additional 24
h. The partially crosslinked film was stretched to 60% strain, clamped in the extended state, and exposed to 365
nm UV light for 30 min to complete crosslinking.

2.5. Characterization

Swelling ratios and surface morphologies were analyzed using a Nikon camera with Tracker (version 6.0.1)
and ImagelJ software (version 1.53) for image analysis. Elastic moduli were determined by dynamic mechanical
analysis (DMA 850, TA Instruments, New Castle, DE, USA) at 8%/min strain rate and 25 °C. Optical properties
were characterized using a Shimadzu UV-3101-PC UV-Vis-NIR (Shimadzu Corporation, Kyoto, Japan)
spectrophotometer for transmission and reflectance measurements. Solution pH was monitored with a Thermo
Scientific pH meter (Thermo Fisher Scientific, Waltham, MA, USA).

3. Result and Discussion

3.1. Surface Instability-Induced Optical Switching in Constrained Hydrogels

Substrate-constrained hydrogel films undergo surface instability formation when exposed to environmental
stimuli (Figure la). In our PDMAEMA system, acidic conditions protonate tertiary amine groups, enhancing
hydrophilicity and generating osmotic pressure that drives water uptake. The polymer network attempts to expand
isotropically, but substrate adhesion prevents lateral expansion at the bottom interface. This geometric constraint
converts volumetric swelling into compressive stress within the film plane. Once this stress exceeds the critical
buckling threshold—determined by the film’s elastic modulus and thickness—the surface spontaneously forms
periodic wrinkles to minimize elastic energy [45—47]. Optical measurements reveal a dramatic transformation
(Figure 1b,c): smooth films with >80% transmission at 650 nm suddenly develop light-scattering surface textures,
reducing transmission below 20%. This transition occurs within 0.5 pH units, producing an unambiguous visual
change from transparent to opaque states. The cooperative nature of polymer volume phase transitions ensures no
intermediate states exist—sensors are either fully transparent or completely opaque, enabling reliable binary
detection without instrumentation. Importantly, hysteresis characterization revealed minimal differences between
forward and reverse pH sweeps (Supplementary Figure S2), with both normalized transmission and mass changes
showing nearly overlapping profiles during acidification and alkalinization cycles. The sensors maintained
consistent critical pH thresholds (pH 7-8.0) regardless of sweep direction, ensuring reliable and reproducible
detection without drift in activation points—a critical requirement for practical sensing applications.

The robust substrate-hydrogel interface achieved through silane coupling ensures long-term operational
stability of IIS sensors. The covalent Si-O-Si bonds formed during silanization are hydrolytically stable at pH 3—
9, covering the entire operational range of our sensors. Wang et al. demonstrated that hydrogels anchored to glass
substrates through siloxane bonds maintained firm adhesion in purified water and acidic solutions for over 36 days,
only detaching in strongly alkaline conditions (pH > 9) [48]. This chemical anchoring prevents the interfacial
failure modes commonly observed in physically adhered hydrogel films, such as delamination, edge lifting, or
catastrophic peeling during volume phase transitions. Additionally, the constrained swelling mechanism inherently
protects the interface—while unconstrained hydrogels can experience 300—400% volume changes that generate
destructive stresses, substrate-constrained films redirect expansion perpendicular to the interface, minimizing
shear forces that could compromise adhesion [49].
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Systematic characterization across multiple hydrogel formulations revealed the parameter space governing
instability formation (Figure 1d). Elastic modulus measurements using dynamic mechanical analysis showed
values ranging from 65 kPa for 40%-3% monomer-crosslinker compositions to 425 kPa for 50%-2% formulations.
Critical swelling ratios varied from 1.5 to 4.5, inversely correlating with crosslink density. For PDMAEMA
systems, critical pH values shifted from 5.5 to 9.0 with increasing polymer content, while P(AAm-co-AAc)
exhibited opposite trends due to anionic carboxylic groups [30]. P(INIPAm-co-Am) hydrogels responded to solvent
polarity rather than pH, with critical transitions occurring at polarity indices between 3.8 and 4.5. Despite these
diverse chemical mechanisms, all systems followed similar mechanical principles—surface instability occurred
when swelling-induced stress exceeded approximately 0.3 times the elastic modulus. However, experimental
testing revealed a critical limitation: wrinkled surfaces showed strong angular dependence in visibility. Sensors
appearing transparent when viewed at oblique angles (e.g., 45°) displayed opaque wrinkled textures under
perpendicular observation. Quantitative measurements confirmed transmission could vary by over 50% depending
on observation angle, severely limiting applications where sensor orientation cannot be controlled [39,40].

Film thickness emerged as the key parameter determining both wrinkle formation and optical performance
(Figure le). Finite element analysis revealed thickness controls surface pattern characteristics through two
mechanisms. First, bending stiffness scales with thickness cubed, establishing the minimum stress required for
buckling. Second, thickness determines the characteristic length scale of instability patterns. Simulations showed
300 pum films produce high-frequency wrinkles with 50—100 um wavelengths, while 1500 um films generate low-
frequency undulations exceeding 200 pm wavelength. Experimental validation confirmed only films within 160—
1300 um thickness successfully formed visible wrinkles—thinner films experienced uniform stress preventing
localized buckling, while thicker films required stresses beyond what swelling could generate. Most critically,
spectroscopic analysis across 400—800 nm revealed that 300 um thickness produces optimal light scattering (Figure
1f). At this thickness, wrinkle dimensions match visible light wavelengths, generating Mie scattering that appears
uniformly opaque over a wide range of viewing angles. Combined transmission and 90° reflectance measurements
showed angle-independent visibility metrics reached minimum values at 300 £ 50 pum thickness, reducing
observation angle effects by over 80% compared to unoptimized sensors. This morphological control transforms
IIS sensors into robust optical indicators suitable for integration with autonomous soft robotic systems.
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Figure 1. Fundamental mechanisms and design principles of IIS sensors. (a) Stimulus-induced transformation from
coiled to confined polymer chains generating surface instabilities. (b) Fabricated IIS sensor with visual contrast
indicator. (¢) Transparent-to-opaque transition demonstrating naked-eye readability. (d) Three-parameter design
space of modulus-pH-swelling relationships. (e) Finite element analysis of thickness-dependent wrinkle
wavelength evolution. (f) Angular observability enhancement through thickness optimization.
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3.2. Thickness-Mediated Transition from Angle-Dependent to Omnidirectional Visibility

Systematic variation of monomer-crosslinker ratios in PDMAEMA hydrogels produced sensors with distinct
pH response thresholds (Figure 2a). Visual inspection revealed wrinkle formation occurring at pH values ranging
from 3.5 to 10.0 across different formulations (Supplementary Figure S3). Quantitative transmission
measurements at 650 nm confirmed these observations, showing sharp optical transitions within 0.5 pH units
(Figure 2b). Each sensor formulation exhibited characteristic critical pH values: 40%-3% M-CL compositions
activated at pH 3.5, while 50%—2% formulations required pH 8.0 for wrinkle formation (Figure 2c). These
extracted parameters, combined with elastic modulus measurements (65-425 kPa from DMA analysis)
(Supplementary Figure S4) and swelling ratio determinations (1.5—4.5), enabled construction of a comprehensive
design space (Figure 2d). The normalized pH metric (pHBP) successfully integrated data from both cationic
PDMAEMA and anionic P(AAm-co-AAc) systems, which exhibit opposite pH responses [30]. This three-
dimensional parameter space accurately predicted instability thresholds across diverse polymer chemistries.
However, sensors with identical polymer compositions occasionally showed inconsistent optical responses,
suggesting additional factors influenced performance.

Film thickness emerged as the critical factor explaining performance variations. Systematic studies across
60—1500 pm thicknesses revealed that only films within 160—1300 pm consistently produced visible wrinkles upon
pH stimulation (Figure 2e). Time-resolved transmission measurements demonstrated distinct thickness-dependent
behaviors: 160 um films showed rapid but modest transmission changes (AT ~20%), 300650 pm films exhibited
pronounced drops (AT > 70%), while 1300 pum films displayed delayed, gradual responses. Films thinner than 160
pum failed to wrinkle due to substrate constraint dominating the entire film thickness, preventing stress localization
necessary for buckling. Films exceeding 1300 um required prohibitively high stresses for instability formation, as
bending rigidity scales with thickness cubed [50]. Additionally, thicker films suffered from extended diffusion
times that prevented sharp pH gradients needed for localized stress generation. Within the operational range,
another critical issue emerged: sensors showed strong viewing angle dependence. Films appearing transparent at
45° oblique angles displayed opaque wrinkled textures under perpendicular observation, with transmission varying
by over 50% based on viewing geometry.

Finite element analysis provided mechanistic insights into thickness-dependent wrinkle formation (Figure
2f). The coupled diffusion-deformation model incorporated hygroscopic swelling:

€ns = BMp(C — Crer) (D

where ens represents the hygroscopic strain, M, is the molar mass, and C and C,.r are the concentrations inside the
hydrogel and reference concentration, respectively [51-53]. Simulations revealed systematic evolution of surface
morphology with thickness: 300 um films produced high-frequency wrinkles (A = 50-100 pm) with modest
amplitudes (~50 pm), 650 um films showed intermediate patterns (A = 100—-150 um), and 1500 um films generated
low-frequency undulations (A > 200 pm) with amplitudes exceeding 200 um. The wavelength-thickness
relationship followed A o< h®3, consistent with elastic instability theory. Experimental profilometry confirmed these
predictions (Supplementary Figure S5). Interestingly, wrinkle morphology transitioned from herringbone patterns
in 180-250 pum films to labyrinthine structures in 280-350 pum films (Supplementary Figure S6), though both
geometries produced equivalent light scattering. Wavelength-resolved transmission measurements across 400—-800
nm showed thickness-dependent kinetics, with 300 um films achieving 90% of their final opacity within 2 min,
compared to over 10 min for 1300 um films (Figure 2g).

Comprehensive optical characterization revealed the mechanism underlying angle-independent detection.
While transmission measurements alone suggested multiple potentially optimal thicknesses, incorporating 90°
reflectance data provided the complete picture (Figure 2h). Thin films (160 pm) showed minimal reflectance
changes despite transmission drops, indicating light passed through wrinkled regions rather than scattering. Thick
films (1300 pm) exhibited high baseline reflectance that masked wrinkle-induced changes. Films near 300 um
thickness demonstrated maximum changes in both transmission (AT = 75%) and reflectance (AR = 45%),
indicating efficient multi-directional light scattering. The combined angle independence metric:

Angle Independence = (R¢+ Ty)/(Ri + Tj) (2)

where subscripts f and i denote final (wrinkled) and initial (clear) states, reached its minimum at 300 + 50 um

thickness (Figure 2i). This optimal performance arises from wrinkle dimensions at this thickness matching visible

light wavelengths, producing Mie scattering that appears uniformly opaque regardless of observation angle [54—

57]. Temperature-controlled experiments confirmed these films maintained consistent visibility from 0° to 60°

viewing angles, substantially reducing the orientation constraints that limited previous IIS sensors. Visual

comparison of sensors with different thicknesses clearly demonstrates this thickness-dependent angular visibility
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(Supplementary Figure S7). Sensors with non-optimal thicknesses (160 um and 650 pum) exhibit pronounced
transparency variations when viewed from different angles—appearing transparent at certain viewing angles while
showing partial opacity at others. In contrast, the optimized 300 um thickness sensors maintain consistent opacity
across the entire 0°-60° viewing range, with minimal variation in visual appearance regardless of observation
angle. While not achieving complete omnidirectional visibility (360°), this represents a significant advancement
over our previous work [26] which required precise oblique viewing angles (45° + 5°) for reliable detection. This
four-parameter framework—incorporating elastic modulus, swelling ratio, critical stimulus concentration, and film
thickness—enables rational design of sensors with predetermined thresholds and reliable omnidirectional visibility.

Long-term cycling tests further validated the practical viability of these sensors (Supplementary Figure S8).
Over 100 operational cycles, sensors demonstrated exceptional durability with >85% retention of their initial
transmission range. Specifically, sensors cycled between water (pH = 1) and hexane maintained 91.0% of their
optical response range, while those alternating between pH 7 and pH 8 environments retained 92.6% of their
performance metrics. The minimal performance degradation and consistent activation thresholds throughout
extended cycling confirm that the surface instability mechanism remains robust despite repeated mechanical
deformations, supporting applications in reusable logic gates and autonomous control systems.
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Figure 2. Systematic optimization of IIS sensor parameters. (a) Photographic array of pH-responsive sensor strips
with varied monomer-crosslinker formulations displaying concentration-dependent opacity. (b) UV-Vis
transmission spectra demonstrating abrupt intensity drops at formulation-specific pH thresholds. (¢) Critical pH
thresholds and corresponding swelling ratio determinations. (d) Normalized three-dimensional design space for
universal polymer systems. (e) Temporal evolution of optical transmission across thickness range. (f) Finite element
simulations of surface displacement profiles across three representative thicknesses. (g) Spectral transmission data
comparing wavelength-independent responses. (h) Reflectance measurements at 90-degree collection angle for
comprehensive optical characterization. (i) Angle-independence optimization revealing optimal 300 um thickness.

3.3. Enzymatic pH Modulation and Polymer-Solvent Interaction-Based Detection Systems

Enzyme-coupled IIS sensors exploit a unique signal amplification mechanism where single glucose
molecules generate multiple protons through Glucose Oxidase (Gox) catalysis (Figure 3a) [58,59]. The enzymatic
cascade (glucose + O, — gluconic acid + H,0,) creates steep pH gradients within the hydrogel matrix, dropping
from physiological pH to ~2 near enzyme sites [49,50]. This localized acidification is crucial—bulk pH changes
would require impractically high glucose concentrations, but compartmentalized reactions within the polymer
network achieve threshold swelling at clinically relevant levels. Unexpectedly, enzyme loading showed biphasic
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effects on sensor performance: swelling increased until 0.2% w/w GOx, then declined at higher loadings
(Supplementary Figure S9). This counterintuitive behavior reveals competing mechanisms—while more enzyme
generates more acid, excessive protein content creates physical crosslinks that restrict polymer chain mobility. The
optimal 0.2% w/w loading balances catalytic activity with mechanical compliance, enabling sensors to detect
glucose across 200—1000 mg/dL ranges relevant to diabetes monitoring (Figure 3b).

The power of array-based sensing lies not in individual sensor precision but in collective information
encoding. Each sensor element functions as a chemical comparator, switching states only when glucose exceeds
its preset threshold (Figure 3c). By engineering systematic threshold variations through polymer content (40-50%
w/w), we created a biological analog-to-digital converter: continuous glucose concentrations transform into
discrete visual patterns. The array’s stepped activation profile (Figure 3d) mirrors clinical glucose ranges—single
sensor activation (200400 mg/dL) indicates hypoglycemia requiring immediate intervention, two sensors (600—
800 mg/dL) confirm normal fasting levels, while complete activation (>1000 mg/dL) warns of dangerous
hyperglycemia. This design philosophy prioritizes actionable information over numerical precision. Unlike digital
glucometers providing exact values that users must interpret, IIS arrays directly communicate clinical status
through intuitive visual patterns, particularly valuable in resource-limited settings where device maintenance and
user training present barriers.
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Figure 3. Multi-stimuli sensing applications. (a) Glucose oxidase-catalyzed conversion of glucose to gluconic acid
inducing pH-triggered hydrogel swelling. (b) Semi-quantitative glucose detection array with differential activation
thresholds across clinical concentration ranges. (¢) Normalized optical responses of sensors with systematically
varied glucose sensitivities. (d) Collective sensor activation pattern for concentration range identification. (e)
Selective optical response to solvents of varying polarity indices. (f) Quantitative correlation between solvent
polarity parameters and hydrogel swelling behavior.

Direct polarity sensing reveals fundamental differences in stimulus-response mechanisms between enzyme-
coupled and physical detection modalities (Figure 3e). P(INIPAm-co-Am) hydrogels exhibit threshold behavior at
PI ~3.5 [60,61], below which polymer-polymer interactions dominate, maintaining collapsed conformations
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despite solvent exposure. Above this threshold, solvent molecules disrupt hydrophobic associations, triggering
cooperative swelling transitions. The sharp discrimination between transparent (PI < 3.5) and opaque (PI > 3.5)
states enables binary solvent classification without gradual transitions (Figure 3f). Remarkably, this threshold
remains consistent across diverse solvent classes—alcohols, amides, and water—suggesting the response depends
on general solvation power rather than specific molecular interactions (Supplementary Figure S10). This
universality extends to mixed solvents, where sensors respond to volume-averaged polarity rather than
preferentially interacting with either component (Supplementary Figure S11). The ability to transduce both
biochemical reactions and physical properties through identical optical outputs demonstrates the versatility of
surface instability as a signal transduction mechanism, enabling multiplexed arrays that simultaneously monitor
diverse environmental parameters (Supplementary Figure S12).

3.4. Soft Material Logic Gates for Autonomous Control of LCE Actuators

IIS sensors exhibit intrinsic Boolean behavior through their threshold-dependent optical transitions, making
them natural candidates for material-based computation (Figure 4a). Unlike gradual responses that require complex
signal processing, the abrupt transparent-to-opaque switching at critical stimuli concentrations creates
unambiguous binary states. This eliminates the need for analog-to-digital conversion—the material itself performs
the digitization. Environmental stimuli (pH changes, solvent exposure) replace voltage inputs in classical logic
gates, while optical transmission substitutes for current output. The fundamental advantage lies in passive
operation: no power supply, clock signals, or refresh cycles are required. Ambient light serves as both the signal
carrier and energy source, with hydrogel states storing information through mechanical deformation rather than
charge separation. This approach transforms traditionally active electronic components into passive material
elements that compute through their physical response to environmental conditions.
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Figure 4. Logic gate implementation and autonomous control. (a) Integration of IIS sensors as computational
elements for stimulus-responsive actuation of soft robotic and electronic systems. (b) Boolean operation mapping
from voltage-based to environment-based logic gates. (¢) Threshold-dependent optical transmission establishing
distinct logic states for OR, XOR, and AND operations. (d) Autonomous LCE gripper actuation via laser
transmission modulation through IIS optical switching. (e) Sequential environmental stimuli processing in pH-
polarity AND gate configuration with conditional LED activation.

Systematic optical characterization established the transmission thresholds required for different Boolean
operations (Figure 4b,c). Single IIS sensors functioning as pass-through elements maintained 80% transmission in
the OFF state, dropping to 20% when activated. Stacking sensors in series created AND gate functionality, with
combined transmission falling to 10% only when both sensors activated. Parallel sensor arrangements with partial
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overlap produced OR gates exhibiting 50% transmission when either sensor triggered. Most intriguingly, offset
sensor pairing generated XOR behavior—25% transmission occurred when only one sensor activated, while dual
activation restored higher transmission through spatial light redistribution. These distinct optical signatures
remained consistent across 400-800 nm wavelengths (Supplementary Figure S13b), ensuring robust operation
under varied lighting conditions. The 15 s switching time, limited by polymer swelling kinetics rather than
electronic delays, proves adequate for environmental monitoring applications where stimuli change over minutes
to hours.

Autonomous actuation demonstrations validated practical implementation in both soft robotic and electronic
systems. LCE grippers programmed with nematic-to-isotropic transition temperatures of 45 °C responded to 650
nm laser heating modulated by IIS optical gates (Figure 4d). In the wrinkled ON state, sensors blocked laser
transmission, maintaining gripper closure and payload retention. Environmental stimuli switching sensors to
transparent OFF states enabled laser penetration, heating LCE above transition temperature to induce 40%
contraction and payload release. This configuration achieved stimulus-triggered mechanical work without control
circuitry, batteries, or wireless communication. Electronic integration through photoresistor interfaces
demonstrated more complex operations (Figure 4e). An AND gate combining pH-sensitive (threshold pH 6) and
polarity-sensitive (threshold PI 4.0) sensors required both acidic conditions and polar solvent exposure to activate
LED output. Sequential exposure to water (pH 7, P19), acid (pH 3, PI 9), and finally acid plus methanol (pH 3, PI
5) confirmed proper AND logic—only the dual-stimulus condition triggered the 760-unit resistance threshold for
LED activation. The modular architecture enables construction of multi-input gates and cascaded logic circuits
through standardized sensor elements (Supplementary Figure S13c,d), suggesting pathways toward fully soft,
environmentally responsive computational systems.

4. Conclusions

The discovery that film thickness controls both wrinkle morphology and optical scattering in IIS sensors
resolves a fundamental limitation of surface instability-based detection—angle-dependent visibility that has
restricted practical deployment. By optimizing thickness to 300 um, where wrinkle dimensions match visible light
wavelengths, omnidirectional sensors emerge that maintain consistent appearance regardless of viewing geometry.
This morphological control, combined with the intrinsic threshold response of stimuli-responsive hydrogels,
enables a conceptual leap from passive indicators to active computational elements. The demonstration of soft
material logic gates—while currently limited by 15 s switching speeds suitable for environmental monitoring
rather than rapid computation—establishes that information processing need not require electrons, power supplies,
or rigid semiconductors. Instead, mechanical deformation can encode binary states, ambient light can carry signals,
and polymer swelling can execute Boolean operations. The enzymatic glucose sensors achieving clinical range
detection (200-1000 mg/dL) and solvent polarity discriminators operating at PI ~3.5 thresholds validate the
versatility of this approach across biochemical and physical sensing modalities. Most significantly, integrating
these capabilities with autonomous LCE actuators proves that entirely soft systems can sense, decide, and respond
without electronic mediation. Future advances will focus on reducing response times through thinner active layers,
expanding stimulus vocabulary through multi-responsive polymers, and developing hierarchical architectures
where local material computations coordinate to produce emergent behaviors.

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/oth
ers/2509041550542777/MI-1420-SI-revised.pdf, including additional characterization data, Supplementary Figures S1-S13.
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Welcome to this Thematic Collection of Materials and Interfaces, dedicated to the fascinating and rapidly
expanding field of responsive materials. These “smart” materials are revolutionizing technology by seamlessly
integrating dynamic and adaptive functionalities into a wide range of applications, from medical devices and
displays to soft robotics and environmental sensors. The ability of these materials to change their properties,
including color, shape, or wettability, in response to external stimuli such as light, temperature, or magnetic fields,
represents a paradigm shift from passive components to active systems.

The articles in this Thematic Collection highlight the breadth and ingenuity of current research in responsive
materials. We begin with innovations in electrochromic and photochromic technologies, which are crucial for next-
generation displays and smart windows. The work by Sean Xiao, An Zhang and coworkers on an intrinsically
multi-color electrochromic device, as well as the research by Yun Zhang, Wenshou Wang, and coworkers on
visible-light-driven black coloration, demonstrates significant strides in achieving stable, high-contrast, and fast-
acting color-changing systems.

Itthen delves into the world of mechanical and structural responsiveness. The research by Hiroshi Fudouzi
and coworkers on mechanochromic colloidal crystal sheets and by Yasuhiro Ishida and coworkers on anisotropic
hydrogels for directional sensing demonstrates how mechanical deformation can be harnessed to create visual
indicators or flexible sensors. Furthermore, the work by Ximin He and coworkers explores the development of
angle-independent hydrogel sensors for autonomous soft actuator control, pushing the boundaries of integrated
sensing and actuation.

Moving beyond simple sensing, several contributions explore how responsive materials can be used for more
complex, controlled actions. Yuhan Zhang, Bo Li, Shichao Niu and coworkers present a magnetically-driven
cilium array for precise droplet manipulation, which has profound implications for microfluidics and dynamic
displays. Christopher J. Bardeen and coworkers introduce a novel approach to photochemical bubble generation
from polymer films, which opens new avenues for applications in medical ultrasound imaging. The article by
Toshimitsu Kanai and coworkers highlights the development of chameleon-inspired color-changeable films that
are sensitive to human body temperature, expanding the potential for biomimetic applications.

This collection also highlights current research that bridges fundamental material science with innovative
applications. The work of Jianping Ge and coworkers on the synthesis of liquid photonic crystals and of Kyosuke
Isoda and coworkers on thermally responsive liquid materials showcases the development of new material
platforms with versatile functionalities. The articles by Yukikazu Takeoka and coworkers, as well as Keita
Kuroiwa and coworkers, further illustrate the molecular-level design of temperature-responsive polymers and spin
crossover complexes, respectively, to achieve desired properties.

This collection further features articles reviewing cutting-edge research in responsive materials with diverse
applications. The article by Younan Xia and coworkers provides a comprehensive overview of light-driven soft
actuators, which are distinguished by their ability to undergo significant changes in shape or volume in response
to light, offering effective methods for wireless control in soft robotics and advanced manufacturing. The article
by Yadong Yin and coworkers reviews the use of colorimetric plasmonic nanosensors for environmental pollution
monitoring, demonstrating their potential for rapid and cost-effective detection. The paper by Yanzhao Yang, Wei
Feng, Ling Wang, and coworkers provides an up-to-date review on the additive manufacturing of bioinspired
structural-color materials, showcasing how new fabrication techniques are enabling complex, durable designs.

These papers collectively illustrate the dynamism and interdisciplinary nature of responsive materials
research. They not only present cutting-edge findings but also lay the groundwork for future advancements. As we
look ahead, the integration of these smart materials into functional systems promises to address some of the most
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pressing challenges in technology, healthcare, and environmental science. We are honored to present this
collection of work and hope it inspires further research and collaboration in this exciting field.
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the activity of transition-metal-based layered double hydroxide (LDH) catalysts. The use of metal foam as a
substrate for LDH growth is considered the most effective method. However, most studies aimed at improving the
performance of heterostructured catalysts have generally focused on controlling the active materials grown on the
foam rather than the foam itself. Herein, we propose a new perspective on the role of foam, emphasizing that it is
more than a mere supporting medium for growth. Density functional theory (DFT) calculations were performed to
investigate the effects of NiFe foam (NFF) by modeling a heterostructure comprising NiAI-LDH and NFF. The
calculation results demonstrated electron redistribution at the NiAl-LDH@NFF interface, which effectively
influenced the OER performance and interfacial binding energy. Furthermore, we obtained insights into the role
of foam by investigating changes in the OER overpotential caused by differences in the elements comprising the
foam (Ni foam, 327 mV at 10 mA cm™%; NFF, 214 mV at 10 mA cm2). This study affords flexibility in the
utilization of metal foam-based heterostructured catalysts.

Keywords: NiFe foam; NiAl-LDH; oxygen evolution reaction; heterostructure modeling; density functional
theory; substrate effect

1. Introduction

Fossil fuels have been a key resource for the advanced development of humanity worldwide. The ongoing
development of highly efficient technologies for the production of shale gas has led to a continuous rise in the
global production of fossil fuels [1-3]. Nevertheless, fossil fuels present a significant drawback—the
substantialemission of carbon dioxide, a major contributor to global warming. Consequently, it is imperative to
explore and implement clean energy alternatives for the sustainable development of humanity [4-6].
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Among various eco-friendly energies, hydrogen is the most promising candidate. It is abundant on Earth,
exhibits no regional scarcity, and has a higher energy density than fossil fuels. The energy density of hydrogen,
petroleum, and coal is 120, 44, and 25 MJ/kg, respectively. Nevertheless, the delay in the replacement of fossil
fuels by hydrogen is primarily attributed to the limited efficiency of water electrolysis, which is the predominant
carbon-neutral production method for hydrogen [7]. The bottleneck is the oxygen evolution reaction (OER), a
crucial half-reaction of water electrolysis characterized by inherently sluggish kinetics. Previous studies have
frequently used noble-metal-based (Ru, Ir, Pt, etc.) electrocatalysts to enhance the OER efficiency [7-9]. However,
these materials have failed to significantly improve the efficiency of water electrolysis, largely due to cost
implications from the finite availability of noble metals. Thus, current studies have intensified their focus on
materials with layered structures, particularly those comprising four-period transition metals [10—12].

Among these materials, NiAl-layered double hydroxide (NiAI-LDH) is a highly promising electrocatalyst.
The incorporation of Al has been observed to be advantageous because it enhances the structural stability of Ni-
based catalysts and increases the proportion of low-coordinated Ni species [13]. Furthermore, using foam as the
growth environment for electrocatalysts offers significant advantages, including a high specific surface area,
efficient material utilization, low mass density, versatile porous channels, and good conductivity [14—16]. The use
of foam comprising well-established elements, such as Ni and Fe, which have been extensively validated, is a
robust strategy for maximizing the potential of NiAl-LDH. In addition, it simultaneously addresses the limitations
associated with the existing rotating disk electrode configurations.

Previous studies on electrocatalysis using density functional theory (DFT) calculations have focused on
understanding the interaction between catalyst materials and their interfaces [17,18]. However, recent studies
involving catalysts directly grown on substrates, such as single-atom catalysts [19,20], have revealed that changes
in catalytic activity can arise from interactions between reactants and the catalyst surface, as well as from
interactions between the substrate and catalyst [21-23]. Thus, this study was aimed at investigating the effect of
foam on electrocatalytic reactions and examining the interface between LDH and foam. This was achieved by
meticulously modeling a heterostructure comprising LDH and foam.

Herein, we present a paper detailing the direct growth of catalysts on metal foams and the resulting alterations
in catalytic activity induced by the charge structure modification facilitated by the metal foam. The NiFe foam
(NFF) used remarkably enhanced the catalytic activity of NiAl-LDH in the OER. The OER overpotential at 10
mA cm ! using the NiAI-LDH@NFF (214 mV) as a catalyst was significantly reduced compared with that of the
NiAl-LDH@N!i foam (NF) (327 mV). The activity trend was elucidated by calculating the interaction between the
well-modeled NFF and NiAl-LDH. The investigation revealed that the interactions between catalysts and
substrates can control the electronic structures of catalysts through charge transport from the metal substrate. This
phenomenon is similar to the charge transport-induced enhancement of catalytic activity observed for single-atom
catalysts. These findings provide a promising approach to the rational design of OER catalysts, wherein electronic
structure control through interactions with metal substrates is leveraged at the atomic scale and at larger scales,
rendering them applicable for practical implementation.

2. Experimental Section

2.1. Materials and Methods

Nickel chloride (NiCly; 98%), aluminum chloride (AlCl3-6H,0; 99%), urea (99%), ruthenium oxide (RuO,,
99.9%), and hydrochloric acid (HCI; 37%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). NFF and
NF were purchased from Medipl and 4science (Seoul, Korea), respectively. Nafion solution (D520, DuPont) was
used as received. All the reagents were of analytical grade and used without further purification.

2.1.1. Synthesis of NiAl-LDH@NFF and NiAl-LDH@NF

NiAI-LDH@NFF was synthesized following a reported method that was optimized to suit the present
experimental conditions [24]. The NFF (1.4 x 1.4 cm) was pretreated in HCI (3 M) for 10 min to remove the surface
oxide layer. It was subsequently rinsed twice with a water and ethanol solution and dried at room temperature for
3 h. Next, NiCl, (1.6 mmol) and AICl3-6H>O (0.8 mmol) were dissolved in distilled water (12 mL) with continuous
magnetic stirring at 450 rpm for 10 min. Thereafter, urea (1.2 mmol) was added. The acid-treated NFF and mixed
solution were transferred into a Teflon-lined stainless-steel reactor, sealed, and maintained at 120 °C for 12 h in a
convection oven. Afterward, the synthesized NiAl-LDH@NFF was sonicated thrice for 2 min in a mixture of water
and ethanol and dried at room temperature for future use. NiAl-LDH@NF was synthesized using the same method,
except for the replacement of NFF with NF.
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2.1.2. Characterization

Transmission electron microscopy (TEM) was performed using a JEM-2100F microscope (Jeol, Osaka,
Japan) at 200 kV. Scanning electron microscopy (SEM) images were obtained using a LEO SUPRA 55 microscope
(Zeiss, Dublin, CA, USA). Powder X-ray diffraction (XRD) patterns were recorded at room temperature using a
D/MAX-2200PC X-ray diffractometer (Rigaku, Tokyo, Japan) equipped with graphite-monochromatized Cu Ka
radiation (A = 1.5418 A). The step scan mode was employed in the 20 range of 10-90°, with a step size of 0.02°
and a counting time of 4 s per step. An inductively coupled plasma (ICP) spectrometer (Direct Reading Echelle
ICP, Leeman, Hudson, NH, USA) was used to determine the Al/Ni molar ratio in the LDH. The X-ray
photoelectron spectroscopy (XPS, K-Alpha, Thermo Fisher Scientific, Waltham, MA, USA) was employed to
investigate the oxidation states of NiAl-LDH@NF and NiAl-LDH@NFF

2.1.3. Electrochemical Measurement

Electrochemical measurements were conducted using an SP300 electrochemical workstation (BioLogic
Science Instruments, Seyssinet-Pariset, France) in a standard three-electrode configuration with a 1 M KOH
electrolyte. The reference and counter electrodes were an Hg/HgO electrode and Pt mesh, respectively. To assess
the electrocatalytic activity of NiAl-LDH toward OERs, linear sweep voltammetry (LSV) was performed at a
sweep rate of 2 mV s™!. Electrochemical impedance spectroscopy (EIS) was conducted at an amplitude of 0.01 V
over a frequency range of 0.01-100,000 Hz under a bias of 0.6 V vs. Hg/HgO. The potential of the working
electrode was converted into the reversible hydrogen electrode (RHE) using the following equation:

Erue = 0.098 + (0.0592 - pH) + Engngo.

The OER overpotential (1) was determined by subtracting 1.23 V, the theoretical potential for water
oxidation, as shown in the following equation:

n= ERHE —1.23.
The Tafel slopes, as per the LSV curve, were fitted using the following equation:
n=a+blogJ,

where a represents a constant, b is the Tafel slope, and J denotes the current density. Chronopotentiometry was
performed to evaluate long-term stability.

The electrochemically active surface area (ECSA) was estimated based on the electrochemical capacitance
of the double layer. Cyclic voltammetry was performed to determine the capacitance of the double layer (Ca) by
extracting the slope of the geometric current density vs. the scan rate (5-30 mV s™'). No peaks were observed in
the non-Faradaic potential range of 0—0.2 vs. RHE owing to the absence of kinetic polarization. The linear slope
was equivalent to twice the Cy, representing the ECSA [25].

The turnover frequency (TOF) was calculated using the following equation:

TOF = J/(4 x n x F),

where J represents the current density at a given potential, 4 is the number of electrons transferred during the OER,
n is the number of active sites of all the metal ions available for the OER (including Ni and Al), and F is Faraday’s
constant (96,485 C mol ™) [26,27].

2.1.4. Computational Methods

Spin-polarized DFT calculations were performed using the Vienna Ab initio Simulation Package (VASP) [28,29].
The projector augmented wave (PAW) method was employed to efficiently represent the interaction between valence
electrons and the ion core. The generalized gradient approximation with the Perdew, Burke, and Ernzerhof functional
(GGA-PBE) was employed to describe the exchange-correlation energy [30,31]. The cutoff energy was set to 400 eV
for the plane-wave expansion, and the convergence criteria were set to 0.037! and 107 eV for the residual force and
energy, respectively. The Monkhorst—Pack schemes of the k-point grid for the LDH, NFF, NF slab and LDH@NFF,
and LDH@NF heterostructure supercells were sampled by 2 X 2 X 1 for geometry optimization and Bader charge
calculations [32].

Prior to modeling the heterostructure, NiFe(111), Ni(111) and NiAI-LDH(001) slabs were constructed. The
optimized lattice parameters of the FeNi; and Ni bulks were 3.55 and 3.52 A, respectively, similar to previous
experimental and theoretical reports [33,34]. The NiFe(111) and Ni(111) surfaces were modeled with three atomic
layers, where the bottom layer was fixed to describe the bulk positions. For the Ni(OH), monoclinic bulk structure,
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the optimized lattice parameters were 3.16, 3.16, and 4.64 A for the x-, y-, and z-directions (o =  =90°, y = 120°),
respectively. To simplify the heterostructure, the original unit cells of NiFe(111), Ni(111), and Ni(OH), were
converted into an orthorhombic unit cell. To mimic the experimental ratio of Ni and Al (Ni:Al = 3:1), NiAl-LDH
was constructed by replacing one Ni atom with one Al atom in the (2 X 2) Ni(OH), unit cell (Figure S1). For the
heterostructure modeling, a (2 X 3) surface unit cell of the NiAl-LDH slab was attached to a (3 X 2) surface unit
cell of NiFe(111) and Ni(111), to minimize the strain induced by the lattice mismatch. The NiFe(111) and Ni(111)
slabs of the heterostructure were compressed by as much as 4.31% and 3.51% in the y-direction, respectively. The
NiFe(111), Ni(111) and NiAI-LDH(001) slabs had vacuum thicknesses of 15 A to avoid artificial interactions
between its periodic images in the z-direction (Figure S2).

According to the widely accepted OER mechanism that involves the elementary steps of the four-electron
mechanism, the OER occurs via three oxygen-containing intermediates as follows (Equations (1)—(4)):

H,0 + * - *OH + H* + e, (1)

*OH - "0+ H™ + e, (2)
H,0+ *0 - *00H + H* +e", 3)
*OOH - 0,(g)+ * + H + e, 4)

where the asterisk denotes an active site [35]. Under standard conditions (T = 298.15 K, p = 1 bar, pH = 0), the
energy of H* + e~ was represented by 1/2 H, using the standard hydrogen electrode (SHE) [36]. The Gibbs free
energies of each step AG;(i = 1,2,3,4) were calculated by correcting the DFT energy (E) with the zero-point
energy (ZPE) and entropy (S) as follows:

AG; = AE + AZPE — TAS,

where T =298.15 K. The ZPE correction and S calculations used the vibrational frequencies obtained by applying
the finite difference method in the DFT. The thermodynamic entropy was referenced to H,O (g) under a pressure
0f 0.035 bar because it was in equilibrium with H,O (1) at 298.15 K.

During the OER process, the step with the highest free energy change is referred to as the potential
determining step (PDS). The theoretical overpotential () can be expressed as

n = max(AG;) /e — 1.23V
The charge distributions of the heterostructures were evaluated using the Bader charge analysis method [37].

The interfacial binding energy between NiAl-LDH(001) and NiFe(111), Ni(111) was determined using the
following equation:

E = ELDH@foam - ELDH - Efoam
b — ]
Sinterface

where Ejpy@foams Erpn, and Efqqy denote the total energies of the LDH@foam heterostructure, LDH, and
foam, respectively, and Sipserrqce denotes the surface area of the unit cells.

2.2. Results and Discussion

Figure 1 shows the morphology and crystal structure of NiAI-LDH@NFF prepared using an aqueous phase
hydrothermal synthesis method. Figure 1a shows a low-magnification SEM image, revealing its three-dimensional
macroporous structure and rough surface features. This was attributed to the formation of plate-shaped NiAl-LDH
on the NFF surface. To confirm the microstructure of the NiAI-LDH@NFF, we observed the yellow dotted box
in Figure la using field-emission (FE)SEM and measured its thickness at random points (Figure 1b). Through
these measurements, we determined that NiAl-LDH nanoplates with an average thickness of 41.6 + 7.9 nm were
formed on the NFF. Figure lc shows a TEM image of the NiAI-LDH@NFF, indicating the formation of plate
morphology. This corresponds to the SEM images in Figure 1a,b. Diffraction peaks at 44.28°, 51.53°, and 75.87°
from the XRD patterns of NiAl-LDH@NFF and NFF corresponded to the (111), (200), and (220) planes of FeNis
(JCPDS #38-0419), respectively (Figure 1d) [38]. Contrarily, diffraction peaks at 11.73°, 23.58°, 35.12°, and
39.71° observed for NiAI-LDH@NFF, which were not observed for NFF, could correspond to the (003), (006),
(012), and (015) planes of NiAl-LDH (JCPDS #15-0087), respectively [39,40]. Based on the crystal structure
analysis, it is necessary to double-check NiAl-LDH by measuring the lattice distance in the white dotted square in
Figure 1c. After sufficiently increasing the magnification to investigate the lattice distance in the white dotted

366



Mater. Interfaces 2025, 2(3), 363-374 https://doi.org/10.53941/mi.2025.100028

square, the length of 10 spacing was measured to be 2.55 nm (Figure S3). One spacing was 2.55 A, corresponding
to the (015) plane of NiAl-LDH, evidencing the NiAl-LDH, as typically observed by high-resolution (HR)
TEM [24,41]. In addition, after the hydrothermal reaction, the color of the NFF and NF changed to greenish-gray,
indicating the formation of NiAl-LDH (Figure S4) [42]. The sequential comparison of low-magnification SEM
images of the samples prior to (Figure S5a,b) and after the hydrothermal reaction confirmed the morphological
evolution of the foam surface after the reaction (Figure S5¢,d). Moreover, energy-dispersive spectroscopy (EDS)
mapping images of NiAl-LDH@NFF demonstrated an even distribution of Ni, Fe, and Al on the foam surface,
revealing that NiAl-LDH was well-grown on the entire NFF surface (Figure S6a).

- NiAI-LDH@NFF
- [=]
& s )
= ] = s & [
= o
3 €& §3
©
S
. NFF
=
2 ._J-—'-‘-
5 [
ey
=
j— NiAl-LDH JCPDS file No. 15-0087
| | (| i Y
| FeNi3 JCPDS file No, 38-0419
|

10 20 30 40 50 60 70 80 90
20 (deg.)

Figure 1. Characterization of NiAl-LDH@NFF. (a) Low (x1000) and (b) high (x100,000) magnification SEM
images of NiAI-LDH@NFF including thickness measurements at several points. (¢) TEM image of NiAl-LDH
grown on NFF. The white dotted square corresponds to the area for measuring d-spacing of NiAl-LDH in Figure
S3. (d) XRD patterns of NiAI-LDH@NFF and NFF with reference XRD patterns.

For comparison, NiAl-LDH@NF was prepared using the same synthesis method except that the procedure
was conducted with NF instead of NFF. A low-magnification SEM image of NiAI-LDH@NF (Figure 2a) revealed
that the foam surface was relatively smoother than that of NiAI-LDH@NFF. The average thickness of the NiAl-
LDH nanoplates was 21.2 & 2 nm, thinner than the nanoplates on NFF (Figure 2b). We believe that a relatively
insufficient growth of the nanoplate could have led to the reduced thickness and blunt interface of NiAl-LDH@NF.
Figure 2c shows a TEM image, indicating the formation of a small nanoplate, compared with that of NiAl-
LDH@NFF, which corresponded with the SEM results (Figure 2b). The XRD patterns of NiAl-LDH@NF
exhibited 44.5°, 51.85°, and 76.38° peaks corresponding to the (111), (200), and (220) planes of metallic Ni
(JCPDS #87-0712), respectively (Figure 2d) [43—45]. Diffraction peaks were not observed for NiAl-LDH,
potentially attributed to its low concentration on NF.
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Figure 2. Characterization of NiAlI-LDH@NF. (a) Low (x1000) and (b) high (x100,000) magnification SEM
images of NiAI-LDH@NF including thickness measurement at several points. (¢) TEM image of NiAl-LDH grown
on NF. (d) XRD patterns of NiAI-LDH@NF and NF with reference XRD patterns.

However, the EDS mapping analyses confirmed that Ni and Al were evenly distributed over the entire sample
area, supporting the formation of NiAl-LDH (Figure S6b). To quantitatively analyze Ni and Al in NiAI-LDH@NF,
an ICP analysis was performed (Table 1). It was observed that the amount of NiAl-LDH synthesized on NF was
lower than the amount of LDH on NFF. The amount of NiAI-LDH on NFF was 1.86 times that of the LDH on NF,
as determined by the calculation based on Al content (0.0179 mmol for NiAl-LDH@NFF and 0.0096 mmol Al for
NiAI-LDH@NF). In addition, the amount of NiAl-LDH on NF did not significantly increase when the amount of
Al precursor was increased three and five times, demonstrating that the use of NFF was key in increasing the
amount of NiAl-LDH on the foam (Figure S7). XPS analysis was additionally conducted to examine the oxidation
states of NiAl-LDH deposited on different substrates. The Ni 2p spectra of NiAI-LDH@NF showed Ni 2ps/; and
Ni 2p1» peaks at 855.8 eV and 873.5 eV, respectively, while those of NiAlI-LDH/NFF exhibited a slight positive
shift to 856.2 eV and 874.0 eV, indicating a minor oxidation of Ni species upon changing the substrate from NF
to NFF (Figure S8a). In contrast, the Al 2p binding energy decreased from 74.5 eV in NiAl-LDH@NF to 74.3 eV
in NiAI-LDH@NFF, suggesting a slight reduction of Al species (Figure S8b). The Fe 2ps;, peak at 711.3 eV
confirmed the presence of oxidized Fe species (Figure S8c), while the O 1s spectra revealed contributions from
M-OH groups at 531.4-531.5 eV and adsorbed H>O near 533 eV (Figure S8d). These findings indicate that the
oxidation state of NiAl-LDH is affected by the substrate, which is likely due to the NFF substrate serving as an Fe
source that promotes the formation of oxidized Fe species.

To evaluate the electrocatalytic characteristics of NiAI-LDH@NF and NiAl-LDH@NFF, LSV
measurements were performed. The LSV curves revealed that the overpotential of the NiAI-LDH@NFF electrode
was considerably lower than that of NiAl-LDH@NF (Figure 3a). At a current density of 10 mA cm 2, NiAl-
LDH@NF and NiAl-LDH@NFF exhibited overpotentials of 327 and 214 mV, respectively. For comparison, the
bare NF, RuO,@NF, bare NFF, and RuO,@NFF electrodes showed overpotentials of 400, 344, 294, and 254 mV,
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respectively. Notably, NiAl-LDH demonstrated higher activity than the commercial RuO, catalyst, and both NiAl-
LDH and RuO; exhibited enhanced performance when supported on NFF compared to NF. This indicated a
substantial improvement in the OER activity attributable to the critical function of the NFF.
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Figure 3. (a) LSV curves in the 1 M KOH electrolyte at a scan rate of 2 mV s, (b) Tafel slopes, (¢) TOF curves,
(d) Nyquist plots, (e) linear fitting of capacitive currents of the electrocatalysts vs. scan rate, and (f) Chrono
potentiometric stability test of NiAl-LDH@NFF recorded at a constant current density. The sharp potential drop
observed around 80 h is attributed to the replenishment of electrolyte.

Furthermore, to determine the catalytic activity per amount of Ni active site, the mass activities of NiAl-
LDH@NF and NiAl-LDH@NFF were investigated based on the ICP results (Table 1, Figure S9). The mass
activity of NiAI-LDH@NFF exhibited an overpotential of 270 mV at 100 mA mgy;"!, significantly higher than
that of NiAI-LDH@NF (1.54 mA mgy; ") at the same potential.

Tafel plots derived from the LSV data were scrutinized to further assess the electrocatalytic kinetics of NiAl-
LDH@NF and NiAl-LDH@NFF (Figure 3b). NiAl-LDH@NFF exhibited a significantly lower Tafel slope (18.88
mV dec!), whereas NiAI-LDH@NF exhibited 62.45 mV dec™!. For comparison, RuO,@NF and RuO,@NFF
showed Tafel slopes of 51.46 and 23.9 mV dec!, respectively. These values implied that NiAl-LDH@NFF
significantly reduced the OER overpotential and augmented the reaction kinetics. The Tafel slope was substantially
lower than that of other reported transition-metal-based catalysts and superior to those of noble-metal-based
catalysts. This extremely low Tafel slope observed for NiAl-LDH@NFF, indicating a significantly less
overpotential at a high current density, highlights its potential application as an anode for industrial-scale green
hydrogen production via water electrolysis. Moreover, it can function as a counter electrode for other catalytic
reactions, such as CO; reduction reactions.

TOF values were estimated to compare the intrinsic catalytic activities of NiAl-LDH@NF and NiAl-
LDH@NFF for OERs (Figure 3¢). The TOF of NiAl-LDH@NFF (0.1 s™! at an overpotential of 280 mV) exceeded
that of NiAI-LDH@NF (0.1 s ! at an overpotential above 550 mV). This indicated an enhancement of the intrinsic
catalytic properties through efficient charge transport with NFF. The EIS results corroborated the catalytic
performance trend for the NiAl-LDH (Figure 3d). NiAI-LDH@NF and NiAl-LDH@NFF exhibited similar
solution resistance (Ry) values of 2.5 and 2.6 W, respectively. The charge transport resistance (R.;) of NiAl-
LDH@NFF was significantly lower at 31.8 W, compared with that of NiAI-LDH@NF (2.3 W), corresponding
with the LSV trend. In addition, the bare NF, RuO,@NF, bare NFF, and RuO,@NFF electrodes exhibited R
values of 340, 65, 16.7, and 4.7 Q, respectively. These findings suggest that the NFF substrate can enhance
electrical conductivity and improve charge transport, resulting in a substantially higher OER -catalytic
performance.

As shown in Figure 3e, the Cy of the catalysts was obtained from CV curves at various scan rates within the
non-Faradaic potential range (Figure S10). The Cg values of NiAl-LDH@NF and NiAl-LDH@NFF were
estimated at 4.3 and 6.1 mF ¢cm2, respectively. This observation implied that the number of active sites in NiAl-
LDH@NFF exceeded that in NiAl-LDH@NF.
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To evaluate the durability of each catalyst, chronopotentiometry was measured at a current density of 10 mA
cm 2 (Figure 3f). Notably, the NiAI-LDH@NFF electrode exhibited long-term stability with a slight change in
potential (AV = 0.006 V for 97 h). The sudden potential drop observed around the 80 h mark was not indicative
of catalyst degradation, but was instead a direct result of electrolyte replenishment. Furthermore, the
electrochemical durability of NiAI-LDH@NFF was confirmed by TEM and XRD (Figure S11). Considering that
the electrochemical reaction is fundamentally destructive, the edge of the NiAl-LDH surface became slightly blunt.
However, XRD did not reveal a significant difference prior to and after the reaction, thereby demonstrating
excellent stability.

Table 1. ICP analysis of NiAl-LDH@NFF and NiAI-LDH@NF.

Sample Element Amount (mmol)
Ni 0.4106
NiAl-LDH@NFF Al 0.0179
Fe 1.3161
Ni 0.7156

NiAl-LDH@NF Al 0.0096

DFT calculations were performed to elucidate the origin of the improved OER activity of NiAl-LDH@NFF
and to clarify the role of NFF in catalytic performance. A heterostructure model of NiAl-LDH supported on NFF
was constructed and compared with that on NF, a conventional substrate for LDH synthesis (Figure 4a,b). The
OER pathway was analyzed by calculating the adsorption energies of key intermediates (*OH, *O, and *OOH).
The potential-determining step (PDS) was identified as the first proton-electron transfer for NiAI-LDH@NFF, in
contrast to the third step for NiAl-LDH@NF (Figure 4c). The corresponding overpotentials were 0.40 eV for NiAl-
LDH@NFF and 0.64 ¢V for NiAI-LDH@NF, demonstrating a substantial decrease of 0.24 eV in favor of the NFF-
supported system. This improvement indicates enhanced OER activity, in agreement with the experimentally
observed lower overpotential of NiAl-LDH@NFF.
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Figure 4. Model systems of (a) NiAI-LDH@NFF and (b) NiAlI-LDH@NF for DFT calculations. (¢) Gibbs energy
profiles of the four-electron OER mechanism and corresponding top-view intermediate structures on the
LDH@NFF surfaces. Here, PDS denotes potential-determining step.

Bader charge analysis was conducted to probe interfacial electronic interactions. In the NiAl-LDH@NFF
heterostructure, Fe atoms in the foam donated electrons while Ni atoms in the NiAl-LDH layer accepted electrons.
The net charge transfer to NiAI-LDH was 0.32 e~ higher in NiAl-LDH@NFF compared with NiAl-LDH@NF
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(Table 2, Figure 5), indicating that Fe provides electrons to NiAl-LDH across the interface. The interfacial binding
energy was further examined to assess the thermodynamic stability of the heterostructures. The calculated binding
energies were —121.5 meV A2 for NiAI-LDH@NFF and —111.4 meV A2 for NiAl-LDH@NF, indicating that
both foams can stabilize the NiAl-LDH layer. The more negative binding energy of NiAl-LDH@NFF suggests a
stronger interfacial interaction, as reflected in the thicker growth of NiAl-LDH on NFF (Figures 1 and 2).

(@) (b)

NiAl-LDH@NF

©QFeON QA @0 OH

Figure 5. Charge density redistribution at the interface of NiAl-LDH and (a) NFF, and (b) NF. The yellow and
cyan colors represent charge accumulation and depletion, respectively.

The number of electrons gained by LDH was 0.32 ¢” more in the LDH@NFF model than in the LDH@NF
model, attributable to the increased supply of electrons in the foam owing to the influence of Fe. We investigated
the interfacial binding energy of a heterostructure to elucidate the thermodynamic stability of the heterostructure.
We calculated the interfacial binding energies of the heterostructure as —121.5 and —111.4 meV A2 for
LDH@NFF and LDH@NF, respectively, indicating that NFF and NF can form stable heterostructures with NiAl-
LDH. Furthermore, the stronger energy of LDH@NFF, compared with that of LDH@NF, demonstrated that a
greater amount of LDH can be generated in NFF. This shows that NiAl-LDH grows thicker on NFF than on NF
(Figures 1 and 2).

Table 2. Calculated Bader charge changes of Ni, Fe, and Al ions on heterostructured NiAl-LDH@NFF and NiAl-
LDH@NF. The negative and positive value represents electron rich and poor, respectively.

Total Bader Charge Change

Analyzed Component LDH@NFF LDH@NF
Ni —2.37 —2.05
LDH Al 0.06 0.06
Foam Ni 7.03 8.65
Fe 2.75 -

The OER overpotential of LDH@NFF was lower than that of LDH@NF. Through the Bader charge analysis
of the heterostructure on which LDH was formed on foam, it was confirmed that charge transfer occurred at the
interface. More electron transfer occurred at the interface of LDH@NFF than that of LDH@NF because of the
electron supply from Fe in NFF. In conclusion, it was observed that the LDH was better formed on NFF with
stronger interfacial binding energy, leading to a better OER performance.

3. Conclusions

The study successfully synthesized NiAl-LDH@NFF through a hydrothermal procedure, using NFF as the
growth substrate for NiAl-LDH. The heterostructured NiAl-LDH@NFF exhibited outstanding performance as an
OER catalyst. Notably, NiAl-LDH@NFF exhibited a significantly denser growth (more than thrice) compared
with cases where NF was employed as the growth substrate, leading to improved electrochemical performance
(overpotentials of 214 and 327 mV at 10 mA c¢cm2). DFT calculations revealed a higher electron transfer from the
foam to LDH in the LDH@NFF model compared with the LDH@NF model, thereby enhancing the
electrochemical performance. Moreover, the interfacial binding energy was stronger, providing evidence
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supporting the enhanced LDH growth on NFF. Consequently, this study emphasized the importance of the growth
substrate over the catalyst. Furthermore, this study suggests a more flexible and scalable approach in catalyst
development for large-scale hydrogen generation through water electrolysis in the future, with NiAl-LDH@NFF
as a promising initial step.
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