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Editorial

Editorial for the Special Issue on Nanomaterials for
Micro/Nanodevices
Amir Hussain Idrisi

Mechanical and Aerospace Engineering, Michigan Technological University, Houghton, MI 49931, USA;
amirhus@mtu.edu

The Special Issue of Micromachines, titled “Nanomaterials for Micro/Nanodevices”,
comprehensively examines the intersection of nanotechnology and micro/nanodevices.
This issue is a collection of ten papers that explores the cutting-edge developments and
applications of nanomaterials in the fabrication and performance enhancement of micro-
and nano-scale devices. As the demand for smaller, faster, and more efficient electronic
and mechanical systems grows, nanomaterials play a pivotal role in revolutionizing device
engineering [1]. Nanomaterials offer unique electrical [2], mechanical [3], and chemical [4]
properties that make them ideal for pushing the boundaries of micro/nanodevice perfor-
mance. By advancing the interface between materials science and nanotechnology, this
issue showcases innovative research driving the future of micro-/nano-scale technologies.
Additionally, it addresses challenges such as scalability, cost-effective manufacturing, and
material–device compatibility. These featured studies provide insights into current lim-
itations that nanomaterials can address through interdisciplinary collaboration, setting
the stage for next-generation innovations in electronics, energy harvesting, and biomedi-
cal technologies.

The following contributions in this Special Issue cover a broad range of applications
and technologies and address specific gaps in current knowledge:

The review article by Zhang et al. [5] explores the research on organic–inorganic hybrid
thin-film packaging for flexible organic electroluminescent devices using plasma-enhanced
atomic layer deposition (PEALD) and molecular layer deposition (MLD) techniques. The
authors examine the methods and optimization strategies for preparing hybrid encap-
sulation layers, the importance of these devices in flexible electronics, and applications.
The paper also evaluates the encapsulation effect, stability, and reliability of these layers,
summarizing current progress and outlining future research directions and trends.

The exploration of bio-inspired nanomaterials (BINMs) is a significant advancement in
the biomedical applications of micro/nanodevices discussed by Harun-Ur-Rashid et al. [6].
These nanomaterials offer exceptional biocompatibility and multifunctionality, with po-
tential in biosensors, drug delivery, and tissue engineering. This review examines various
BINMs from proteins, DNA, and biomimetic polymers, their integration into devices, and
their impacts on the biomedical field. It also addresses challenges and proposes strategies
to enhance efficiency and reliability, aiming towards maximizing the applications of BINMs
in advanced biomedical devices.

Complementing the focus on BINMs, the issue also delves into surface engineering
techniques that can further enhance device functionality. One such technique is the de-
velopment of superhydrophobic surfaces, which have garnered significant attention for
their versatile applications. A review article on superhydrophobic surfaces discussed by
Barthwal et al. [7] comprises theoretical foundations, fabrication methods, applications, and
challenges. Key principles such as Young’s equation, Wenzel and Cassie–Baxter states, and
wetting dynamics are examined. This article also highlights various fabrication techniques
and applications in fields like healthcare and environmental protection. Furthermore, it
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addresses challenges such as durability, scalability, and environmental concerns, aiming to
guide future research and innovation in this field.

Transitioning from theoretical reviews to experimental investigations, the Special Issue
includes cutting-edge research on novel materials. A valuable insight into the synthesis,
characterization, and possibility for the use of nanostructured spinel chromites in advanced
capacitor technologies was discussed by Mykhailovych et al. [8]. This study reports the
successful synthesis of dielectric ZnCr2O4 nanoparticles using a sol–gel auto-combustion
method followed by heat treatments in air from 5 to 11 h, in air at 500 to 900 ◦C. The
morphology of the nanoparticles was analyzed using various techniques, revealing that
higher temperatures increased nanoparticle size from 10 to 350 nm and changed their shape
to pseudo-octahedra. These larger nanoparticles exhibited high dielectric constants and
low dielectric losses. The annealing temperatures, which resulted in the formation of single-
phase ZnCr2O4 nanopowders, range between 700 ◦C and 900 ◦C and the annealing time is
7 h, whereas lower annealing temperatures resulted in the formation of a secondary phase,
identified as Cr2O3. However, a well-defined octahedral morphology of the nanoparticles
is obtained at an annealing temperature of 900 ◦C for at least 11 h.

Expanding on the theme of material enhancement, Halford et al. [9] investigated the
use of (3-Aminopropyl) triethoxysilane (APTES) as a primer for aluminum alloy AA2024-T3
and focused on its stability and interaction with a polystyrene (PS) topcoat. The aluminum
alloy samples were primed with APTES under various durations of concentrated vapor
deposition (20, 40, or 60 min). The samples were optional post-heat treatment and/or PS
topcoat and were comparatively characterized with the help of electrochemical impedance
spectroscopy (EIS) and surface energy. Optimal corrosion resistance was achieved with a
40 min APTES primer and post heat treatment, attributed to increased surface energy and
enhanced PS wettability. The results also suggest that a thinner APTES primer (deposited
for 20 min) enhances protection against corrosion in the early stages of exposure to the
corrosion solution. The findings highlight APTES’s potential in microdevice applications.

In research by Stine et al. [10], the authors aimed to adapt existing tools to identify
nanoplastics and differentiate by polymer type using deformation data from scanning
electron microscopy (SEM). Polyvinyl chloride (PVC), polyethylene terephthalate (PET),
and high-density polyethylene (HDPE) were analyzed and compared against common
environmental materials like algae and clay. Distinct deformation patterns of plastic
particles were observed in selected environmental media and successfully developed a
computer vision algorithm to enhance identification efficiency.

Turcitu et al. [11] compared the compliance and deformation properties of three
different characteristic-sized (Chip A, Chip B, and Chip C, with parallel channel widths
of 100, 40, and 20 µm, respectively) microfluidic devices made of polydimethylsiloxane
(PDMS) and Norland Optical Adhesive (NOA). Further comparison was made based on
properties like Young’s modulus, roughness, contact angle, deformation, flow resistance,
and compliance. The results indicate that chip A was found to be 4 times longer for PDMS
devices than NOA devices, 1.6 times for chip B, and 2.5 times for chip C. The modulus of
elasticity was significantly higher for NOA (1743 MPa) compared to PDMS’s (2 MPa). The
lower compliance and deformation of NOA indicate it as a better material for microfluidic
device fabrication.

Almodóvar et al. [12] introduced a cost-effective method to produce high-performance
cathodes for aluminum-air batteries. Commercial fuel cell cathodes were modified us-
ing the electrodeposition of nickel and manganese species. Optimal electrodeposition
conditions were identified using Raman, SEM, TEM, and electrochemical characterization
techniques, confirming the successful incorporation of these species. The modified cathodes
showed enhanced electrochemical activity and achieved capacities of 50 mA h cm−2 for
the electrodeposited Ni:Mn (3:2) cathode in aluminum-air batteries. This method is cost-
effective and scalable to enhance the electrochemical performance. The results highlight its
potential for practical applications in emerging energy storage technologies.
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Yu et al. [13] synthesized CH3NH3PbI3/graphene (MG) materials using organic–in-
organic hybrid perovskite (OIHP) and graphene. The phase composition, lattice morphology,
and micro-morphology of MG materials (MG-1 to MG-5) with different proportions (24:1,
16:1, 12:1, 8:1, 6:1) were analyzed by XRD, Raman, PL, and SEM. It was found that for MG
composites, MG materials at MG-1 and MG-2 ratios exhibited better electromagnetic wave
(EMW) absorption performance than other ratios. The optimal component ratio of 16:1
resulted in an absorber thickness of 1.87 mm and an effective EMW absorption width of
6.04 GHz covering the Ku frequency band. The CH3NH3PbI3 component enhanced polar-
ization loss, while graphene improved electrical conductivity loss. This research broadens
the EMW absorption frequency band of OIHP and advances new EMW-absorbing materials.

In the last contribution, Wang et al. [14] employed sodium anthraquinone-2-sulfonate
(AQS) with high redox reactivity to enhance the accessibility of ions and electrolyte and the
capacitance performance of niobium carbide (Nb2C) MXene. The Nb2C–AQS composite
shows significantly higher electrochemical capacitance (36.3 mF cm2) compared to pure
Nb2C (16.8 mF cm2) at a scan rate of 20 mV s−1. The supercapacitors showed excellent
flexibility and stability, with 99.5% capacitance retention after 600 cycles.

Overall, this Special Issue of Micromachines presents a thorough and insightful explo-
ration of the current state of research in nanomaterials for micro/nanodevices. The diverse
topics and innovative approaches covered in these papers underscore the vast potential
of nanomaterials to drive future technological advancements across various fields. Re-
searchers and practitioners can draw valuable insights from these studies to further enhance
the development and application of nanomaterials in both technology and medicine.

Conflicts of Interest: The author declare no conflict of interest.
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Recent Achievements for Flexible Encapsulation Films Based
on Atomic/Molecular Layer Deposition
Buyue Zhang 1, Zhenyu Wang 2, Jintao Wang 3,* and Xinyu Chen 1,*

1 School of Physics, Changchun University of Science and Technology, Changchun 130012, China
2 State Key Laboratory on Integrated Optoelectronics, College of Electronic Science & Engineering, Jilin

University, Changchun 130012, China; zyw20@mails.jlu.edu.cn
3 School of Information Engineering, Yantai Institute of Technology, Yantai 264005, China
* Correspondence: wangjintao@yitsd.edu.cn (J.W.); chenxinyucust@163.com (X.C.)

Abstract: The purpose of this paper is to review the research progress in the realization of the organic–
inorganic hybrid thin-film packaging of flexible organic electroluminescent devices using the PEALD
(plasma-enhanced atomic layer deposition) and MLD (molecular layer deposition) techniques. Firstly,
the importance and application prospect of organic electroluminescent devices in the field of flexible
electronics are introduced. Subsequently, the principles, characteristics and applications of PEALD
and MLD technologies in device packaging are described in detail. Then, the methods and process
optimization strategies for the preparation of organic–inorganic hybrid thin-film encapsulation
layers using PEALD and MLD technologies are reviewed. Further, the research results on the
encapsulation effect, stability and reliability of organic–inorganic hybrid thin-film encapsulation
layers in flexible organic electroluminescent devices are discussed. Finally, the current research
progress is summarized, and the future research directions and development trends are prospected.

Keywords: atomic layer deposition; functional integration; steric hindrance; thin-film encapsulation;
flexible organic light-emitting diodes

1. Background of the Study
1.1. Introduction to Flexible Organic Electroluminescent Devices and Their Stability Issues

Organic light-emitting diodes (OLEDs) have now become mainstream products in
the display and lighting fields, and advanced electronics industry companies, including
Huawei, Samsung, LG, and Sony, have focused on OLED technology in recent years in the
product research and development of TVs, tablets, smartphones, and lighting panels [1].

As shown in Figure 1, typical OLEDs often consist of a substrate/anode/hole injection
layer/hole transport layer/light emitting layer/electron transport layer/electron injection
layer/cathode stacked structure [2]. Electroluminescence is the basic principle of the
operation of OLEDs, and Figure 2 depicts the energy band structure of the different
functional layers in OLEDs, as well as the carrier transport behavior during operation.
Electrons and holes are injected into the organic electron transport layer and the organic
hole transport layer through the cathode and anode of the device, respectively, and they
move toward each other in their respective transport layers under the action of an applied
electric field. They compound to form an exciton in the organic light-emitting layer, and
the exciton radiatively jumps back to the ground state and generates light emission, which
is emitted from the transparent side of the device [3–5].

Compared with liquid crystal display (LCD), OLEDs reduce the backlight module
and simplify the design structure [6,7], eliminate part of the light leakage caused by the
backlight emission, and realize true all-black displays [8,9]. They also show a thinner and
lighter product form [10,11]. In addition, the self-luminous nature of OLEDs results in lower
power consumption and excellent stability over a wider temperature range, highlighting
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the potential for applications in harsh environments [12,13]. Wider color coverage [14] and
wider viewing angles shape the product value of OLEDs [15].

Micromachines 2024, 15, 478 2 of 30 
 

 

backlight emission, and realize true all-black displays [8,9]. They also show a thinner and 
lighter product form [10,11]. In addition, the self-luminous nature of OLEDs results in 
lower power consumption and excellent stability over a wider temperature range, high-
lighting the potential for applications in harsh environments [12,13]. Wider color coverage 
[14] and wider viewing angles shape the product value of OLEDs [15]. 

 
Figure 1. Basic structure of OLEDs. 

 
Figure 2. Schematic diagram of energy levels of OLEDs with carrier transport process. 

In addition to applications in the display industry, OLEDs are also capable of being 
used in the production of efficient solid-state lighting devices. Compared to traditional 
inorganic light sources, such as incandescent or fluorescent lamps, OLEDs have higher 
energy efficiency and light quality while causing zero pollution to the environment [16]. 
The soft scattered light emitted by OLEDs possesses the characteristics closest to natural 
light; therefore, OLED light sources are considered to be the ideal light source that is the 
healthiest and safest [17]. In addition, the large-area feasibility of OLEDs brings great com-
mercial value to them [18]. 

In recent years, flexible display and lighting technologies have gradually become 
available, and the wearable and foldable technologies of optoelectronic devices have be-
come the current mainstream research hotspots [19]. In the preparation process, OLEDs 

Figure 1. Basic structure of OLEDs.

Micromachines 2024, 15, 478 2 of 30 
 

 

backlight emission, and realize true all-black displays [8,9]. They also show a thinner and 
lighter product form [10,11]. In addition, the self-luminous nature of OLEDs results in 
lower power consumption and excellent stability over a wider temperature range, high-
lighting the potential for applications in harsh environments [12,13]. Wider color coverage 
[14] and wider viewing angles shape the product value of OLEDs [15]. 

 
Figure 1. Basic structure of OLEDs. 

 
Figure 2. Schematic diagram of energy levels of OLEDs with carrier transport process. 

In addition to applications in the display industry, OLEDs are also capable of being 
used in the production of efficient solid-state lighting devices. Compared to traditional 
inorganic light sources, such as incandescent or fluorescent lamps, OLEDs have higher 
energy efficiency and light quality while causing zero pollution to the environment [16]. 
The soft scattered light emitted by OLEDs possesses the characteristics closest to natural 
light; therefore, OLED light sources are considered to be the ideal light source that is the 
healthiest and safest [17]. In addition, the large-area feasibility of OLEDs brings great com-
mercial value to them [18]. 

In recent years, flexible display and lighting technologies have gradually become 
available, and the wearable and foldable technologies of optoelectronic devices have be-
come the current mainstream research hotspots [19]. In the preparation process, OLEDs 

Figure 2. Schematic diagram of energy levels of OLEDs with carrier transport process.

In addition to applications in the display industry, OLEDs are also capable of being
used in the production of efficient solid-state lighting devices. Compared to traditional
inorganic light sources, such as incandescent or fluorescent lamps, OLEDs have higher
energy efficiency and light quality while causing zero pollution to the environment [16].
The soft scattered light emitted by OLEDs possesses the characteristics closest to natural
light; therefore, OLED light sources are considered to be the ideal light source that is the
healthiest and safest [17]. In addition, the large-area feasibility of OLEDs brings great
commercial value to them [18].

In recent years, flexible display and lighting technologies have gradually become avail-
able, and the wearable and foldable technologies of optoelectronic devices have become
the current mainstream research hotspots [19]. In the preparation process, OLEDs can be
effectively prepared on substrate materials other than glass substrates, including flexible
substrate materials PET, PEN or PI, combined with the excellent mechanical properties of
the organic materials themselves, which enables the flexible form of OLEDs to be realized.
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The technological advantages of OLEDs in the field of display and lighting and the flexibil-
ity of the products have made flexible OLEDs become the final form of future display and
lighting devices [20,21].

However, even though OLEDs have many advantages in the industry due to their
technological features, their poor environmental stability has been troubling every research
team [22,23]. Organic materials and metal electrodes are highly susceptible to degradation
and failure upon contact with ambient water vapor. In addition, the ionization reaction
between the electrodes and water vapor during operation will cause rapid degradation
of the devices. All of these phenomena can lead to the degradation of the performance of
OLEDs, or even failure. Figure 3 demonstrates the generation mechanism of black dots in
OLEDs, where ambient water vapor fails the organic material while H2 and O2 generated
by the ionization reaction causes a break between the metal electrodes and the organic layer,
and carriers are unable to be transported and in the failed portion [24]. In 2018, the research
team of H. Fukagawa at the Science and Technology Research Laboratory (STRL) of NHK,
Japan, reported a stability study and molecular design scheme for red light OLEDs, and
they monitored the change in their luminescence state with time. The device showed a
circular failure region under the effect of ambient water vapor, and the area of the region
gradually became larger with the increase in the time [25].
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Therefore, in order to enhance the operational stability of OLEDs, effective protection
means are often used to isolate the device from environmental water vapor, avoid direct
contact, and minimize device damage [24]. Among them, encapsulation technology is
currently one of the most effective means of protection for organic optoelectronic devices,
with a high-performance barrier layer covering the outer surface of the device, thus forming
a permeable barrier to environmental water vapor [26,27]. The current academic and
industrial consensus is that the water vapor transmittance rate (WVTR) of the barrier layer
reaches 10−6 g/m2/day, which is the basic condition to ensure the 10-year service life of
organic optoelectronic devices. The standard applies to both rigid and flexible devices, and
the water vapor barrier performance of different optoelectronic devices and the mechanical
properties are shown in Figure 4 [28].
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1.2. Thin-Film Packaging Technology and Its Flexible Applications

Encapsulation technology is an effective means to avoid OLEDs being damaged by
environmental water vapor [29–31]. As shown in Figure 5a, the traditional OLED encapsu-
lation process is realized by the cavity structure cover plate encapsulation by the glass cover
plate. Between the substrate and the glass cover plate, the epoxy resin was used to seal the
surrounding area. The entire encapsulation process was completed in the inert gas (such
as argon, nitrogen, etc.) within the atmosphere, and the desiccant (such as calcium oxide,
etc.) was placed in the cavity to minimize the water vapor [32–34]. The glass cover shows
excellent protection performance in the early stage for organic optoelectronic devices and
is widely used in various optoelectronic devices. However, the introduction of glass covers
has significantly increased the overall weight of the devices, hindering the development of
lightweight optoelectronic devices [35–37]. In addition, the physical properties of the glass
cover make it difficult to realize the flexible form of OLEDs, and the three-dimensional
mesh structure formed after the curing of the epoxy resin, which is prone to generating
large internal stresses. Thus, the brittleness of the cover increases, and it can even crack or
other damages can form in a short period of time. The cracks would provide a penetration
path for the ambient moisture, resulting in the decline of the sealing performance. The
desiccant in the sealing structure will swell after absorbing water vapor, affecting the
encapsulation performance, and the protection efficiency of the cover encapsulation is
reduced [26]. The iteration of display technology, from flat panel display, curved display,
and then to the future of the curly, foldable display technology, means that the packaging
technology should also be gradually flexible. Therefore, the disadvantages of the cover
package technology are obvious, and it is a big obstacle to the process of lightweighting and
flexibilization of optoelectronic devices, which makes its replacement by flexible packaging
technology an inevitable trend for the future development of optoelectronic devices.

At present, thin-film encapsulation technology, as an advanced encapsulation process,
has been gradually applied to various types of optoelectronic devices [38]. Inorganic thin
films, such as SiNO, Al2O3, ZrO2, etc., prepared using chemical vapor deposition (CVD)
have undergone a series of encapsulation-related studies, and the obtained encapsulation
models can meet the current application requirements.

As shown in Figure 5b, in addition to rigid devices, thin-film encapsulation technology
can also be used to efficiently encapsulate and protect flexible OLEDs prepared based on
flexible substrate materials (e.g., PET, PEN, PES, PI, etc.), which ensures that the devices are
bendable and foldable, protecting the devices from damage brought about by the intrusion
of ambient water vapor [39]. The encapsulated thin-film material is grown directly on the
surface of the device, eliminating the edge penetration effect caused by the sealing process.
The development and widespread use of thin-film encapsulation technology is a key step
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in the lightweighting process of flexible displays. Thin-film encapsulation technology can
be divided into inorganic thin-film encapsulation technology, organic thin-film encapsula-
tion technology, organic/inorganic hybrid thin-film encapsulation technology, and so on,
according to the type of composition of the encapsulated thin-film material.
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In order to make thin-film encapsulation technology meet the water vapor barrier
needs of organic optoelectronic devices, many advanced optoelectronics industry compa-
nies and research institutes have invested a great deal of money in the development of more
advanced fabrication processes and encapsulation structures. In 2002, The company “Vitex
Systems” developed a new flexible OLED encapsulation technology named “Barix” [40],
shown in Figure 6. The technology employs a combination of UV-cured organics and
sputtered inorganics to grow organic and inorganic films alternately on the surface of the
protected optoelectronic device to form an organic/inorganic stacked-film structure. The
water vapor barrier performance of single-layer inorganic films is limited by the water
vapor permeation path generated by defects within the film, while in the Barix encapsu-
lation structure, the introduction of the organic film sandwich structure can effectively
couple the defects in the adjacent inorganic film to extend the water vapor permeation path,
which will have a greater improvement in the water vapor barrier performance of the film.
In 2011, South Korea’s Samsung purchased a patent for the technology and collaborated
with the Korea Institute of Technology KAIST to create the organic/inorganic stacked-film
structure. In 2011, Samsung purchased the patent and cooperated with KAIST to apply this
encapsulation system to the protection of OLEDs. By using multilayer thin-film wrapping
encapsulation on substrate and the surface of OLED devices, forming alternating dense
inorganic water vapor barrier layers with organic polymers in a vacuum environment,
with the total thickness of the stacked structure of about 3 µm. The thin-film encapsulation
process can directly grow thin films on the surface of OLEDs, avoiding the use of other
encapsulation materials or mechanical encapsulation components, reducing the size and
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weight of the device, and minimizing the damage of the device caused by the environmental
water vapor infiltration. Barix encapsulation structure embodies the excellent encapsu-
lation performance, which can be effectively applied to flexible displays. However, the
performance of OLEDs will be degraded by high-temperature and ultraviolet radiation [41];
in addition, the Barix encapsulation scheme is cumbersome in the growth process, the
process flow is slow and the cost is high, which cannot fully meet the demand of the future
device flexibilization process, and it has been gradually abandoned by the industry.
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CVD technology is a process of thin-film growth by chemical reaction on the substrate
surface in a vacuum environment, and the short process time as well as the high densities
of the prepared films have led to the increasing application of CVD technology in the
preparation of inorganic barrier layers in thin-film encapsulation processes [42]. However,
to obtain a sufficiently dense thin-film material by CVD technology that can be effectively
applied in the thin-film encapsulation of organic optoelectronic devices, the required
process temperature often exceeds 150 ◦C [43]. OLEDs are a kind of electronic device that
are sensitive to the process temperature, and higher process temperatures can degrade the
organic functional materials [44], affecting the performance of the device, thereby hindering
the development of CVD technology in the field of thin-film packaging. Plasma-enhanced
chemical vapor deposition (PECVD) utilizes plasma to compensate for the problem of
low reactivity caused by reactive precursors or process temperature [45,46], which makes
the thin-film vapor growth process no longer limited by the process temperature and
realizes the high quality of the thin-film growth process under low process temperature.
The introduction of plasma enabled PECVD technology to meet the process requirements
for the thin-film encapsulation of OLEDs, and its related encapsulation process link is
practical to this day. In 2008, Kateeva, founded by C. Madigan et al. of MIT, proposed
inkjet printing (IJP) technology [47]. The growth of thin-film materials is achieved by
directly spraying an ink containing the corresponding nano-composition on a flexible or
rigid substrate [48,49]. Since the ink-spraying path during the IJP process can be set by a
software program, it is possible to prepare patterned thin-film materials without the help
of a mask plate, which is a promising thin-film printing technology [48]. The IJP process
has perfected the encapsulation structure of inorganic thin films, which makes the thin-film
encapsulation technology truly applicable to the protection of optoelectronic devices, and
the organic–inorganic stacking of PECVD/IJP/PECVD has been used for the protection of
optoelectronics. PECVD organic–inorganic stacked encapsulation structure is also one of
the most effective means of encapsulation for current devices [49], but the method requires
a thicker organic layer coupled with the PECVD film, so that the position of the outer
inorganic film is far from the neutral plane and generates a large surface deformation
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during the bending process, and the encapsulated film surface stresses can easily reach
the modulus of rupture of its counterpart, at the expense of the mechanical properties of
encapsulated films.

In summary, looking through the development path of the thin-film encapsulation
process, with the iteration of display technology, the corresponding thin-film encapsula-
tion process is also gradually moving towards high efficiency and advanced. Facing the
future development plan of foldable and rollable display technology, the current thin-film
encapsulation technology will not be able to continue to meet the future demand for the
corresponding flexible applications. PECVD/IJP/PECVD encapsulation structure needs to
prepare thicker film material to couple the internal defects of the film in order to achieve
excellent encapsulation performance, at the expense of the mechanical properties of the
encapsulated film. At present, many advanced optoelectronics companies combined with
scientific research units have begun to look for new thin-film encapsulation processes,
which will determine the arrival of the next generation of optoelectronic devices.

1.3. Introduction to Atomic Layer Deposition

Similar to CVD, atomic layer deposition (ALD) is a thin-film preparation technique
based on chemical reactions on the substrate surface, and, in addition to similar film
growth conditions, some precursor materials are common between the two processes [50].
The difference is that the CVD technique maintains the coexistence of the two precursor
materials in a vacuum reaction chamber, which chemisorb on the substrate surface to form
thin films [51]. In contrast, the surface chemical reaction established by ALD technology
occurs independently and alternately for each precursor material, and each precursor
material has a self-limiting reaction property, and the corresponding self-limiting surface
half-reaction grows the material layer by layer on the substrate surface in the form of a
single atomic layer [52], and the successive self-limiting surface reactions satisfy the need for
single-atomic-layer control and co-conformal deposition in the process of thin-film growth.

The surface reaction process of ALD technology is characterized by continuous, self-
limiting properties [53]. As shown in Figure 7, a typical ALD process tends to employ a
binary reaction sequence for film growth, where two precursors complete their respective
corresponding half-reactions in sequence on the substrate surface to achieve a monolayer
deposition process of a binary compound film. The active sites on the substrate surface
are the basis for ALD film growth [54]; therefore, before the film growth process starts,
the substrate is often introduced with active sites, or it increases the active site density by
means of some surface pretreatment [55]. For example, the number of hydroxyl groups
(-OH) on the substrate surface can be greatly enhanced by oxygen plasma (O2 plasma) or
UV radiation, as shown in Figure 7a. The binary reaction sequence involved in the ALD
process is divided into four steps, as shown in Figure 7b. First, precursor A is passed into
the reaction chamber to undergo a self-limiting surface reaction with the active sites on
the substrate surface, adsorbing a monoatomic layer and generating the corresponding
by-products, followed by purging the entire chamber and piping using inert gas Ar to
evacuate the residual precursor A and reaction by-products. Next, precursor B is passed
into the reaction chamber and undergoes a self-limiting surface reaction with the active
sites provided by precursor A, adsorbing another monatomic layer, and is accompanied
by the production of by-products. Finally, Ar is again used as a purge gas to evacuate the
residual precursor B with the corresponding by-products, and the re-exposed active sites
are able to react with precursor A again. At this point, a cycle ends and the growth of a
layer of product is completed. Repeat the above cycle N times and customize the ALD
process parameters according to the usage requirements.
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Since the number of active sites on the substrate surface is finite, the amount of surface
material is deposited via the half-reactions, corresponding to each surface half-reaction
having its own saturation state [56]. If both of the independent surface half-reactions
are self-limiting, the two reactions can be carried out in a sequential, alternating manner
to obtain a layer-by-layer deposition process of thin films and to satisfy atomic-level
controllability [57]. The ALD process is governed by a surface chemistry reaction, and
since its surface reactions are carried out in a sequential, alternating manner, the two
precursors do not come into contact in the gas phase, and the separation would suppress
the possible occurring CVD-like gas-phase reactions [58], avoiding the appearance of
particulate products on the film surface.

Although precursor materials have self-limiting reaction properties, the reactions at
the surface active sites are sequential due to different precursor gas fluxes. Precursors may
physically adsorb in the form of van der Waals forces to the surface where the reaction
has been completed and subsequently desorb from that region to continue to react with
other unreacted surface regions and produce conformal deposition [59]. Because the ALD
technique avoids the stochastic nature of the precursor flux, the self-limiting nature of the
surface reactions also produces non-statistical deposition, which results in each surface half-
reaction being driven to occur and reach near saturation. Therefore, ALD-grown films are
very smooth and conformal to the original substrate [60]. The films tend to be continuous
and pinhole-free because there are almost no surface active sites remaining during film
growth [61]. This property is important for the preparation of excellent dielectric and water
vapor barrier films.
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Currently, ALD technology has great application prospects in the preparation of
ultrathin and ultrafine films. Typical thin-film materials, such as Al2O3, SiO2 and ZnO, have
been used in various electronics industries [62–65]. In recent years, thin-film deposition and
component modulation have been widely used in micro/nanofabrication technologies, such
as mechanical structures, electrical isolation and connectivity [66–69]. The International
Technology Roadmap for Semiconductors (ITRS) applies ALD technology to the preparation
of high dielectric constant gate oxides in MOSFET structures and copper diffusion barrier
layers in back-end interconnects [70]. The miniaturized layout of semiconductor processes
and the resulting high depth-to-width ratio structure of the products make the precise
control and conformal coating of thin-film deposition techniques a key technological need,
and the ALD process provides an effective solution to this need.

In addition, due to the excellent densification of the film grown using ALD technology,
it can form a good gas molecule barrier within a hundred nanometer thickness [71], and
the ultrathin film morphology provides an important technical support for the application
of flexible products. Therefore, the current ALD technology is widely recognized as
one of the effective means of protecting optoelectronic devices in the future, and ALD-
based thin-film encapsulation technology demonstrates a thinner and lighter encapsulation
weight and superior flexibility compared to existing encapsulation means [72]. Prof. S.
F. Bent of Stanford University believes that ALD will become an effective solution to
the problem of thin-film packaging due to its precise and controllable atomic scale film
growth [73]. At present, inorganic materials such as Al2O3, ZrO2, SiO2, HfO2, etc., prepared
using ALD technology have been subjected to a lot of research and achieved excellent
encapsulation results [74–80]. However, thin-film encapsulation materials based on ALD
technology are usually dominated by oxides, with stable binary bonds between metal
and oxygen atoms in the molecular structure, leading to high Young’s modulus for oxide
films, which tend to be rigid as the density and thickness of the films increase [81]. In
addition, plasma-assisted ALD technology (plasma-enhanced atomic layer deposition,
PEALD) is often employed to compensate for the lack of low-temperature reactivity in order
to meet the demand for low-temperature deposition [82–84]; however, the introduction
of O2 plasma introduces a large amount of residual stresses inside the films [85]. The
inherent properties attributed to ALD-grown inorganic materials, such as low ductility, low
fracture toughness, and high brittleness, limit the durability and reliability of inorganic
encapsulation materials during mechanical motions [86–91], and the inorganic films are
unable to maintain the encapsulation stability under rigorous mechanical motions, despite
the excellent encapsulation properties.

Similar to the ALD technique, the molecular layer deposition (MLD) technique is
capable of depositing single molecular layers layer-by-layer onto the substrate surface, and
it is often used for the growth of organic or organic–inorganic hybrid materials [92,93]. It
is worth noting that MLD techniques often have some organic components introduced,
and the organic or organic–inorganic hybrid films prepared using them have excellent
mechanical properties [94,95]. However, MLD often uses organic precursors as the surface
growth unit of the monomolecular layer, which contains long-chain organic structures. This
will lead to a large molecular size of the precursor material, which tends to form spatial
site resistance on the substrate surface during the semi-reaction process and obscures some
of the active sites, and thus limits the degree of saturation [96,97], and the residual active
sites give rise to a higher number of defective states inside the film. The defective sites then
have the opportunity to provide penetration paths for ambient water vapor, which greatly
affects the water vapor barrier performance of the film [98,99]. In addition to this, during
the mechanical movement of the film, additional stresses are concentrated at the film defect
locations [100,101], and location-specific film stress release patterns are thus induced to
occur. Whether it is inorganic or organic materials, using either one of them alone cannot
meet the future packaging needs of flexible optoelectronic devices.

At present, domestic and foreign research teams and advanced optoelectronics en-
terprises hold the organic/inorganic stacked packaging structure as one of the key re-
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search directions, the excellent packaging characteristics of inorganic materials combined
with the mechanical properties being brought about by organic materials, so that the or-
ganic/inorganic stacked packaging structure has become the current mainstream packaging
program, supporting the most advanced thin-film packaging technology. In the future, in
the face of foldable, wearable and other ultra-flexible optoelectronics, the innovation of
thin-film packaging technology is bound to come soon.

CVD, ALD and MLD are effective film deposition technologies; they all own the
advantages of uniform and conformal deposition, which allows for the deposition of thin
films with excellent uniformity over complex and irregularly shaped surfaces, making
them suitable for applications even on three-dimensional structures. That said, the ALD
and MLD are limited by the slow deposition speed, which indicates the limited application
scenarios. The CVD has been applicated in commercial encapsulation, while the fabrication
may destroy the devices, and the particles would form during the deposition process.

2. Research History and Current Status of Development

ALD technology is an emerging film preparation technology. Due to its preparation of
dense and conformal film, the lower film thickness can be achieved with the same level of
water vapor barrier performance compared with other film preparation methods. Therefore,
ALD technology has greater prospects for development in the field of flexible thin-film
packaging, and it will be a favorable means of overall device thinning at the packaging
level. At present, ALD technology in the field of thin-film encapsulation is mainly used to
prepare highly dense inorganic encapsulation films, but the mechanical properties of ALD
inorganic films are often poor. In order to realize the flexible encapsulation, it is highly
desirable to introduce organic components to enhance the mechanical properties of the
encapsulation structure. In this thesis, the research progress and status of the ALD process
in the field of thin-film encapsulation will be introduced from the aspects of “inorganic
encapsulation materials”, “organic and inorganic composite encapsulation materials”, and
“flexible encapsulation structure design”.

2.1. Analysis of Inorganic Thin-Film Encapsulation Materials and Their Properties

The inorganic encapsulation layers involved in ALD technology include Al2O3, SiO2,
ZrO2, etc. Each of these inorganic materials possesses excellent densification, high con-
formality, and precise thickness control during the growth process. Among them, Al2O3,
as the most typical and mature ALD inorganic material, is often used in the packaging of
optoelectronic devices. In 2006, P.F. Carcia’s research team at DuPont Research Institute’s
Development Experiment Station utilized ALD technology to grow a 25 nm layer on a PEN
substrate by selecting H2O and Trimethylaluminum (TMA) as the oxidizing agent and
aluminum source, respectively. A 25 nm thick Al2O3 film was grown on a PEN substrate,
and the barrier properties of the film were quantitatively analyzed by calcium testing. The
calcium electrode was isolated by the encapsulation layers. With the penetration of oxygen
and moisture, the color of calcium electrode was changed. By measuring the variation
of transmission, the WVTR could be estimated. The optical transmittance curves of the
calcium-tested components are shown in Figure 8.

It was found that the ambient temperature affects the water vapor barrier perfor-
mance of encapsulated films. When the ambient humidity was maintained at 85% and
the ambient temperature was set at 38 and 60 ◦C, the WVTR of the PEN/Al2O3 films
exhibited 1.7 × 10−5 g·m−2·day−1 and 6.5× 10−5 g·m−2·day−1, respectively. After the test
conditions were maintained unchanged, and the ALD-Al2O3 film was replaced with a glass
cover sheet and fixed by epoxy resin, the WVTR was increased. The research team was sur-
prised by this result but did not give an explanation for it. A more reasonable explanation
would be that the epoxy resin provides a penetration path for water vapor in this harsh
test environment. The glass itself has excellent vapor barrier properties, but the epoxy
resin joiner reduces the overall performance. On this basis, the research team estimated
the WVTR of 25 nm thick ALD-Al2O3 film at 23 ◦C to be up to 6.5 × 10−5 g·m−2·day−1
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based on the apparent activation energy theory, which is close to the water vapor barrier
performance of the glass cover [102].
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In 2016, H. Jeon’s research team at Hanyang University grew 50 nm thick Al2O3 on
the surface of PEN substrates using ALD technology, and the film exhibited a WVTR of
3 × 10−3 g·m−2·day−1 with suppressed the generation of black dots in flexible OLEDs [103].
In 2019, H. Kim’s research team at Yonsei University in South Korea centered on the PEALD–
SiO2 film growth behavior on the surface of PEN substrate and found that the pretreatment
of PEN substrate using O2 plasma can enhance the adhesion between inorganic film and
substrate, as well as reduce the difficulty of the film growth process of PEALD technology
on the surface of flexible substrate [78].

At present, many research teams have grown inorganic films on the surface of flexible
substrates using ALD technology and have made the evaluation and optimization of
film quality. At the same time, the flexible devices protected by inorganic films also
show improved stability. Although these works do not take into account the mechanical
properties of the film, it is still a good practice and validation of the application of ALD
technology in the field of flexible packaging.

CVD technology, as a traditional inorganic film growth process, is undoubtedly the
biggest competitor of ALD technology in the field of thin-film encapsulation. In order to
explore the differences in encapsulation performance between the two, in 2012, the research
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team of W.M.M. Kessels, Eindhoven University of Technology, carried out a comparative
study on the encapsulation performance of two SiNx:H and Al2O3 encapsulated thin
films, which were prepared using PECVD and PEALD, respectively [104]. As shown in
Figure 9a, both 20 nm and 40 nm thick PEALD-Al2O3 films have a WVTR of less than
2 × 10−6 g·m−2·day−1 at 20 ◦C and 50% relative humidity (RH), while the 300 nm thick
PECVD-SiNx:H only exhibits 4 × 10−6 g·m−2·day−1 WVTR in the same environment.
Although the thickness of PECVD-SiNx:H (300 nm) is about an order of magnitude higher
than that of PEALD- Al2O3 (40 nm or 20 nm), the latter is still far ahead in terms of
water vapor barrier performance. The team then encapsulated the OLEDs in four different
structures: 300 nm PECVD-SiNx:H, 20 nm PEALD-Al2O3, 40 nm PEALD-Al2O3, and
300 nm PECVD-SiNx:H/40nm PEALD-Al2O3 stack. The encapsulated devices were placed
in an environment of 20 ◦C and 50% RH for aging tests to observe the evolutionary behavior
of the black spots on the organic materials produced by ambient water vapor with aging
time. As shown in Figure 9b, after 114 days of aging treatment, the black dot density
on the surface of the PECVD-SiNx:H encapsulated OLEDs is higher, indicating that the
encapsulated film has more internal defects, and multiple water vapor penetration paths
are formed. This performance comparison work demonstrates the technical superiority of
PEALD technology in the encapsulation field.
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Inorganic nanostacked structures exhibit superior water vapor barrier properties
compared to single-layer inorganic films. In 2009, T. Riedl’s team at the University of
Technology Braunschweig suggested that alternating nanostacked structures can effectively
inhibit the formation of microscopic pores and nanocrystals, which leads to a significant
reduction in the probability of the occurrence of water vapor infiltration pathways [105].
In 2012, S.M. Cho’s team at Sungkyunkwan University used ALD technology to prepare
Al2O3/ZrO2 nanostacked structures with a 350% improvement in water vapor barrier
properties compared to the same thickness of inorganic films, and they pointed out that the
ZrAlxOy structure at the interface of the film was able to block the water vapor infiltration
paths and that the water vapor barrier performance of the film improved with the increase
in the number of stacked layers [106]. In 2014, the team of Pohang University of Science and
Technology’s C. E. park’s team pointed out that the amorphous Al2O3 film is prone to degra-
dation under the action of water vapor, and its WVTR exhibits 3.75 × 10−4 g·m−2·day−1;
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whereas the TiO2 film possesses excellent corrosion-resistant passivation properties, and the
Al2O3/TiO2 nano-stacked layer structure effectively inhibits the degradation and reduces
the WVTR to 1.81 × 10−4 g·m−2·day−1 [107]. And, subsequently, the team grew dense and
amorphous Al2O3/HfO2 thin films using ALD technology in 2017 and showed excellent
chemical stability, which exhibited a WVTR of 6.75 × 10−6 g·m−2·day−1, compared to
Al2O3 monolayers (WVTR = 3.26 × 10−4 g·m−2·day−1), the WVTR decreased by two
orders of magnitude, again demonstrating the enhanced water vapor barrier performance
afforded by nanostacked films [74].

Although the inorganic films prepared using ALD technology can exhibit excellent wa-
ter vapor barrier properties in monolayer or nanostacked structures, the ALD film growth
process is susceptible to the process temperature, and process temperature can affect the
film quality and degrade the water vapor barrier properties either too low or too high [108].
Each ALD film growth process has its corresponding temperature window, and when the
process temperature is within the temperature window, the film quality is excellent and
almost does not change with the process temperature, but once the process temperature
jumps out of the temperature window, the film quality is temperature modulated [109,110].
When the process temperature is too high, the saturation chemisorption ratio of precursor
molecules on the substrate surface decreases; when the process temperature is too low, the
condensation of precursor molecules on the substrate surface increases, triggering surface
CVD reactions. As a result, when the process temperature is not within the temperature
window, the number of film defects increases, inducing a large number of water vapor
penetration paths and a consequent decrease in water vapor barrier performance.

In 2017, S.G. Im’s research team at the Korea Advanced Institute of Science and
Technology (KAIST) grew 21.5 nm thick Al2O3 thin films by using the thermal ALD
(Thermal ALD, T-ALD) technique, using H2O and TMA as the oxidant and aluminum
source, respectively. They investigated the effects of different process temperatures (60
to 120 ◦C) on the water vapor barrier properties of the films. As shown in Figure 10, the
water vapor barrier performance of the films gradually increased with the gradual increase
in the process temperature from 60 to 120 ◦C, corresponding to a gradual decrease in the
WVTR from the order of 10−1 g·m−2·day−1 to the order of 10−3 g·m−2·day−1. The research
team concluded that the growth of inorganic thin films is achieved through the chemical
reaction of reactive substances adsorbed on the substrate surface, and the decrease in
substrate temperature inhibited the chemical combination between surface TMA and H2O.
The unreacted residue was inside the Al2O3 films, leading to the increase in the film defect
density, and thereby the water vapor penetration path, and decreasing the water vapor
barrier performance [42].

In addition to this, the authors had carried out similar experiments using process
temperature as a research variable in their research in 2020, during which H2O and TMA
were selected as the oxidant and aluminum source, respectively, and 45 nm thick Al2O3
thin films were prepared using the T-ALD technique at process temperatures ranging from
50 to 110 ◦C. Subsequently, the electrical calcium test was utilized to measure the film’s
WVTR, and the results of the study are shown in Figure 11. The WVTR of the Al2O3 films
exhibited 2.2 × 10−3 g·m−2·day−1 when the process temperature was 50 ◦C, while the
WVTR of the Al2O3 films exhibited 1.1 × 10−4 g-m−2·day−1 when the process temperature
was 110 ◦C. The increase in the process temperature from 50 to 110 ◦C decreased the WVTR
of the films by one order of magnitude, and the water vapor barrier performance was
significantly improved [111], and this trend is consistent with the results obtained by S. G.
Im’s research team.

In addition to the limitation of process temperature on film quality, the poor mechanical
properties of inorganic films have been a key issue limiting their application in flexible
packaging, such as low ductility, low fracture toughness, and high brittleness of the films,
all of which limit the durability and reliability of the films when they are subjected to
mechanical stresses or deformation [86–91].
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The poor mechanical properties of inorganic thin films are attributed to the inherent
properties of the material, the growth conditions, and the interaction between the film
and the substrate. For example, some inorganic oxide or nitride materials lack the ability
to move dislocations due to the strong ionic bonding structure contained within them,
resulting in low fracture toughness and ductility. In addition, inorganic thin-film materials
are often grown using physical vapor deposition (PVD) or CVD technology; these growth
processes will introduce defects and residual stresses inside the film. In the process, the film
is subjected to mechanical movement, the defects will lead to the concentration of the film
stress, when the load stress and the accumulation of residual stresses in the film accumulate,
and the defect location will preferentially produce fracture or delamination to release the
stress, resulting in film damage, which leads to further degradation of the mechanical
properties of the film. In 2011, S.M. George’s research team analyzed the mechanical limits
of Al2O3 thin films grown using ALD technology by means of strain analysis and pointed
out that the critical tensile strain of the film decreases with the increase in the thickness,
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with the 40 nm alumina film having a lower tensile strain than the 40 nm alumina film,
which is the highest tensile strain in the world, where the critical tensile strain of 40 nm
Al2O3 films is 0.95 ± 0.17% and decreases to 0.52 ± 0.22% when the film thickness is
increased to 80 nm [112].

In 2015, Y.-C. Chang’s research team at Feng Chia University used the T-ALD technique
to grow Al2O3 thin films with a thickness of 50 nm at a process temperature of 80 ◦C by
selecting H2O and TMA as the oxidant and aluminum source, respectively. Meanwhile, they
applied them in the encapsulation of chalcogenide photovoltaic devices and investigated
the mechanical stability of the films [113]. As shown in Figure 12, the films have good water
vapor and oxygen barrier properties, with WVTR and Oxygen Transmission Rate (OTR) of
9.0 × 10−4 g·m−2·day−1 and 1.9 × 10−3 cm3·m−2·day−1, respectively. However, when the
films were bent cyclically at a bending radius of 13 mm for 1000 times, its WVTR and OTR
increased to 2.1 × 10−3 g·m−2·day−1 and 2.6 × 10−3 cm3·m−2·day−1, respectively. The
films underwent a significant decline in water–oxygen barrier properties after the bending
process, indicating that mechanical movement tends to damage the inorganic films and
generate additional water–oxygen permeation paths.
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In addition, in 2018, a similar phenomenon was found by the research team of K.C.
Choi at the Korea Institute of Technology. They found that a 60 nm thick Al2O3 film grown
using the ALD technique yielded a deformation of 0.75% at a bending radius of 1.67 cm,
which resulted in an increase in two orders of magnitude in the WVTR [114]. In 2021, the
research team of Chen Rong at the Huazhong University of Science and Technology (HUST)
investigated the PEN/40 nm Al2O3 film under cyclic bending for 100 times at bending radii
of 7 and 5 mm, respectively. The obvious cracks on the Al2O3 surface in the SEM images
could be found, the film completely failed and lost its water vapor barrier properties [115].

At present, in order to expand the scope of application of inorganic films in the field
of flexible encapsulation, organic and inorganic composite structures as well as special
flexible structure design are usually used to improve the mechanical properties of films.
Organic and inorganic composite materials can combine the unique properties of the two
materials: the encapsulation film has not only excellent water vapor barrier properties
provided by inorganic materials, but also good mechanical properties provided by organic
materials. In addition, the overall mechanical properties of the encapsulation structure
can also be improved through some special structural design. For example, improvement
could be made to the design of the stacked-film structure to achieve the superposition and
neutralization of stress, to the introduction of the defect modification layer to reduce the
number of defects within the film to reduce the probability of damage occurring in the
defects of the film under mechanical movement, to the adjustment of the neutral surface
position to the weak layer of the encapsulation structure to reduce the deformation of
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the layer in bending, maximizing the suppression of film damage, and to adjusting the
position of the neutral plane to the weak layer of the encapsulation structure to reduce the
deformation of the layer during bending to minimize film damage.

2.2. Organic–Inorganic Composite Package Structure

Organic–inorganic composite encapsulation structure is currently the most commonly
used means of flexible thin-film encapsulation, due to the organic material containing a
large number of carbon skeletons inside, so that the material itself has excellent mechanical
properties [116]. The advantages of inorganic thin film grown using ALD technology lie in
its excellent densification, but it also results in the existence of large residual stresses in the
film, and, at the same time, the ALD process introduces a defective state inside the inorganic
film. In the process of mechanical movement, the defective locations of the film will lead
to a concentration of stress in the film, and when the load stress and the residual stress
inside the film accumulate too much, the defective locations will preferentially produce a
fracture or delamination to release the stress [117], leading to film damage and enhanced
water vapor permeability. In contrast, the introduction of organic materials can release film
stresses through coupling defects within the ALD inorganic films [32,118]. In addition, due
to the excellent ductility of the organic film, it can bring the inorganic film closer to the
actual neutral plane position when placed underneath the inorganic film. As a result, the
organic–inorganic composite encapsulation structure is able to obtain better mechanical
properties while ensuring excellent water vapor barrier properties.

Currently, many research teams have carried out related research around organic–
inorganic composite encapsulation structures. In order to improve the mechanical prop-
erties of ALD-Al2O3 thin films, S. J. Kim’s research team at Sungkyunkwan University,
South Korea, 2020, introduced plasma polymer (PP) into Al2O3 thin films in the form of a
sandwich structure. The performance of this organic/inorganic laminated structure was
analyzed and studied, and the encapsulation structure was finally successfully applied
to the encapsulation protection of flexible OLEDs [119]. The inorganic Al2O3 films were
prepared using the ALD process, in which N2O plasma and TMA were used as the oxidant
and aluminum source, respectively. The organic layers were deposited by plasma poly-
merization in the same reaction chamber using CHF3, benzene or cyclohexane precursors,
and the stacked structure through the cyclohexane precursor exhibited better flexibility. A
schematic of the Al2O3/PP stacked layer structure with the WVTR test results of the films
before and after bending is shown in Figure 13.
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The difference between the two film structures is that the stacked structure is made
by dividing 100 nm Al2O3 into 11 monolayers and inserting 20 nm PP between every two
monolayers. The stacked structure exhibits excellent water vapor barrier properties with
a WVTR of 8.5 × 10−5 g·m−2·day−1, which is 58% lower than that of monolayer Al2O3,
attributed to the ability of the PP layer to act as a water vapor barrier and its coupling effect
on the defects within the Al2O3 layer. For the comparison of the mechanical properties of
the two structures, the WVTR of monolayer Al2O3 increased by 900% after 1000 cycles of
bending at a bending radius of 1 cm, whereas the WVTR increment of the organic/inorganic
stacked-structure film was only 32% under the same conditions, implying that the organic
component enhances the mechanical properties of the film.

In the same year, M. C. Gather’s research team at the University of St. Andrews,
UK, fabricated ultrathin flexible OLEDs, with a total thickness of only 12 µm, and was
able to maintain its stability after immersion in water. The upper and surfaces of the
devices were made of organic and inorganic stacked structural thin films as the high-
resistance substrate and encapsulation layer. The inorganic films were 50 nm Al2O3/ZrO2
inorganic nanostacked layers grown using ALD, and the organic films were 3 µm parylene
C monolayers grown using CVD. After the encapsulated device was bent 5000 times
with a bending radius of 1.5 mm, the device performance did not show any significant
degradation [120].

IJP technology is a commonly used organic thin film fabrication technique, which
is used in the field of thin-film encapsulation for the coupling of defects in inorganic
encapsulated films, and the wrapping coverage of surface-attached particles. In addition,
the IJP technology could provide an organic component for flexible encapsulation structures.
In 2021, the research team of B.-H.K at ETRI Research Institute in South Korea prepared
Al2O3 monolayers using the PEALD technique for the OLED encapsulation; meanwhile,
acrylate polymer films were prepared using IJP technology to form an organic–inorganic
stacked structure with the Al2O3 monolayer. Both the inorganic monolayer and the organic–
inorganic stacked structure have excellent water vapor barrier properties, and the WVTRs
of both of them are less than 5 × 10−5 g·m−2·day−1. However, the stacked structure
exhibits better mechanical properties. The WVTR of the Al2O3/polymer film containing
1.5 cycles of stacking increased to only 2.31 × 10−4 g·m−2·day−1 after 10 cycles of bending
at a bending radius of 3.2 mm, whereas the WVTR of the Al2O3 monolayer increased to
4.26 × 10−1 g·m−2·day−1 after the same mechanical motions, at which point the film had
completely failed [121].

Graphene material is considered a valuable flexible encapsulation material with high
permeability, excellent water vapor barrier properties and mechanical properties, and is
also often used in organic–inorganic stacked structures. In 2017, H. Kim’s research team
at Yonsei University prepared ALD-Al2O3/CVD-Graphene stacked structures and found
that the stacked structures significantly improved in terms of both water vapor barrier
properties and mechanical stability compared to the Al2O3 monolayers [122].

The MLD technology is a monomolecular layer growth process on the substrate
surface, and unlike ALD, the MLD process often employs long-chain organic precursors
for the growth of organic or organo-inorganic hybridized films. Due to the similarity
of the principles of the two processes and the self-limiting nature of the corresponding
substrate surface chemistry, respectively, the ALD and MLD technologies are able to be
used interchangeably in the same reaction chamber, while the film growth process of both
processes is built on top of the substrate surface chemistry; thus, the two films can be
combined at the interface in the form of chemisorption to achieve a large adhesion force.
This process convenience and the advantage of the adhesion of the stacked structure have
made the ALD/MLD technology an important research direction for organic–inorganic
stacked encapsulation structures. In 2012, a research team from the University of Colorado,
led by S.M. George, proposed that, compared to the ALD-Al2O3 or MLD-alucone monolayer
thin-film structures, the ALD-Al2O3/MLD-alucone nanostructures can be used for the
production of nanocrystalline nanostructures. The nanostacked structures are able to
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increase the critical tensile strain of the films by enhancing the degree of cross-linking
within the films as well as reducing the film brittleness [123]. In addition, the MLD organic
films can reduce the residual stresses in the ALD inorganic films by vectorial iteration of
stresses or deformation generation to improve their mechanical properties [124,125], and
the elastic modulus and hardness of the films in the nanostacked structure are smaller
than those of the inorganic film monolayer, which further decrease with the increase in the
thickness of the organic layer [126,127].

As the most widely used encapsulation structure, the organic–inorganic composite
structure can combine the water vapor barrier properties of inorganic film and the me-
chanical properties of organic film, so that the advantages and disadvantages of the two
films complement each other, showing the value of application in the field of flexible
encapsulation. However, although this composite structure well reflects the important role
of organic components in flexible encapsulation, the current effect is still difficult to meet
the needs of future flexible applications.

In addition to the enhancement of mechanical properties, the organic components can
also serve as desiccants for the encapsulation structure at the same time. In 2019, in order
to prolong the lifetime of flexible OLEDs, the research team of Y.J. Choi at Sungkyunkwan
University in South Korea chose N2O plasma and TMA as the oxidizing agent and the
aluminum source, respectively. They prepared 25 nm thick Al2O3 thin films as the en-
capsulation layer of the devices by the PEALD technique. Meanwhile, 100 nm TiMO and
100 nm Li(acac) organic films with hygroscopic effect were grown using vacuum thermal
evaporation and placed in the middle of Al2O3 film to form a stacked encapsulation struc-
ture [128]. In addition, cyclohexane organic films without hygroscopic effect were added to
the comparison experiments to verify the importance of the hygroscopic process, and the
results of the film performance tests are shown in Figure 14.
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Figure 14. (a) Electrical calcium test curves of encapsulated films with inorganic monolayers and
organic/inorganic stacked structures. (b) Changes in water vapor barrier properties of encapsulated
films with inorganic monolayers and organic/inorganic stacked structures before and after bending
(reproduced from [128] with permission from Elsevier).

The WVTR of the 25 nm Al2O3 film exhibits 4.5 × 10−4 g·m−2·day−1, which decreases
to 2.7 × 10−4 g·m−2·day−1 for the stacked encapsulated structure through the introduction
of the cyclohexane organic film, which is attributed to the coupling effect of the organic
film on the internal defects of the inorganic film to prolong the water vapor penetration
path. By replacing the organic layer with TiMO and Li(acac), respectively, the WVTR of the
films were further reduced to 1.7 × 10−4 g·m−2·day−1 and 1.5 × 10−4 g·m−2·day−1, due
to the film’s water vapor absorption effect. In addition, the organic/inorganic stacked-film
structures were both improved in terms of flexibility compared to the monolayer Al2O3.
After performing 1000 cyclic bends with a bending radius of 1.5 cm, the WVTR increments
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of the three stacked-structure films were 101%, 137%, and 131%, respectively, which were
much smaller than that of the pure inorganic film, which was 374%.

Although the introduction of organic films with hygroscopic effects can simultaneously
improve the water vapor barrier properties and mechanical properties of inorganic encap-
sulation films, this hygroscopic process cannot be adopted as an effective way to optimize
the film properties because organic polymer materials tend to expand or even break after
absorbing a certain amount of water vapor, resulting in damage to the encapsulation film.

In organic–inorganic composite structures, designing inorganic films as nano-stacked
structures can also enhance the mechanical properties by suppressing the defects’ relay. In
2017, K.C. Choi’s research team at the Korea Advanced Institute of Science and Technology
(KAIST) compared the performances of Al2O3 and Al2O3/ZnO stacks in organic–inorganic
composite encapsulant films, respectively, and investigated the defects’ suppression mech-
anism of the inorganic stacked structures [129].

The inorganic thin films were grown using the T-ALD technique, with TMA, diethylz-
inc (DEZ) and H2O as the aluminum source, zinc source and oxidant, respectively, at
a process temperature of 70 ◦C. In the inorganic stacked structure, ZnO plays a role of
defect coupling, effectively inhibiting the occurrence of cracks at the defect location of the
Al2O3 film, and therefore the inorganic stacked structure exhibits excellent mechanical
properties. When flexible OLEDs were encapsulated with the two structures and subjected
to 1000 cycles of bending with a bending radius of 1 cm, the inorganic stacked-layer encap-
sulation structure effectively suppressed the generation of cracks, and the devices showed
no streak-like corrosion. This work exemplifies the influence of defect states in inorganic
thin films on mechanical properties and enhances the mechanical properties of the films
by means of defect suppression. Although the inorganic stacked-layer structure was able
to reduce the film failure caused by fracture at the defect location, the WVTR of the film
increased from 7.87 × 10−6 g·m−2·day−1 to 7.78 × 10−5 g·m−2·day−2 in 1 cm bending
experiments, and this order-of-magnitude degree of decay implies that the mechanical
properties are still deficient.

Organic–inorganic composite packages can be introduced inside the inorganic film
with organic components in addition to the stacked structure. In 2018, a research team of
S.H. Yong from Sungkyunkwan University, South Korea, prepared a carbon-rich Al2O3
thin-film material by using the PEALD technique, selecting TMA and N2O plasma as the
aluminum source and oxidant, respectively, and combining it with an inorganic Al2O3
monolayer as stacked encapsulation. The mechanical properties of the 6.7 nm Al2O3/2.5 nm
15% C-Al2O3 film with 2.5 stacking cycles were investigated [130]. In this case, the carbon-
rich structure of the Al2O3 film was able to play a similar role to that of the organic film in
the stacked structure.

Carbon-rich growth of Al2O3 films is achieved by supplying an excess of TMA precur-
sor during the growth of PEALD-Al2O3 films, during which the following surface reaction
takes place: Al(CH3)3 + N2O→ αAl2O3 + βC2H6 + ΥN2. The WVTR of composite films
with 2.5 laminating cycles exhibits a WVTR of 3.3 × 10−4 g·m−2·day−1, which is 36%
lower compared to the 25 nm Al2O3 monolayer encapsulated film. In addition, the WVTR
increment of the composite film after 1000 cycles of bending at a bending radius of 1.5 cm
was only 86%, whereas the WVTR increment of the Al2O3 monolayer film was as high as
367% after subjecting it to the same mechanical motion.

Although this carbon-rich growth of Al2O3 can implant organic components into
inorganic films and enhance the mechanical properties of the films, this oversaturated
supply of precursors introduces a large site resistance during the film growth process,
leading to a higher defect density in the film, which creates more water vapor permeation
paths and reduces the upper limit of the film’s water vapor barrier properties.

2.3. Flexible Package Structure Design

In addition to organic–inorganic composite packaging structures, there are many thin-
film structure design options for flexible applications. For example, stress neutralization
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is achieved by symmetrically distributing the film on both sides of the neutral plane, me-
chanical degradation caused by defects in the inorganic film is suppressed by introducing a
defect modification layer, and the deformation of the mechanically weak layer is reduced
by the modulation of the position of the neutral plane. These structural design solutions
are also of great significance in the field of flexible thin-film packaging.

2.3.1. Stress-Neutralizing Structural Design

Two films with the same stress are grown on both sides of the polymer substrate, and
since the two sides have a symmetric stress distribution structure, the substrate does not
need to provide additional elastic deformation to match the stress distribution. Thus, the
equivalent total stress is zero, and this structural design is considered to be an effective
means to be able to enhance the mechanical properties of thin films. In 2018, a research team
led by J.S. Park from Sungkyunkwan University, South Korea, grew, in order to alleviate
the films’ residual stresses in them, SiNx, prepared using PECVD, on one or both sides of
the PEN substrate, respectively, and the total thickness of the SiNx films was kept constant
in the comparison experiments [131]. The important conclusions from the study are shown
in Figure 15.
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Figure 15. (a) Schematic of the unilateral or bilateral growth of the film. (b) Comparison of the
stresses in the unilateral versus bilateral film. (c) Amount of change in the film’s WVTR as a result of
bending (reproduced from [131] with permission from AIP Publishing).

It was found that by growing SiNx films on both sides of the PEN substrate bilaterally,
the stresses on both sides can cancel each other out, so that the overall structure maintains a
lower stress state, and this feature means that the total residual stress of the bilaterally thin-
film structure does not increase with the enhancement of the film thickness. In addition,
when the total thickness of the SiNx film is 600 nm, the WVTR increment of the bilaterally
thin-film structure is 33%, while that of the unilaterally thin-film structure is 51% after cyclic
bending for 1000 times at a bending radius of 1.5 cm. Contrastingly, the effect of bending on
the bilaterally thin-film structure is smaller than that of the unilaterally thin-film structure
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in other thicknesses, which proves that the bilaterally thin-film structure can effectively
improve the mechanical properties of the film. However, in practical applications, the
encapsulated film cannot be distributed symmetrically on both sides of the device. In
addition, the biggest role of this structure is to keep the flexible substrate in the high stress
film coverage, but it can still maintain the initial flat state to avoid curling. Although the
symmetrical distribution of stress can play a total stress neutralization effect, the residual
stress inside the single-layer film did not, in fact, weaken; too much residual stress will still
limit the mechanical properties of the film.

2.3.2. Repair of Defects in Inorganic Films

Inorganic thin-film materials are often grown using PVD or CVD technology; these
growth processes will introduce defective states and residual stresses within the film. In
the mechanical movement process of the film, the defective location will lead to film stress
concentration. When the load stress and the residual stresses within the film are too large,
the defective location will be preferred to produce fracture or delamination to release the
stresses, resulting in film damage. This phenomenon leads to further degradation of the
mechanical properties of the film. Therefore, the elimination of defects within the film is
particularly important.

In 2018, H.G. Kim’s research team at Kyung Hee University in South Korea conducted
research on the repair of defects in ALD-Al2O3 thin films using a self-assembled material,
DDT [132], and confirmed that the film defects are also a key factor affecting the mechanical
properties of the films, and the results of the thin-film structure and bending tests are
shown in Figure 16.
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This work deposited an 8 nm thick Ag layer onto the surface of a PEN substrate by ther-
mal evaporation, followed by the deposition of a 40 nm thick Al2O3 monolayer by LFALD
using TMA and O2 as the aluminum source and oxidizer, respectively. Self-assembled
monolayers were formed using a DDT precursor, which consists of an organosulfur head-
group that interacts with the metal substrate, a methyl endgroup exposed to air, and a
9-carbon alkyl chain between the headgroup and the endgroup. The self-assembled mono-
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layer based on the DDT precursor effectively covered the pinhole defects of the Al2O3
monolayer. The final multilayer encapsulated structure obtained had a WVTR of less
than 5.0 × 10−5 g·m−2·day−1 at 38 ◦C and 100% RH, and it remained unchanged after
25,000 cycles of bending at a 5 mm bending radius. The repair of defects did enhance
the mechanical properties of the films, but this defect-filling process via self-assembled
materials requires the introduction of additional characterizing materials, such as a metal
layer, to allow the self-assembled molecules to undergo directional adsorption, which
largely increases the process difficulty. In addition, the size of the self-assembled molecules
is sometimes larger than the size of the film defects created by the ALD process, making
the defect-repair process using self-assembled molecules even more difficult to carry out.

2.3.3. Neutral Surface Studies

The neutral plane is the plane where the invisible change occurs during the bending
process of the film, and the film in the neutral plane position should be well protected. In
2013, the research team of S.-W. Seo at Sungkyunkwan University in South Korea studied
the effect of the neutral plane position on the mechanical properties of the film. They
prepared an organic/inorganic stacked composite structure, where the organic/inorganic
stacked portion in the middle of the two layers of PENs is the traditional flexible encap-
sulation layer, and the bottom PEN serves as the substrate, and the top PEN serves as the
neutral plane regulating layer. The film structure and properties were analyzed as shown
in Figure 17 [133].
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In this work, an Al2O3 monolayer was grown using the ALD technique by selecting
TMA and H2O as the aluminum source and oxidizer, respectively. A PP layer was grown
using the PECVD technique by selecting a C6H14 precursor, and the encapsulated film
was placed in the neutral plane position through the modulation of the PEN layer. This
encapsulation structure displayed a WVTR increment of only 10% after cyclic bending for
10,000 times at a bending radius of 3 mm.

In 2016, Y.C. Han’s research team at the Korea Advanced Institute of Science and
Technology (KAIST) prepared S-H nanocomposites/Al2O3 structures with 3.5 stacking
cycles and tuned the neutral plane position by controlling the thickness of the Hybrimer
layer [134]. In this work, 3.5 stacking cycles of encapsulated films, including organic–
inorganic hybrid nanocomposite monolayers (S-H nanocomposites) and Al2O3 monolayers,
were grown on PET substrates with a thickness of 125 µm. The nanocomposites and the
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Al2O3 films were prepared using the solution method and ALD technique, respectively.
The neutral plane position of the samples during bending can be changed by regulating
the thickness of the uppermost Hybrimer layer, and the intervention of the Hybrimer layer
drastically reduces the damage of the encapsulated films during bending, and the WVTR
increment generated by 1 cm bending is reduced from 500 times to 2 times. In the final
structure, the stacked encapsulant film is placed in the neutral plane position of the sample,
and the performance of the encapsulated flexible OLEDs is basically maintained in the
initial state after cyclic bending experiments with a bending radius of 1 cm and exposure to
30 ◦C and 90% RH for 30 days.

Neutral plane regulation is a means to improve the mechanical stability of thin films
through structural optimization; however, the design of the neutral plane position needs to
take into account all the functional layers of the device, which makes it difficult to design
the neutral plane in the face of complex device structures. In addition, while protecting
a structure from damage caused by bending by means of neutral plane regulation, the
probability of damage to other structures far from the neutral plane position will increase.

In summary, the inorganic encapsulation film could render the superior WVTR, while
the existence of strain limits the flexible applications. In contrast, the organic film is suitable
for flexible and stretchable application, while the low WVTR could not render efficient pro-
tection for devices. Thus, the organic–inorganic hybrid thin-film encapsulation technology
could render high WVTR and be suitable for flexible devices, while the multi-layer stacked
films significantly enhance the complexity of the fabrication process. Contrastingly, the
organic–inorganic hybrid thin-film encapsulation film is still the mainstream encapsulation
technology for flexible application.

3. The Development of Flexible Encapsulation Films

The encapsulation technology needs further investigation for application in flexible
optoelectronic devices. In 2023, Wang et al. demonstrated that by tailoring the fabrication
process of ALD, a homogeneous organic/inorganic hybrid encapsulation could be achieved.
By changing the EG/O plasma surface reaction ratio, the component unit of the film could
achieve arbitrary ratios. Moreover, the organic/inorganic films were applied in flexible
OLED encapsulation, the performance of OLED demonstrated little-to-no chance after
bending 10,000 cycles under a 3 mm bending radius [135]. At the same year, the group
claimed that by inserting the O plasma into the MLD process, the highly cross-linked,
densified flexible encapsulation material AlOC could be fabricated with the WVTR of
1.44 × 10−5 g m−2 day−1. The encapsulated perovskite solar cells could maintain 95% of
its initial efficiency after 2400 h under 30°C and 80% RH [136]. In 2023, Chen et al. demon-
strated flexible encapsulation technology based on PECVD. They found that by tuning
the ration of N2/H2 during the fabrication process, the denser, more etch-resistant, higher
compressive stress and lower hydrogen content film could be achieved. Moreover, they
exhibited an inorganic/organic/inorganic sandwich structure for flexible OLED encapsula-
tion. The encapsulated OLED demonstrated no dark spots under a 2 mm bending radius
for 10,000 times [137]. Burger and co-workers thoroughly investigated the encapsulation
performance between Si oxide/nitride fabricated by PECVD and metal oxides fabricated by
PEALD. Moreover, they combined the inorganic encapsulation film with parylene to form
the organic/inorganic hybrid encapsulation film, and they found that the parylene-AlOx
demonstrated the most effective solutions. WVTR could reach up to 3.1× 10−4 g m−2 day−1

under 38°C and 90% RH [138]. Choi et al. achieved the foldable and washable textile-based
OLEDs based on the pV3D3 and Al2O3/TiO2 bilayer encapsulation structure. The Al2O3
and TiO2 were deposited by ALD at near-room-temperature, which was beneficial for the
OLED devices. Combined with the CVD-based pV3D3 polymer, the flexibility and water-
proof property was significantly enhanced, the wearable OLED could emit red light even
folded under water during hand-washing [139], and foldable and washable textile-based
OLEDs possessed a multi-functional near-room-temperature encapsulation layer for smart
e-textiles. Chen et al. also demonstrated the advantages of the organic/inorganic hybrid
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encapsulation layer. They utilized the PDMS as the organic sublayers and utilized O2
plasma to provide the nucleation sites for the deposition of the Al2O3 layer. Furthermore,
the epoxy layer was used to improve the strain condition under the bending test. Finally,
the hybrid encapsulation demonstrated superior isolation and mechanical reliability, and
the lifetime of blue OLED could reach up to 370 h under 25 ◦C and 60% RH [115], Flexible
PDMS/Al2O3 Nanolaminates for the Encapsulation of Blue OLEDs.

4. Summary and Outlook

Flexible OLEDs have many advantages, such as thinness, lightness, shock resistance,
etc., which can provide more possibilities for the diversity of product forms, and they
have potential application value in display, lighting, and medical industries. In recent
years, domestic and foreign conferences on the theme of “wearable optoelectronics” have
been favored. OLEDs, ranging from the rigid form to the curved form, are now foldable,
in order to meet the increasing demand for flexibility and the minimum bending radius
of the product to withstand the millimeter level, which is a great test for the thin-film
encapsulation technology. This is a great test for thin-film packaging technology.

Existing thin-film encapsulation technologies are mainly based on traditional thin-film
fabrication means, such as CVD, IJP, sputtering, spin-coating and thermal evaporation.
Although inorganic thin-film materials have good water vapor barrier properties, their
poor mechanical properties have also been a key issue limiting their application in flexible
packaging, such as low film ductility, low fracture toughness, high brittleness, etc. Me-
chanical stress or deformation of the film will limit the durability and reliability of the
film in the process. Organic materials are flexible, but due to the process characteristics of
the preparation method, organic films contain more defects that provide environmental
water vapor penetration paths, making their barrier properties unable to meet the demands
of optoelectronic devices. The method of organic/inorganic stacking can combine the
advantages of inorganic and organic materials, using the excellent barrier properties of
inorganic materials to form a good barrier to water vapor permeation, and the organic
layer can effectively relieve the film stress, separating the neutral surface, which brings
good mechanical properties. However, the method requires a thicker organic film coupled
with an inorganic film, which keeps the inorganic film position away from the neutral
surface position. The deformation of the outer surface of the encapsulated film would
increase during device bending, introducing higher additional stresses. The probability
of film damage is thus elevated, lowering the upper limit of the mechanical properties.
Moreover, the adhesion strength at the organic/inorganic interface is low and prone to
delamination, which will be reflected in the strict mechanical motion process. Therefore, the
organic/inorganic stacked layer structure can no longer meet the future needs of flexible
device protection. Although placing the encapsulation layer in the neutral position can
effectively protect it from mechanical movement damage, this method is only a compromise
program. In the face of complex device structure, the neutral surface design difficulty is
also higher.

Therefore, the authors believe that for the future development of flexible optoelectronic
devices, including flexible OLEDs, the existing high level of thin-film fabrication and
encapsulation technology can no longer satisfy, and research can no longer be limited by
traditional process methods and empirical structures. The development of new processes,
materials and structures is the only way to realize the future standard of flexible packaging.
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Abstract: Superhydrophobic surfaces, characterized by exceptional water repellency and self-cleaning
properties, have gained significant attention for their diverse applications across industries. This
review paper comprehensively explores the theoretical foundations, various fabrication methods,
applications, and associated challenges of superhydrophobic surfaces. The theoretical section in-
vestigates the underlying principles, focusing on models such as Young’s equation, Wenzel and
Cassie–Baxter states, and the dynamics of wetting. Various fabrication methods are explored, ranging
from microstructuring and nanostructuring techniques to advanced material coatings, shedding
light on the evolution of surface engineering. The extensive applications of superhydrophobic sur-
faces, spanning from self-cleaning technologies to oil–water separation, are systematically discussed,
emphasizing their potential contributions to diverse fields such as healthcare, energy, and environ-
mental protection. Despite their promising attributes, superhydrophobic surfaces also face significant
challenges, including durability and scalability issues, environmental concerns, and limitations in
achieving multifunctionality, which are discussed in this paper. By providing a comprehensive
overview of the current state of superhydrophobic research, this review aims to guide future investi-
gations and inspire innovations in the development and utilization of these fascinating surfaces.

Keywords: superhydrophobic; fabrication methods; wetting models; self-cleaning; coatings

1. Introduction

For many years, the interaction between surfaces and water has been a subject of
keen interest. Nature provides numerous distinctive surface patterns designed to interact
with water in ways that enhance functionality and adaptability to the environment. These
natural designs serve as a foundational source for structural concepts extensively studied
and implemented in the development of surfaces with specific water affinities. Various
applications require surfaces with either high or low water affinity, underscoring the
importance of investigating surface wettability and developing strategies to control it
according to the desired outcome [1–3].

Wettability, a fundamental property describing the interaction between a solid surface
and a liquid, is intricately linked to surface roughness and water contact angle. The water
contact angle, a vital parameter quantifying wettability, reflects the degree of hydropho-
bicity, with higher angles denoting increased water resistance and lower surface energy.
The terms “hydrophobic” and “hydrophilic” categorize materials based on their wetting
behavior, describing materials as hydrophobic if they resist water and are challenging to
wet and hydrophilic if they readily interact with water. These terms are derived from the
Greek word “hydro”, meaning “water”, along with the suffixes “phobos” and “philia”,
representing “fear” and “love”, respectively. Analyzing the static contact angle, which
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measures the angle formed by a static liquid droplet with the interphase of the solid surface
and surrounding vapor, provides insight into the water–surface interaction.

The water contact angle (WCA) is determined using a contact angle goniometer,
providing insights into the interaction between a water droplet and a solid surface.

A material is categorized as hydrophilic when its water contact angle (WCA) is below
90◦, while materials with a WCA exceeding 90◦ are termed hydrophobic. The term “super-
hydrophobic” is used to describe materials with a WCA ranging between 150◦ and 180◦.
“Superhydrophilic” surfaces feature a minimal contact angle, causing droplets to spread
and completely wet the surface, while superhydrophobic surfaces showcase a maximal con-
tact angle, resulting in droplets forming nearly spherical shapes, as illustrated in Figure 1.
One of the remarkable features associated with superhydrophobic surfaces is their inherent
self-cleaning ability. The combination of high water repellency and appropriate surface
roughness allows water droplets to easily roll off the surface, carrying away contaminants
and dust particles. This self-cleaning property has significant implications for various ap-
plications, ranging from anti-fouling surfaces in marine environments to low-maintenance
coatings in architectural settings. Understanding the intricate relationships among surface
roughness and surface chemistry is pivotal for advancing the design and application of
functional surfaces with tailored wetting characteristics.
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Figure 1. Diagram illustrating various surface wettability’s through contact angle measurements.

The origins of superhydrophobic materials trace back to the early 20th century, where
historical records document contact angles of 160◦ and above on coated surfaces treated
with stearic acids and soot [4,5]. The fundamental principles of superhydrophobic behav-
ior were subsequently established by Wenzel, Cassie, and Baxter in the ensuing decades.
Although research progressed gradually from the 1940s to the 1990s, the crucial moment
came in 1996 when T. Onda et al. validated artificial superhydrophobic surfaces [4–10].
The term “lotus effect” was officially patented by Neinhuis and Barthlott in 1997, refer-
ring to the naturally occurring superhydrophobic feature observed in lotus leaves [11].
This groundbreaking discovery ignited a surge in research, as evidenced by Chen et al.’s
comprehensive review of superhydrophobicity in 1999 [12]. Figure 2 illustrates the steady
increase in the development of “superhydrophobic coatings” over the past decade, based
on the number of papers retrieved from the Web of Science. The notable rise in the number
of publications in recent years highlights the growing interest and concern surrounding
superhydrophobic coatings in our society.

Throughout the process of evolution, nature has ingeniously developed various bi-
ological systems with superhydrophobic surface properties, as shown in Figure 3. One
prominent example of such surfaces is found in lotus leaves (Nelumbo nucifera), recognized
for their exceptional superhydrophobicity. The discovery of the self-cleaning mechanism of
lotus leaves can be attributed to botanists Barthlott and Ehler in 1977 [13]. Their investiga-
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tion unveiled a sophisticated combination of hierarchical roughness, encompassing both
microstructures and nanostructures, all covered beneath a layer of low surface energy wax.
This unique combination of intricate roughness and a waxy coating contributes to the lotus
leaves’ superhydrophobic nature, characterized by a water contact angle (WCA) of 161◦.
The synergy of high roughness and the presence of a waxy layer facilitates water droplets
to effortlessly roll off the surface, effectively cleansing it by dislodging dust particles. This
phenomenon is widely recognized as the “lotus effect”, as shown in Figure 4a,b.
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Figure 3. Superhydrophobic surfaces available in nature.

Superhydrophobicity is not exclusive to lotus leaves but can be observed across various
plants, insects, and birds, showcasing a diverse range of natural adaptations. Examples
include rice (Oryza sativa) and taro (Colocasia esculenta) leaves, mosquito eyes, butterfly
wings, desert beetles, gecko’s feet, water strider legs, and shark skins [14–28], as depicted in
Table 1. Guo et al. [23] discovered that rice leaves possess remarkable superhydrophobicity,
preventing water droplets from wetting their surface, as shown in Figure 4c. Their surface
exhibits a binary microstructure and nanostructure similar to lotus leaves, featuring papillae
with an average diameter of 5–8 mm in a one-dimensional order. The sublayer beneath
the surface contains uniformly distributed nanometer-scale pins, enhancing air-trapping
capability. This surface achieves superhydrophobicity with a WCA of 157.28◦, facilitating
the effortless rolling off of water droplets.
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Table 1. Superhydrophobic surfaces present in nature.

Natural Surface WCA Properties References

Rice leaf 164◦ Superhydrophobic, self-cleaning, antifouling, and low drag Bixler et al. (2014) [14]
Mosquito compound eyes 155◦ Superhydrophobic and anti-fog Gao et al. (2007) [16]

Butterfly wings 152 ± 1.7◦ Superhydrophobic and self-cleaning Zheng et al. (2007) [17]
Gecko foot 150◦ Superhydrophobic and anti-adhesion Stark et al. (2016) [19]

Water strider legs 167.6 ± 4.4◦ Superhydrophobic and anti-adhesion Gao et al. (2004) [20]
Lotus leaf >150◦ Superhydrophobic and self-cleaning Barthlott et al. (1997) [24]

Indian cress 180◦ Superhydrophobic and self-cleaning Otten et al. (2004) [25]
Shark skin 160◦ Superhydrophobic, self-cleaning, and anti-fouling Liu et al. (2012) [26]

Desert beetle >150◦ Superhydrophobic and fog-collection behavior Kostal et al. (2018) [27]
Rose petal 154.6◦ Superhydrophobic and high surface adhesion Feng et al. (2008) [28]
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Similarly, an insightful study by Gao and Jiang [20] highlighted the remarkable su-
perhydrophobic properties exhibited by water striders, focusing on their legs. The water
striders’ ability to stand and glide swiftly on water is attributed to the complex com-
bination of hierarchical microstructures and nanostructures. These structures include
numerous oriented, tiny hairs known as microsetae, which possess fine nanogrooves. These
needle-shaped setae exhibit diameters ranging from 3 microns down to several hundred
nanometers, with an average length of about 50 µm and an inclined angle of approximately
20◦ from the leg’s surface, as illustrated in Figure 4g,h. This unique adaptation allows
water striders to stand and move swiftly on the water’s surface.

Zheng et al. [17] observed that butterfly wings exhibit overlapping quadrate scales
(150 mm in length and 70 mm in width), forming a periodic hierarchy in one direction
(Figure 4i). Each scale’s surface features separate ridging stripes, consisting of fine nano-
stripes with multi-layers of cuticle lamellae of different lengths and tilted slightly upward
with emerging nano-tips. These distinctive structures create air pockets that significantly
reduce the surface contact area with water on the wings, showcasing superhydrophobicity
with a water contact angle (WCA) of 152◦.

In recent years, several high-quality review articles in the superhydrophobic coat-
ings field have summarized recent advancements, challenges, and applications [29–39].
Wang et al. [29] specifically focused on the development and mechanism of superhydropho-
bic and antimicrobial coatings, addressing potential applications and associated challenges
in commercial adoption. Nomeir et al. [31] offered new perspectives on self-cleaning
superhydrophobic coatings for solar energy applications, exploring the impact of dust
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accumulation on solar panel efficiency. Table 2 provides an overview of current reviews on
bio-inspired superhydrophobic coatings across various applications.

Table 2. Representative review articles on superhydrophobic coatings in recent years (2020–2024).

S. No. Title Journal Publication Date Features Ref.

1

Recent advances in
superhydrophobic and

antibacterial coatings for
biomedical Materials

Coatings October 2022

Summarized development trends in
medical device coatings, focusing on
superhydrophobic and antimicrobial

coatings. Addressed potential applications
and challenges in the commercial adoption

of antimicrobial coatings.

Wang et al. [29]

2

3D-printed biomimetic
structures for energy and

environmental
applications

DeCarbon March 2024
An overview of the current state of

3D-printed biomimetic structures and their
applications in energy and environment.

Li et al. [30]

3

Recent progress on
transparent and

self-cleaning surfaces by
superhydrophobic

coatings deposition to
optimize the cleaning
process of solar panels

Solar Energy Materials
and Solar Cells August 2023

An overview of the latest studies on
self-cleaning superhydrophobic coatings

for solar energy applications.
Nomeir et al. [31]

4

Bioinspired marine
antifouling coatings:

antifouling mechanisms,
design strategies and

application
feasibility studies

European Polymer Journal May 2023

Summarization of the design strategy and
development trend of bionic marine
antifouling coatings, evaluates the

antifouling performance, antifouling
mechanism, and antifouling effect of

the coatings.

Li et al. [32]

5
Recent advances in

bioinspired sustainable
sensing technologies

Nano-Structures &
Nano-Objects April 2023

A comprehensive overview concerning the
innovative approach for identifying,

recognizing and showcasing the current
advancements and key milestones

accomplished in biosensing technologies
based on bioinspired/bioderived

materials.

Mishra et al. [33]

6

Recent advances in
bio-inspired

multifunctional coatings
for corrosion protection

Progress in Organic
Coatings July 2022

An overview of research findings on
bioinspired organic/inorganic

superhydrophobic and slippery coatings
for the corrosion protection of metal

substrates.

George et al. [34]

7

Icephobic/anti-icing
properties of

superhydrophobic
surfaces

Advances in Colloid and
Interface Science June 2022

The research progress of
superhydrophobic materials on

icephobictiy in recent years is reviewed
from the aspects of ice formation and

propagation.

Huang et al. [35]

8

Bioinspired and green
synthesis of nanoparticles
from plant extracts with

antiviral and antimicrobial
properties: A
critical review

Journal of Saudi Chemical
Society September 2021

The advancement in green synthesis of
nanoparticles using natural compounds
such as plant extracts, fruit juices, and

other relevant sources have been
highlighted. A deep insight into antiviral

and antimicrobial activities of these
nanoparticles provided.

Naikoo et al. [36]

9

Superhydrophobic and
superoleophilic

membranes for oil–water
separation application: A

comprehensive review

Materials & Design June 2021

A comprehensive review of the SHSO
membranes, fabrication and

characterization methods, the advantages
and disadvantages of the fabrication

techniques, current status and prospects of
SHSO surfaces, and potential future

research directions.

Rasouli et al. [37]

10

Bioinspired materials for
water-harvesting:

focusing on
microstructure designs
and the improvement

of sustainability

Materials Advances November 2020

Comprehensive insights into the
bioinspired water-harvesting materials,
focusing on the microstructure designs

and improvements of sustainability

Zhang et al. [38]

11
Bioinspired polymers for

lubrication and
wear resistance

Progress in Polymer
Science November 2020

Bioinspired lubrication using novel
polymeric structures, which has led to

producing a myriad of new systems with
effective and sustainable antifriction and

wear resistant properties.

Adibnia et al. [39]

12

Nature-inspired
nano-coating materials:

drawing inspiration from
nature for

enhanced functionality

Micromachines 2024

Comprehensive overview of the current
state of superhydrophobic research. This

review aims to guide future investigations
and inspire innovations in the

development and utilization of these
fascinating surfaces.

Present work
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This review delves into the physics of bio-inspired surfaces, relevant theories, and
the fabrication of artificial superhydrophobic surfaces. Additionally, we discuss potential
applications of superhydrophobic coatings along with current issues and challenges.

2. Theoretical Background of Wetting

Surface wettability is often assessed through the measurement of water contact angles
(WCA), a widely accepted method for characterizing hydrophilic and hydrophobic surfaces.
The contact angle is typically determined using contact angle goniometers, with a 2 µL
or 5 µL water droplet positioned on the surface. Despite its reliability, variations in WCA
readings can occur due to the heterogeneous nature of surfaces, both in terms of chemical
composition and topography, leading to discrepancies of up to 20◦ on certain surfaces.
Superhydrophobic surfaces, while often characterized by high static water contact angles
(WCAs), may not always exhibit efficient water droplet roll-off. Some surfaces, like the petal
surfaces of red roses, demonstrate a “pinning effect”, where water droplets remain spherical
but do not easily roll off due to high adhesion forces [28]. Conversely, certain surfaces
showcase a “slippery” behavior, challenging droplets to maintain stability. Therefore,
beyond static contact angle, dynamic contact angle is also employed to characterize surface
wettability. Contact angle hysteresis (CAH) is assessed through dynamic experiments
involving droplets, providing insights into the adhesive properties between water droplets
and the surface [40]. CAH (∆θ) is defined as the difference between the advancing contact
angle (θA) and the receding contact angle (θR). θR, indicating solid−liquid adhesion, is
always smaller than or equal to θA, representing solid–liquid cohesion. The advancing
angle (θA) and receding angle (θR) are determined by tilting the substrate or changing the
droplet volume. In the substrate tilting method, the solid surface is inclined at a specific
angle. As the surface is tilted, the droplet on it begins to move, and the advancing contact
angle (θA) is measured when the droplet is in motion. Subsequently, the receding contact
angle (θR) is measured when the droplet either comes to rest or starts to retract, as shown
in Figure 5a.
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Alternatively, the droplet volume change technique involves intentionally altering
the volume of the droplet, either by adding or removing liquid. As the droplet undergoes
volume change, the contact angle also changes. θA is measured as the droplet increases
in volume, and θR is measured as the droplet decreases in volume, as shown in Figure 5b.
Both techniques offer dynamic insights into the interaction between liquid droplets and
solid surfaces, contributing to a comprehensive understanding of superhydrophobic and
self-cleaning properties. Superhydrophobic surfaces with self-cleaning properties necessi-
tate both high contact angles and low CAH. Advanced tools like contact angle goniometers,
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high-speed cameras, and image analysis software are often employed for precise measure-
ment and analysis of the dynamic behavior of droplets on surfaces.

Various expressions of contact angle hysteresis are frequently discussed in the scientific
literature, and it is crucial to make a clear distinction among them. A commonly employed
experimental method for determining the contact angle of a droplet involves gradually
increasing its volume until spreading initiates. The angle at which spreading commences,
indicating that the droplet can overcome any energy barriers hindering its movement,
is referred to as the advancing contact angle. Conversely, when the droplet volume is
quasi-statically reduced, the contact line initially shifts at the receding contact angle. The
disparity between the advancing and receding contact angles defines the contact angle
hysteresis, which is zero for an ideal substrate but can be 10◦ or more for a real surface,
posing a notorious challenge in measurement. This configuration is designated as unforced
static hysteresis. Alternatively, it is feasible to exert force to propel a liquid drop across a
surface and measure both the advancing angle at the front and the receding contact angle
at the rear when the motion initiates. This scenario is denoted as forced, static hysteresis. It
is crucial to highlight that the measured unforced and forced contact angle hysteresis for
a specific drop on a particular surface may not necessarily align. This discrepancy arises
because a forced drop undergoes deformation, and the free energy barriers are contingent
on the shape of the drop.

Quantitatively understanding contact angle hysteresis poses challenges due to its
dependence on the intricate characteristics of surface inhomogeneities, which are typically
random in both position and size. Nevertheless, recent progress in surface engineering has
enabled the creation of surfaces featuring well-defined chemical patterning with distinct
areas exhibiting varying contact angles.

Another noteworthy advancement involves the development of superhydrophobic
surfaces. When surfaces with an inherent hydrophobic contact angle are covered with
micron-scale posts, the macroscopic contact angle can, in specific cases, approach close to
180◦. This innovation presents exciting possibilities for manipulating surface properties
for various applications. Drops exhibit two distinct states on surfaces: a suspended state,
known as the Cassie–Baxter state [41], where they rest on top of the posts, and a collapsed
state, referred to as the Wenzel state [42], where they fill the interstices between the posts.
Additionally, on these surfaces, drops can easily roll [43–45], highlighting the significance
of contact angle hysteresis in comprehending this behavior.

Kusumaatmaja and Yeomans [46] conducted an investigation into contact angle hys-
teresis on chemically patterned and superhydrophobic surfaces by quasi-statically altering
the drop volume. Their study encompassed both two and three dimensions, employing an-
alytical and numerical methods to minimize the free energy of the drop. In two dimensions,
on a surface striped with regions exhibiting different equilibrium contact angles, θ, they
observed a slip, jump, and stick motion of the contact line. The advancing and receding
contact angles corresponded to the maximum and minimum values of θ, respectively. In
three dimensions, these values served as bounds, with contact angle hysteresis being miti-
gated by the free energy associated with surface distortion [47,48]. Although stick, slip, and
jump behavior persisted, it is important to note that defining a single macroscopic contact
angle for patterns around the drop size becomes problematic. The position and magnitude
of the contact line jumps proved to be sensitive to the details of surface patterning and
could vary in different directions relative to that patterning.

On superhydrophobic surfaces, the behavior of drops in two dimensions reveals
specific contact angles. In the ideal scenario, the advancing contact angle is 180◦, as
confirmed by previous studies [49]. Simultaneously, the receding angle corresponds to θR,
which represents the intrinsic contact angle of the surface. When considering collapsed
drops in two dimensions, the advancing contact angle remains 180◦. However, the receding
angle is θR −90◦ due to the necessity for the contact line to dewet the sides of the posts.

In the realm of three dimensions, both suspended and collapsed drops exhibit an
advancing angle close to 180◦, as supported by various sources [45,50,51]. However, there
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is an increase in the receding contact angle. Despite this increase, the receding angle
remains notably smaller in the collapsed state, indicating stronger contact line pinning.
Consequently, the hysteresis observed in suspended drops is generally much smaller than
that observed in collapsed drops on the same surface.

Wettability is a phenomenon observed when water comes into contact with surfaces,
wherein some surfaces readily attract water while others repel water droplets. This behav-
ior is intricately influenced by the interplay of molecular, chemical, and physical forces
occurring at the interface of liquid, solid, and gas phases. The interactions at the solid–
liquid–air interfaces play a pivotal role in determining the behavior of water droplets on a
surface. When a liquid encounters a surface, cohesive and adhesive forces come into play,
dictating the shape of the liquid. If adhesive forces between the liquid and the surface are
dominant over cohesive forces within the liquid, the liquid will spread, forming a thin film
across the surface. Conversely, if cohesive forces within the liquid outweigh adhesion to the
surface, a droplet will form, maintaining minimal contact with the surface. The theoretical
foundation of wetting involves various models and principles designed to comprehend and
predict these intricate interactions. Thomas Young, a British scientist in 1805, introduced
the first comprehensive understanding of droplet-wetting characteristics on an ideally
smooth, solid surface [52]. Young’s equation establishes a relationship between the contact
angle (θ), surface tension (γ), and interfacial tensions among the three phases (solid, liquid,
and gas) at the droplet’s contact point on a solid surface, as shown in Figure 6a.
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According to Young’s equation, the contact angle of a liquid on a flat surface is
given by:

cos θ =
γsv−γsl

γlv
(1)

where γsv, γsl , and γlv refer to the interfacial tensions of the solid–vapor, solid–liquid, and
liquid–vapor phases, respectively.

Despite its significance, Young’s equation has limitations, primarily being applicable
only to surfaces with uniform chemical composition and smoothness. In reality, most sur-
faces exhibit an uneven chemical composition and varying degrees of roughness, rendering
Young’s equation unsuitable in such scenarios.

Therefore, the early work by Wenzel (1936) and later by Cassie and Baxter in 1944 has
led to the development of two distinct models explaining wetting states on rough surfaces.

Wenzel modified Young’s equation by introducing a roughness factor to elucidate
wettability on textured surfaces [53]. In the Wenzel state, the liquid fully wets the textured
surface, maximizing the liquid–solid contact area, as shown in Figure 6b. According to
Wenzel’s theory, the apparent contact angle (θa) of a liquid droplet placed on a rough, solid
surface is given by the following equation:

cos θa = rcos θ (2)
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Here, r represents the roughness factor, defined as the ratio of the actual contact area
of the solid–liquid to the apparent contact area of the solid–liquid, and θ is the equilibrium
contact angle of the liquid on a smooth surface of the same material.

Since r is always greater than one for a rough surface, Wenzel’s equation predicts
that if (θ > 90◦), (θa > θ), indicating a hydrophobic surface, and if (θ < 90◦), (θa < θ),
indicating a hydrophilic surface. Therefore, in the Wenzel state, the surface roughness will
make intrinsically hydrophobic surfaces more hydrophobic and hydrophilic surfaces more
hydrophilic. However, the equation has limitations and does not apply when the chemical
composition of the solid surface differs.

The Cassie–Baxter equation describes the wetting behavior of liquids on rough surfaces
and is an extension of the Wenzel model. Proposed by Cassie and Baxter in 1944, this model
accounts for the presence of air pockets trapped within surface asperities [54]. In the Cassie
state, liquid droplets are supported by the tops of the rough features, and air is trapped
underneath, creating a composite interface, as displayed in Figure 6c. The Cassie–Baxter
equation is given by:

cos θ∗ = f1cos θ − f2 (3)

where θ∗ is the apparent contact angle for a droplet on a rough surface; θ is the equilibrium
contact angle obtained on an ideally flat surface of the same chemical composition; f 1 is the
fraction of solid substrate in contact with the liquid; and f 2 is the fraction of air in contact
with the liquid (i.e., f 1 + f 2 = 1). Thus, Equation (3) can be simplified into Equation (4):

cos θ∗ = f1(cos θ + 1)− 1 (4)

If f 1 is very small, it reveals there will be a large amount of air trapped under the water
droplet, and cos θ* can approach −1 with the water apparent contact angle (θ*) becoming
close to 180◦. Hence, to achieve a high apparent contact angle, the practical contact area
between the solid and liquid droplets should be as small as possible.

The Cassie–Baxter state is characterized by enhanced liquid repellency due to the
trapped air, preventing complete wetting of the surface. This model is particularly rele-
vant for superhydrophobic surfaces, where the combination of surface roughness and air
entrapment leads to extraordinary water-repellent properties.

A set of equations was solved to characterize the dynamics and thermodynamics of
the considered drops by using the lattice Boltzmann algorithm [46].

2.1. The Model Drop

The authors opted to describe the equilibrium properties of the drop using a continuum
free energy model [55]:

Ψ =
∫

V

(
ψb(n) +

K
2
(∂αn)2

)
dV +

∫

S
ψs(ns)dS. (5)

ψb(n) is a bulk free energy [31]:

ψb(n) = pc (vn + 1)2
(

v2
n − 2vn + 3− 2βτw

)
(6)

where υn = (n − nc)/nc, τw = (Tc − T)/Tc, and n, nc, T, Tc, and pc are the local density,
critical density, local temperature, critical temperature, and critical pressure of the fluid,
respectively.

In Equation (5), the second term represents the free energy attributed to interfaces
within the system [55]. The final term in Equation (5) characterizes the interactions between
the fluid and the solid surface. Cahn [56] defined the surface energy density as ψs(n) =−φns,
where ns represents the fluid density value at the surface. The parameter φ governs the
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strength of interaction, influencing the local equilibrium contact angle. The minimization
of the free energy results in the establishment of the boundary condition at the surface:

∂⊥n = −φ/κ (7)

and a relation between φ and the equilibrium contact angle θ [55]:

φ = 2βτw
√

2pcκsign
(π

2
−θe)

√
cos

α

3

(
1− cos

α

3

)
(8)

where α = cos−1 (sin2 θ), and the function sign is employed to determine the sign of its
argument. Equivalent boundary conditions can be applied to non-flat surfaces. A method
for addressing corners and ridges essential for modeling superhydrophobic surfaces is
outlined in [57]. The governing equations for the drop’s motion are the continuity and
Navier–Stokes equations:

∂tn + ∂α(nuα) = 0 (9)

∂t(nuα ) + ∂β

(
nuαuβ ) = −∂βPαβ+υ∂β

[
n(∂ βuα + ∂αuβ +δαβ∂γuγ

)
]+naα, (10)

Here, u, P, υ, and a represent the local velocity, pressure tensor, kinematic viscosity,
and acceleration, respectively.

To simulate unforced static hysteresis, a gradual increase or decrease in drop volume
is necessary. This is achieved by adjusting the drop liquid density by approximately
±0.1%. Consequently, the drop volume is influenced as the system returns to its coexisting
equilibrium densities. For forced hysteresis, a body force naα is introduced into the Navier–
Stokes Equation (6) to address the phenomenon.

2.2. Three-Dimensional Drop on a Chemically Patterned Surface

Illustrated diagrammatically in Figure 7, the chemically patterned surface under
consideration consists of squares with a side length a = 12, separated by a distance b = 5.
In the first scenario (surface A), the squares’ equilibrium contact angle is θ1 = 110◦, while
that of the channels between them is θ2 = 60◦. In the second case (surface B), exchange of
the equilibrium contact angles takes place, i.e., θ1 = 60◦ for the squares and θ2 = 110◦ for
the channels [46]. Despite the nearly identical macroscopic contact angle for both surfaces,
θCB ≈ 85.5◦, calculated using the Cassie–Baxter formula:

cos θCB = f 1cos θ1 + f 2cos θ2 (11)

which averages over the surface contact angles. The parameters f 1 and f2 represent the
fractions of the surface with intrinsic equilibrium contact angles θ1 and θ2, respectively. At
first glance, one might anticipate the two surfaces to exhibit very similar behavior. However,
this assumption proves incorrect unless the strength of the heterogeneities falls below a
specific threshold [58,59]. This condition implies negligible contact angle hysteresis.
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2.3. Three-Dimensional Suspended Drop on a Topologically Patterned Surface

The results from three-dimensional lattice Boltzmann simulations are presented in
this section with the aim of investigating contact angle hysteresis on three-dimensional
topologically patterned surfaces.

For the suspended state, we selected parameters a = 3, b = 7, l = 5, and θ = 110◦.
According to the Cassie–Baxter formula, this configuration provides an estimated macro-
scopic contact angle of θ = 160◦. The extremely high value of the drop contact angle poses
a challenge for simulations, as small changes in the contact angle necessitate significant
adjustments in the drop volume. Additionally, to ensure the drop is suspended on an
adequate number of posts, a substantial simulation box is required. Lattice with dimensions
168 × 168 × 168 is used, and the largest simulated drop had a volume of 16.8 × 105.

The susceptibility of the drop shape near the surface (deviating from a spherical cap)
to small variations can lead to substantial uncertainties in contact angle measurements. The
equation used for that is:

θmacro = 2 tan−1
(

H
rmax

)
(12)

where H represents the height of the drop and rmax is the maximum base radius, offering
an alternative definition for the macroscopic contact angle.

Figure 8a illustrates the drop contact angle as a function of volume. In the simulation,
we increased the volume from 6.8 × 105 to 16.8 × 105, resulting in a macroscopic contact
angle θ (as per Equation (12)) ranging from 161.8 to 166.6. In Figure 8b–e, contour plots, top
views, and side views of the drop at the beginning and end of the simulation are presented.
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2.4. Three-Dimensional Collapsed Drop on a Topologically Patterned Surface

Now, we shift our focus to the collapsed state, where the space between the posts is
filled with liquid. We chose the parameters a = 4, b = 6, l = 5, and θ = 120◦, and according to
the Wenzel formula, this configuration yields a contact angle θW = 154◦.

Figure 9a depicts the macroscopic contact angle of the drop, as a function of increasing
volume. Initially, the contact angle rises because, despite the contact line moving outward
diagonally with respect to the posts, it remains pinned in the horizontal and vertical
directions. This can be observed in the contour plots displayed in Figure 9b,c. Once the
drop contacts the four neighboring posts along the diagonals, it wets the tops of these posts
(Figure 9d,e), causing a slight decrease in the contact angle, approximately by 5◦. At this
stage, the contact line is pinned again until it becomes energetically favorable to jump and
wet the neighboring posts in the vertical and horizontal directions. However, this contact
line jump did not occur in the presented simulations due to the prohibitive computational
cost of increasing the size of the simulation box.
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Figure 9. Contact line dynamics for a collapsed drop on a topologically patterned surface. (a) Contact
angle as a function of volume. (b–e) Contour plots of the drop at positions indicated in panel (a).
(f) The drop cross section in the horizontal direction. (g) The drop cross section in the diagonal
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In Figure 9f,g, typical side views of the drops are shown, with the dashed line repre-
senting the corresponding spherical fits. The fitted curves align well with drop profiles
above the posts but not with profiles between the posts.

3. Fabrication of Superhydrophobic Surfaces

Artificial superhydrophobic surfaces, characterized by extremely high water repel-
lency, can be engineered by precisely controlling surface roughness and surface energy—
two critical parameters influencing solid surface wettability. Achieving this involves the
creation of hierarchical micro/nanostructures on the surface and chemical modification
using low-surface energy materials. Various methods are employed to achieve superhy-
drophobicity, often relying on two main approaches: top-down and bottom-up methods, as
shown in Figure 10. Both approaches offer flexibility and can be combined to create intri-
cate hierarchical structures. While top-down methods are often faster and more scalable,
bottom-up methods provide enhanced control over material composition and can facilitate
the incorporation of diverse functionalities. The selection between these approaches de-
pends on the specific requirements of the application and the desired characteristics of the
superhydrophobic surface.
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3.1. Top-Down Synthesis

Top-down synthesis for superhydrophobic surfaces involves the fabrication of such
surfaces by modifying existing structures or materials at the macroscopic level to achieve
the desired properties. This approach typically begins with a bulk material, and through
various techniques such as etching, abrasion, or lithography, the surface is altered to create
microstructures and nanostructures. The top-down synthesis approach provides precise
control over the size, shape, and arrangement of nanostructures. Despite its advantages in
precision and reproducibility, top-down synthesis may face challenges in terms of scalability
and cost-effectiveness for large-scale production.

3.1.1. Chemical Etching

Chemical etching stands out as a highly effective method for crafting superhydropho-
bic surfaces, utilizing a controlled chemical reaction to selectively remove material and
engineer intricate microstructures and nanostructures on a substrate. In the superhy-
drophobic context, this process begins with the application of a specific etchant solution
that interacts with the material surface (almost any metal or alloy), inducing reactions
that result in the creation of tailored surface textures. The choice of etchant (strong acids,
such as HCl and H2SO4, and a strong base, such as NaOH), along with parameters like
concentration and duration, plays a pivotal role in shaping the final surface morphol-
ogy. Chemical etching offers several advantages, including cost-effectiveness, scalability,
and applicability to a diverse range of materials, making it a versatile option for creating
superhydrophobic surfaces.

The success of chemical etching in fabricating superhydrophobic surfaces lies in its
ability to generate hierarchical structures that replicate natural water-repellent surfaces
found in certain plant leaves and animal skins. The resulting surface roughness, coupled
with low surface energy coatings, leads to enhanced water repellency and low adhesion.
This approach finds diverse applications, ranging from self-cleaning materials to anti-icing
coatings, demonstrating the versatility and potential of chemical etching as a top-down
method for precisely tailoring surface properties at the microscale and nanoscale [60–65].
For example, Kumar et al. [60] developed a robust and self-cleaning superhydrophobic
coating for aluminum surfaces via a chemical etching method with a mixture of hydrochlo-
ric and nitric acids, followed by treatment with hexadecyltrimethoxysilane (HDTMS). The
generated surface with rough rectangular pit-like microstructures displayed a WCA of
162.0 ± 4.2◦ and a sliding angle of 4 ± 0.5◦. The coating displayed excellent thermal,
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chemical, and mechanical stability. Kim et al. [61] used a hydrogen fluoride (HF) solution to
prepare superhydrophobic surfaces from austenitic stainless steel using a simple two-step
chemical etching process. After fluorination, the surface showed a WCA of 166◦ and a
SA of 5◦. To further enhance the superhydrophobicity, the prepared stainless steel surface
was dipped in a 0.1 wt.% NaCl solution at 100 ◦C, and the WCA was increased to 168◦

and the sliding angle was decreased to ∼2◦. The prepared surface displayed self-cleaning
properties with excellent superhydrophobicity after 1 month, as shown in Figure 11.
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bic stainless steel surfaces; (b) changes in the WCA and SA of stainless steel following different
etching durations in HF; durability assessment of the superhydrophobic stainless steel sample after
exposure to (c) air and (d) water for a period of 1 month [61].

Similarly, Zhu et al. [62] fabricated superhydrophobic magnesium alloy substrates by
employing a one-step etching process and fluoride modification. The prepared magnesium
surface with multiple hierarchical micro-nano structures displayed a water contact angle
(WCA) of 173.3◦ and a sliding angle (SA) of 1◦. Furthermore, the surface exhibited excellent
properties, including self-cleaning, chemical stability even when exposed to air, chemi-
cally aggressive solutions (including strong acids and bases), and cyclic icing/melting
treatments. Rodič et al. [63] outlined a process for producing superhydrophobic films
on aluminum surfaces through a two-step method. This involved an initial etching step
in a FeCl3 solution to create a hierarchical micro/nano-structured aluminum surface.
Subsequently, grafting was carried out directly in an ethanol solution of 1H,1H,2H,2H-
perfluorodecyltriethoxysilane (FAS-10) as a low-surface-energy material at ambient temper-
ature, as displayed in Figure 12a,b. Optimizing the etching time to 20 min and the grafting
duration to 30 min in FAS-10 solution yielded a superhydrophobic aluminum surface with
a water contact angle exceeding 150◦ and a minimal sliding angle below 10◦, as shown in
Figure 12c. This superhydrophobic aluminum surface demonstrated effective self-cleaning
against solid pollutants and enhanced anti-icing performance with delayed melting.
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Figure 12. (a) Schematic diagram of the fabrication process of a superhydrophobic aluminum
surface, including etching in a FeCl3 solution and subsequent modification with FAS-10; (b) surface
morphologies of the surface etched for varying time intervals; and (c) contact angles measured for
water, diiodomethane, and hexane on aluminum surfaces etched for different durations and treated
for 30 min with 1 wt.% ethanol FAS-10 solutions [63].

3.1.2. Lithography Technique

Lithography emerges as a sophisticated and precise technique for generating super-
hydrophobic surfaces, relying on the principles of light and pattern transfer to create
microstructures and nanostructures on a substrate. In lithography, a photosensitive mate-
rial is exposed to light through a mask or a photomask, which carries the desired pattern.
The exposed material undergoes chemical or physical changes, creating a positive or neg-
ative replica of the pattern on the substrate. The resulting surfaces are characterized by
intricate patterns that effectively trap air pockets, reducing the contact area between water
droplets and the surface. This, in turn, leads to the manifestation of superhydrophobicity.

The lithography-based technique can be categorized into various forms depending
on the type of light source utilized. These include photolithography with ultraviolet
(UV) and X-ray sources [66,67], nanoimprinting [68], electron beam lithography (EBL) [69],
nanosphere lithography (NSL) [70], and laser lithography [71]. Photolithography, one of the
primary forms of lithography, provides exceptional control over surface structures, allowing
for the meticulous design of features at the microscale and nanoscale. This technique offers
high resolution, excellent reproducibility, and scalability, making it an invaluable tool for
tailoring surfaces to exhibit superhydrophobic properties. Nevertheless, ensuring a clean
and smooth initial surface is crucial and potentially requires the use of a cleanroom.

Nanoimprint lithography involves pressing a mold with nanoscale features onto a
material surface, transferring the pattern, and creating microstructures and nanostructures.
The versatility of lithography makes it applicable to various substrates, and when combined
with post-processing steps or additional coatings, it enhances the durability and multifunc-
tionality of superhydrophobic surfaces. Lithography’s precision and versatility make it a
crucial tool in the development of advanced materials for applications ranging from self-
cleaning surfaces to microfluidic devices [72–74]. Ghasemlou et al. [72] prepared robust
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superhydrophobic surfaces featuring engineered lotus leaf-mimetic multiscale hierarchical
structures through a hybrid approach that combines soft imprinting and spin-coating. The
process involved direct soft-imprinting lithography onto starch/polyhydroxyurethane/
cellulose nanocrystal (SPC) films, creating micro-scaled features resembling lotus leaves.
Subsequently, low-surface-energy poly(dimethylsiloxane) (PDMS) was spin-coated over
these microstructures. Further enhancement of the PDMS@SPC film involved modification
with vinyltriethoxysilane (VTES) functional silica nanoparticles (V-SNPs), resulting in the
fabrication of a superhydrophobic interface with a WCA of approximately 150◦ and a
SA of less than 10◦. The outcomes demonstrated that the prepared coating displayed
outstanding moisture barrier properties, self-cleaning capabilities, and superior mechan-
ical durability against various tests, including knife scratches, finger-rubbing, jet water
impact, a sandpaper abrasion test for 20 cycles, and a tape-peeling test for approximately
10 repetitions.

Guo et al. [73] developed a flexible superhydrophobic microarray utilizing photolithog-
raphy technology, achieving a maximum WCA of 151.1 ± 0.9◦ through the optimization
of microcolumn spacing and height. To enhance its functionality, carbon black nanopar-
ticles were incorporated into the superhydrophobic microarray, imparting outstanding
photothermal conversion performance. This prepared microarray found applications in
anti-icing and deicing, significantly delaying the complete freezing of a water droplet by
87%. Moreover, it demonstrated efficiency by requiring 43.1% less time for the removal
of an ice pellet and 28.5% less time for an ice sheet. Wang et al. [74] presented a one-step
approach for creating a durable superhydrophobic surface on stainless steel using direct
ultrafast laser microprocessing. The laser texturing method generated dense hierarchical
micro/nanostructures on the stainless steel surface, showcasing commendable thermal
stability and excellent anti-icing performance.

3.1.3. Template Method

The template method has emerged as a simple and versatile approach for crafting su-
perhydrophobic surfaces by utilizing predefined templates or molds to impart well-defined
microstructures and nanostructures onto a substrate. This methodology involves the repli-
cation of surface features found in nature or artificially designed templates onto a chosen
material, creating intricate patterns that contribute to superhydrophobic characteristics.
The template method can be outlined in three distinct steps: template creation, molding,
and demolding. Natural templates, such as lotus leaves, or synthetic structures, serve as
blueprints for the desired surface morphology. The substrate, often composed of polymers
or metals, is then shaped to mimic the surface features of the template [75–80].

This approach is cost-effective, scalable, and reproducible, making it a widely adopted
method for producing polymeric surfaces. Additionally, the template method enables the
incorporation of various materials and functionalities, providing flexibility in the design
of surfaces with multifunctional properties. As a result, the template method emerges
as a promising avenue for fabricating customized superhydrophobic surfaces tailored to
specific industrial and technological applications.

Wang et al. [75] manufactured a superhydrophobic fluororubber surface featuring
a systematically layered microprotrusion structure by directly replicating the surface mi-
crostructure of stainless steel mesh. In the process, the treated stainless steel mesh was
positioned onto a fluororubber sheet, and following vulcanization, the mesh was carefully
removed. The resulting superhydrophobic fluororubber surface showcased a well-defined
concave–protrusion structure, demonstrating outstanding superhydrophobicity with a
contact angle of 153.93 ± 0.39◦. Additionally, the fabricated surface exhibited remarkable
thermostability and mechanical durability, enhancing its potential for practical applica-
tions. Xu et al. [76] showcased an efficient method for producing superhydrophobic PDMS
films with low adhesion, employing a chemically etched template and subsequent ther-
mal curing. The chemically etched nickel template was replicated to attain a large-scale
superhydrophobic PDMS film with micro/nanostructures through a roll-to-roll thermal
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curing process. The cured PDMS film not only exhibited impressive liquid-repelling and
self-cleaning characteristics but also demonstrated high transparency, along with robust
chemical and mechanical durability. Wang et al. [77] generated hydrophobic templates with
varied wettability by adjusting the laser etching distance on the surface of 6061 aluminum
(Al) alloy tubes. Afterward, superhydrophobic flexible tubes were prepared, utilizing the
prepared Al alloy tubes as templates and polydimethylsiloxane (PDMS) for replication,
resulting in a water contact angle (WCA) of 162.8◦. Remarkably, the superhydrophobic
tubes exhibited exceptional durability and resistance to abrasion, and the prepared surface
also demonstrated blood repellency, as shown in Figure 13.
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3.1.4. Plasma Treatment

The plasma method represents an effective approach for fabricating superhydrophobic
surfaces, leveraging the controlled modification of surface properties through plasma
treatment. In this technique, a substrate material is subjected to a plasma discharge,
inducing various chemical and physical changes on its surface. The controlled exposure
to plasma allows for the creation of microstructures and nanostructures, contributing to
the development of superhydrophobic characteristics. Plasma-based surface modification
majorly involves plasma etching, plasma sputtering, and plasma polymerization [81].

Plasma etching, also known as dry etching, is a simple method for modifying the
surface properties. During plasma etching, a low-pressure gas is introduced into a chamber,
and an electric field is applied to ionize the gas, forming a plasma. This plasma contains
energetic ions and electrons that react with the material’s surface. The specific chemistry of
the gas, along with the parameters of the plasma (such as power, pressure, and temperature),
determines the etching characteristics. This fabrication method can alter the wettability
of the substrate by increasing roughness [82] or changing the functional group of the
surface [83–86]. For example, Somrang et al. [86] reported the fabrication of nanostructured
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patterns through CF4 plasma etching on SiO2-based substrates, followed by treatment with
Teflon coatings to achieve superhydrophobicity and antireflection. Initially, nickel-thin
films were deposited on the substrates using the PVD sputtering process with varying
deposition times. To promote the agglomeration of nickel nanoparticulate patterns, serving
as etch-resistant masks, the thin films underwent rapid thermal annealing at 500 ◦C. These
patterned substrates were subsequently subjected to CF4 plasma etching, followed by
nickel mask removal through a nitric acid rinse. Finally, polytetrafluoroethylene films were
applied to the nanostructured surface to achieve superhydrophobicity.

Plasma sputtering, or physical vapor deposition (PVD), is a highly precise method used
to deposit thin films onto surfaces. In this process, a high-energy plasma is generated in a
vacuum chamber, and a target material is bombarded with energetic ions from the plasma.
These ions dislodge atoms from the target material, creating a vapor that condenses on the
substrate, forming a thin, uniform film. Becker et al. [87] introduced a method utilizing laser-
assisted magnetron sputtering as a smart approach to achieve superhydrophobic properties
on a poly(ethylene terephthalate) (PET) substrate. This innovative technique enables the
creation of hierarchical surfaces with precise control. In this process, plasma sputter-
deposited fluoropolymers are applied to PET substrates using the Nd/YAG laser-assisted
magnetron sputtering technique, employing a poly(tetrafluoroethylene) (PTFE) target.

Similarly, plasma polymerization is a versatile technique for depositing thin polymer
films on various substrates using plasma-enhanced chemical vapor deposition (PECVD).
During this process, a monomer gas is introduced into a vacuum chamber containing
plasma. The plasma breaks down the monomer molecules, initiating polymerization on
the substrate surface. Plasma polymerization is utilized in applications ranging from
biomedical coatings to surface modifications due to its ability to create uniform and ad-
herent polymer layers on diverse materials [88–90]. Siddig et al. [90] successfully created
a robust flame-resistant and highly hydrophobic phosphorus–fluoride coating on aramid
fabrics using plasma-induced graft polymerization. Initially, the aramid fabrics under-
went activation and roughening through low-pressure plasma treatment. Subsequently, a
phosphorus–fluoride emulsion copolymer mixture was sequentially applied as a coating.
In flame tests, the fabric demonstrated remarkable resilience with a char length of only
0.68 cm, showing no observable after-flame or after-glow times.

Ussenkhan et al. [91] demonstrated the successful production of superhydrophobic
films using the hexamethyldisiloxane (HMDSO) plasma polymerization method in an RF
discharge plasma jet at atmospheric pressure. These films were applied using 3D printing
technology, enabling large-scale application of the superhydrophobic coating, as shown in
Figure 14. Their study revealed that the contact angle of the films was directly influenced
by the RF discharge power, with HMDSO concentration and the number of cycles having
no effect on the superhydrophobic properties but impacting optical properties, leading
to reduced light transmission. While the morphology of the films remained consistent
at one and ten deposition cycles on silicon substrates, there was a significant difference
in film thickness. Films deposited in one cycle had a thickness of approximately 3 µm,
whereas those deposited in ten cycles measured around 24.5 µm, as depicted in Figure 14b–e.
This suggests that increasing the number of deposition cycles results in thicker films,
affecting optical transparency. Under optimal conditions, the films achieved a contact
angle of approximately 165◦, indicating a highly hydrophobic surface. When applied as
a single layer, the transmittance at 700 nm was about 88%, compared to 92% for pure
glass. Surface morphology studies revealed that the plasma jet created microstructured
and nanostructured coatings with high surface roughness, imparting superhydrophobic
properties to the surface. Additionally, the resulting superhydrophobic films demonstrated
stability and resistance to chemical solutions, high temperatures, UV irradiation, and
weathering, as shown in Figure 14f.
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Figure 14. (a) Experimental setup schematic for superhydrophobic film deposition via atmospheric
pressure plasma polymerization. SEM images depicting the film surface on a silicon substrate after
one (b) and ten (c) cycles of plasma polymerization. Cross-sectional views of thin films after one
(d) and ten (e) cycles. Image (f) displays contact angle graphs obtained from chemical tests (1), UV
tests (2), thermal tests (3), and over time (4) [91].

3.2. Bottom-Up Synthesis

Bottom-up synthesis is a method employed for the preparation of superhydrophobic
surfaces that involves building up nanostructures or materials from smaller components
or molecules. In contrast to top-down approaches, which start with larger structures
and reduce them, bottom-up synthesis starts at the molecular or nanoscale level and
assembles these components to create the desired structures. This technique often re-
lies on self-assembly processes driven by molecular interactions, such as van der Waals
forces, hydrogen bonding, or chemical reactions. By carefully designing and manipulating
these interactions, researchers can create nanostructures with specific properties that con-
tribute to superhydrophobicity. Bottom-up approaches are advantageous for their ability
to produce intricate and precisely controlled nanostructures, providing a high level of cus-
tomization for superhydrophobic surface properties. Common bottom-up techniques for
superhydrophobic surface preparation include hydrothermal techniques, chemical vapor
deposition, sol–gel processes, electrochemical deposition, and layer-by-layer deposition.

3.2.1. Sol–Gel Method

The sol–gel method is a versatile and widely used technique for fabricating super-
hydrophobic surfaces, offering control over surface properties and morphology. In this
process, a sol, which is a colloidal suspension of nanoparticles, is formed by the hydrolysis
and condensation of precursor compounds such as metal alkoxides or organometallic
inorganic salts. The sol is then applied to a substrate, and subsequent gelation leads to
the formation of a three-dimensional network. The resulting gel undergoes a drying and
curing process to produce a solid film on the substrate.
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To achieve superhydrophobicity, various modifications can be introduced during
or after the sol–gel process. Incorporating hydrophobic agents such as silanes or fluori-
nated compounds enhances the water-repellency of the surface. Additionally, creating
micro/nanostructures within the sol–gel matrix further contributes to the superhydropho-
bic characteristics by reducing surface energy and promoting the Cassie–Baxter state, where
water droplets rest on the surface with minimal contact [92–95].

The sol–gel method stands out for its simplicity, cost-effectiveness, and scalability. It
has been applied to diverse substrates, including glass, metal, and polymers, making it a
promising approach for developing superhydrophobic surfaces with tailored functionali-
ties for applications in self-cleaning, anti-fouling, and corrosion resistance. However, this
method exhibits several drawbacks, such as the fact that the process can be time-consuming,
particularly for thick coatings, and achieving precise control over microstructure and pu-
rity is challenging, affecting reproducibility. Compatibility issues with certain substrates
and the potential for shrinkage and cracking during drying are additional limitations.
Liang et al. [96] synthesized superhydrophobic silica powder through the sol–gel process
and incorporated it into PDMS to formulate a transparent and resilient SiO2/PDMS com-
posite coating. The use of the PDMS polymer aimed to improve the adhesion between
the coating and the substrate, enhancing thermal, chemical, and mechanical stability. The
spin-coated glass surface exhibited a transmittance exceeding 80% and a WCA of 158◦. The
resulting SiO2/PDMS composite coating maintained its superhydrophobicity even under
challenging environmental conditions, including varying temperatures and exposure to
strong chemicals.

Similarly, Li et al. [97] achieved superhydrophobic methylated silica with a core–
shell structure via a sol–gel process. They initially prepared a silica gel (ca. 110 nm)
using tetraethylorthosilicate (TEOS) as a precursor. The superhydrophobic methylated
silica sol was then prepared by grafting methyl groups onto the silica gel surface using
methyltrimethoxysilane (MTMS), as shown in Figure 15a. The initial silica particles, mea-
suring 100 nm in diameter, exhibited a uniform size distribution and minimal aggregation.
Following treatment with MTMS, a thin layer of 5~10 nm formed on the methylated silica,
resulting in increased surface roughness compared to the pristine silica, as illustrated in
Figure 15b,c. The surface morphology of the methylated silica coating on a PET film, de-
picted in Figure 15d, revealed a rugged surface with domains composed of numerous small
particles. This coating exhibited a highly porous structure with a hierarchical micro/nano
design reminiscent of the lotus leaf. The hierarchical pinecone-like structures created
numerous grooves, promoting air entrapment and contributing to a more hydrophobic sur-
face. This process enables the direct construction of superhydrophobic and superoleophilic
surfaces on various substrates through dip-coating or the doctor-blading method, with
a maximum WCA and WSA of 161◦ and 3◦, respectively. The treated substrates demon-
strated outstanding water repellence, oil absorption, and oil–water separation efficiency
exceeding 96%, as shown in Figure 15e,f.

Liu et al. [98] achieved the synthesis of superhydrophobic graphene aerogel beads
(SGA beads) using a one-step, in situ sol–gel method within a coagulation bath containing
octadecylamine (ODA). Modification with ODA introduced long alkyl chains with low
surface energy onto graphene oxide (GO) sheets, resulting in numerous nanoscale wrinkles
on the graphene surface and a remarkable WCA of 153◦. The SGA beads exhibited a low
density (14.4 mg/cm3), high porosity (96.9%), a specific surface area (18.49 m2/g), rapid
adsorption rates, high adsorption capacity for oils, and recyclability. These characteristics
indicate promising applications in the treatment of oils and organic pollutants.
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(b) pristine silica; (c) methylated silica; and (d) methylated silica coating. Separation efficiency of
the treated PP filter cloth (e) for various oil–water mixtures and (f) for the dichloromethane–water
mixture after 15 cycles [97].

3.2.2. Hydrothermal Technique

The hydrothermal technique stands as a cost-effective, reproducible, and environ-
mentally friendly approach for synthesizing and modifying materials in an aqueous en-
vironment under precisely controlled high-temperature and high-pressure conditions. In
this method, precursor materials, frequently metal salts or metal–organic compounds, are
dissolved in a solution. Subsequently, they are exposed, alongside a substrate, to elevated
temperatures and pressures within a sealed reaction vessel. The rigorous conditions within
the hydrothermal environment facilitate chemical reactions and promote the nucleation and
growth of materials on the substrate. Hydrothermal techniques are widely employed in var-
ious scientific and industrial applications, including the synthesis of nanomaterials, crystal
growth, and the modification of surfaces to achieve specific functionalities. In the context of
superhydrophobic surfaces, the hydrothermal technique can be utilized to create nanostruc-
tures and enhance surface properties, leading to water-repellent characteristics [99–106].
Lan et al. [104] created superhydrophobic surfaces on Al alloy substrates by controlling hy-
drothermal etching and subsequent 1H,1H,2H,2H-perfluorodecyltriethoxysilane (PFDTES)
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modification. The resulting surface, featuring hierarchical micro/nanostructures, exhibited
remarkable self-cleaning capability, anti-corrosion, antibacterial properties against E. coli
and S. aureus bacteria, and anti-icing properties. Tuong et al. [105] prepared the epoxy@ZnO
superhydrophobic coating on Styrax tonkinensis wood employing a two-step spray coating
method aimed at enhancing wood hydrophobicity and color stability. Initially, hydrophobic
ZnO particles in micro/nano sizes were synthesized through a hydrothermal process, fol-
lowed by stearic acid modification, as shown in Figure 16a. Subsequently, the hydrophobic
ZnO particles were applied to incompletely cured epoxy pre-coated wood using a spray
gun. The hydrophobic ZnO particles contributed to the formation of multiscale roughness,
while the incompletely cured epoxy resin pre-coating enhanced the coating’s durability, as
shown in Figure 16b. Notably, the color stability of wood coated with epoxy@ZnO showed
a significant improvement, with the total color changes of coated wood samples surpassing
those of uncoated wood samples by over approximately 50%.
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Figure 16. Schematic representation of (a) hydrophobic ZnO micro/nanoparticles; (b) preparation
process of superhydrophobic coatings on wood surfaces [105].

Wan et al. [106] crafted a superhydrophobic copper surface for corrosion protection
by employing a combination of etching and hydrothermal methods. Initially, copper
underwent a 20 h etching process in an ammonia solution, followed by placement in an
autoclave with 60 mL of NaOH solution (0.2 mol/L) for a 2 h reaction at 200 ◦C. The surface
modified with stearic acid exhibited superhydrophobicity with a WCA of 157.7 ± 1◦. This
modified surface demonstrated an impressive corrosion inhibition efficiency of 99.81% in a
3.5 wt% NaCl aqueous solution. Furthermore, the superhydrophobic surface displayed
excellent stability in simulated seawater and humid air.

3.2.3. Electrospinning

The electrospinning technique is a versatile method employed to fabricate superhy-
drophobic surfaces by generating fine fibers through the application of an electric field
to a polymer solution or melt. In this process, a syringe containing the polymer solution
is subjected to a high voltage, leading to the formation of a charged jet that elongates
and eventually solidifies into ultrafine fibers as a result of solvent evaporation or cooling.
The resulting fibrous structure, known as a nanofiber mat, creates a high surface area
with nanoscale roughness, contributing to the superhydrophobic properties. The morphol-
ogy of the electrospun fibers is influenced by both the properties of the solution (such as
surface tension, viscosity, and conductivity of the polymer solution) and the parameters
of the electrospinning process (applied voltage, solution flow rate, and tip-to-collector
distance) [107–109].
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To enhance hydrophobicity, various hydrophobic agents or surface modifiers can be
incorporated into the polymer solution. The electrospinning technique allows for pre-
cise control over the fiber morphology and surface characteristics, making it a promising
method for developing superhydrophobic surfaces with applications in areas such as water
repellency, self-cleaning, and oil–water separation [110–116]. Ding et al. [114] utilized
the electrospinning technique to create a superhydrophobic nanofibrous zinc oxide (ZnO)
film surface. The process involved electrospinning solutions of poly(vinyl alcohol) and
poly(vinyl alcohol)/zinc acetate, followed by a calcination process to produce fibrous zinc
oxide superhydrophobic films. By applying a coating of the low-surface-energy mate-
rial fluoroalkylsilane, the surface wettability of the superhydrophilic ZnO fibrous film
(with a WCA~0◦) transformed, resulting in a superhydrophobic film (with a WCA~165◦)
due to the coating of the surface functionalizing agent onto the fibrous films. Similarly,
He et al. [115] employed the electrospinning method to prepare a polyvinylidene fluoride
(PVDF) nanofibrous membrane featuring superhydrophobic/superoleophilic properties
for efficient oil–water separation, coupled with antibacterial capabilities. Modification of
the electrospun PVDF nanofibrous surface was achieved through the incorporation of ZnO
nanoparticles, tannic acid (TA), and n-dodecyl mercaptan (DT), aimed at reducing surface
energy and enhancing surface roughness. The resulting nanofibrous membranes exhibited
a water contact angle of 156.5◦ and a tensile strength of up to 69.25 MPa. The mechanically
robust superhydrophobic nanofibrous membrane demonstrated an oil–water separation
efficiency exceeding 99%, accompanied by a notable flow flux of 1008.88 L·m−2 h−1. Addi-
tionally, antimicrobial testing revealed a bacteriostatic rate surpassing 98%.

Cai et al. [116] innovatively employed a technique inspired by the traditional Chinese
hand-stretched noodle-making process to create a superhydrophobic polyvinylidene fluo-
ride (PVDF) membrane. In this novel method, nanofibers were electrospun onto a substrate
covered with (super)hydrophobic nanopowders (candle soot), as shown in Figure 17.
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Figure 17. Process for preparing candle soot and superhydrophobic poly(vinylidene fluoride) (PVDF)
membranes: (A,B) collection of candle soot on sheet metal over the flame; (C) paper adhered to the
sheet metal; and (D) schematic of the electrospinning process using paper and metal as substrates
with the deposited fibrous membrane. The soot is pasted to the back side (F) of the membrane rather
than the front side (E) [116].
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This approach enhanced the superhydrophobic properties of the electrospun nanofi-
brous membranes as some nanopowders adhered to the fiber surface. Additionally, heating
the substrate enhanced the bonding of nanopowders, allowing them to potentially become
embedded within the nanofibers. This advancement in the electrospinning process holds
significant promise for various membrane applications.

3.2.4. Chemical Vapor Deposition (CVD)

Chemical vapor deposition (CVD) stands as a vacuum deposition technique based
on the chemical reactions of gaseous precursors on a substrate surface. In this method,
precursor gases containing the desired elements react on the substrate surface, resulting
in the formation of a thin and uniform layer of the intended material. The initiation of
the reaction involves heating the substrate, with the chemical reactions unfolding in the
gas phase. The volatile by-products are subsequently eliminated, leaving the deposited
material in place.

While CVD provides meticulous control over film characteristics such as thickness,
composition, and crystal structure, it is a time-consuming and costly process. A notable
challenge with CVD lies in its limitation for obtaining large-sized samples. Despite these
drawbacks, the versatility of CVD makes it a preferred method for depositing diverse
materials, including superhydrophobic coatings [117–124]. This technique proves effective
in generating rough surfaces by organizing micro-/nanoparticles into ordered structures or
depositing a thin layer of low surface energy materials onto a pre-existing rough surface.

Cai et al. [122] demonstrated the fabrication of transparent superhydrophobic hollow
films by using candle soot as a template, followed by CVD of methyltrimethoxysilane
(MTMS) and calcination at 450 ◦C. They optimized the deposition time concerning the
transparency and superhydrophobicity of the films. The resulting superhydrophobic films,
when coated on a glass substrate exhibited a high transmittance of approximately 90%,
with a WCA of more than 165.7◦ and a SA of about 2.1◦. Furthermore, these films displayed
remarkable thermal stability and effective moisture resistance even after calcination at
temperatures as high as 500 ◦C. Yang et al. [123] introduced an economical approach to
enhance the hydrophobicity of wood using a simple low-temperature CVD technique.
The process involved using dichlorodimethylsilane as the CVD chemical source to coat
the wood with polydimethylsiloxane (PDMS@wood), resulting in a hydrophobic surface,
as depicted in Figure 18a. SEM images reveal that on the tangential section, the wood
vessel wall of untreated wood was smooth and distinct (Figure 18b(1,2)). The PDMS@wood
cell wall exhibited a particulate morphology on the surface (Figure 18b(3,4)), providing
high roughness crucial for forming the hydrophobic surface. The granular and particulate
materials were silicon from PDMS, confirmed by EDS analysis of the PDMS@wood samples.
The prepared PDMS@wood demonstrated a WCA of 157.28◦ along with notable thermal
stability. Significantly, even after extended storage (30 days) and subjected to a sandpaper
abrasion test (Figure 18c), PDMS@wood retained its excellent hydrophobic properties,
indicating considerable potential for large-scale industrial production.

Recently, Huang et al. [124] introduced a facile one-step method for fabricating trans-
parent superhydrophobic coatings with customized nanocone array structures using initi-
ated chemical vapor deposition (iCVD). This innovative iCVD process employs condensed
nanosized monomer droplets as nucleation centers, leading to the vertical growth of poly-
mer nanocones through a proposed “vapor–liquid-solid” mechanism. The deposition
conditions can be tailored to control both the height and density of the nanocones. The op-
timized nanocone array coating exhibits outstanding water repellency, along with superior
anti-icing and anti-frosting capabilities, all while maintaining high light transmittance.

59



Micromachines 2024, 15, 391

Micromachines 2024, 15, x FOR PEER REVIEW 26 of 60 
 

 

technique. The process involved using dichlorodimethylsilane as the CVD chemical 
source to coat the wood with polydimethylsiloxane (PDMS@wood), resulting in a 
hydrophobic surface, as depicted in Figure 18a. SEM images reveal that on the tangential 
section, the wood vessel wall of untreated wood was smooth and distinct (Figure 18b(1,2)). 
The PDMS@wood cell wall exhibited a particulate morphology on the surface (Figure 
18b(3,4)), providing high roughness crucial for forming the hydrophobic surface. The 
granular and particulate materials were silicon from PDMS, confirmed by EDS analysis of 
the PDMS@wood samples. The prepared PDMS@wood demonstrated a WCA of 157.28° 
along with notable thermal stability. Significantly, even after extended storage (30 days) 
and subjected to a sandpaper abrasion test (Figure 18c), PDMS@wood retained its 
excellent hydrophobic properties, indicating considerable potential for large-scale 
industrial production. 

Recently, Huang et al. [124] introduced a facile one-step method for fabricating 
transparent superhydrophobic coatings with customized nanocone array structures using 
initiated chemical vapor deposition (iCVD). This innovative iCVD process employs 
condensed nanosized monomer droplets as nucleation centers, leading to the vertical 
growth of polymer nanocones through a proposed “vapor–liquid-solid” mechanism. The 
deposition conditions can be tailored to control both the height and density of the 
nanocones. The optimized nanocone array coating exhibits outstanding water repellency, 
along with superior anti-icing and anti-frosting capabilities, all while maintaining high 
light transmittance. 

 
Figure 18. (a) Schematic representation outlining the complete process for fabricating a 
PDMS@wood coating; (b) SEM images of wood samples on tangential section: (1,2) untreated wood; 
(3,4) PDMS@wood; and (c) WCA and SA variations with the number of abrasion cycles for the hy-
drophobic wood surface [123]. 

3.2.5. Electrochemical Deposition  
Electrochemical deposition serves as a versatile and controlled approach for creating 

superhydrophobic surfaces by electrodepositing materials onto conductive substrates. In 
this method, the substrate acts as the cathode, and the material to be deposited dissolves 
in an electrolyte solution. Upon applying an electric current, metal ions from the solution 
are reduced at the cathode, resulting in the formation of a solid layer on the substrate. 
Precise adjustment of deposition parameters, such as current density, deposition time, and 

Figure 18. (a) Schematic representation outlining the complete process for fabricating a
PDMS@wood coating; (b) SEM images of wood samples on tangential section: (1,2) untreated
wood; (3,4) PDMS@wood; and (c) WCA and SA variations with the number of abrasion cycles for the
hydrophobic wood surface [123].

3.2.5. Electrochemical Deposition

Electrochemical deposition serves as a versatile and controlled approach for creating
superhydrophobic surfaces by electrodepositing materials onto conductive substrates. In
this method, the substrate acts as the cathode, and the material to be deposited dissolves in
an electrolyte solution. Upon applying an electric current, metal ions from the solution are
reduced at the cathode, resulting in the formation of a solid layer on the substrate. Precise
adjustment of deposition parameters, such as current density, deposition time, and bath
composition, enables the creation of hierarchical micro/nanostructures contributing to
surface superhydrophobicity. The technique is not only fast, reproducible, and scalable but
also allows the fabrication of diverse surface morphologies like rods, sheets, tubes, fibers,
cones, and needles by modifying deposition conditions [125]. Superhydrophobic surfaces
produced through electrochemical deposition possess potential advantages, offering ease of
large-scale morphology creation and ensuring strong bonding between materials, resulting
in durable coatings.

This method provides precise control over surface morphology, composition, and
roughness, offering flexibility in tailoring superhydrophobic coatings for applications such
as self-cleaning, anti-fouling, and water-resistant materials [126–132]. The electrochemical
deposition technique stands as an advantageous avenue for developing customized super-
hydrophobic surfaces with enhanced functionalities. Li et al. [131] successfully generated
a superhydrophobic film with hierarchical porous structures using Fe–myristic acid on a
copper substrate through a straightforward one-step electrochemical deposition process. In
this electrodeposition procedure, two copper plates served as the cathode and anode, with
the electrolyte being an ethanol solution containing Fe–myristic acid. The resulting coating,
obtained with an electrodeposition time of 10 min at 20 V, exhibited a maximum contact
angle of 159.2◦ and a minimum sliding angle of 1.7◦. Even after undergoing 105 cm abra-
sion tests, the contact angle of the superhydrophobic film remained at 153.17◦, showcasing
robust mechanical properties. The superhydrophobic matrix significantly enhanced the
corrosion resistance of copper in various environments, including atmospheric conditions,
natural seawater, and salt spray. This highlights that the superhydrophobic matrix provides
substantial abiotic corrosion inhibition to the underlying copper metal, with an impressive
inhibition efficiency of 99.85% observed after 28 days of immersion in seawater.
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Prado et al. [132] developed a superhydrophobic coating using composite electrodepo-
sition, incorporating MoS2 particles into a copper matrix. AISI 316L stainless steel and N80
carbon steel were chosen as substrates, with a thin electrodeposited Ni layer to improve
coating adhesion. The resulting coating exhibited a lotus hierarchical coral-like structure,
composed of composite Cu and MoS2 protuberances. The electrodeposition process en-
abled control over surface roughness and surface energy, with the latter dependent on
the quantity of MoS2 particles in the coating. The Cu–MoS2 composite coating achieved
advancing contact angle values of up to 158.2◦ with a contact angle hysteresis of 1.8◦, as
depicted in Figure 19.
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3.2.6. Layer-by-Layer Deposition

Layer-by-layer (LbL) deposition is a simple, low-cost, and substrate-independent tech-
nique employed in the fabrication of superhydrophobic surfaces by sequentially adsorbing
layers of oppositely charged materials onto a substrate. In this process, the substrate is
alternately dipped into solutions containing positively and negatively charged species,
creating a multilayered thin film. The coated film is then rinsed in water and dried after
each dip [133]. These films can consist of various materials, such as polymers or nanoparti-
cles, depending on the desired properties of the superhydrophobic surface. The layering
process allows precise control over the thickness, composition, and surface morphology of
the deposited films. By carefully selecting materials with appropriate surface energies and
roughness, the resulting surface can exhibit exceptional water repellency with high contact
angles and low sliding angles.

The layer-by-layer deposition technique provides a flexible and scalable approach for
tailoring superhydrophobic surfaces, making it applicable in various industries, including
self-cleaning, anti-fouling, and water-resistant coatings [134–140]. However, the major dis-
advantage of this technique is that it is time-consuming and applicable to limited materials.
Shao et al. [139] utilized a layer-by-layer assembly method to create a superhydrophobic
coating on a wood surface. The process involved the sequential auto-deposition of poly-
dopamine (PDA) and 1H,1H,2H,2H-perfluoro-decyl trichlorosilane (PFDTS). Initially, PDA
was deposited on the wood surface, forming a highly cross-linked granular structure that
enhanced the surface roughness of the wood. Subsequently, the wood surface underwent
further modification with the low-surface-energy PFDTS, resulting in a superhydropho-
bic wood surface with a water contact angle (WCA) of 154◦ after the PDA deposition.
The coating introduced protrusions and microgrooves through cell walls and cavities in
the wood, avoiding the use of solid particles for surface roughening. The deposition of
PDA on the wood surface led to the formation of natural micro/nanoparticles with a
uniform distribution.

Syed et al. [140] introduced a layer-by-layer (LbL) spin-assembled coating composed
of polyaniline–silica composite and tetramethylsilane functionalized silica nanoparticles
(PSC/TMS-SiO2) to achieve a synergistic effect of superhydrophobicity and enhanced
anti-corrosion properties on stainless steel surfaces. Notably, the hierarchical integration
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of these two coating materials with distinct surface roughness and energy in a multilayer
structure allowed the wetting feature to transition from a hydrophobic to a hydrophilic
state by modulating the layer count (n) with decreasing hydrophilicity. Surfaces with an
odd n (TMS–SiO2 surface) exhibited hydrophobic characteristics, while those with an even
n (PSC surface) displayed hydrophilic traits. The coating demonstrated superhydropho-
bicity and self-cleaning abilities with a high water contact angle (CA) of 153◦ ± 2◦ and a
minimal sliding angle (SA) of 6◦ ± 2◦, attributed to the synergy of surface composition and
roughness. Beyond its self-cleaning behavior, the coating exhibited significantly enhanced
corrosion resistance against aggressive media, maintaining stability even after 240 h of
exposure, attributed to superhydrophobicity and an anodic shift in corrosion potential.
Table 3 shows the advantages and disadvantages of the superhydrophobic preparation
process during practical production.

Table 3. Advantages and disadvantages of the superhydrophobic preparation process during practi-
cal production.

Fabrication
Method Principle Advantages Disadvantages

Chemical etching Dissolution of surface layers using
etchant solutions

• Simple, fast, cost-efficient,
and scalable

• Create durable complex
micro/nanostructures

• Limited control over
surface morphology

• Applicable to metals and alloys mainly
• Use of toxic solutions
• Poor film uniformity

Lithography
Involves the transfer of a pattern from

a mask to a substrate using light,
radiation, or other forms of energy

• Simple and relatively fast
• Precise control over surface features
• Ability to create complex patterns
• Environmentally friendly
• Applicable to wide range of

materials
• Reusability of templates

• High initial equipment and setup costs,
not scalable

• Multi-step process; requires a
flat substrate

• May require cleanroom
• Potential waste generation from resist

and developer chemicals

Template Using templates to create
structured surfaces

• Low-equipment demand
and harmless

• Durable, well-defined structures
• Scalable

• Template removal may be challenging
• Limited flexibility

Plasma Alteration of surface properties
using plasma

• Simple, high aspect ratio structures
• Applicable to a wide range

of materials
• Enhanced adhesion and versatile

• Decrease mechanical properties
• Costly; potential toxic gas formation
• Limited control over surface roughness

Sol–gel
Condensation

polymerizationreactions under
colloidal liquidsystems

• Cost-efficient and applicable to
various substrates

• Tunability of size and morphology
of particles in film, Scalable

• Synthesis at normal temperature
• Provides high quality films;

less deterioration

• Slow process; typically requires
multiple processing steps

• Limited durability
• May require multiple steps

Hydrothermal
Dissolution; recrystallisation

processes at high temperature
and pressure

• Simple, cost-effective process
• Environmentally friendly
• Durable and scalable
• Allows for the growth of

hierarchical structures

• High equipment requirements
• Limited to certain materials
• Requires precise control of

reaction parameters

Electrospinning Droplet spraying and stretching in
electric field

• Inexpensive and
environmental-friendly

• High superhydrophobic
performance

• High surface area; fine structures
• Film homogeneity

• Non-durable; low fiber strength
• Limited control of porosity;

relatively slow
• Limited to polymer fibers
• Requires specialized equipment
• Limited scalability

Chemical vapor
deposition

Vapor-phase deposition of
precursor chemicals

• Uniform coating; residue-free
• Film homogeneity
• Control over coating thickness

and composition

• Complex equipment and high cost
• Limited to specific substrates
• Requires high temperatures and

controlled environments

Electrochemical
deposition

Deposition of material through
electrochemical reaction

• Cost-efficient and scalable
• Uniform coating; control over

surface morphology
• Tunability of texture morphology

• Limited material compatibility
• Limited durability; complex

process optimization
• Possible toxicity

Layer-by-layer Inter-particle electrostatic interaction

• Precise control of layer thickness
• Cost-efficient and versatile
• Multifunctionality; tunable

surface properties

• Time-consuming, complex processes
• May not be suitable for large surfaces
• Limited scalability; potential

for delamination
• Sensitivity to environmental

conditions
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4. Applications

Superhydrophobic surfaces have made great progress in the past two decades. The
global superhydrophobic coating market has been experiencing significant growth due to
the increasing demand across various industries and is expected to witness tremendous
revenue opportunities in the upcoming years. These coatings find applications in sectors
like automotive, aerospace, electronics, textiles, and construction, among others. As of the
most recent market analysis published by Straits Research, the global superhydrophobic
coatings market was valued at approximately USD 19.5 million in 2021 and is expected to
reach around USD 120 million in 2030, at a compound annual growth rate (CAGR) of 25.6%
between 2022 and 2030, as shown in Figure 20a [141].
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Figure 20. Commercialization status of superhydrophobic coatings: (a) global market value of
superhydrophobic surfaces; (b) by property.

Superhydrophobic coatings are formulated to repel water and various liquids, pro-
viding attributes like self-cleaning, anti-corrosion, and anti-icing functionalities. In terms
of product classification, the global market for superhydrophobic coatings is categorized
into anti-corrosion, anti-icing, self-cleaning, and anti-wetting. The segment related to
anti-wetting demonstrates the most significant market share and is projected to experience
a CAGR of 26.1% throughout the forecast period, as illustrated in Figure 20b [141].

Much research has been carried out to discover methods for developing superhydropho-
bic surfaces that can be used in a variety of industries for commercialization [142–146].
Therefore, we primarily discuss the uses of superhydrophobic coatings for self-cleaning,
anti-icing, anti-fouling, oil–water separation, anti-fogging, anti-corrosion, the medical
industry, and other domains, as shown in Figure 21.
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4.1. Self-Cleaning

Self-cleaning materials are designed to be effortlessly cleansed with water, which
offers diverse applications while reducing maintenance costs and having an environmental
impact. As a result, self-cleaning surfaces are being extensively researched and commercial-
ized for use in solar energy panels, paints, windows, satellite dishes, and windscreens for
automobiles [108,147–151]. Textile materials that include self-cleaning properties become
wash-free or require fewer washings, which makes them convenient for daily usage and
adds value to the product. This phenomenon is known as the lotus effect, which was first
identified by Neinhaus and Barthlott on the surface of lotus leaves and was later patented
in 1998.

Superhydrophobic surfaces exhibit a distinctive set of characteristics, including high
water contact angles (WCA > 150◦) and low roll-off angles, facilitating the efficient self-
cleaning mechanism, as shown in Figure 22a [151,152]. This self-cleaning ability is at-
tributed to the surface’s microstructures and nanostructures, which form a unique mor-
phology. Upon contact with water droplets, the surface induces the formation of nearly
spherical shapes, minimizing the contact area and enabling easy rolling off of the droplets.
This process effectively removes dust, dirt, and contaminants from the surface. The mi-
croscale and nanoscale features not only contribute to reduced water adhesion but also
enhance the self-cleaning effect. The Cassie–Baxter wetting state, characterized by trapped
air pockets between the water droplet and the surface, further aids in minimizing contact
and adhesion, solidifying the surface’s impressive self-cleaning capabilities. Additionally,
these surfaces exhibit stain-resistant properties due to their small contact areas and high
contact angles [153].

Wang et al. [154] developed A-SiO2/N-TiO2@HDTMS coatings onto the substrate
surface with a water contact angle (WCA) of 157.2◦ and contact angle hysteresis (CAH) of
2.7◦, demonstrating prolonged outdoor self-cleaning functionality. Similarly, Xu et al. [155]
employed a sustainable approach using plant-derived phytic acid to etch cotton fabric to
enhance its surface roughness. Coated with thermosets derived from epoxidized soybean
oil and then covered with stearic acid (STA), the modified fabric achieved a water con-
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tact angle of 156.3◦ and exhibited exceptional superhydrophobic qualities against liquid
pollutants and solid dust.
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Figure 22. (a) Diagram illustrating the self-cleaning functionality of artificial superhydrophobic
surfaces. A water droplet, featuring a notably high water contact angle (WCA), effortlessly rolls
across the surface, effectively carrying away any adhered dirt or contaminants present on the su-
perhydrophobic surface. The self-cleaning capability of aluminum alloy samples with (b) original
sample (OS) and (c) binary structure (BS) obtained via a multi-step modification process [156].

Shao et al. [157] investigated a novel water-based superhydrophobic coating using
polytetrafluoroethylene (PTFE) doped with graphene. The study involved mixing PTFE
with graphene nanoparticles to create a PTFE–graphene composite, which was uniformly
dispersed in aqueous fluorocarbon resin (FEM-101A-2-SFT) and applied to the substrate.
The results revealed that graphene was evenly distributed on the PTFE surface, and the
graphene–PTFE composite was immobilized on the coating surface through self-cross-
linking fluorocarbon resin. This process generated numerous nanopulled structures on the
coating surface, achieving a water contact angle of 153◦. The resulting superhydrophobic
coating exhibited excellent adhesion and corrosion resistance properties. After 40 cycles
of mechanical wear and 4 h of water impact, the water static contact angle remained at
120◦ and 110◦, respectively. The coating demonstrated 5B-level adhesive force according to
ASTM standards and exhibited outstanding self-cleaning abilities. The self-cleaning effect
was evident when dust was sprinkled on the surface, as water droplets rolled off easily,
carrying away the dust and leaving the coating surface clean. This self-cleaning property is
attributed to the nanoprotruding structure and low surface energy of the coating surface,
preventing water permeation.

Similarly, the self-cleaning performance of aluminum alloy samples was investigated,
revealing enhanced capabilities with micro/nanoscale binary structures [154]. As shown in
Figure 22b, a water droplet was sprayed on the surface of the untreated sample. The water
droplet could not slide down, not even if the sample was tilted to 90◦ or 180◦. Whereas,
water droplets on the sample with micro/nanoscale binary structures (BS) were found to
slide down smoothly when the sample was tilted at an angle of 2.5◦ ± 0.7◦ and carried
away brown alumina powders with them (Figure 22c). Table 4 summarizes past research
on self-cleaning applications [158–162].
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Table 4. Self-cleaning performance of some coated materials on different substrate.

Fabrication
Technique Coating Material Substrate Findings Reference

Modification with HDTMS Zn-MOF Cotton
fabric

The fabric coating exhibited a WCA of
160◦ with a hysteresis of 7◦,

showcasing stable superhydrophobic
and self-cleaning characteristics.

[158]

Solvothermal and chemical
modification method Nano zinc sulfide (ZnS) Zinc

Superhydrophobic ZnS coating has
excellent chemical and physical

self-cleaning properties.
[159]

Atmospheric pressure
plasma polymerization

Hexamethyldisiloxane
(HMDSO) Glass

The thin films on a glass exhibit
outstanding superhydrophobic and
self-cleaning properties, featuring a
WCA of 165◦ and an SA of about 2◦.

[160]

One-step sol. immersion process
in Mn (II) aqueous solution and
post-modification by stearic acid

Manganese dioxide
(MnO2) microspheres Mg alloy

Fabricated superhydrophobic
magnesium alloy exhibits remarkable

self-cleaning properties in both oil
and air.

[161]

Dip coating method Titanium dioxide
nanomaterial Glass

Fabricated superhydrophobic glass
shows an excellent potential for

self-cleaning action
against contaminants.

[162]

4.2. Anti-Icing

The issue of icing on various surfaces poses significant challenges in several technolog-
ical domains, leading to problems such as increased weight affecting electrical equipment,
wind turbine blades, and airplane wings [163,164]. Even on hot days, air conditioners and
refrigerators may encounter reduced efficiency when cooling and evaporation coils ice up.
The electrothermal method has proven effective in accelerating ice melting. While salt is
commonly used to melt snow and ice on roads during the winter, its high solubility poses
environmental concerns, as approximately 90% of the salt may runoff, causing dehydration
to aquatic life and vegetation along roadsides.

Physical mechanical deicing is the easiest method, but it is limited to easily accessible
equipment. This approach becomes challenging when the ice-covered surface is not easily
reachable [35]. Moreover, mechanical deicing is considered unsafe and unreliable due to
the risk of damaging equipment during the deicing process. In recent times, researchers
have directed their efforts towards creating materials characterized by low ice-adhesion
strength. This property allows ice formed on these materials to be effortlessly removed
either by its own weight or through the action of natural wind.

Zheng et al. [165] presented a method for surface processing titanium alloy using
femtosecond laser technology, followed by dual-layer coating functionalization to create
superhydrophobic surfaces resembling lotus leaves with enhanced anti-icing properties.
Femtosecond laser treatment produced periodic microstructures on the titanium alloy
surface. Subsequently, a dual-layer coating was sprayed on the surface, creating a low-
surface-energy layer and nanostructure. The formed surface exhibited excellent super-
hydrophobicity, with an enhanced contact angle of 165◦ and a reduced sliding angle of
1.2◦. Xiao et al. [166] propose a quick and easy method for creating anti-icing/deicing
coatings using a two-step deposition process involving a Fe3O4@PDMS mixed liquor. This
approach quickly produced a photothermal superhydrophobic coating, leveraging the ex-
cellent photothermal conversion properties of Fe3O4 particles to impart a micro/nanoscale
rough structure to the coating surface. PDMS is used as a binder to increase the coating’s
durability while giving it low surface energy. Experimental results demonstrate that when
exposed to simulated sunshine for 10 min, the surface temperature of the coating can reach
85 ◦C, effectively melt the frozen droplets within 270 s. With a water contact angle of 160◦,
the resulting coating exhibits outstanding superhydrophobicity and can delay icing time
by up to 660 s. Whereas, by employing a one-step spraying method, superhydrophobic
coatings composed of PTFE, Al2O3, and SiO2 were successfully applied to glass slides [167].
Evaluation of experiments carried out in an artificial climate chamber (Figure 23) revealed
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that these three superhydrophobic coatings outperformed glass in resisting glaze icing.
This enhanced performance is attributed to their exceptional superhydrophobicity, which
facilitates the easy rolling away of water droplets from the surface, significantly reducing
contact duration and minimizing the likelihood of freezing. Table 5 provides an overview
of past research on anti-icing applications [168–172].
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Table 5. Anti-icing performance of some coated material on different substrate.

Fabrication
Technique

Coating
Material Substrate Findings Ref.

Laser ablation, followed by
modification with HDTMS

Hexadecyltrimethoxysilane
(HDTMS) 45 steel

• Superior anti-/de-icing properties; ice on
surface thaws in 60 s under
0.5 sun illumination.

• Exhibits a 2547s longer freezing delay
time and at least ∼3 times lower de-icing
force than steel substrate.

[168]

Combination of simple
chemical etching and

anodization, along with
modification with

poly(dimethylsiloxane)
(PDMS)

Silicone oil-infused PDMS
(SOIP) coating

Aluminum
(Al)

• SOIP coating displayed lower
ice-adhesion strength of 22 ± 5 kPa
compared to superhydrophobic coatings.

• Surface has minimal ice-adhesion
(108 kPa) after 20 icing/de-icing cycles,
and long-term icephobicity (55 ± 13 kPa)
after 4 months of exposure to
ambient environment.

[169]

Simple spraying and
curing process

Nanosilica co-modified
with fluoroalkyl silane

and aminosilane
Polyurethane

• Excellent anti-icing efficiency
• Delaying water-freezing (700 s) at −15◦.
• Ice-adhesion strength lower than 13 KPa

after 25 icing-deicing cycles
[170]

Chemical etching and
anodization, later modified

with PDMS via thermal
vapor deposition.

PDMS Aluminum

• WCA of fabricated surface more than
160 ◦C.

• Superhydrophobic surface showed
exceptional anti-icing properties

• Ice formation on superhydrophobic
surface was delayed by 45 and 80 min at
−10 ◦C and −5 ◦C, respectively, at a
relative humidity of 80% ± 5%.

[171]

Crystal growth method
Hollow

micro-/nano-structured
ZnO (HMN)

Silicon

• HMN ensures a significant thermal
resistance between the base and liquid
droplet, resulting in enduring anti-icing
performance at lower temperatures.

[172]
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Wang et al. [173] introduced a two-step spraying process for the preparation of plas-
monic photothermal superhydrophobic coatings, incorporating MXene@Au hybrids with
waterborne polyurethane. MXene (Ti3C2Tx) exhibits a localized surface plasmon (LSPR)
enhancement effect and a broad absorption band [174,175]. Additionally, its good electrical
conductivity allows applications in flexible electronic devices and soft robots [176]. Due to
its exceptional optical properties and rapid heat transfer capabilities, MXene finds extensive
use in light absorption and light-to-heat conversion devices [177,178]. To attain superhy-
drophobicity, chemically modified SiO2 nanoparticles were applied to the MXene@Au-WPU
layer, resulting in a fSiO2/MXene@Au-WPU (fluoroalkyl silanes-SiO2/MXene@Au-WPU)
superhydrophobic photothermal coating with a contact angle of 153◦. The composite
coating proved effective for anti-icing and deicing applications, displaying an ultra-long
anti-icing duration of 1053 s under low-temperature and high-humidity conditions (−20 ◦C,
relative humidity 68%). Compared to previous studies, the coating also demonstrated an ex-
ceptionally high photothermal deicing efficiency of 73.1%. The coating’s high photothermal
properties facilitate rapid ice melting in the irradiated area, aided by the superhydrophobic
characteristics that guide melted water to slide off. Additionally, the results show that the
coating’s resistance to corrosive liquids is within a pH range of 1 to 13.

4.3. Anti-Fogging

Fogging is the term used to describe the phenomenon wherein the temperature dif-
ferential between the surface and the humid environment causes humid air to condense
as discrete, small drops of water on optical surfaces. The dispersion of incident light by
these water droplets restricts its transmission or reflection on solid surfaces, leading to
blurred vision. Fog can accumulate on optical surfaces, including camera lenses, binoculars,
swimming goggles, eyeglass lenses, and bathroom mirrors. Variables such as temperature,
humidity, and airflow influence the occurrence of fogging. In addition to being annoying,
fogging may cause additional problems in a variety of applications, including safety. Fog-
ging, for example, might impair vision during endoscopic surgery and raise the possibility
of a failure of the operation [179]. The formation of fog on moving car windscreens and
motorcycle helmet visors is intimately associated with road safety. Additionally, fogging on
greenhouse cladding materials reduces the amount of light that reaches the crops, which has
an impact on agricultural productivity. Furthermore, fogging lowers solar panel efficiency.
For various optical applications, it became highly desirable to eliminate or reduce the
fogging phenomenon. To mitigate or eliminate fogging in optical applications, researchers
commonly employ cost-effective and durable techniques such as applying coating layers to
surfaces or modifying them chemically or physically [180,181].

Huang et al. [182] reported the use of diamond as an optical coating for challenging
applications, like air force optical windows and offshore oil exploitation. After being
treated with oxygen plasma, the diamond films became superhydrophilic, which caused
the contact angle to decrease from 87◦ to less than 5◦ and resulted in antifogging activity.
On the other hand, an ultrathin diamond coating on a quartz slide showed an oil contact
angle and a di-chloromethane droplet contact angle of 153◦ and 157◦, respectively, on
the O2-plasma-treated surface. Steaming and freezing tests demonstrated that the coated
samples maintained sufficient transparency and anti-fogging activity. Notably, the uncoated
sample took 3.5 min to evaporate, while the fog on the diamond thin film evaporated in
just 4 s. Varshney and Mohapatra [183] discussed the fabrication of superhydrophobic
coatings on brass surfaces using both two-step (chemical etching with a hydrochloric and
nitric acid mixture, following a treatment with lauric acid) and one-step (treatment with
lauric acid) methods. Treated brass surfaces exhibited rough microstructures, resulting
in superhydrophobicity with water contact angles exceeding 173◦ and sliding angles
below 4◦. In addition to that, the formed coatings demonstrated anti-fogging and self-
cleaning properties. In another approach, combined sol–gel and biotemplating techniques
were used to fabricate bio-inspired anti-fogging and anti-reflection surfaces (BFRSs) with
multiscale hierarchical columnar structures (MHCS) [184]. The formed surface exhibited
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rapid elimination of dispersed fog droplets within 6 s (Figure 24). The effective anti-fogging
performance of the surface was attributed to the capillary force imbalance of the MHCS
acting on the liquid film.

Micromachines 2024, 15, x FOR PEER REVIEW 36 of 60 
 

 

car windscreens and motorcycle helmet visors is intimately associated with road safety. 
Additionally, fogging on greenhouse cladding materials reduces the amount of light that 
reaches the crops, which has an impact on agricultural productivity. Furthermore, fogging 
lowers solar panel efficiency. For various optical applications, it became highly desirable 
to eliminate or reduce the fogging phenomenon. To mitigate or eliminate fogging in 
optical applications, researchers commonly employ cost-effective and durable techniques 
such as applying coating layers to surfaces or modifying them chemically or physically 
[180,181]. 

Huang et al. [182] reported the use of diamond as an optical coating for challenging 
applications, like air force optical windows and offshore oil exploitation. After being 
treated with oxygen plasma, the diamond films became superhydrophilic, which caused 
the contact angle to decrease from 87° to less than 5° and resulted in antifogging activity. 
On the other hand, an ultrathin diamond coating on a quartz slide showed an oil contact 
angle and a di-chloromethane droplet contact angle of 153° and 157°, respectively, on the 
O2-plasma-treated surface. Steaming and freezing tests demonstrated that the coated 
samples maintained sufficient transparency and anti-fogging activity. Notably, the 
uncoated sample took 3.5 min to evaporate, while the fog on the diamond thin film 
evaporated in just 4 s. Varshney and Mohapatra [183] discussed the fabrication of 
superhydrophobic coatings on brass surfaces using both two-step (chemical etching with 
a hydrochloric and nitric acid mixture, following a treatment with lauric acid) and one-
step (treatment with lauric acid) methods. Treated brass surfaces exhibited rough 
microstructures, resulting in superhydrophobicity with water contact angles exceeding 
173° and sliding angles below 4°. In addition to that, the formed coatings demonstrated 
anti-fogging and self-cleaning properties. In another approach, combined sol–gel and 
biotemplating techniques were used to fabricate bio-inspired anti-fogging and anti-
reflection surfaces (BFRSs) with multiscale hierarchical columnar structures (MHCS) 
[184]. The formed surface exhibited rapid elimination of dispersed fog droplets within 6 s 
(Figure 24). The effective anti-fogging performance of the surface was attributed to the 
capillary force imbalance of the MHCS acting on the liquid film. 

 
Figure 24. Anti-fog test on the surface of a (a) flat plate and (b) BFRSs [184]. 

4.4. Oil–Water Separation  
The rapid pace of industrialization, global population growth, and the expansion of 

the worldwide economy have resulted in the contamination of water, which has emerged 
as a significant and escalating environmental issue. Oily wastewater is a critical form of 
water pollution and is commonly produced by industries, oil spills, automotive 

Figure 24. Anti-fog test on the surface of a (a) flat plate and (b) BFRSs [184].

4.4. Oil–Water Separation

The rapid pace of industrialization, global population growth, and the expansion of
the worldwide economy have resulted in the contamination of water, which has emerged as
a significant and escalating environmental issue. Oily wastewater is a critical form of water
pollution and is commonly produced by industries, oil spills, automotive transportation,
and domestic sewage [185,186]. The excess presence of oils poses a severe threat to the
environment, which adversely affects aquatic life such as fish, animals, and birds, making
them more susceptible to hypothermia and negatively impacting plant growth. Recently,
on 25 July 2020, the Japanese-operated MV Wakashio bulk carrier ship collided with a coral
reef on the island of Mauritius, causing severe damage to the rich marine ecosystem.

Various methods were reported for the removal of oil and grease from wastewater,
including dispersion [187,188], adsorption [189,190], flotation [191,192], biological treat-
ment [193,194], and burning [195]. However, these approaches may come with drawbacks
such as low stability, inefficiency, high energy consumption, expensive chemicals, and the
potential for secondary pollution. Desirable oil–water emulsion separation technologies
should possess characteristics such as excellent stability, cost-effectiveness, easy operation,
high separation efficiency, substantial permeation, and minimal secondary contamination
throughout the synthesis and separation processes [196].

In response to such challenges, various functional materials with superhydrophobic
and superoleophilic properties have undergone extensive study for efficient oil–water
separation filtration. These materials include meshes, membranes, sponges, foams, and
fabrics. The operational principle of superhydrophobic surfaces in oil–water separation
encompasses the synergistic effects of superhydrophobicity, oleophilicity, and distinc-
tive surface structures. This combination enables the selective repulsion of water, the
attraction and retention of oil, and the facilitation of a self-cleaning mechanism, ensur-
ing a highly effective and environmentally sustainable separation process, as shown in
Figure 25a. Cai et al. [197] utilized natural balsa to create a highly flexible and durable
superhydrophobic polydivinylbenzene (PDVB)-wood membrane. The membrane features
hydrophobic nanopores achieved by coating porous wood with cross-linked PDVB. In air,
the PDVB-wood membrane exhibits unique oil wettability with a 0◦ oil contact angle. The
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membrane also demonstrates exceptional WCA exceeding 160◦ and a low WSA of 3.5◦.
Remarkably, water droplets exhibit bouncing behavior when quickly dropped onto the
PDVB–wood membrane. The superhydrophobic properties endure rigorous mechanical
and chemical tests, including sandpaper rubbings, tape sticking, and exposure to acid,
alkali, and salt solutions, highlighting their durability and stability. With a separation
efficiency exceeding 99.98% for surfactant-stabilized water-in-oil emulsions and a high
flux of up to 8829.4 L m−2 h−1bar−1, the membrane maintains high efficiency even after
20 separation cycles. The remarkable separation performance of the PDVB-wood mem-
brane is attributed to the synergistic effects of superhydrophobicity and nanopores. By
combining superhydrophobicity/superoleophilicity with nanoscale pores, the membrane
prevents micro/nano-scale water droplets in water-in-oil emulsions from penetrating while
allowing free penetration of oil due to its superoleophilicity. This achievement fulfills the
demulsification and separation objectives.

Jie et al. [198] used an electrodeposition approach to prepare micro/nano superhy-
drophobic structures on a copper mesh surface, employing choline chloride/ethylene
glycol ionic liquid as an electrolyte. The contact angle of the electrodeposited copper mesh
reached 152◦, showing superior performance compared to pure copper mesh. Demon-
strating a separation efficiency exceeding 95%, the superhydrophobic copper mesh ex-
hibited exceptional oil–water separation capabilities across various oil types. In another
study, a simple spraying method was used to prepare a superhydrophobic TiO2/SiO2
nanoparticle coating on sponge, loofah, and metal mesh surfaces. The coating exhibited
a surface with convex nano-nipple and nano-scale pore structures, providing microstruc-
tural evidence of its superhydrophobic properties, with a water contact angle (WCA)
of ≥155◦ and an oil contact angle (OCA) close to 0◦. Experimental investigations in-
volving different oil–water mixtures revealed an oil–water separation effectiveness of
approximately 95% for the superhydrophobic coating on various substrates. Remark-
ably, even after 60 separation cycles, the coating maintained a separation efficiency above
90%, indicating its enhanced durability [199]. Kao et al. [200] used a simple painting
process to produce a new micro/nanostructure by coating ethylenediaminetetraacetic
acid/poly(dimethylsiloxane)/fluorinated SiO2 (EDTA/PDMS/F-SiO2) on a textile sur-
face. The result shows the high oil–water separation efficiency of the superhydrophobic
EPS@textile, even in the absence of external force (Figure 25b). Table 6 summarizes past
research on oil–water separation applications [158,160,201–203].

Table 6. Oil–water separation performance of some coated material on different substrates.

Fabrication Technique Coating Material Substrate Findings Ref.

Modification with
HDTMS Zn-MOF Cotton

fabric

Superhydrophobic surface showed exceptional
efficiency of 93, 95, 97, 98%, and 100% in separating

engine oil, crude oil, n-hexane, chloroform from
water, and viscose oils (sunflower and coconut), and

90% for stabilized emulsion.

[158]

Three simple processes:
(1) synthesis of MOF-5

nanoparticles; (2)
modification using PFOTS;
and (3) dip-coating method

Zinc-based metal–organic
frameworks (MOF-5) Sponge

Continuous separation of a variety of oil–organic
solvent–water mixtures with a separation

efficiency >98%.
[201]

Plasma polymerization Hexamethyldisiloxane
(HMDSO)

Fabric and offset printing
paper

Superhydrophobic coating has an excellent
separation efficiency with the oil contact angle (OCA)

of about 0◦ under the optimal working conditions.
[160]

Combining chemical etching
and hydrothermal processes PDMS Aluminum

Superhydrophobic/superoleophilic mesh shows
high separation efficiency (94%) and

outstanding reusability.
[202]

Dip-coating method MWCNTs/ZnO composite Copper
mesh

Superhydrophobic and superoleophilic mesh exhibits
remarkable reusability and excellent separation

efficiency of over 95% for various oils.
[203]
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4.5. Anti-Fouling

The accumulation of undesired substances on different surfaces submerged in water
is known as fouling. Both inorganic and organic substances, as well as living organisms
(biofouling), can be considered fouling materials. Biofouling is a major problem that causes
a lot of problems in the maritime environment. Seawater can become contaminated by
coatings formed by non-target species and fouling, which provide severe toxicity concerns
for marine life. It is now necessary to develop environmentally friendly anti-fouling so-
lutions due to the increasing significance of environmental protection. Researchers are
actively exploring biomimetic antifouling coatings, which mimic the micro-structured
surfaces found in marine life, as a way to solve the environmental issues related to tra-
ditional coatings [204]. Microbial biofouling poses a significant threat to numerous other
environmentally related systems, such as water treatment and distribution systems, heat
exchangers, and many more. These systems are susceptible to several issues caused by
biofouling, including reduced heat transfer efficiency, blockages in pipes, power failures,
high maintenance costs, and serious mishaps. As a result, it is preferable to create surfaces
with anti-fouling properties using an easy and affordable technique.

Yin et al. [205] introduced an economical and fluorine-free technique for coating su-
perhydrophobic Ni3S2 on 304 stainless steel. The resulting superhydrophobic coating
significantly impeded water intrusion and exhibited remarkable resilience in maintaining
its superhydrophobicity even after exposure to conditions such as heating up to 300 ◦C or
prolonged submersion in ethanol and undergoing five cycles of O2 plasma etching with
heating treatment. Anti-fouling tests validated the effectiveness of the superhydrophobic
coating in forming a protective barrier against contamination on the steel surface. In a sepa-
rate study, Shi et al. [206] developed a superhydrophobic and antibacterial membrane using
underwater adhesion technology for directly immobilizing it on substrates in seawater.
The membranes displayed excellent hydrophobicity, mechanical strength, and flexibility,
boasting a water contact angle (WCA) of 161.3◦ and a sliding angle (SA) of 4.9◦. These
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qualities remained stable even after 30 days of submersion in seawater, affirming their
prolonged service life.

This new approach has general relevance in ocean engineering and may be applied
to different substrates to generate antifouling coatings in seawater. Furthermore, research
was conducted on the coated fabric surface’s ability to inhibit the growth of rhodamine B
liquid pollutants [200]. Figure 26a illustrates that the superhydrophobic textile remained
remarkably clean, contrasting with the evident pollution of the non-superhydrophobic
textile, as shown in Figure 26b. This finding shows the outstanding antifouling property of
fabricated superhydrophobic EPS@textile. The unique combination of superhydrophobic
characteristics and high hygroscopicity of the uncoated fabric prevented the colored water
from permeating the coated superhydrophobic fabric by trapping air.

Micromachines 2024, 15, x FOR PEER REVIEW 40 of 60 
 

 

 
Figure 26. Picture showing the antifouling performance of (a) EPS@textile and (b) bare textile 
against water [200]. 

4.6. Anti-Corrosion  
Corrosion refers to the deterioration of a metal surface due to chemical or 

electrochemical reactions with the environment. The practical utility of metals and metal 
alloys is constrained by their susceptibility to corrosion, resulting in substantial financial 
losses and environmental pollution. Consequently, extensive research efforts, supported 
by significant funding, are underway to develop anti-corrosive materials. Although 
chromium-containing compounds are conventionally used for corrosion prevention, their 
negative impact on both human health and the environment prompts the exploration of 
alternative methods. One such approach involves directly creating superhydrophobic 
coatings on metal surfaces to enhance their anti-corrosion properties [207]. This approach 
utilizes the creation of an air layer between the structured superhydrophobic surface and 
the solution. These trapped air pockets act as a protective barrier, effectively preventing 
the corrosive medium from reaching the surface, as depicted in Figure 27. 

 
Figure 27. The anti−corrosion mechanism of the superhydrophobic surfaces. 

Superhydrophobic coatings have become widely used to enhance the corrosion 
resistance of various surfaces, including steel, alloys (Al, Cu, Zn, and Fe), and titanium 

Figure 26. Picture showing the antifouling performance of (a) EPS@textile and (b) bare textile against
water [200].

4.6. Anti-Corrosion

Corrosion refers to the deterioration of a metal surface due to chemical or electro-
chemical reactions with the environment. The practical utility of metals and metal alloys is
constrained by their susceptibility to corrosion, resulting in substantial financial losses and
environmental pollution. Consequently, extensive research efforts, supported by significant
funding, are underway to develop anti-corrosive materials. Although chromium-containing
compounds are conventionally used for corrosion prevention, their negative impact on
both human health and the environment prompts the exploration of alternative methods.
One such approach involves directly creating superhydrophobic coatings on metal surfaces
to enhance their anti-corrosion properties [207]. This approach utilizes the creation of an
air layer between the structured superhydrophobic surface and the solution. These trapped
air pockets act as a protective barrier, effectively preventing the corrosive medium from
reaching the surface, as depicted in Figure 27.
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Superhydrophobic coatings have become widely used to enhance the corrosion re-
sistance of various surfaces, including steel, alloys (Al, Cu, Zn, and Fe), and titanium
(Ti). Huang et al. [208] introduced an environmentally friendly surfactant-free nanopre-
cipitation method to fabricate a nanocomposite coating based on polyaniline-titanium
oxide (PANI-TiO2). Incorporating two sizes of TiO2 nanoparticles enhanced the coating’s
hydrophobicity and conductivity. Compared to traditional epoxy coatings, the resulting
coating with hierarchical micro/nanostructures demonstrated higher water contact angles
(>150◦) and superior anti-corrosion properties.

Microplastics are commonly found in saline water, emphasizing the need to study the
anticorrosion properties of surfaces in such environments. Rius-Ayra et al. [209] introduced
a robust, non-fluorinated superhydrophobic surface through an anodizing process and
liquid-phase deposition (LPD) of lauric acid for surface functionalization and superwettable
properties. This combined approach resulted in outstanding anticorrosion performance
of the metallic substrate in NaCl aqueous solution. The hierarchically structured superhy-
drophobic surface achieved a water contact angle (WCA) of 154◦, a sliding angle (SA) of 1◦,
and a contact angle hysteresis (CAH) of 1◦, effectively removing microplastics from saline
water. The anodized aluminum surface demonstrated exceptional anticorrosion capabilities
in an aqueous solution with 3.5 wt% NaCl, further enhanced by superhydrophobic charac-
teristics after 60 min of anodization. The functionalized surface exhibited superoleophilicity
(0◦) and superhydrophobicity (154◦), successfully extracting microplastics from the NaCl
aqueous solution with an efficiency exceeding 99%.

Similarly, Zhang et al. [210] employed a chemical grafting process to synthesize
superhydrophobic SiC, where fluoroalkyl silane (FAS) was chemically bonded to the SiC
surface. This superhydrophobic SiC was then integrated into epoxy resin (EP) to create a
SiC/EP composite material. The organic molecule grafting on the SiC surface significantly
improved the compatibility between nano-SiC and EP. The surface wettability of the coating
changed with the addition of F–SiC; without F–SiC, the contact angle was less than 90◦, but
it increased significantly with F–SiC addition, as shown in Figure 28b. A superhydrophobic
composite coating was achieved at 5 wt% F–SiC, reaching a static water contact angle of
150.1◦ with a roll-off angle of 5.5◦. The corrosion resistance was optimal at a 3 wt% addition
of F–SiC. The corrosion current of the composite coating was 2–3 orders of magnitude
lower than that of the pure EP coating, signifying substantial improvement in corrosion
resistance (Figure 28c). Additionally, a 240 h salt spray test evaluated various compositions
of composite coatings (EP, 1–5 wt% F-SiC/EP), as depicted in Figure 28d. Results indicated
that incorporating an appropriate amount of F-SiC enhanced the coating’s insulation
capability, with optimal anti-corrosion performance observed in the F-SiC/EP composite
coating at approximately 3 wt%. Table 7 summarizes previous research on anti-corrosion
applications [168,211–214].
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Table 7. Anti-corrosion performance of some coated materials on different substrates.

Fabrication Technique Coating Material Substrate Findings Ref.

Pulse laser ablation,
followed by modification

with HDTMS

Hexadecyltrimethoxysilane
(HDTMS) 45 steel

Surface shows superior corrosion resistance
compared to steel, with 73.81 times higher

charge transfer resistance and 64.78 times lower
corrosion current density.

[168]

Combination of chemical
etching with

hydrothermal process,
followed by PDMS coating

via a simple vapor
deposition method

Polydimethylsiloxane
(PDMS) Aluminum alloy

Corrosion resistance of bare surface is
significantly enhanced by a magnitude of three

after becoming superhydrophobic surface.
[211]

Hydrothermal method,
with modification by

sodium laurate (SL) and
sodium dodecylbenzene

sulfonate (SDBS).

MgAl-LDH laminates AZ31 alloy
In a 3.5 wt.% NaCl solution, functional coatings

demonstrated remarkable
anti-corrosion performance.

[212]

Sandblasting and acid
treatment, followed by
electrodeposition and

hydrophobic modification.

Ni-W-TiO2 coating Steel
Superhydrophobic composite coating can

attain a corrosion inhibition rate of 99.63% in
3.5% NaCl solution and at 25 ◦C.

[213]

Eco-friendly green method Lauric acid Concrete
Superhydrophobic concrete (WCA > 153◦ and
WSA < 10◦) has better corrosion resistance to

internal rebars than ordinary concrete.
[214]
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4.7. Anti-Bacterial Property

Bacterial colonization on surfaces poses significant challenges in various industries,
healthcare settings, and everyday life. The proliferation of bacteria on surfaces can lead
to the formation of biofilms, which are resilient and difficult to remove. In healthcare,
bacterial contamination in hospitals can result in healthcare-associated infections (HAIs),
posing a serious threat to patients with compromised immune systems. Similarly, in food
processing and preparation areas, bacterial contamination can lead to foodborne illnesses.
The growth of bacteria on surfaces is not only a hygiene concern but also impacts the
durability and performance of materials, especially in outdoor settings where weathering
and microbial attack can deteriorate surfaces over time. Consequently, finding effective
solutions to mitigate bacterial growth on surfaces is crucial for maintaining public health,
ensuring product integrity, and extending the lifespan of materials.

One promising approach to addressing the bacteria problem is the development
of superhydrophobic anti-bacterial coatings. Superhydrophobic surfaces exhibit excep-
tional water repellency, preventing the adhesion and proliferation of bacteria and other
microorganisms. These coatings combine the benefits of superhydrophobicity, which re-
pels water and contaminants, with anti-bacterial properties to actively inhibit bacterial
growth [215–219]. By incorporating antimicrobial agents or materials with inherent an-
tibacterial properties into the coating formulations, researchers aim to create surfaces that
not only repel water but also prevent bacterial colonization. This dual functionality makes
superhydrophobic anti-bacterial coatings highly desirable for a wide range of applications,
from healthcare settings and food processing facilities to everyday surfaces, ultimately
contributing to improved public health, reduced maintenance costs, and enhanced material
durability. Ye et al. [220] presented an environmentally friendly nanofibrillated cellulose-
based multifunctional superhydrophobic coating (NMSC) through a silylation process
involving cellulose, tetraethyl orthosilicate, and cetyl trimethoxysilane. Ethyl orthosilicate
hydrolyzed into organosilicon, facilitated by ammonia water, imparted surface roughness to
NFC. Hexadecyltrimethoxysilane hydrolysis lowered NFC surface energy. Post-silylation,
the water contact angle significantly increased from 42◦ to 169◦, showcasing remarkable
hydrophobic, thermal stability, and self-cleaning properties. The NMSC demonstrated
prolonged effectiveness against various fluids, including strong acid (pH 1) and alkali
(pH 13), alcohols, alkanes, esters, and organic solvents. It maintained static contact an-
gles above 155◦ during acid/alkali treatments, highlighting exceptional acid and alkali
resistance. The NMSC exhibited antibacterial performance, attributed to its hydrophobic
surface, which readily penetrated the phospholipid bilayers of bacteria, disrupting bacterial
cell membranes and causing structural damage and cytoplasmic leakage.

Agbe et al. [221] illustrated a straightforward two-step procedure for creating a super-
hydrophobic and antibacterial aluminum surface. The process involves chemical etching in
HCl, followed by immersion in an ethanolic solution of octyltriethoxysilane (OTES) and the
addition of quaternary ammonium solution (QUATs) through drop-wise deposition. The
chemical etching introduces micro- and nano-features with topological terraces, resulting
in a surface root mean square (rms) roughness and contact angle (CA) of 6.2 ± 1.5 µm
and 16◦ ± 0.2◦, respectively. Post-modification, the OTES-QUATs/Al samples exhibited
a reduced roughness of 5.8 ± 0.5 µm and an increased CA of 153◦ ± 3.7◦, as depicted in
Figure 29a–d. The antibacterial activity of the OTES-QUATs solution was noteworthy, dis-
playing a zone of inhibition (ZOI) of 34 ± 1.6, 22 ± 1.4, and 25 ± 0.9 against Staphylococcus
aureus, Pseudomonas aeruginosa, and Escherichia coli, respectively. The ZOI indicates the
region around the antimicrobial agent where microbial growth is hindered, with a larger
ZOI signifying more effective antimicrobial action. Furthermore, the OTES-QUATs-coated
aluminum surface demonstrated excellent anti-biofouling properties, achieving a 99.9% re-
duction in bacterial adhesion for Staphylococcus aureus, 99% for Pseudomonas aeruginosa, and
99% for E. coli bacteria, attributed to the synergistic effects of low-energy OTES, micro/nano
roughness, and the presence of QUATs, as depicted in Figure 29.
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Figure 29. The surface morphology of the etched aluminum substrate (a) and OTES-QUATs/Al (b).
Ethanoic solutions of OTES, OTES-QUATs, QUATs, and ethanol were subjected to disk diffusion assay
against Staphylococcus aureus bacteria, with distinct regions labeled as S1, S2, S3, and S4, respectively
(c). A graphical representation depicts the adhesion reduction of Staphylococcus aureus, Pseudomonas
aeruginosa, and Escherichia coli on various surfaces, including OTES/Al, OTES-QUATs/Al, QUATs/Al,
and etched Al substrate (d) [221].

4.8. Water Harvesting

Water is a vital resource for all living organisms, and effective water harvesting plays
a crucial role in sustainable water management, especially in regions dealing with water
scarcity. Inspired by nature, harvesting water directly from the atmosphere emerges as a
promising alternative, particularly in dry areas and regions with abundant fog. Nature
provides various examples of efficient water harvesting mechanisms in different organisms
and ecosystems, such as cactus spines, spider silk, the elytra of the Namib Desert beetle,
and the inner wall of nepenthes [222–225].

The Namib Desert beetle exhibits remarkable water collection and self-transportation
capabilities attributed to the surface energy gradient resulting from dual wettability on its
elytra surface-wax-coated hydrophobic valleys and hydrophilic bumps. Fog-derived water
droplets preferentially condense on hydrophilic bumps, and a surface energy gradient
facilitates the transportation of water droplets from hydrophobic valleys to hydrophilic
bumps. This nature-inspired mechanism demonstrates a potential solution for efficient
water harvesting and transport [226–230].
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Taking inspiration from the water-harvesting properties of the Namib Desert beetle,
Zhai et al. [231] developed hydrophilic spots, each measuring 750 µm, on a superhydropho-
bic surface using a poly(acrylic acid) (PAA) water/2-propanol solution. In the patterned
region, the advancing water contact angle was 144◦, while the receding contact angle was
12◦. These hydrophilic patterns emulate the wax-free areas on the Stenocara beetle’s back,
where tiny water droplets from fog collect. As most droplets roll on the superhydrophobic
regions, they eventually adhere to the hydrophilic patterns, forming larger water droplets.
This mimics the water-capturing ability of the Stenocara beetle’s back, providing a method
for capturing small water droplets and converting them into more substantial droplets.

Similarly, Park et al. [232] explored fog harvesting using a flexible hybrid surface
featuring a 3D superhydrophilic copper oxide (CuO) pattern on a hydrophobic, rough
polydimethylsiloxane (PDMS) background. This design drew inspiration from the bumps
found on the curved dorsal surface of Namib desert beetles, as shown in Figure 30a.
The process involved transferring a copper (Cu) layer from a silicon (Si) or glass donor
substrate to a PDMS receiving substrate, molded on, and then peeled from the donor
substrate. Following the transfer, the Cu layer was patterned and oxidized, forming a
superhydrophilic CuO pattern on the hydrophobic, rough PDMS substrate. Consequently,
the transferred and oxidized Cu layer on the PDMS substrate could exhibit 2D or 3D
patterns, depending on the initial morphology of the donor substrate, as depicted in
Figure 30b. Evaluation of the water collection rates for the prepared surface indicated that
the 3D bumpy structures on a curved surface showed over 16 times higher water collection
rates than the flat 2D hybrid surface when subjected to a fog stream.
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Recently, Choi et al. [233] presented a hierarchically structured surface with mi-
crogrooved patterns achieved through FFF-type 3D printing. The design aimed to replicate
the morphology of cactus spines and the dual wettability observed in the Namib Desert
beetle. Microgrooved patterns resembling those of cactus spines were incorporated onto
the cactus-shaped PDMS surface using the staircase effect inherent in FFF-type 3D printing.
To mimic the dual wettability of Namib Desert beetles, a partial Pt deposition method was
introduced, employing a paraffin wax-based masking method for mass-producing complex
morphologies. Capitalizing on the surface energy gradient, the hydrophobic region could
condense more water droplets than the hydrophilic region, yet the condensed water in the
hydrophobic region could autonomously transport itself to the hydrophilic region.

Additionally, the cactus spine morphology facilitated the self-transportation of con-
densed water droplets from the tip to the base region using the Laplace pressure gradient.
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The resulting surface demonstrated superior fog harvesting performance (average weight
of 7.85 g for 10 min), benefiting from the synergistic interplay between the Laplace pressure
gradient and surface energy gradient.

These findings offer valuable insights for the future design and deployment of hybrid
superhydrophobic/superhydrophilic surfaces for cost-efficient atmospheric water har-
vesting, supporting effective fog harvesting to obtain freshwater under harsh conditions,
including dry and polluted water environments.

4.9. Medical Industry

Superhydrophobic polymeric nanocoatings find diverse applications in the medical
field, including dentistry, self-cleaning, and drug delivery [234]. Sun et al. [235] inno-
vatively designed a cardiopulmonary bypass tube with superior blood repellency and
superhydrophobicity. The results revealed that the superhydrophobic-treated tube clotted
in 36 min in terms of coagulation time, biotoxicity, platelet adsorption, and protein, in
contrast to a clinical Bioline heparin-coated tube (21 min) and a bare PVC tube (14 min).
The superhydrophobic-treated tube demonstrated a remarkable 157% increase in clotting
time compared to the bare PVC tube. Additionally, protein and platelet adsorption on
the superhydrophobic-treated tube witnessed reductions of 32% and 74%, respectively.
Figure 31 illustrates the application of superhydrophobic surfaces in medical devices to
prevent blood stickiness [29]. In addressing microleakage in dental composite restorations,
superhydrophobic coatings were developed using photo-crosslinked polyurethane (PU)
and SiO2 nanoparticles functionalized with organic fluoro groups (F-SiO2 NPs). The study
revealed that a low concentration ratio of PU/F-SiO2 (1:3) in superhydrophobic coatings
exhibited desirable attributes, including good transparency, a high contact angle (160.1◦), a
low sliding angle (<1◦), and an excellent hierarchical papillae structure [236].
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While the potential applications are promising, challenges such as long-term dura-
bility, scalability, and cost-effectiveness need to be addressed for successful integration
into various industries. Ongoing research in materials science is likely to uncover new
possibilities, and staying abreast of the latest developments in the field is essential for a
comprehensive understanding of the future of superhydrophobic materials.

5. Challenges and Constraints in Superhydrophobic Surfaces

While superhydrophobic surfaces present promising opportunities across various
applications, they also encounter several challenges that need to be addressed for their
widespread adoption and practical implementation. These challenges encompass both
fundamental aspects and practical considerations and are crucial for advancing the field
and realizing the full potential of superhydrophobic materials. Several key challenges are
worth highlighting:

5.1. Durability and Stability

To enhance the practical usability of artificial superhydrophobic coatings, they must
exhibit strong adhesion as well as robust mechanical and chemical stability. Generally, the
long-term stability and durability of superhydrophobic surfaces pose significant challenges.
External factors such as abrasion, chemical exposure, and environmental conditions can
impact the integrity of these surfaces over time. Developing robust materials and fabrication
techniques that withstand prolonged usage remains a critical challenge.

5.2. Scalability and Cost-Effectiveness

Many fabrication methods for superhydrophobic surfaces are complex and may not
be easily scalable for large-scale industrial applications. The cost of materials and manu-
facturing processes can pose economic challenges, hindering the widespread adoption of
superhydrophobic technologies. Ensuring cost-effectiveness and scalability while main-
taining the desired properties is essential for widespread adoption in various industries.

5.3. Biocompatibility and Health Concerns

In biomedical applications, ensuring the biocompatibility of superhydrophobic ma-
terials emerges as a critical consideration. Biocompatibility involves a comprehensive
assessment of the interactions between living organisms and these superhydrophobic mate-
rials. Particularly in medical applications, such as implants or medical devices, it becomes
imperative to scrutinize how these superhydrophobic surfaces interact with biological
tissues and fluids. The incorporation of certain materials in superhydrophobic coatings,
especially those containing nanoparticles or specific chemical compounds, raises potential
health concerns. The release of nanoparticles into the body may lead to long-term health
impacts. Achieving a delicate equilibrium between attaining superhydrophobic properties
and ensuring biocompatibility stands as a crucial factor for the responsible and successful
integration of these surfaces across various fields without compromising the well-being of
both humans and the environment.

5.4. Multifunctional Superhydrophobic Coating/Surfaces

Multifunctional superhydrophobic surfaces represent a cutting-edge area of research
that aims to develop materials with a range of enhanced properties beyond water repellency.
These surfaces combine superhydrophobicity with diverse functionalities, broadening their
potential applications across various fields, as shown in Figure 32. Despite the advantages
of multifunctional superhydrophobic surfaces in many applications, they do present certain
limitations. For instance, achieving robust self-cleaning capabilities may compromise other
aspects, such as mechanical durability or chemical stability. Additionally, the integration
of multifunctionality often involves complex surface structures and coatings, making fab-
rication and scalability more intricate. Concerns also arise regarding the durability of
these surfaces under harsh environmental conditions or during prolonged use. Address-
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ing these limitations is crucial to propelling the practical and widespread adoption of
superhydrophobic surfaces across diverse applications.
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5.5. Environmental Impact

The environmental implications of superhydrophobic materials, particularly concern-
ing their production and the potential release of nanostructures into the environment, have
raised significant concerns. It is essential to develop environmentally friendly fabrication
methods and gain a comprehensive understanding of the ecological consequences to ensure
responsible use. A key concern is the use of certain chemicals and materials in the manu-
facturing of superhydrophobic coatings. Reports have confirmed that some solvent-based
‘water-repellent’ coatings pose health risks, causing harm to the lungs, kidneys, nerves,
teeth, and promoting bone decay. The utilization of fluorine-based coatings, particularly in
fine spray forms, increases the risk of inhalation and irritation to the eyes and nose.

Over the last 30 years, several hundred cases of serious respiratory inflammation
have been reported among consumers using hydrophobic coating ‘spray-on’ products in
Europe and the USA. Some countries have banned the use of fluorinated compounds due
to their adverse side effects; for instance, polyfluorooctyl-triethoxysilane (1H,1H,2H,2H-
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perfluorooctyl triethoxysilane) is banned in Denmark, with restricted use in Canada. There-
fore, sustainable and eco-friendly approaches to material selection, manufacturing pro-
cesses, and end-of-life management are crucial for minimizing any adverse effects on
the environment.

As researchers and engineers continue to investigate these challenges, overcoming
them will unlock the full potential of superhydrophobic surfaces and drive innovation
across diverse fields. Overcoming these obstacles will not only refine the fundamental
understanding of superhydrophobicity but also lay the foundation for practical, real-world
applications with enduring significance.

6. Progress in Wetting Research through AI and Machine Learning

The incorporation of artificial intelligence (AI) algorithms into materials design is
transforming the landscape of materials engineering. This is attributed to their capability
to forecast material properties, create novel materials with improved characteristics, and
unveil previously unrecognized mechanisms, surpassing traditional intuition in the process.
Despite this, there has been limited in-depth exploration into the AI-assisted design of
material textures.

The swift progress in artificial intelligence (AI) and machine learning (ML) presents
significant possibilities for transforming and accelerating the laborious and expensive
material development process. Over the past few decades, AI and ML have inaugurated
a fresh era in materials science, employing computer algorithms to assist in exploration,
comprehension, experimentation, modeling, and simulation [237,238]. Collaborating with
human ingenuity and creativity, these algorithms play a crucial role in uncovering and
enhancing innovative materials for upcoming technologies.

Lu et al. [239] introduced a graph-focused deep learning technique specifically de-
signed to capture the intricate nuances inherent in spider web architectures. The utilization
of this technique extends beyond understanding these complexities, serving the dual pur-
pose of facilitating the generation of a diverse range of innovative bioinspired structural
designs. The authors have laid the foundation for a groundbreaking framework for the
generation of spider webs, delving into the realm of bioinspired design guided by rigorous
principles. Not confined to spider web emulation, this method demonstrates versatility in
addressing various heterogeneous hierarchical structures, spanning a wide spectrum of
architected materials. Positioned as a valuable toolset in the domain of generative AI for
material applications, this approach bridges the gap between theoretical exploration and
the practical actualization of designs, offering profound insights into biology and diverse
design possibilities.

Traditionally, the study and design of bioinspired structures have relied on empirical,
extensive, and time-consuming top-down strategies devoid of AI algorithms. Scientists
painstakingly observe and analyze natural organisms to discern the fundamental prin-
ciples and structures contributing to their exceptional properties [240–243]. Designing
and fabricating materials using advanced manufacturing techniques, conducting experi-
ments to validate performance, and refining designs based on outcomes are integral to this
resource-intensive and time-consuming approach, often requiring significant trial and error.

To overcome these challenges and expedite the bioinspired material design process,
the integration of AI algorithms offers significant potential to enhance efficiency and
effectiveness. Leveraging supervised AI, researchers can expedite material development
by swiftly exploring a vast design space, reducing the pool of potential solutions, and
pinpointing optimal material compositions and structures for a chosen application [244].
However, it is crucial to note that supervised learning demands high-quality data with
accurate labeling about behaviors and characteristics to function correctly. Yu et al. [245]
employed reinforcement learning to achieve a refined design within an unfamiliar design
space, developing a model capable of learning a biological design strategy through multiple
training iterations. In their methodology, they utilized a finite element method (FEM) to
compute mechanical properties, treating them as “reward values” for the algorithm to
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produce materials with enhanced fracture toughness. To ensure highly optimized solutions
and bolster confidence, the AI initially analyzed a small set of systems, gradually increasing
the size with each successful convergence of results. This iterative approach aimed to
minimize calculation time for obtaining the optimal design. Throughout the training
process, the model acquired the capability to understand the biological design strategy,
enabling its extension to more complex structural optimization problems by incorporating
different mechanical properties as reward values. This innovative design framework,
adaptable to modifications in system intricacy or the inclusion of additional variables as
rewards, demonstrates versatile utility across various applications.

In contrast, Lantada et al. [246] used artificial neural networks (ANNs) to forecast the
wettability of bioinspired and biological structures according to their hierarchical surface
characteristics. The ANN model was trained using a vast collection of bio-surfaces that the
authors had assembled with well-known wettability characteristics. New, distinct topogra-
phies were then added in order to assess the algorithm’s effectiveness. The wettability
findings were compared with those predicted by the AI model once the actual structures
were constructed. The convergence of results demonstrated how well artificial intelligence
(AI) may help discover new bio-interfaces with hierarchical tribology, allowing for fine
control over wettability. This method may take into account a large number of factors that
would provide several controlled characteristics and behaviors, increasing its flexibility for
particular applications.

Finally, using AI can save on expenses related to developing new materials. Indeed,
less intensive laboratory experimentation is required when the design process is stream-
lined. Gu et al. [247] stated the mechanical characteristics of 100,000 microstructures with
respect to computing cost. The procedure took about five days when using FEM, but with
their designed ML technique, the same amount of data could be solved in less than a
minute during the prediction phase and between 30 s and 10 h during the training phase.

In this way, scientists may focus on the most promising ideas and expedite the material
design process, increasing its effectiveness and economy, by utilizing AI’s computing
capability. Even though this trip is still in its early stages, we are convinced that AI will
support materials scientists’ research rather than work against it. This will greatly broaden
the field’s perspectives, creating new opportunities and quickening the development of
material design.

7. Practical Implications of the Present Review

This article provides a comprehensive review of superhydrophobic surfaces, encompass-
ing fundamental understanding, natural occurrences, design principles of bio-inspired coatings,
potential applications, challenges, and future research directions. The practical implications of
this review are multifaceted, offering valuable insights for various stakeholders:

1. Innovative material design: This review identifies key principles inspired by na-
ture that can guide the development of advanced superhydrophobic nano-coating
materials. Researchers and industry professionals can leverage these insights for
innovative material design, paving the way for the creation of superior products with
enhanced functionalities.

2. Functional applications: By drawing inspiration from natural structures, this re-
view proposes practical applications across various domains. These insights could
result in the development of coatings customized for specific functions such as self-
cleaning, anti-fouling, anti-icing, and more. Implementing nature-inspired coatings
with tailored functionalities could significantly impact industries dealing with surface
protection and maintenance challenges, ultimately reducing maintenance expenses
and prolonging the life of diverse substrates.

3. Environmental sustainability: The exploration of environmentally friendly coatings
inspired by nature aligns with global efforts for sustainable practices. Understanding
the principles of natural structures allows the development of coatings that exhibit su-
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perior performance while contributing to eco-friendly coating technologies, reducing
the environmental impact of conventional materials.

4. Advancements in biomedical coatings: This review highlights the relevance of nature-
inspired coatings in biomedical applications, offering potential advancements in
medical devices, implants, and drug delivery systems. Coatings designed to interact
favorably with biological systems can lead to improved biocompatibility and reduced
adverse effects, fostering progress in healthcare technologies.

5. Commercialization opportunities: Synthesizing the state-of-the-art in nature-inspired
nano-coating materials, this review identifies promising avenues for commercialization
and technology transfer. These insights inform the development of marketable products,
driving growth in the coatings industry and contributing to economic development.

6. In conclusion, the practical implications of this review extend to fostering innovation,
tailoring functionalities in coatings, promoting sustainability, advancing biomed-
ical applications, identifying commercialization opportunities, and facilitating in-
terdisciplinary collaboration. The comprehensive insights provided pave the way
for real-world applications and transformative advancements in the field of nano-
coating materials.

8. Conclusions

In conclusion, this review highlights the significant advancements in the field of su-
perhydrophobic surfaces and their diverse applications. From the fundamental principles
governing their unique wetting properties to the various fabrication techniques employed,
a comprehensive understanding of these surfaces has been presented. The exploration
of natural examples, such as lotus leaves and butterfly wings, has inspired innovative
designs for artificial superhydrophobic surfaces. The applications across different indus-
tries, including self-cleaning materials, oil–water separation, and anti-icing technologies,
underscore the immense potential of superhydrophobic surfaces in addressing real-world
challenges. Moreover, this review emphasizes the importance of continued research to
overcome challenges such as durability and scalability and to unlock new opportunities for
this technology. As we look toward the future, the development and integration of super-
hydrophobic surfaces are composed to make a transformative impact, offering sustainable
and efficient solutions in various fields.
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Abstract: (3-Aminopropyl)triethoxysilane (APTES) silane possesses one terminal amine group and
three ethoxy groups extending from each silicon atom, acting as a crucial interface between organic
and inorganic materials. In this study, after APTES was deposited on the aluminum alloy AA2024-T3
as a primer for an optional top coating with polystyrene (PS), its role with regard to stability as a
protection layer and interaction with the topcoat were studied via combinatorial experimentation.
The aluminum alloy samples primed with APTES under various durations of concentrated vapor
deposition (20, 40, or 60 min) with an optional post heat treatment and/or PS topcoat were com-
paratively characterized via electrochemical impedance spectroscopy (EIS) and surface energy. The
samples top-coated with PS on an APTES layer primed for 40 min with a post heat treatment revealed
excellent performance regarding corrosion impedance. A primed APTES surface with higher surface
energy accounted for this higher corrosion impedance. Based on the SEM images and the surface
energy calculated from the measured contact angles on the APTES-primed surfaces, four mechanisms
are suggested to explain that the good protection performance of the APTES/PS coating system can
be attributed to the enhanced wettability of PS on the cured APTES primer with higher surface energy.
The results also suggest that, in the early stages of exposure to the corrosion solution, a thinner APTES
primer (deposited for 20 min) enhances protection against corrosion, which can be attributed to the
hydrolytic stability and hydrolyzation/condensation of the soaked APTES and the dissolution of the
naturally formed aluminum oxide pre-existing in the bare samples. An APTES primer subjected to
additional heat treatment will increase the impedance of the coating system significantly. APTES,
and silanes, in general, used as adherent agents or surface modifiers, have a wide range of potential
applications in micro devices, as projected in the Discussion section.

Keywords: vapor deposition; coating; primer; polystyrene; APTES; silanes; AA2024-T3; corrosion;
electrochemical impedance spectroscopy; surface energy

1. Introduction

Silanes and silane esters have demonstrated considerable promise as corrosion-resistant
adhesion promoters [1] and undercoats [2] or for use in paint emulsions [3]. APTES, a reac-
tive silane ester (trialkoxysilane) known for its grafting capabilities, enhances compatibility
between minerals and organic polymers. APTES can be applied for surface functionaliza-
tion as a primer or for the surface modification of nanoparticles to form nanocomposites;
both applications involve using APTES as a surface-priming agent for top coating with
functionalized polymers. Including additional compounds, including magnetite nanoparti-
cles for their magnetic properties, silicate nanoparticles for enhanced strength, titanium
dioxide nanoparticles for UV resistance, polyaniline for conductivity, and graphene/carbon
nanotubes for reinforcement, further tailors nanocomposites’ functionalities [4]. Determin-
ing how APTES can be grafted for surface modification or priming is crucial to making a
stable and durable coating system.

APTES has been examined for use as a primer compound or as a compatibilizer be-
tween organic and inorganic materials [5]. As a primer or adhesion promoter, APTES
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has a terminal amine group that is less sterically constrained to the silanols, as can be
demonstrated by the chair conformational isomer nitrogen–oxygen distance of 0.245 nm
in hydrolyzed APTES [5]. The spatial relationship of these functional groups facilitates
pH-dependent hydrolysis and the formation of denser networks of oligomers [6]. Tri-
alkoxysilanes hydrolyze quickly (in minutes), forming free silanols, but tend to condense
much more slowly (in the order of hours). The networking stability of APTES is governed
by the competition between the hydrolysis and condensation mechanisms, which can be
optimized at a pH value of around 6, given that the rates of condensation and hydrolyzation
have minima at pH 4 and 7.5, respectively, for a typical silane [5,7]. Accessibility to water
is a key factor in determining the performance of APTES as a primer for the bonding of
organic/inorganic materials. Although silane coatings often enhance adhesion, silanes such
as γ-aminopropyl silane (γ-APS) perform poorly when immersed in water and may fail
wet adhesion tests [2]. Silanes like APTES do not bond to the Cu-rich sites on the surface of
aluminum alloys, which are highly susceptible to local pitting [1]. Therefore, silane coatings
are typically used as a primer for additional top coatings. In this context, silane compounds
are recognized for their potential as effective adhesion promoters between organic coatings
and oxidized metal surfaces.

Applications of silanes can be classified based on their grafting functionality on
inorganic surfaces [8,9] or their integrity with regard to top-coating polymers for resistance
to coating rupture and disbonding [10–12]. A TiO2-APTES nanocomposite was scrutinized
for its interfacial stability and failure [8]. PS has emerged as a potential topcoat due to
its efficient water repellency and relatively low surface energy of 31 mJ/m2 [13]. The
non-polar and chemically inert characteristics of PS, owing to its aromatic benzene ring,
make it resistant to reactions with acids and bases, simplifying corrosion analysis [13]. PS
in a solution form can be directly spin-coated onto the surface of metals like aluminum
alloys. However, its effectiveness as a protective coating is limited by its poor adhesion to
metals and susceptibility to thin-film rupture when present as a dried film. The dewetting
of PS on monolayered APTES was addressed in [12]. Zhang recently addressed the thin-
film porosity and integrity issues relating to PS [14] by developing a densely compacted
polystyrene/TiO2 nanocomposite coating. A PS layer can be applied as a topcoat over a
silane [15]. This approach effectively mitigates the individual drawbacks of silane and PS
coatings. The top-coated PS acts as a barrier, safeguarding the underlying silane primer
from water attacks. Simultaneously, the silane primer plays a dual role as an additional
protective layer for the metal substrate and an adhesive agent, indirectly binding the PS to
the substrate.

However, the role the stacked silane/polymer coating plays after coating failure
has not been well characterized, except in a few works [12,15,16]. Chen [15] applied an
APTES/toluene solution to a hydroxylated AA2024-T3 surface. The sample surface had
been grafted with the hydroxyl group before being soaked in a diluted APTES/anhydrous
toluene solution to enable the formation of siloxane bonds or hydrogen bonds with APTES;
however, through soaking, the primed APTES layer became thicker and less uniform than
a monolayer [6,17], adding undesired complexity in the networked structure. An APTES
primer prepared via solvent-based soaking also exhibits a physisorption behavior, yielding
a less-stable networked structure because the un-bonded/loosened ethoxy groups hidden
in the cured APTES can migrate to the network surface and then react with water for
hydrolyzation and subsequent condensation, both of which will change the thickness of
the cured APTES layer [17].

In this work, the aluminum alloy AA2024-T3 was chosen for priming with APTES and
the subsequent topcoat with PS to characterize the role of the APTES primer in the stacked
coating system. AA2024-T3 has been extensively addressed in the literature regarding
surface treatments [18]. In this study, the method of concentrated vapor deposition in
low-vacuum conditions was used to prime APTES for coating onto the naturally formed
aluminum oxide layer of the AA2024-T3 substrate to minimize the accessibility to humidity
during deposition. The APTES-primed AA2024 samples, with an optional additional
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heat treatment, were then top-coated with PS to form a stacked coating system, which is
characterized using EIS in a 3.5% NaCl solution. The surface energy of the coating was
estimated from measured static contact angles of two working liquids on the coating. The
characterization, together with SEM images of the coating, was analyzed for the causes of
failures and explained by four hypothetical mechanisms.

2. Materials and Methods
2.1. Materials

Bare samples measuring 1 in. × 1 in. were machined from 5 mm thick wrought
AA2024-T3 sheets bought from Online Metals. The cut samples underwent sonication in
97% isopropyl alcohol and then in deionized water, each lasting 5 min. Subsequently, the
samples were air-dried, baked at 95 ◦C for 120 min, and left in an oven overnight. The
cleaned samples were then stored in a petri dish sealed with parafilm for later use.

Low-molecular-weight, narrowly dispersed PS flakes (Mn 8000, Mw 8800) were pur-
chased from Polymer Source Inc. (product ID 8096-S, Dorval, Canada). Technical-grade
acetone of 94% purity was purchased from Sunnyside Corp. (Wheeling, IL, USA). A
PS/acetone solution comprising 200 mg of the PS flakes dissolved in 2.28 mL of technical-
grade acetone was prepared, resulting in a nominal PS concentration of 10%. APTES
with a purity of ≥ 98% was purchased from Millipore Sigma and used without further
purification. Milli-Q deionized water and anhydrous ethylene glycol with 99.8% purity
(Sigma Aldrich, St. Louis, MO, USA) were used for surface contact angle measurements.
For EIS measurements and subsequent in-cell corrosion, a fresh 3.5% NaCl solution was
prepared from in-house deionized water and oven-dried, non-iodized, non-fluorinated
food-grade NaCl.

2.2. APTES Primed on AA2024-T3 Samples

APTES was applied to the clean AA2024-T3 samples using concentrated vapor deposi-
tion. In this process, we employed a heated vapor deposition chamber (Figure 1a) pumped
by a dual-stage rotary vacuum pump with the valving system depicted in Figure 2. The
chamber undergoes evacuation with valves A and C closed. Once the desired vacuum
is attained, valve B is closed to maintain the vacuum in the chamber. To cease pump
operation, valve A alleviates backpressure on a rotary vane pump. Additionally, valve C
can be optionally used to introduce a dry sparging gas for storage.
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Figure 1. (a) Vacuum chamber used as vapor deposition chamber with a metal bowl filled with
washed quartz sand; (b) 100 mL sample jar for vapor deposition set up for the vacuum chamber.

The vapor deposition chamber was bedded with industrially crushed quartz sand
preheated to 150 ◦C under a vacuum of 10 mbar. Temperature was monitored with a
thermocouple inserted into the vapor deposition chamber, while the chamber itself was
heated through a hot plate set at 330 ◦C under ambient conditions. Afterward, a preheated
and dried 100 mL glass sample jar (Figure 1b), holding cleaned aluminum samples and
APTES reagent was loosely capped (parafilm was applied to the loose cap to reduce the
speed of gas transfer in and out of the container). This jar was then loaded into the heated
sand bath in the preheated vapor deposition chamber. While maintaining a temperature
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of 100 ◦C throughout the process, the vapor deposition chamber was restored to vacuum
conditions under 100 mbar. Under vacuum and heated conditions, the APTES solution
was gradually deposited onto the samples from the vapor phase. Three groups of samples
placed inside the jar were exposed to the neat APTES within the vacuum chamber for 20,
40, or 60 min, respectively.
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Vapor reaction times for this method of coating silanes have been characterized for
durations as short as 10 min elsewhere [19]. After completion, the aluminum samples
were covered and left undisturbed overnight under ambient conditions. One-third of the
samples was reserved for contact angle analysis. The remaining samples were used for the
subsequent top-coating with the PS/acetone solution.

2.3. Polystyrene Top-Coated on APTES

Half of the remaining APTES-primed samples were spin-coated with 100 µL of acetone
containing a 10% PS/acetone solution. The other half of the samples were prepared with
further heat treatment and allowed to incubate at an elevated temperature under a pressure
of 200 mbar for an additional 24 h to cure the APTES network further before being spin-
coated with the 10% PS/acetone solution.

An Ossila brand E441 Spin Coater was programmed to apply 1500 rpm for 5 s, followed
by 2000 rpm for another 5 s, and ending with 3000 rpm for 15 s. The coating solution
was applied before the conclusion of the first step of the spin-coating program. After the
spin-coating process, all the samples underwent 24 h of drying.

2.4. Sample Labeling

The samples in this experiment were given a three-digit code: “1-Y-Z”. For samples
primed with APTES vapor deposition for 20, 40, or 60 min, the “Y” values are 20, 40, and
60, respectively. Samples are further categorized based on the presence of polystyrene
according to the label “Z”, where 0 denotes those only primed with APTES, 1 denotes
those with polystyrene top-coated on the “as-is” primed APTES, and 2 denotes those with
polystyrene top-coated on the primed APTES that underwent further heat treatment.

2.5. Surface Characterization

The sample surfaces were characterized through contact angle measurements with
a Rame-Hart goniometer using ethylene glycol and Milli-Q water. The sample lay flat on
the surface of the goniometer stage, and 10 µL droplets were manually dispensed out of
a 100 µL microsyringe onto the sample surface. The initial contact angle was recorded
using DROPimage software (Standard Edition) (Ramé-Hart Instrument Co., Succasunna,
NJ, USA). This measurement was replicated across the sample to determine a statistically
representative sample.
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Exploratory Scanning Electron Microscope (SEM) images were taken using an FEI
Quanta200 system in low-vacuum mode. Image processing and scaling were carried out
using the freely distributed GNU Image Manipulation Program (GIMP) software (gimp.org,
version 2.10.36). All scaling was completed using the pixel length of the SEM Scaling bar.

2.6. Electrochemical Impedance Measurement

EIS was employed using a Gamry G300 potentiostat and the Gamry Echem Analyst
6.33 software (Gamry Instruments Inc., Warminster, PA, USA). Measurements were taken
using a conventional three-electrode setup in a horizontal flat cell. A graphite counter
electrode and Ag/AgCl/saturated KCl reference electrode were used. The sample was
mounted in a 1 cm diameter, 0.78 cm2 area window. The EIS data were imported into
the Python module “impedance.py.” The details of the data-fitting procedure are beyond
the scope of this paper and will be reported separately, but a summary is given in the
Supplementary Materials.

The EIS data of the coated samples were analyzed using a Randles circuit (Figure 3),
which contains one time constant featuring two parallel passive elements, C1 and R1. Here,
C1 is a constant phase element (CPE) of the form 1

Qsn used to account for non-Faradaic
charge transfer, where Q and n are the CPE parameters; the resistance R1 represents the
impedance of the Faradaic current flows. A Warburg element was connected to R1 to
account for any diffusion-limiting reactions.
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Figure 3. Equivalent circuits for analyzing EIS data: Randles model.

3. Results and Discussion
3.1. APTES Primer

Figure 4 compares the impedance between the bare sample and three types of samples
primed with APTES vapor deposition for 20, 40, and 60 min, respectively. In the initial
corrosion stage, roughly within the first 100 h, the impedance of the bare sample exceeded
that of all APTES-primed samples. This behavior can be attributed to the presence of
aluminum oxide and its interaction with the vapor-deposited APTES primer when exposed
to the aqueous electrolyte solution, as elaborated in the Discussion section. Among the
three tested APTES-primed layers, samples -20- and -40- exhibited similar and superior
performance compared to the -60- sample.

In the later stage (after the 100 hr mark), the impedance of the bare sample decreased
quickly and persistently, indicating that its alumina protection layer was damaged by
corrosion. However, all the APTES-primed samples, regardless of their type, enabled larger
impedance than the bare sample in this stage. The impedance of the APTES coating per -60-
persistently increased over time; in contrast, the -20- and -40- coating layers began to lose
their impedance in the middle of the corrosion period tested. The data points distributed in
the Nyquist plots of all the APTES-primed samples exhibit one time constant, evidenced by
the semicircle arc fitted to each set of the points. Some curves ended up with a feature of
Warburg impedance in the lower-frequency regime, signaling the onset of a reaction under
partial or complete mass transport control via diffusion [20].
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timing (in hours), starting from the beginning of an experimental measurement.

Figure 5 compares the fitted parameters of the Randles circuit model. The model
shows that the resistance of the bare sample decreased monotonically over time, indicating
the dissolution of the naturally formed oxide layer in the corrosion solution. For the
APTES-coated samples, the following was revealed:

• In the first 100 h of corrosion, the 1-20-0 APTES-coated sample exhibited the largest
resistance, while the 1-60-0 APTES coating had the least. The effective capacitance
(as calculated via Qωn) of the 1-20-0 sample remained relatively constant from the
beginning of corrosion; in contrast, that of the 1-40-0 and 1-60-0 samples decreased
over time. (Refer to the individual plots of Q and n in Figure S1 in the Supplementary
Materials.) Together with the trendlines in the resistance and capacitance curves, it can
be deduced that the change in the modes of electrons and or ion exchange involved in
any chemical reactions involving the corrosion and dissolution of the 1-20-0 APTES
layer is dictated by the change in resistance, i.e., the Faradaic process.

• After four days of exposure to the corrosion solution, the resistance in the 1-40-0 and
1-60-0 samples increased slightly, which may have been because the coating remained
intact while the accumulation of the corrosion products narrowed its porous channels.
The resistance of the 1-20-0 sample slightly decreased, implying that the APTES coating
in the 1-20-0 sample started to degrade.

• Over the entire corrosion period, the 1-20-0 sample also exhibited a significantly
greater Warburg impedance than the other samples shown in Figure 5c. This suggests
that the APTES coating prepared as per the -20- protocol enabled a local, interfa-
cial environment that could effectively impede the diffusion of reactive species for
charge transfer.

• Figure 6 shows the SEM images of a cleaned bare sample and the samples primed
with APTES in the three conditions outlined herein. Note that the SEM imaging
of the samples was completed in an exploratory manner to highlight that (1) the
commercially wrought surface was not flat but instead exhibited a micro texture
caused by the milling process, whereas analytically flat samples (silica or silica oxide)
were used for the compared surfaces, and (2) the APTES-primed layer was too thin
to cover the manufacturing-induced surface defects of the aluminum samples (e.g.,
Figure 6d).
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3.2. Polystyrene Top-Coated on APTES

The influence of the primed APTES layer on the impedance of the PS/APTES-coated
samples can be seen by comparing the evolving behaviors of the impedance curves of the
coated samples in Figure 7.

The samples labeled as 1-Y-1 (Y is 20, 40, or 60) (Figure 7a,c,e) were primed with
APTES that had only been cured under the ambient conditions without additional heat
treatment. Although the APTES layer primed via vapor deposition for 20 min or 60 min
had more significant impedance than the 1-40-1 sample, it degraded over time and thus
became hydrolytically unstable, an effect related to partially networked silanols [21].

In the other group of the samples (Figure 7b,d,f), labeled as 1-Y-2 (Y is 20, 40, or 60),
the APTES layer had been further heat-treated before the PS layer was top-coated. This
group of samples exhibited higher impedance and better hydrolytic stability than the first
group (Figure 7a,c,e), which did not undergo additional heat treatment after their APTES
layer was polymerized. These results suggest that the post-silanization heat treatment
of the APTES layer, following its curing, enhanced networking tightness and hydrolytic
stability. This improvement likely occurred due to the removal of any residual water from
silanized structures [22]. Heat treatments (post-annealing) may also reduce the adsorbed
solvent [4], facilitating condensation and resulting in denser silanol bonds within the
networked structure. This group samples all showed increasing impedance over time.
For each sample in this group, the diffusion-limiting transport of reactive specimens was
evidenced by the upright tail of the impedance curves associated with the 100 h (or earlier)
legend. This indicates that over the first 100 h, the electrolyte solution permeated the coating
layer, reaching the coating/substrate interface, giving rise to a local environment and thus
allowing the reactive species to react with the metal substrate; such species-exchange
passages will become narrowed once the corrosion products are stuck at the reaction sites
because their removal (likely via diffusion) is impeded by the insoluble coating, despite the
porous structure of the coating. Once the corrosion products had accumulated locally at
the coating/substrate interface, the sample became less conductive, as shown by the curves
of increasing impedance after the 100 h mark. The APTES/PS coating in sample 1-40-2
performed significantly better in these samples because of its relatively higher impedance.

The surface energy of the APTES-primed surface that underwent an additional heat
treatment was interpolated and listed in Table 2. Assuming surface energy conservation to
be a linear combination of the weighted energies of constituent parts and considering PS
characteristics as being independent of the coated surface, the heat-treated APTES without
PS can be described as having an energy similar to the 1-20-Z samples plus the difference
between the 1-Y-1 and 1-Y-2 samples.
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Figure 7. Impedance of PS top-coated samples with the APTES primer cured without further
treatment (a,c,e) and with a further heat treatment (b,d,f). Each APTES primer was vapor-deposited
for 20, 40, or 60 min, as indicated by the labels of -20-, -40-, or -60-, respectively.
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The samples that were primed with APTES via vapor deposition for 40 min (the 1-40-Z
samples, where Z is 1 or 2) held their impedance persistently with a minimum extent of
degradation, as shown by the monotonically increasing trend of the impedance curves. This
implies that the 40 min primed APTES layer cured with the densest network, preventing
the loss of its polymerized structure to re-hydrolyzation [23].

3.3. Surface Characterization

The dispersion and polar components of the surface energy on the cured APTES
surface were calculated by applying the Fowkes model with the measured contact angles
of water and ethylene glycol [24,25]. Table 1 lists the properties of water and ethylene
glycol used for the calculations. The properties of acetone are also listed to allow for the
determination of the wettability of the PS/acetone solution on the sample surface.

Table 1. Polar and dispersion parts of the surface energy of the working liquid agents used.

Solvent Mol. Formula CAS #
Surface Energy/Tension (mJ/m2)

Reference
γl Dispersion γD Polar γp

DI Water H2O 7732-18-5 72.8 26.85 45.9 [26]
Ethylene glycol C2H6O2 107-21-1 48.0 29.0 19.0 [26]

Acetone (CH3)2CO 62-53-3 24.5 -- -- [27]

Table 2 lists the measured static contact angles and the calculated surface energy.
Typical images of the measured contact angles are listed in the Supplementary Materials,
Figure S2. Despite a preference for using dynamic contact angle measurements for a
comprehensive wettability analysis, static contact angle measurements were taken due to
equipment limitations. The statistics were developed through multiple tests conducted
on fresh areas of the same sample. All statistics were derived from a sample space of
more than 10 measurements. The wide statistical variations presented are due to the
non-homogeneous, non-uniform nature of the wrought aluminum sample surface. It is
crucial to acknowledge that achieving analytical precision in contact angle measurements
for coating wettability necessitates perfectly flat surfaces. However, wrought aluminum
sheets do not have these characteristics.

Table 2. Measured contact angles and calculated surface energy components.

Sample
(1-Y-Z)

Contact Angle (◦) APTES PS Surface Energy (mJ/m2)

DI Water Ethylene
Glycol

Vapor
Deposition
Time (min)

Additional
Heat

Treatment

Top-
Coated

Dispersion
γs

D
Polar
γs

p
Total

γs
p + γs

D

1-0-0 82 ± 21 65 ± 12 -- -- -- 13.3 11.1 24.4

1-20-0 63 ± 11 47 ± 14 20 NO NO 9.6 29.6 39.2
1-40-0 63 ± 10 34 ± 8 40 NO NO 23.1 17.0 40.2
1-60-0 60 ± 12 22 ± 16 60 NO NO 29.6 15.2 44.7

1-20-0 * 47 56 20 YES NO 43.3 15.9 59.2
1-40-0 * 48 57 40 YES NO 46.6 13.9 60.5
1-60-0 * 53 62 60 YES NO 50.7 10.1 60.8

1-20-1 81 ± 14 66 ± 12 20 NO YES 10.7 13.8 24.4
1-40-1 83 ± 6 56 ± 5 40 NO YES 29.6 3.5 33.1
1-60-1 83 ± 6 59 ± 15 60 NO YES 24.3 5.1 29.4

1-20-2 90 ± 7 57 ± 5 20 YES YES 44.4 0.1 44.5
1-40-2 94 ± 8 58 ± 7 40 YES YES 53.1 0.3 53.4
1-60-2 93 ± 8 60 ± 1 60 YES YES 45.4 0.0 45.4

* Interpolated data.
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The results in Table 2 reveal the following:

• The measured contact angles of DI water on the cured APTES surface and dried PS
surfaces are statistically indistinguishable. However, the contact angle of ethylene
glycol on the cured APTES surface decreased with the increase in the vapor deposition
time of coating APTES.

• On the APTES-primed surface, the dispersion energy increased over an increasing du-
ration of vapor deposition of the APTES layer. All the APTES-primed samples except
for 1-20-0 were characterized by surface energy with a larger dispersion component
than the polar component.

• On the top-coated PS surface, the total surface energy calculated for the 1-Y-2 sam-
ples (in which the surface of the cured APTES layer had undergone additional heat
treatment before being top-coated with PS) was 50% or higher than that of the 1-Y-1
samples (in which the cured APTES layer did not undergo additional heat treatment).
Both groups of samples have much smaller dispersion energy. The polar component
of the surface energy was relatively smaller than the dispersion component, except for
the 1-20-1 sample surface. Note that among the PS-coated samples, the 1-40-2 samples
had the greatest surface energy.

The SEM images of the APTES-primed samples top-coated with PS in Figure 8 show
the heterogeneity of the coating, with various dewetted patterns formed on every PS-top-
coated sample. Consistent patterns in PS dewetting were difficult to discern because of the
high coating heterogeneity. Cracks in the coating surface can be observed in all the types of
PS-coated samples. The crazing is consistent with low-weight PS, which does not have the
tensile strength of polymers above the molecular entanglement weight. Small PS dewetted
patterns such as “microdots” of approximately 2–3 µm can be observed on all the samples
(also shown in the Supplementary Materials, Figure S3). The dewetted patterns in the 1-Y-2
samples constitute a less dense distribution of small patterns and larger packs with crazing.

The top-coated PS layer covered the underneath of the APTES-primed layer (see
Supplementary Materials, Figure S4). However, the top coating was not uniform, as the
dried PS had dewetted into various shapes, wherein crazing is apparent in some large
patterns. The 1-40-2 sample had a relatively uniform top coat, as shown in Figure 8d.
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Figure 8. SEM images of dewetted PS patterns on APTES for the samples: (a) 1-20-1, (b) 1-20-2,
(c) 1-40-1, (d) 1-40-2, (e) 1-60-1, and (f) 1-60-2.

4. Discussion

In the context of the various failure scenarios, the naturally formed aluminum oxide,
silane primer, and PS top-coating interact with one another in the coating system. The
interactions may minimize ion exchange during corrosion and generate undesired local
environments, potentially compromising the individual effectiveness of each material
as a corrosion barrier. A few mechanisms derived from the experimental results are
discussed below with regard to their interactions in the related failure modes. Note that
these mechanisms may need further adjustments before they are applied to explain the
roles of APTES when not prepared using the concentrated vapor deposition method used
herein [4,28].

4.1. The Role of APTES in Interaction with the Aluminum Oxide Substrate

APTES was applied to AA2024-T3 through concentrated vapor-phase deposition
in a heated, high-vacuum environment with negligible humidity. The hydrolyzation
and condensation of ethoxy groups are impeded in the absence of water, resulting in a
networked APTES primer that will primarily rely on hydrogen bonds. As a result, the
cured APTES primer in the samples was expected to have a structure with a lower density
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of covalent silanol bonds. However, a more desirable APTES network would feature a
higher density of these bonds to grant it better hydrolytic stability as a barrier layer. It
can thus be gleaned that during the initial stage (the first 100 h of soaking in the corrosion
solution), the naturally formed aluminum oxide layer served as the primary barrier for the
corrosion protection of AA2024-T3, because the primed APTES layer is less hydrolytically
stable, keeping in mind the three mechanisms related to the reaction of APTES and its
interaction with the aluminum oxide substrate developed.

• Mechanism 1: APTES under the effect of water adsorption and permeation

Water access becomes possible when primed samples are later exposed to ambient
humidity or immersed in aqueous electrolytes. This leads to the absorption of water
molecules on the APTES surface, gradually permeating into the networked APTES layer.
This process will then promote hydrolysis and condensation reactions. These water-induced
reactions form the desired silanol bonds that can contribute to yielding an improved
structural integrity of the APTES layer. However, the permeation of water through the
APTES network is a slow process.

• Mechanism 2: APTES reacts with aluminum oxide

Secondly, APTES also reacts with aluminum oxide exclusively by forming stable siloxy
bonds (M-O-Si) [29]. This reaction helps reduce the density of unbonded voids or hydrogen
bonds susceptible to water attack.

• Mechanism 3: Loss of the naturally formed aluminum oxide to APTES hydrolyzation

However, the APTES-primed layer also facilitates the dissolution of the naturally
formed aluminum oxide. The hydrolyzation of the amino groups in APTES makes the solu-
tion locally alkaline [30], and aluminum oxide’s solubility changes in alkaline solutions [31].

These three mechanisms competed with one another to collectively determine the
overall anti-corrosion performance of the APTES-primed AA2024-T3 samples, which were
under the stacked barrier of the natural Al2O3 layer and the APTES-primed layer. The
reason why the 1-20-0 APTES-coated sample exhibited the highest resistance (Figure 4b–d)
can be attributed to the following factors:

• The reduced extent of alkaline conditions resulting from hydrolyzation in the APTES
layer of the 1-20-0 sample contributed to the increased stability of the aluminum oxide
layer.

• The hydrostatic stability of APTES [4]—the APTES primer on the 1-20-0 sample—
demonstrated relatively robust hydrolytic stability, as indicated by the consistent
evolving behavior of the effective capacitance in Figure 5b. Consequently, the struc-
tural integrity of the APTES primer on the 1-20-0 sample remained the most pro-
nounced, resulting in the minimal release of OH- ions and the local solution becoming
less alkaline.

This behavior can also clarify why the 1-60-0 APTES coating had the smallest impedance
during the initial 100 h of corrosion. The hydrolyzation in the 1-60-0 APTES layer fostered
a more potent alkaline environment, leading to increased dissolution of aluminum oxide.
Meanwhile, as an APTES layer produced by concentrated vapor deposition is typically
only tens of angstroms thick [6] and becomes even thinner after hydrolysis [17], the role of
thickness in the APTES layers of the three samples (-20-, -40-, and -60-) in providing barrier
protection becomes less significant compared to that of the naturally formed aluminum
oxide layer.

4.2. The Role of APTES in Interaction with the Top Coating

The extent and uniformity of PS coverage play a crucial role in determining impedance.
A PS/acetone solution was applied as a topcoat over the primer, a cured APTES layer in
this study. The following mechanism is suggested to explain the effect of the surface energy
of a primed APTES in the extent of PS-coated coverage and its relation to the impedance of
a sample with the naturally formed aluminum oxide, APTES primer, and PS topcoat.
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• Mechanism 4: The surface energy of primed APTES vs. the surface tension of the
PS solution.

The PS/acetone solution partially wets the APTES surface; once the PS layer was
dried after the acetone had evaporated, various dewetted patterns of dried PS formed, as
shown in Figure 8 (and Figures S3 and S4 in the Supplementary Materials). The extent of
the wettability of the APTES-primed surface via the PS/acetone solution was determined
by the competition between the surface tension of acetone and the surface energy of the
cured APTES. Because the PS/acetone solution has a lower surface tension than the surface
energy of the cured APTES (refer to Tables 1 and 2), the PS/acetone solution can wet the
APTES-primed surface regardless of the duration of the vapor deposition. The higher the
surface energy of the APTES primer surface, the more wetted it will be by the PS/acetone
solution. Both observed trends can be related to the fact that a substrate with higher
surface energy tends to be more wetted by a liquid with lower surface tension. Enhanced
wetting results in fewer dewetting artifacts or patterns. This relationship was illustrated
by Ashley et al. [32], who demonstrated that the number density of dewetted polystyrene
patterns is proportionate to the surface energy of the cured APTES on which the PS was
deposited. The textural roughness and heterogeneity of the wrought sample surface also
facilitate wettability. Because the surface tension of the PS/acetone solution is less than the
surface energy of the primed APES surface, a higher surface energy of the primed APTES
promotes a larger extent of wetting via the PS/acetone solution.

From Mechanism 4, it can be surmised that an APTES primer with a higher surface
energy (which can be induced with an additional heat treatment) can be wetted to a greater
extent by the PS/acetone solution. The dried PS layer from such an APTES surface with
higher energy will form larger patterns [32]; however, given that the chosen PS with low
molecular weight has less tension, the dried PS layer can easily be cracked. This can explain
why the 1-Y-2 samples exhibited dewetted patterns consisting of larger packs with crazing.

4.3. Potential Applications for Micro Devices

The vapor-phase deposition of silanes is applicable in the photo-lithography-based
microfabrication process [33]. As described in this paper, this technique holds significant
potential for a wide range of applications in microfabricated devices requiring the bonding
or adhesion of dissimilar materials [34]. These applications include hermetic sealing,
chemical sensing, and the modification of the mechanical characteristics of microstructures.
Several practical applications are enumerated below.

Firstly, a conformal polymeric topcoat on a microdevice can effectively address in-
herent stress-induced warpage. This intrinsic stress arises from thermal effects caused by
the selective removal (etching) of dissimilar materials from each thin film individually de-
posited at different temperatures on a silicon wafer during fabrication. This thermal stress
distorts patterned features, altering their intended dimensions, and can cause warping
in micro cantilevered structures [35]. To mitigate this warpage, Kuchiji et al. addressed
the issue using a polyurethane coating [36]. Polyurethane, more commonly used than
polystyrene, exhibits a relatively strong elasticity modulus, enabling a thin coating to
counteract intrinsic thermal stress and reduce warpage in microdevices. The durability of
the polyurethane coating on vibratory microstructures is crucial and can be enhanced via
the APTES-modification of polyurethane [37]. This modification involves directly mixing a
low dose (e.g., 1%) of concentrated APTES with waterborne polyurethane or using APTES
as a primer for top coating with 2K polyurethane solutions.

Secondly, an APTES-modified surface exhibits hydrophobic behavior (as indicated in
Table 2), making a microsensor chip water/moisture repellent [38].

Thirdly, for microsensors requiring a biocompatible or hermetic seal for chronic implan-
tation, a conformal coating of low-Young’s-modulus polymers can preserve the designed
sensing capability [36,39]. To ensure strong adhesion and durability of the added coating
for a long-term deployment, silanes like APTES can serve as a primer for top-coating with
Parylene for in vivo applications [40] or be mixed with polyurethane as a hybrid composite
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for ex vivo applications [41]. In contrast to using strong polyurethane to modify the mechan-
ical behavior of a microdevice, polymers with a low elasticity modulus like Parylene C can
be coated on an APTES-primed surface for encapsulation so that further patterning will not
alter the intended mechanical impedance of microdevices [36,39,42]. Another low-elastic-
strength polymer, polyimide (Kapton), is commonly used in poly(dimethylsiloxane)-based
soft lithography with APTES as the bonding agent [43,44]. These applications are all rooted
in the use of silanes, with a specific focus on APTES as an adherent bonding agent or a
surface modifier for top coating with a polymer of choice to serve various purposes.

5. Conclusions

The complexity of the arrangement of and interactions among the three layers of the
naturally formed aluminum oxide, primed silane, and top-coated PS film make the stacked
coating system difficult to manage for predictable anti-corrosion performance.

In this paper, we addressed this challenge by examining the role of the silane primer
APTES, commonly used as an adherent agent for inorganic/organic bonding. For a primed
layer made via concentrated vapor deposition, the findings indicate that an APTES primer
of an optimal thickness (as in the 1-40-2 sample) offers the best corrosion resistance. This
result is attributed to the relatively large surface energy in this primed APTES surface that
enables better wettability via the PS solution and, consequently, more uniform coverage of
the dried PS topcoat. During the early exposure to the corrosion solution, a thinner APTES
primer would enhance protection against corrosion. This can be explained by the mecha-
nisms of hydrolytic stability and the interaction between the hydrolyzation/condensation
in soaked APTES and the dissolution of the naturally formed aluminum oxide pre-existing
in the bare samples. An APTES primer subjected to an additional heat treatment before
top coating always performs better. Finally, the applications of APTES and silanes in micro
devices were projected.
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www.mdpi.com/article/10.3390/mi15010093/s1. 1. Summary of data fitting using the Python
Module “impedance.py”. Figure S1: Fitted CPE parameters. Figure S2: Images of water contact
angles measured on the individual substrate surfaces. Figure S3: SEM images of top-coated PS, dried,
on the APTES-primed samples. Figure S4: SEM images of dewetted PS patterns on APTES with an
articulately made edge or groove.
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Abstract: Microfluidic devices are frequently manufactured with polydimethylsiloxane (PDMS)
due to its affordability, transparency, and simplicity. However, high-pressure flow through PDMS
microfluidic channels lead to an increase in channel size due to the compliance of the material. As
a result, longer response times are required to reach steady flow rates, which increases the overall
time required to complete experiments when using a syringe pump. Due to its excellent optical
properties and increased rigidity, Norland Optical Adhesive (NOA) has been proposed as a promising
material candidate for microfluidic fabrication. This study compares the compliance and deformation
properties of three different characteristic sized (width of parallel channels: 100, 40 and 20 µm)
microfluidic devices made of PDMS and NOA. The comparison of the microfluidics devices is made
based on the Young’s modulus, roughness, contact angle, channel width deformation, flow resistance
and compliance. The experimental resistance is estimated through the measurement of the flow at
a given pressure and a precision flow meter. The characteristic time of the system is extracted by
fitting the two-element resistance-compliance (RC) hydraulic circuit model. The compliance of the
microfluidics chips is estimated through the measurement of the characteristic time required for
channels to achieve an output flow rate equivalent to that of the input flow rate using a syringe pump
and a precision flow meter. The Young modulus was found to be 2 MPa for the PDMS and 1743 MPa
for the NOA 63. The surface roughness was found to be higher for the NOA 63 than for the PDMS.
The hydrophilicities of materials were found comparable with and without plasma treatment. The
results show that NOA devices have lower compliance and deformation than PDMS devices.

Keywords: characteristic time; resistance; compliance; microfluidics; PDMS; NOA 63; contact angle;
hydrophilicity; roughness; young modulus; RC hydraulic circuit model

1. Introductions

Microfluidic chips are mostly manufactured using Polydimethylsiloxane (PDMS) [1].
PDMS is widely used due to its transparency [2], low costs, and ease of manufacturing [1,3,4].
The prefusion of microfluidic chips can require hundreds of bars to overcome the system’s
resistance. Under pressure, the dimension of the channels can significantly change depend-
ing on the compliance [5]. Constant and precise dimensions of microfluidic channels are
crucial for various applications that require precise control of fluid flow and interactions.
The dimensions of microfluidic channels directly influence fluid behavior, including flow
rate, pressure drop, mixing, and diffusion [6]. Any variation in channel dimensions can
lead to inconsistent results and unreliable experimental outcomes. The flow rate of a fluid
through a microfluidic channel is directly proportional to the channel dimensions, such
as width, height, and length [7]. By precisely controlling these dimensions, researchers
can manipulate the flow rate and achieve desired fluid velocities [8]. This is crucial for
applications such as drug delivery, where precise control of flow rate is necessary to ensure
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accurate dosing. In microreactors, where chemical reactions occur within microfluidic
channels, precise dimensions ensure efficient mixing and reaction rates [9]. Similarly, in
biological applications, such as cell culture and analysis, constant channel dimensions
allow for consistent fluid flow and controlled interactions between cells and reagents [10].
Compliance is the change in volume for any given applied pressure. When using a syringe
pump as the system’s input source, the time it takes for the system to reach steady flow
conditions can vary from seconds to hours depending on the fluidic resistance and compli-
ance. This time, between the initial state and when steady flow conditions are reached, is
called the response time or the characteristic time.

PDMS has a low elastic modulus (1 to 3 MPa), which allows the deformation of the
device under high pressures [3,4,11]. At a low Reynolds number, the law that governs
fluid flow is the Hagen Poiseuille model. The hydraulic resistance of a microchannel is
inversely proportional to the hydraulic diameter of the channel raised to the power of
four (4) [12]. As a result, a small variation in this dimension, due to the deformation of
the elastomer resulting from pressure, can cause significant variation in the hydraulic
resistance, and thus invalidate the expected flow rate. Additionally, the accurate evaluation
of channel dimensions is of utmost significance, as it significantly impacts shear estimation.
In microrheology studies, this can directly influence the formulation of viscosity laws and
the establishment of relationships between shear and microstructures [13–15].

To overcome the limitations associated with PDMS, other materials have been used for
the fabrication of microfluidic devices. One of the promising materials is the optical glue
Norland Optical Adhesive (NOA). The manufacturing process used to design the NOA
chip is comparable to that of the PDMS gold standard [16–18]. This material is clear and
has a high Young modulus (1655 MPa) [17]. This allows NOA to be used in high-pressure
flow systems with minimal compliance as shown by Elodie Sollier et al. when comparing
PDMS to other forms of polymer-based materials, including NOA, in high-pressure flow
systems [19]. Their findings revealed that the maximum pressure (Pmax) at which delami-
nation occurs in NOA is approximately 74–79 PSI, while PDMS bonded to glass experienced
delamination at pressures as low as 36 PSI [19]. This study compares the compliance of
PDMS microfluidic devices to that of NOA microfluidic devices, while also assessing the
material roughness and hydrophilicity. Surface roughness increases the surface area, which
leads to absorption effect and the possibility of trapped air bubbles during flow [20]. So,
it is important to study the surface roughness of both materials due to the challenge of
micro-scale control, the interfacial properties, the complex boundary effects and the lack
of theoretical characterization [20]. Hydrophilicity is vital in microfluidics for the precise
handling of small liquid volumes. In a “blood-on-a-chip” device, hydrophilic surfaces en-
able the accurate manipulation of blood samples within microchannels, facilitating precise
diagnostic and analytical procedures. Indeed, hydrophilicity is vital in microfluidics for the
precise handling of small liquid volumes. In a “blood-on-a-chip” device, hydrophilic sur-
faces enable the accurate manipulation of blood samples within microchannels, facilitating
precise diagnostic and analytical procedures [21].

2. Materials and Methods
2.1. Microfluidic Devices Geometry

The geometries of the microfluidic chips used were previously designed in Niko
Lee-Yow’s study and consist of two tapered chambers connected with parallel channels
(Figure 1) [22]. The chip has an inlet path and two outlet paths. Three chips (A, B and
C) of different dimensions were used. The dimensions of the parallel channels, tapered
chambers, and inlet and outlet paths for the different chips are presented in Tables 1 and 2.
Three chips were designed to present the same order of total resistance.

111



Micromachines 2023, 14, 2033

Micromachines 2023, 14, x FOR PEER REVIEW 3 of 20 
 

 

 
(a) (b) (c) 

Figure 1. Mask used for SU-8 structures to make the PDMS stamp of (a) chip A, (b) chip B and (c) 
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Figure 1. Mask used for SU-8 structures to make the PDMS stamp of (a) chip A, (b) chip B and
(c) chip C. The parallel channel widths are 100 µm for chip A, 40 µm for chip B and 20 µm for chip C.

Table 1. Parallel channels and tapered channels dimensions of different chips.

Parallel Channels

Parameters A B C

Width (d1) (µm) 100 40 20

Height (d2) (µm) 100 100 100

Length (L) (µm) 4000 4000 1200

Number of parallel channels 16 16 32

Tapered Channels

Width of entrance (b1) (µm) 500 500 500

Width of exit (b2) (µm) 3100 3100 3740

Height of channel (h) (µm) 100 100 100

Radius of micropillar (r) (µm) 50 50 50

Length of tapered channels (λ) (µm) 1270 1270 1591

Half distance between fibers (∆) (µm) 50 50 50

Table 2. Inlet and outlet channels dimensions.

Parameters
Inlet

Channel
(Ports GF)

Outlet
Channel

(Ports ED)

Outlet
Channel

(Ports EC)

Outlet
Channel

(Ports CB)

Outlet
Channel

(Ports BA)

Width (d1)
(µm) 100 100 100 100 100

Height (d2)
(µm) 150 150 150 150 150

Length (L)
(µm) 5000 6000 6129 2925 1104

2.2. Manufacturing

NOA63 and NOA81 were both considered, as they were both used in previous studies
as microfluidic device materials [17,18]. NOA63 was chosen due to its increased viscosity
and low shrinkage [17,18].

2.2.1. SU-8 Wafer

The molds used for the replica molding of PDMS chips were made with SU-8 photore-
sist patterned on 3-inch silicon wafer. After Piranha solution cleaning (mixture of H2SO4
and H2O2) and nitrogen drying, a thin layer of SU-8 50 (MicroChem, Westborough, USA)
was manually poured onto the surface of the silicon wafer and spin coated at 500 rpm
with an acceleration of 100 rpm/s for 10 s [23]. Immediately after the spread step, a final
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speed of 1000 rpm was achieved at an acceleration of 300 rpm/s and held for a total of
30 s. After two-step soft baking at 65 ◦C for 10 min and 95 ◦C for 30 min, a thin layer of
glycerol was used between the mask and wafer to improve the contact [23]. Glycerol was
used to ensure a similar refractive index so the light will not refract in the gap between the
wafer and mask [24]. The mask/glycerol/wafer was exposed to UV at 500–650 mJ/cm2 at
350–400 nm [23]. The mask used for the SU-8 structure imprint is negative, as shown in
Figure 1. A post-exposure bake at 65 ◦C for 1 min and at 95 ◦C for 10 min was completed
on the SU-8 wafer [23]. Once the SU-8 wafer was cooled to room temperature, it was
submerged into the SU-8 developer for 10 min, rinsed with isopropyl alcohol (99%) and
dried with nitrogen gas.

2.2.2. NOA Device

NOA63 was chosen due to its high viscosity (2500 cps) at 25 ◦C and low shrinkage
of approximately 1.5% [16,17]. NOA devices are manufactured using a patterned PDMS
stamp. The details of the NOA device manufacturing process are shown in Figure 2a. Using
a silanization process, the PDMS molded from the SU-8 wafer was used to fabricate the
PDMS stamp. The PDMS-PDMS replica molding was adapted from Zhuang et al. [25]. The
PDMS was created using a PDMS 5:1 mixture of main agent and curing agent, respectively.
This creates a harder mold allowing the PDMS to act as a more effective mold during the
silanization process [26–28]. The harder PDMS was placed in a vacuum chamber, directly
above 2 drops of trichloro (1H 1H 2H 2H-perfluorooctyl) silane (PFOTS). The PDMS master
was de-gassed for 15–20 min causing the PFOTS to create a thin layer over the PDMS
surface. The PDMS was then placed on a hot plate for 10 min at 150 ◦C, before being
placed in a pool of deionized water for 10 min to remove any excess silane (PFOTS) that
may remain on the PDMS. It could then be used as a mold for the PDMS stamp by using
a traditional 10:1 ratio of main agent to curing agent, as typically used in microfluidic
devices [28]. The 10:1 ratio was then poured on top of the PDMS and heated at 75 ◦C in the
oven for 1 h. The PDMS stamp was finally cut away from the PDMS.

The manufacturing method of the NOA63 microfluidic devices was adapted from the
technique presented by Sim, Jae Hwan et al. [16]. A 1.25 cm diameter circle of NOA63
was dispensed onto a standard glass slide. The PDMS stamp generated from the double
molding with a classical SU-8 wafer was used to manually stamp the uncured NOA63.
The stamped NOA63 was then placed under 365 nm wavelength UV light, of intensity
40.25 mW/cm2, for 10 s causing the glue to stay in a precured state for a total energy
exposure of 402.5 mJ/cm2. Therefore, the stamped channels were retained by the NOA. The
PDMS stamp was removed from the NOA and a glass cover slip was placed, and aligned,
on top of the precured NOA. The cover slip was prepared in advance with laser cut holes
for the appropriate inlet and outlet ports using a CO2 laser etching machine (Epilog Laser).
The etching machine was set to a speed of 85% and a power of 90%. The coverslip was
secured to a wooden surface and 10 laser shots were used to create the inlet and outlet
holes. Once aligned atop the precured NOA63, the entire NOA63 device was placed under
UV light at an intensity of 40.25 mW/cm2 and a wavelength of 365 nm for 20 min for a
total energy exposure of 241.5 J/cm2. An airtight adhesive bond formed between the glass
and the precured NOA. Pieces of PDMS were pre-punched at a 19-gauge diameter and
plasma-bonded onto the glass coverslip, completing the NOA device.

2.2.3. PDMS Device

The PDMS devices were manufactured using the SU-8 wafer with a patterned mask
as presented in Figure 1. The manufacturing process for the PDMS microfluidic devices is
detailed in Figure 2.

The PDMS waqs made by using a traditional 10:1 ratio of main agent to curing agent,
typically used in microfluidic devices [28]. This mixture was de-gassed for 1 h until no air
bubbles were present. The 10:1 ratio was then poured on top of the SU-8 wafer and heated
at 75 ◦C in the oven for 1 h. The PDMS device was finally cut away from the SU-8 wafer.
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Inlet and outlet holes were pre-punched at a 19-gauge diameter into the device, and it was
plasma-bonded to a glass slide.
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Figure 2. (a) Schematic layout of the NOA device manufacturing method using NOA 63. NOA
microfluidic chips require a PDMS of the channels to makes a stamp, which is taken from the
patterned wafer. A PDMS device is created using a 5:1 ratio of the main agent and the curing agent
thus creating a harder PDMS mold [26–28]. The mold is treated by vaporizing trichloro (1H, 1H, 2H,
2H-perfluorooctyl) silane (PFOTS) in a vacuum [25]. This leaves a small film of PFOTS on the surface
of the PDMS, which can then be used as its own mold to fabricate PDMS devices with correctly
oriented channels from the original PDMS device. The PDMS stamp is then slowly placed down on
top of the NOA. The NOA is precured using UV light of 365 nm wavelength and 40.25 mW/cm3

intensity. The PDMS is then peeled off and the remaining NOA becomes an inverse replica of the
PDMS stamp. A glass cover slip with the appropriate inlet and outlet holes is placed on top of the
precured NOA chip. The NOA chip is then fully cured for 20 min under UV light. (b) Schematic
layout of the PDMS device manufacturing method using a PDMS device. The PDMS device is taken
from the patterned wafer and plasma bonded to a glass cover slip.

2.3. Surface Roughness

The surface roughness was measured using the DektakXT profilometer (Bruker Corpora-
tion, Billerica, MA, USA). A PDMS sample of 34 mm length, width of 14 mm and thickness
of 2 mm was used. A sample of NOA 63 of 30 mm length, 14 mm width and thickness
of 2 mm was used. The PDMS samples were made on a clean SU-8 wafer to assure the
surface did not have imperfections. The NOA sample was made on the PDMS surface in
contact with the wafer. Three tests were performed for each sample. For the NOA, the tests
were performed on a length of 20 mm with leveling. The PDMS tests were performed on a
length of 25 mm with no leveling.

2.4. Tensile Strength Test

The tensile strengths of the PDMS and NOA63 was measured using the Instron 4482
materials testing machine (Instron Corporation, Norwood, MA, USA). Three PDMS samples
measuring 74 mm in length, 26 mm in width and 3 mm in height were tested with tensile
grips of 10 N. Similarly, three NOA63 samples of 65 mm length, 20 mm in width and
1.6 mm in height were tested using tensile grips of 10 kN. All samples were tested at a rate
of 15 mm/min until failure.
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2.5. Channels Width Deformation

The channels’ deformation under flow conditions was measured to better understand
the compliance in the chips. For this purpose, images of the channels were captured using
a microscope featuring 40× objective while maintaining a constant flow. Deionized water
was pushed from a 500 µL Hamilton syringe by a syringe pump at rates of 25, 50 and
100 µL/h. The channel width was then measured for each flow using ImageJ 1.53.

2.6. Contact Angle

The contact angle measurement was used to observe the hydrophilic and hydrophobic
properties of the materials. The same samples of PDMS and NOA63 were used for surface
roughness measurements. Both PDMS and NOA samples were cleaned with tape to
remove any particles. Three tests were performed on each sample with and without plasma
treatment. The tests of the samples without the plasma treatment were first performed
followed by the tests with plasma treatment. A plastic syringe was utilized to distribute
1 microliter of water on each sample. A digital microscope captured side-view images, and
each sample underwent three tests. The contact angle was then measured using ImageJ
ROI manager. The plasma treatment was made using the Laboratory Corona Treater (Electro-
Technic Products inc., Chicago, IL, USA) device for about 1 min on each sample. This
device distributes the plasma using an electric current. Plasma was applied to the surface
of the material, causing the chips to become hydrophilic.

2.7. Experimental Setup
2.7.1. Pressure Controlled Setup for the Resistance of Microfluidic Devices

Resistance can be defined as the slope of the linear relationship between pressure and
flow. A pressure-controlled system (Flow EZ, Fluigent, France) coupled with a microflow
sensor (Flow Unit S, Fluigent, France) was used to test the resistance for all devices. The
fluidic circuit consisted of rigid components with low compliant properties, which include
20-gauge metal tubes and small but rigid polymer tubing. Additionally, a 0.2 µm filter was
placed at the top of the reservoir to filter the deionized water to prevent the flow meter
from clogging. A detailed flow chart of the experimental setup can be seen in Figure 3a.
Pressure was reduced by 0.5 mbar every 20 s from around 100 µL/h until no flow rate was
detected. Pressure-flow data were collected with and without the chip and analyzed to
calculate the resistance. The process was repeated three times for all three chips for both
materials. The average of the flow for each applied pressure was used to plot the pressure
flow. The chip’s resistance was then calculated by deducting the resistance of the tubing
and filter alone from the resistance of the whole circuit, which included the chip. A total of
6 microfluidic devices were tested: 3 PDMS devices and 3 NOA devices.

Micromachines 2023, 14, x FOR PEER REVIEW 7 of 20 
 

 

2.5. Channels Width Deformation 
The channels’ deformation under flow conditions was measured to better understand 

the compliance in the chips. For this purpose, images of the channels were captured using a 
microscope featuring 40× objective while maintaining a constant flow. Deionized water 
was pushed from a 500 µL Hamilton syringe by a syringe pump at rates of 25, 50 and 100 
µL/h. The channel width was then measured for each flow using ImageJ 1.53. 

2.6. Contact Angle 
The contact angle measurement was used to observe the hydrophilic and hydro-

phobic properties of the materials. The same samples of PDMS and NOA63 were used for 
surface roughness measurements. Both PDMS and NOA samples were cleaned with tape 
to remove any particles. Three tests were performed on each sample with and without 
plasma treatment. The tests of the samples without the plasma treatment were first per-
formed followed by the tests with plasma treatment. A plastic syringe was utilized to 
distribute 1 microliter of water on each sample. A digital microscope captured side-view 
images, and each sample underwent three tests. The contact angle was then measured 
using ImageJ ROI manager. The plasma treatment was made using the Laboratory Corona 
Treater (Electro-Technic Products inc., Chicago, IL, USA) device for about 1 min on each 
sample. This device distributes the plasma using an electric current. Plasma was applied 
to the surface of the material, causing the chips to become hydrophilic. 

2.7. Experimental Setup 
2.7.1. Pressure Controlled Setup for the Resistance of Microfluidic Devices 

Resistance can be defined as the slope of the linear relationship between pressure and 
flow. A pressure-controlled system (Flow EZ, Fluigent, France) coupled with a microflow 
sensor (Flow Unit S, Fluigent, France) was used to test the resistance for all devices. The 
fluidic circuit consisted of rigid components with low compliant properties, which include 
20-gauge metal tubes and small but rigid polymer tubing. Additionally, a 0.2 µm filter was 
placed at the top of the reservoir to filter the deionized water to prevent the flow meter 
from clogging. A detailed flow chart of the experimental setup can be seen in Figure 3a. 
Pressure was reduced by 0.5 mbar every 20 s from around 100 µL/h until no flow rate was 
detected. Pressure-flow data were collected with and without the chip and analyzed to 
calculate the resistance. The process was repeated three times for all three chips for both 
materials. The average of the flow for each applied pressure was used to plot the pressure 
flow. The chip’s resistance was then calculated by deducting the resistance of the tubing 
and filter alone from the resistance of the whole circuit, which included the chip. A total of 
6 microfluidic devices were tested: 3 PDMS devices and 3 NOA devices. 

 
 

(a) (b) 

Figure 3. (a) Pressure control setup for the resistance testing of the microfluidic devices. Setup in-
cludes a pressure controller. All fluid runs through rigid polymer tubing. After exiting the micro-Figure 3. (a) Pressure control setup for the resistance testing of the microfluidic devices. Setup

includes a pressure controller. All fluid runs through rigid polymer tubing. After exiting the
microfluidic chip, the flow is directed into a precision flow meter size S (small). (b) Flow set up for
the characteristic time testing of microfluidic devices. Setup includes a precision syringe pump with
500 µL glass syringes with 20-gauge metal tubes. All fluid runs through rigid polymer tubing. After
exiting the microfluidic chip, the flow is directed into a precision flow meter size S (small).
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2.7.2. Flow Setup for the Characteristic Time of the Microfluidic Devices

A flow-control system was used to test the characteristic time of the devices by analyz-
ing the time delay of the output flow rate versus the flow rate imposed by a pump. The
setup consisted of a glass syringe (500 µL Hamilton) mounted in a syringe pump (Nexus
3000, Chemyx, Stafford, TX, USA) couple with a microflow sensor (Flow unit S, Fluigent,
France). The fluidic circuit was composed of 20-gauge metal tubes, and small but rigid
polymer tubing. As for the pressure control setup, a filter was placed at the tip of the
syringe to filter the deionized water. A detailed flow chart of the experimental setup can
be seen in Figure 3b. The syringe pump was set to accommodate flow rates of 25 µL/h,
50 µL/h, and 100 µL/h through the microfluidic device. The microflow sensor data were
compared to the syringe pump’s flow rate settings to calculate the characteristic time, in
accordance with Section 2.8.3. The process was repeated 3 times and the average results
at each point were used to plot flow over time for each chip and flow rate. A total of
6 microfluidic devices were tested: 3 PDMS devices and 3 NOA devices.

2.8. Analysis

The fluidic system was modeled using the two-element Resistance Compliance (RC)
hydraulic circuit model in Section 2.8.2 [29]. The data were collected from the Fluigent
flow software and were processed using MATLAB software. This was done by fitting an
exponential function, derived from the RC hydraulic circuit model to the flow rate over
time plot as shown in Section 2.8.3.

2.8.1. Theoretical and Hydraulic Resistance Estimation

The hydrodynamic resistance is the slope of the line of the pressure over the flow. The
hydrodynamic resistance can be expressed as follows [30]:

Rhyd =
∆P
Q

(1)

where ∆P is the difference of pressure, Rhyd is the hydrodynamic resistance of the microflu-
idic device and Q is the flow.

The theoretical hydrodynamic resistance of the devices is computed by summing the
individual resistances in series or parallel as with electrical circuits using the following
equations [22]:

Reqserie = Rhyd1 + Rhyd2 + · · ·+ Rhydn (2)

Reqparallel
−1 = Rhyd1

−1 + Rhyd2
−1 + · · ·+ Rhydn

−1 (3)

The hydrodynamic resistance of the rectangular cross-section channels can be calcu-
lated using the Hagen–Poiseuille equation as follows [22]:

R =
12 µL

wh3
(

1− 0.63h
w

) (4)

where h is the height of the channel, w is the width of the channel, µ is the viscosity of the
fluid, and L is the length of the channel in question. The hydrodynamic resistance of the
tapered channels can be calculated using the Darcy law, as follows [22]:

R =
9λπµ

√
2

8r2h
(

∆
r

)5/2

(b1 + b2)

(5)

where b1 is the width of entrance, b2 the width of exit, h the height of the channel, r the
radius of the micropillar, λ the length of the tapered channels and ∆ the half distance
between fibers.
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The experimental resistance of the chip can be obtained by plotting the pressure over
the mean flow. The regression line is then modeled as follows:

∆P = Rexp ×Q + P (6)

where Rexp, the slope, is the experimental resistance of the microfluidic device, Q is the
average flow at each pressure and P is the initial pressure. To get the experimental resistance
of only the chip, the slope of the regression line with and without the chip must be modeled.
Then, the slope of the system without the chip can be subtracted from the slope of the full
system (with the chip) as follows:

Rchipexp
= R f ull system − Rno chip (7)

2.8.2. Two-Element Resistance Compliance (RC) Hydraulic Circuit Model

The flow of the system can be described by:

Qin −Qout = Qc (8)

where Qin is the inflow to the system, controlled by the syringe pump. Qout is the outflow
of the system measured by the flow meter, and Qc is the rate of storage of the system itself.
Qc can be further described by:

Qc = C
dP
dt

(9)

where C is the compliance of the system and dP
dt is the pressure change over time inside the

system. This means the volumetric rate of storage of the system is directly related to the
compliance of the system. Qout can be defined, assuming Hagen–Poiseuille flow, as:

Qout =
∆P
Rs

(10)

where ∆P is the drop-in pressure of the system, and Rs is the peripheral resistance. When
the pressure at the outflow is assumed to be close to zero, it is reduced to the pressure
within the storage chamber. Thus Equations (8)–(10) can be re-written as:

Qin −
p

Rs
= C

dp
dt

(11)

Integrating to solve for p(t) using initial conditions of p = po (initial pressure) and
t = 0 (time) the pressure can be written as:

p(t) = RsQin − (RsQin − p0)e
−( t

RsC ) (12)

where p0 is the initial pressure and t is the time. From Equation (12), dp/dt can be rewritten as:

dp
dt

=

(
RsQin − p0

RsC

)
e−(

t
RsC

) (13)

Combining Equations (13), (9) and (8), the system equation can be rewritten as:

Qout = Qin −
(

RsQin − p0

Rs

)
e(−

t
RsC ) (14)

where po is the initial pressure of the system, t is the time, and RsC represents the character-
istic time of the system.
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2.8.3. Characteristic Time and Compliance

The characteristic time of each trial is calculated and used to compare the compliance
of the system. This is assuming that the resistance of the external system is constant and
the only change in compliance from the system comes from the microfluidic device.

The outflow of the system, Qout (which is a function of time t), can then be modeled
using the following equation:

Qout = A− Be−(
t
D ) (15)

The three constants are used to fit the raw data, acquired experimentally, from
Equation (14). The constant A represents the Qin, the constant B represents the maximum
rate of storage, and the constant D is the characteristic time of the system.

With the characteristic time, the compliance can be calculated using the
following equation:

C =
τ

Re
(16)

where C is compliance, τ is the characteristic time experimentally found for PDMS or NOA
using Equations (8)–(15), and Re is the total experimental resistance of the microfluidic
device found using the pressure controller.

2.9. Statistical Analysis

Unpaired Student’s t test was used for comparisons between the two groups. Graph-
Pad Prism 9 was used to perform the statistical tests and the graphical representations. A p
value less than 0.05 was considered to be statistically significant. The data were considered
a normal distribution, due to the nature of the data describing a physical property of a
material [31].

3. Results
3.1. Mechanical Properties

The surface roughness of NOA63 and PDMS was found in terms of the arithmetic
mean height of primary profile (Pa) and the root mean square height of the primary profile
(Pq). The results are presented in Table 3. The samples of NOA63 and PDMS underwent
three tensile strength tests each with the Instron machine. The average Young’s modulus
found for each material is compared to the theoretical values in Table 3.

Table 3. Arithmetic mean height of primary profile (Pa) and root mean square height of the primary
profile (Pq) of the surface samples and experimental Young’s modulus of NOA63 and PDMS, as well
as those found in the literature.

Sample Pa (µm) Pq (µm) Experimental Young’s
Modulus (MPa)

Literature Young’s
Modulus (MPa)

NOA63 1559 ± 77 1867 ± 98 1743 ± 173 1655 [32]

PDMS 147 ± 4 169 ± 4 2 ± 0.2 1–3 [3,4,6]

It was observed that NOA63 has an arithmetic mean height of the primary profile
and root mean square height about 10.6 times higher and 11.0 times higher than the
PDMS, respectively.

3.2. Channels Width Deformation

The channels of the NOA63 and PDMS microfluidic devices were measured using
microscopy and ImageJ at the different flow rates (25, 50 and 100 µL/h). The average values
of these measurements are presented in Figure 4.
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Figure 4. Comparison of NOA and PDMS channels’ width deformation of chip A, B and C at the
different flow rates (25, 50 and at 100 µL/h). The initial channel width of the PDMS chip A is
95.4 µm, that of chip B is 36 µm and that of chip C is 17.7 µm. The initial channel width of NOA chip
A is 101.7 µm, chip B is 38.2 µm and chip C is 25.6 µm. (**** p-value < 0.0001).

It was observed that all PDMS devices have a lower initial channel width than
NOA devices: 95.4 µm vs. 101.7 µm, 36.0 µm vs. 38.2 µm and 17.7 µm vs. 25.6 µm
for PDMS vs. NOA in chip A, B and C, respectively. For all three chips, an increase in the
channel width can be observed for the PDMS device as the flow rate increases. For the
NOA devices, chip B and C show an increase in the channel width as the flow increases,
but chip A displays a constant channel width. For chip A, at 100 µL/h, there is an increase
of 7.8% for the PDMS device and of 0.2% for the NOA device. For chip B, at 100 µL/h,
there is an increase of 19.7% for the PDMS and of 10.8% for the NOA device. Chip B has
the highest increase in the percentage of channel width. For chip C, at 100 µL/h, there is
an increase of 7.1% for the PDMS device and of 6.8% for the NOA device. PDMS shows a
higher channel increase as the flow rate increases for chip A, B and C than NOA.

3.3. Contact Angle

The contact angle of the NOA63 and PDMS was obtained with and without portable
plasma treatment. Figure 5 illustrates the contact angle of a water droplet on the surfaces.

The results for the contact angle without and with plasma treatment for NOA and
PDMS are, respectively, 81.4◦ ± 4.9, 44.9◦ ± 3.1, 91.4◦ ± 1.9 and 32.1◦ ± 4.4. A higher contact
angle means the surface is more hydrophobic, while a lower contact angle means a more
hydrophilic surface. By treating the materials with the plasma device, it can be observed
that the contact angle decreases for both materials. This means that the microfluidic devices
become more hydrophilic after plasma treatment. Without plasma treatment, PDMS is
more hydrophobic than NOA, and with plasma treatment, NOA is more hydrophobic
than PDMS.
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Figure 6. Examples of the pressure in function of the flow for the full hydrodynamic system of (a) 
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Figure 5. Contact angle for (a) NOA63 without plasma treatment (81.4◦ ± 4.9), (b) NOA63 with
plasma treatment (44.9◦ ± 3.1), (c) PDMS without plasma treatment (91.4◦ ± 1.9) and (d) PDMS with
plasma treatment (32.1◦ ± 4.4).

3.4. Resistance Estimation

The hydraulic resistances of the chips were found by following the procedure in 2.7.1
and analyzed using the procedure described in 2.8.1. Examples of the pressure in function
of the flow are presented in Figure 6 and the hydraulic resistances are presented in Table 4.
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Figure 6. Examples of the pressure in function of the flow for the full hydrodynamic system of
(a) NOA63 chip A, (b) PDMS chip A and (c) without the chip.

By subtracting the experimental resistance without a chip from the experimental
resistance of the NOA63 or PDMS, the experimental resistance of the chip can be found.
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The experimental resistances of the microfluidic devices are compared to the theoretical
values in Table 4.

Table 4. Experimental resistance of all 3 chips of NOA63 and PDMS and the theoretical resistance.
The theoretical resistance range is calculated with the initial channel width dimension from 0 and the
larger width with deformation.

Chip Theoretical Resistance
(1012 Pa·s/m3)

NOA63 Experimental
Resistance (1012 Pa·s/m3)

PDMS Experimental
Resistance (1012 Pa·s/m3)

A 4.78–4.79 4.64 4.54

B 5.34–5.66 5.44 5.65

C 5.09–5.75 5.44 5.04

3.5. Characteristic Time Estimation

Examples of the flow rate as a function of the time for both NOA and PDMS chip A
are presented in Figure 7.
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Figure 7. Examples of flow rate versus time graphs for chip A (a) at flow rate of 50 µL/h for NOA63,
(b) at flow rate of 100 µL/h for NOA 63, (c) at flow rate of 50 µL/h for PDMS, and (d) at flow rate of
100 µL/h for PDMS. Each device shows a significant initial rise from zero to the plateau value (Qout)
measured from the Fluigent Flow Meter (S).

All the PDMS and NOA63 trials’ characteristic times were averaged and are graphed
in Figure 8.
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Figure 8. Comparing NOA and PDMS devices of chip A, B and C, average characteristic times
at three different flow rates (25, 50, 100 in µL/h) of chip A (* p-value < 0.05, ** p-value < 0.01,
*** p-value < 0.001).

As shown in Figure 8, there is a significant difference between the characteristic times
of the NOA device versus the PDMS device for all chips. For chip A, it was found that the
PDMS devices had a characteristic time around 4 times longer than that of the NOA devices.
At a flow rate of 25 µL/h, the PDMS device exhibited significantly longer characteristic
times compared to the NOA device, which recorded times of 32.2 s and 7.7 s, respectively.
For chip B, a significant difference was observed at a flow rate of 50 µL/h. At this flow
rate, PDMS had a higher characteristic time than NOA of 34.9 s and 14.8 s, respectively. For
chip C, a significant difference can be observed between PDMS and NOA devices at all
flow rates. At a flow rate of 25 µL/h, PDMS had a higher characteristic time than NOA, of
44.7 s and 11.4 s, respectively. PDMS has on average a higher characteristic time than NOA
devices of 4 times longer for chip A, 1.6 times longer for chip B and 2.5 times longer for
chip C. The results presented in Figure 8 suggest a decay of characteristic time as the flow
rates increased for all chips.

The statistical analysis revealed that the NOA devices provided more consistent results
than the PDMS devices. Chip A showed standard deviations of ±0.38 µL/h, ±0.27 µL/h,
and ±0.14 µL/h for flow rates of 25 to 100 µL/h. In comparison, the PDMS devices
showed more inconsistency, showing standard deviations of ±12.2 µL/h, ±1.0 µL/h, and
±1.2 µL/h for the same flow rates of 25 to 100 µL/h. Similar trends can be observed for
chips B and C.

3.6. Compliance

The compliance of all devices was found using the time characteristic extracted from
Figure 7 and the experimental resistance from Table 4. The compliance found for each
device at the different flow rates is presented in Figure 9.

For both PDMS and NOA devices, chip A and chip C showed a decrease in the
compliance as the flow rate increased. For chip A, PDMS showed a decrease in the
compliance of 36%, while NOA showed a decrease of 18% from 25 µL/h to 100 µL/h.
For chip C, PDMS showed a decrease in the compliance of 57%, while NOA underwent a
decrease of 4% from 25 µL/h to 100 µL/h. For chip B, a decrease in the compliance could
be observed as the flow rate increased for both NOA and PDMS devices, but at some flow
rates there was an increase in the compliance.

An estimation of the compliance using the dimension of the channels can also be given

as Cl=
Vin ·a2

P , where Vin is the initial volume, a is the percentage by which the width in-
creased, and P is the pressure applied to flow in the channel. The relation of the compliance
calculated from the volume in function of the compliance found from the characteristic
time is presented in Figure 10. All experimental outliers were removed.
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Figure 9. Compliance from characteristic time of both NOA and PDMS chips A, B and C at the
different flow rates (25, 50 and 100 µL/h).
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Figure 10. Compliance from the channel deformation in function of the compliance from the charac-
teristic time (τ) for all chips at flow rates 25, 50 and 100 µL/h.

From Figure 10, it can be observed that for all flow rates there is a correlation between
the compliance from the channels deformation and the compliance from the characteristic
time, while Cl seems underestimated.

4. Discussion
4.1. Material Properties
4.1.1. Surface Roughness and Young’s Modulus

The surface roughness can be found in Table 4. The mean arithmetic height and
root mean square height are about 11 times higher for NOA63 than PDMS. This means
that NOA63 has a rougher surface than PDMS. The Young’s modulus of the materials
was found in Table 4. The PDMS has a Young’s modulus of 2.1 ± 0.2 MPa and the
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NOA63 has a Young’s modulus of 1743 ± 173 MPa. These values agree with those in the
literature [3,4,11,17]. NOA63 is more rigid than PDMS, which will allow less deformation of
the channels under a constant flow, while it is a well-established fact that preparing PDMS
with a 1:5 ratio increases its stiffness, resulting in a Young’s modulus of approximately
2.7 MPa [33]. This value remains significantly inferior to that of NOA, which is 800 times
higher. This will lead to less compliance in the microfluidic devices. If a different type of
Norland Optical Adhesive is used the Young’s modulus changes considerably (325 MPa
for NOA81 compared to 1655 MPa for NOA63) [19].

4.1.2. Hydrophilicity/Hydrophobicity of Surface

In Figure 6, a higher intercept, which is the initial pressure, can be observed for the
NOA63 device than the PDMS. A higher initial pressure means that the chip is more hy-
drophobic. The contact angle measurement determines the hydrophilicity/hydrophobicity
of the material surface. Both NOA63 and PDMS microfluidic devices received a plasma
treatment. NOA63 presented a higher contact angle with plasma treatment (44.9◦ ± 3.1)
and had a higher initial pressure (3.7 mbar) than the PDMS (32.1◦ ± 4.4 and 1.3 mbar).
Therefore, NOA63 microfluidic devices are more hydrophobic than the PDMS.

4.2. Experimental Resistance
4.2.1. Channels Width Deformation

A difference between the channel widths of NOA63 and PDMS was observed in
Figure 4. This difference can be explained by the double molding. The double molding
decreases the average dimension, which explains the narrower width of the PDMS than
the NOA [34].

Also, the difference between the resistance values of PDMS and NOA63 for each
chip can be explained by the channel’s width deformation. The propagation of error of
the channel width was calculated to understand the effect of a difference in the channel’s
dimensions. Using a precision error of 0.5% for the width of the channels, the propagation
error for chip A can be estimated at 1.24 × 1013 Pa·s/m3. Due to the channel’s deformation
measurement and error propagation, high sensitivity is achieved in the channel’s width
measurement for the calculation of the theoretical resistance. This can explain the difference
between the experimental and theoretical values in Table 4.

4.2.2. Dependency of Characteristic Time on Flow Rate

The rate of storage for the system, Qc, is described by Equation (9) as the compliance
(C) multiplied by the change in pressure over time

(
dP
dt

)
. As the flow rate increases, the

system’s pressure increases as well, which ultimately increases the volume of the rate
of storage of the system. By decreasing the resistance, the characteristic time (ReC) also
decreases. PDMS microfluidic devices had a higher characteristic time for all chips and all
flow rates compared to the NOA63 devices. Also, a decrease in the characteristic time can
observed as the flow rate increases for all chips. This explains the decay, which becomes
evident as the flow rate increases.

4.3. Flow Rate Measurement Uncertainty

The Fluigent flow meter S, with a range of ±420 µL/h, was used to accommodate the
low flow rates used in the protocol. The accuracy of the device was ±5% of the measured
value for all flow rates of 25 µL/h and higher, and ±1.26 µL/h for all measurements below
25 µL/h. The repeatability of the device was within 0.5% for all measurements taken above
42 µL/h and ±0.21 µL/h below 42 µL/h. Thus, all measurements taken were repeatable
within 0.5% of the measured value except those taken at 25 µL/h, which were repeatable
within 0.84% and 2.1% of the measured value, respectively. This can explain why there are
more peaks at lower flow rates for both NOA and PDMS.

The high standard deviations for the PDMS and NOA devices can be explained by
the inaccuracy of the Fluigent flow meter at low flow rates (25 µL/h). Although the

124



Micromachines 2023, 14, 2033

standard deviations are consistently high for the PDMS devices, the inconsistency in
characteristic time, compared to NOA devices, suggests differences in the PDMS vs. NOA
devices. In PDMS devices, small variations in material properties can occur with changes in
temperature, holding time, and altered mass ratios of pre-polymer to curing agent [26,35].
Furthermore, the PDMS thickness can affect flow conditions and can display significant
bulging or deformation during use [4,14,36]. Slight alterations to the PDMS mechanical
properties, through uncontrolled parameters, coupled with the channel’s deformation may
also contribute to the large standard deviations with PDMS devices. Consistency with the
NOA results suggests a more repeatable system than PDMS equivalents. This increase
is expected due to the 2% disparity in the Fluigent flow meter at the aforementioned
flow rate.

4.4. Compliance

Since the flow is modeled using Equation (11), the characteristic time is calculated
as system resistance (Re) multiplied by the compliance (C). The system setup used was
consistent throughout all trials. Therefore, the same rigid tubing and glass syringes were
used throughout the entire experimental process. Thus, the only change to the resistance
and compliance of the system can be directly associated with the change in the microfluidic
device being tested. Due to the low compliance of the materials, the system outside
of the microfluidic device was assumed to be negligible when comparing characteristic
time values. It is also important to note that the resistance of the system outside of the
microfluidic device (syringes and tubing, etc.) is constant. The value was measured to be
8.06 × 1012 Pa·s/m3. Thus, the characteristic times seen in Figure 8 are directly related to
the compliance (presented in Figure 9) of each microfluidic device, therefore suggesting
that the PDMS devices have, on average, a higher compliance than that of the NOA devices.
A negative correlation between compliance and flow rate has been observed. This indicates
that compliance decreases as the flow rate increases. This phenomenon can be explained
by the association of reduced deformability with an increase in channel width.

4.5. Anticipated Periodic Instability of the Output Flow

The results presented in Figure 7, show the flow rate change over time of PDMS
and NOA, respectively. The data demonstrate a clear rise and plateau, following the
derived model presented. For both NOA and PDMS devices, the raw data plateaued with a
sinusoidal behaviour. This behaviour was analyzed and found to be, as anticipated, caused
by the syringe pump’s (Nexus 3000, Chemyx, Stafford, TX, USA) stepper motor [37,38].

5. Conclusions

The compliance of three different chips of NOA63 microfluidic devices and PDMS
microfluidic devices has been quantified under repeatable flow conditions using a pressure-
controlled setup and a flow. On average, the characteristic times for chip A were found
to be 4 times longer for PDMS devices than NOA devices, 1.6 times for chip B and
2.5 times for chip C. Also, the experimental resistance of the microfluidic device was
found for all three chips of both PDMS and NOA. PDMS has a higher percentage of error
in the hydraulic resistance due to a higher channel deformation. This leads to a higher com-
pliance. These results concur with the material properties of both NOA and PDMS, having
elastic moduli of 1655 MPa and 2 MPa, respectively. The presented results demonstrate
that NOA microfluidic devices are less compliant than PDMS microfluidic devices. It also
suggests that NOA microfluidic devices could increase consistency in microfluidic research
due to their significantly lower standard deviations. This could potentially encourage NOA
devices to become the more prevalent option in microfluidic research and in high-pressure
microfluidic flow systems. These findings could be used to better understand the use of
NOA as a microfluidic material, as well as its properties of compliance and corresponding
benefits to microfluidic research.
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Abstract: This study presents a cost-effective method for producing high-performance cathodes
for aluminum-air batteries. Commercial fuel cell cathodes are modified through electrodeposition
of nickel and manganese species. The optimal conditions for electrodeposition are determined
using a combination of structural (Raman, SEM, TEM) and electrochemical (LSV, EI, discharge
curves) characterization techniques. The structural analysis confirms successful incorporation of
nickel and manganese species onto the cathode surface. Electrochemical tests demonstrate enhanced
electrochemical activity compared to unmodified cathodes. By combining the favorable properties of
electrodeposited manganese species with nickel species, a high-performance cathode is obtained. The
developed cathode exhibits capacities of 50 mA h cm−2 in aluminum-air batteries across a wide range
of current densities. The electrodeposition method proves effective in improving electrochemical
performance. A key advantage of this method is its simplicity and cost-effectiveness. The use
of commercially available materials and well-established electrodeposition techniques allows for
easy scalability and commercialization. This makes it a viable option for large-scale production of
high-performance cathodes for the next-generation energy storage devices.

Keywords: metal-air batteries; Al-air; electrodeposition

1. Introduction

Metal-air batteries such as Li-air, Zn-air, Mg-air, and Al-air batteries are promising
for the future generation of energy for mobility and stationary applications because they
use oxygen from the air as one of the battery’s main reactants, reducing the weight of
the battery and freeing up more space devoted to energy storage. Among all these metal-
air batteries, Li-air shows the highest theoretical gravimetric capacity (3860 A h kg−1).
However, this technology poses significant safety problems related to the presence of Li.
Al-air technology presents the second highest gravimetric capacity (2980 A h kg−1), just
after Li-air, and the highest volumetric capacity. In addition, these systems do not exhibit
many of the environmental and safety problems related to Li based batteries, and their
disposable components are fully recyclable [1,2].

Metal-air cathodes are composed, usually, of four parts: a current collector (to ensure
the good electrical conductivity), a catalyst layer (to ensure the oxygen reduction reaction,
ORR), a carbonaceous gas diffusion layer—GDL (responsible of an efficient reduction of
oxygen by the contact between oxygen, the electrolyte and the catalyst)—and a O2 perme-
able membrane (to ensure the O2 flow, while preventing electrolyte leakage to the outside).
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There are different methods and patents describing the manufacture and production of
these air cathodes. However, in most cases, they describe how a paste/slurry/suspension
of the catalytic material is initially added to the GDL carbon by using binders and solvents
(which are then removed with high temperature treatments). Afterward, a metallic mesh
is placed in the catalyst containing face and a Polytetrafluoroethylene (PTFE) film in the
contrary face, and is finally pressed all together in a hot roll press machine [3]. However, de-
spite the advancements in research and development, these methods are often challenging
to implement on an industrial scale. Scaling up from laboratory processes to commercial
production poses significant difficulties. Additionally, the cost of the components used in
metal-air cathodes, such as the catalytic materials and specialized membranes, can also
hinder their commercialization. Due to these factors, commercially available metal-air
cathodes are currently limited, making it challenging to bring metal-air batteries to the
market at a large scale. Researchers and manufacturers are actively working towards devel-
oping more scalable and cost-effective production methods to address these challenges and
enable widespread adoption of metal-air batteries.

The most widely used catalysts in metal-air batteries are manganese oxides, in particu-
lar MnO2, since they have a very good relationship in terms of cost and electrochemical
activity [4,5]. However, due to their low conductivity, they result in cathodes that present
low voltages and low power and need to be doped with different materials, such as cobalt
nickel or form composites with carbon to improve these shortcomings [6,7].

On the other hand, nickel hydroxide has been extensively studied in various energy
storage systems, such as Ni-Fe and Ni-Cd, or in supercapacitors [8,9]. However, in metal-air
batteries, its electrochemical activity has rarely been studied, and it has only been used as a
dopant to improve the conductive properties of other materials or as a component of the
current collector in different systems [10,11].

Specifically, aluminum-air batteries consist of an air cathode, an aqueous electrolyte,
and an aluminum anode. Within aqueous electrolytes, there are two dominant lines of
research, alkaline electrolytes based on KOH or NaOH solutions and neutral electrolytes
based on NaCl. The main problem with alkaline electrolytes is the spontaneous self-
corrosion of the aluminum anode that occurs when it makes contact with them, which
greatly limits the lifetime of the battery. In the case of neutral electrolytes, self-corrosion
of the aluminum is avoided, and a passivation layer appears on the aluminum surface
which reduces the reactivity of the anode and generates parasitic reactions during the
electrochemical activity of the battery [1,12]. Different ways of suppressing these effects
have been studied, such as the search for commercial anti-corrosive alloys or the coating of
the aluminum anodes with a thin layer of carbon that avoids the passivation of the anode
when it meets the electrolyte [13]. The right combination of these can avoid these problems
and lead to promising energy storage systems. This work presents a novel method that
offers a quick, simple, and low-cost approach to transform commercially available fuel cell
cathodes into high-performance cathodes for aluminum-air batteries. The transformation
involves the electrodeposition of catalytically active nickel and manganese species onto
the surface of the cathodes. By utilizing this method, it becomes possible to compare
and investigate the electrochemical activity of various electrodes based on nickel and
manganese oxides in primary aluminum-air batteries with a neutral electrolyte.

The results obtained from this study provide valuable insights into the combination of
nickel and manganese oxides as an electrode with exceptional electrochemical properties
in aluminum-air batteries. Moreover, this approach offers the advantage of using commer-
cially available materials and well-established electrodeposition techniques. By employing
this simple method, it becomes feasible to produce cathodes for metal-air batteries that can
be easily commercialized. Furthermore, the findings from this work have the potential to
be applied to other batteries within the metal-air family, thereby broadening the scope of
its practical applications.
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2. Materials and Methods
2.1. Cathode Synthesis

A 2M solution of the corresponding metal nitrate in each case (Mn(NO3)2·4H2O
or Ni(NO3)2·6H2O, both from Sigma–Aldrich, St. Louis, MO, USA) was prepared in
100 mL distilled water. Moreover, 2M solutions of 9:1, 7:3, 3:2, and 1:1 of Ni:Mn ratio were
also prepared. A glassy carbon electrode—positive electrode—and different commercial
fuel cell electrodes (Freudenberg H23I2)—negative electrode—of 2.5 × 2.5 cm (surface
immersed in the solution) were placed in each solution at a constant distance. Between the
electrodes, currents between 20 and 100 mA and varying times between 1 and 10 min were
applied with an 8-channel Arbin Instruments BT2143 workstation (Munich, Germany) to
obtain the electrodeposition of different manganese and nickel species as a result. Once
the electrodeposition was completed, the cathodes were dried at 40 ◦C for 10 min. It is
worth noting that despite the different electrodeposition conditions applied to the samples,
the variation in the amount of electrodeposited material between them was practically
negligible, ranging from 10 to 13 mg in all cases. This is why all the electrochemical results
obtained from these samples would be expressed in cm−2.

2.2. Characterization

Scanning electron microscopy (SEM) images were obtained in a FEI Inspect-S SEM
instrument. Energy dispersive X-ray microanalysis (EDS) elemental mappings were ac-
quired with a QUANTAX 70 detector (Bruker, Berlin, Germany) attached to a Hitachi
TM3000 SEM microscope working at 15 kV. Micro-Raman measurements were carried out
at room temperature in a Horiba Jobin-Ybon LabRAM HR800 on an Olympus BX 41 confo-
cal microscope system with a 633 nm He-Ne laser. High-resolution transmission electron
microscopy (HRTEM) images, electron diffraction (ED) patterns, EDS spectra, and mapping
in STEM mode were acquired in a JEOL 300FEG electron microscope (Nieuw-Vennep, The
Netherlands). The samples were prepared by crushing the powders under n-butanol and
dispersing them over copper grids covered with a holey carbon film.

2.3. Electrochemical Characterization

To perform the electrochemical characterization, a laboratory-scale metal-air cell pro-
totype was designed with a 2 × 2 cm2 open window. Different electrodeposited cathodes,
a 2M NaCl solution-based electrolyte, and a 2 × 2 cm2 commercial 7475 aluminum anode
coated with a 0.025 mm layer of carbon black (Cabot) and PVDF (Sigma–Aldrich, St. Louis,
MO, USA) in a 3:2 ratio were placed on it. E-type glass fibber was placed on top of the
aluminum, which was utilized as a separator to avoid a short-circuit between the anode and
cathode. The electrochemical tests were carried out using an 8-channel Arbin Instruments
BT2143 workstation at room temperature. Once the cell was assembled, it was left for 1 h
to allow for good impregnation of the electrodes, and the open-circuit voltage (OCV) was
recorded and the possible self-discharge of the cell was observed. The cut-off potential
for all cases was 0.0 V. Constant current density discharges of 5 mA/cm2 were applied to
explore the evolution of the voltage. Discharging times and specific capacities referred to
the 2 × 2 cm2 open window. Linear sweep voltammetry (LSV) curves were performed on
the same device and in the same voltage range at a rate of 1 mV/s.

Electrochemical impedance spectroscopy (EIS) data were obtained by applying an AC
voltage of 5 mV in the (0.01–100 kHz) frequency range by using a battery tester Biologic
BCS—810.

All measurements were repeated at least three times to ensure reproducibility.

3. Results and Discussion

Initially, different commercial cathodes were electrodeposited with nickel and man-
ganese nitrate solutions as described in the Materials and Methods section. We can distin-
guish different electrodeposition times and currents for the two solutions as detailed in
Table 1.
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Table 1. Description of currents and times applied for the different electrodepositions.

Current (mA) Time (min)

20 5
10

30 2

50 1
5

100 1

The different electrodeposited cathodes can be observed in Figure 1. In Figure 1a,
we find the cathodes electrodeposited with the manganese nitrate solution, where a layer
of slightly brown color uniformly covers the commercial fuel cell cathode, and are the
cathodes that have been subjected to longer electrodeposition times and present a more
intense color. Figure 1b shows the evolution of the voltage during the electrodeposition
time. In all cases, it can be clearly observed how it increases above 2 V, even reaching values
higher than 3 V when we work in the range of higher currents. The same occurs with the
cathodes electrodeposited with the nickel solution (Figure 1c), which, in this case, show the
same layer but with a pale green color (characteristic color in the electrodeposition of nickel
nitrate [14]) and again it can be seen that, in all cases, values higher than 2 V are reached in
electrodeposition (Figure 1d).
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Figure 1. Images of the fuel cell cathodes electrodeposited at different currents and times in (a) a
manganese nitrate solution with corresponding (b) V vs. t electrodeposition curves, and (c) a nickel
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If we now study the morphology of the structures deposited on the surface of the
cathodes via SEM (Figures 2 and 3), we can observe that the applied current and time
are clearly key factors to be considered when it comes to the electrodeposition of these
species. In Figure S1, SEM-EDS images of the fuel cell before being electrodeposited can be
observed. It is visible that only PTFE-coated carbon fibers are present in the fuel cell and
that no other coating or element signal was detected.
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Manganese nitrate electrodeposited microstructures can be seen in Figure 2. In the
case of the sample electrodeposited at 20 mA for 5 min, the carbon filaments are coated with
small platelet-shaped particles that seem to tend to coalesce, along with circular structures
with many cavities, similarly to corals. If we increase the current and/or time, we can
observe how the small particles disappear and start to form more and more homogeneous
coatings on the GDL carbon filaments. In turn, the coral-like structures disappear and seem
to merge with this coating, as in the case of the samples subjected to 50 mA for 1 min and
20 mA for 10 min. It can be seen how in the case of the sample subjected to 100 mA for
1 min, the coating of the filaments begins to present a very thick appearance and begins to
plug the cavities that allow the circulation of O2. Therefore, this sample was discarded to
analyze its electrochemical behavior in aluminum-air batteries, and it was determined that
the maximum current applied could not exceed 50 mA to obtain satisfactory coatings in
this type of configuration.

For samples electrodeposited in the nickel nitrate solution (Figure 3), all the samples
present similar morphologies, i.e., uniform coatings are observed on the carbon filaments.
At low currents (20 mA), these coatings seem to present a more granular appearance,
which tends to disappear and become more fused on the surface as the current is increased
(>30 mA). Again, at 100 mA, the coating on the filaments becomes very thick and begins to
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form plates that merge and may plug the O2 penetration holes. For a better comparison with
the manganese samples and due to the observed increase trend in the fusing of the coatings,
this sample was also discarded from the process to continue the electrochemical study.

To determine which phases have been electrodeposited on the carbon fibers, Raman
micro-spectroscopy was used. Raman spectra of the samples electrodeposited in the
manganese nitrate solution are shown in Figure 4. Table 2 summarizes the phases observed
in the electrodeposition process, which depend on the current and time applied. These
two parameters determine the different species with different oxidation states that are
electrodeposited. Specifically, at lower currents and time, Mn (III) species are found on
the surface of the carbon fibers. Meanwhile, at higher currents, Mn (IV) species start to
appear. The species obtained are directly related to the voltage values reached during
electrodeposition, and are the samples that reached higher voltages (see Figure 1b), i.e., the
highest oxidation states. The presence of these phases has been previously observed in
the electrodeposition of manganese nitrate following the subsequent reaction sequence, in
which the following disproportionation and hydrolysis processes take place [15]:

2Mn2+ → 2Mn3+ + 2e− (1)

Mn3+ + 2H2O→MnOOH + 3H+ (2)

MnOOH→MnO2 + H+ + e− (3)

It should be noted that within the 1100–4000 cm−1 range, we can observe the signal of
the carbon peaks (G, D, and 2D bands) from the fuel cells carbon fibers, superimposed on
the signals originating from various manganese phases. In Figure S2, a reference Raman
spectrum of the fuel cell cathode, before being subjected to any electrodeposition process,
can be found. If we compare this spectrum with the signals referring to electrodeposited
carbon fibers, it can be observed how in some cases the carbon signal has suffered an
impact after the electrodeposition process, i.e., carbon fibers are altered. Specifically, the
2D band (2700 cm−1) shifts to higher frequencies, and, even in some samples, a new band
associated with C-H vibrations (2950 cm−1) appears [16–18]. This fact is accentuated in
the samples that have been subjected to longer electrodeposition times, as they are the
samples that were electrodeposited for 10 min and the ones showing the highest intensity
of the mentioned C-H band (Figure 4b). This damage may be due to the oxidation and/or
reaction of the carbon on the surface during electrodeposition when exceeding 1.8 V [19].
The appearance of a band at 1100 cm−1 is another indicator of the modification produced
in the carbon fibers. This band is directly related to the presence of amorphous carbons and
stretching in the C-C bands [20,21]. It is once again more pronounced in the sample that
has been electrodeposited for the longest time (20 mA, 10 min). Therefore, this reaction can
also interact with the electrodeposited manganese species. Specifically, by measuring the
Raman spectrum on the coral-like spheres (inset Figure 4a) in the electrodeposited sample
at 20 mA for 5 min, the spectrum obtained is related to MnCO3. In the rest of the samples,
it is possible to find bands superimposed on the carbon signals, which may be due to Mn-C
vibrations. However, as they are fused with the coatings (as seen in SEM), it is difficult to
know their exact nature.
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Figure 4. Raman spectra of the different fuel cell electrodeposited in the manganese nitrate solution:
(a) 20 mA 5 min (inset corresponds to the Raman spectra of the coral-like structures), (b) 20 mA,
10 min; (c) 30 mA, 2 min; (d) 50 mA, 1 min; and (e) 50 mA, 5 min.

Table 2. Raman peak assignments of the manganese species electrodeposited on the commercial fuel
cell cathodes.

Sample Raman Peaks (cm−1) Assignment Reference

20 mA, 5 min

280
403
504
578
631

Mn2O3 [22]

700
1080 MnCO3 [23]
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Table 2. Cont.

Sample Raman Peaks (cm−1) Assignment Reference

20 mA, 10 min

325
408
514
612
681
715

MnO2, tunnel structure (3 × 3) [24]

1042 NO3, adsorbed [25]

30 mA, 2 min

380
485
558
624
655

MnOOH + MnO2, mixed forms [24,26]

1046 NO3, adsorbed [25]

50 mA, 1 min 640 Mn3O4 [26,27]

50 mA, 5 min

430
520
650

MnO2, tunnel structure (2 × 2) [24]

1080 MnCO3 [23]

In the case of the Raman spectra of samples electrodeposited with nickel hydroxide
(Figure 5), we found the presence of Ni(OH)2 in all cases. Its presence is confirmed by the
broad band centered at ~470 cm−1 [8]. The appearance of this phase is expected, since the
electrodeposition of nickel from nickel nitrate has been extensively studied and is driven
by the following reaction [28,29]:

NO3
− + H2O + 2e− → NO2

− + 2OH− (4)

The hydroxide ions cause a steep increase in the pH close to the electrode surface and
nickel hydroxide precipitation takes place, as follows:

Ni2+ + 2OH− → Ni(OH)2 (5)

It can be observed that the Ni electrodeposition is more hostile to carbon fibers, since
in all cases, even for very low electrodeposition times, a band due to C-H groups (at
~2950 cm−1) appears. Furthermore, in this case, the current increase has a very significant
impact on the carbon fibers, which are the samples electrodeposited at 50 mA and show
are the most affected by D, G, and 2D band signals (widening, displacement, and decrease
of its signal). This is also related to the observation of a high concentration of H+ generated
around the glassy carbon during the nickel deposition. On the one hand, this effect allows
the nickel electrodeposition on the fuel cell electrode to generate a rich OH− environment
(nitrate ions (NO3

−) are reduced to produce hydroxide ions (OH−), which reacts with Ni2+

ions to form metal hydroxides [30]). On the other hand, it produces the partial reaction of
nickel with the carbonaceous electrode [31].

The main structural differences between samples are found in the intercalated species
inside the nickel hydroxide matrix. It has been previously observed that, due to the laminar
nature of Ni(OH)2, it has a high affinity towards the anion intercalation in its structure [8,32].
Predominantly, NO3

− ion intercalation (1050 cm−1) can be detected; the presence of NO3
−

ions inside its structure is very frequent when the precursor of this phase is nickel nitrate.
In addition, carbonate ions are also present inside Ni(OH)2, this process is related to the
peaks centered at 870 and 1070 cm−1 [8,33]. These last ions probably owe their origin to the
structural damage suffered by the carbon fibers during electrodeposition. It can be clearly
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observed that the samples subjected to 20 mA for 10 min, 50 mA for 1 min, and 50 mA for
5 min show the highest intensity of the peaks related to species’ intercalation.
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Figure 5. Raman spectra of the different fuel cell electrodeposited in the nickel nitrate solution:
(a) 20 mA, 5 min; (b) 20 mA, 10 min; (c) 30 mA, 2 min; (d) 50 mA, 1 min; and (e) 50 mA, 5 min.
Ni(OH)2 signal is indicated by *.

To study the electrochemical behavior of the prepared electrodes in aluminum-air
batteries, different experiments were carried out, which prepared the cells as described in
the Materials and Methods section and kept the dimensions and the amount of electrolyte
constant in all of the cells. On the one hand, LSV curves were performed to analyze the
electrochemical activity of the samples in these batteries; on the other hand, discharge
protocols at a constant current (20 mA, 5 mA cm−2) were performed to observe which
samples present the highest electrochemical activity in these types of batteries.

Based on the LSV curves of the samples electrodeposited in the manganese nitrate
solution (Figure 6a), it can be observed how all of the samples start to show activity at a
voltage of ~0.6 V, improving, in all cases, the activity of the reference cathode (Reference
FC, corresponding to the commercial fuel cell without a catalyst), which does not start
showing activity until 0.5 V. By comparing the LSV curves, it can be seen that the samples
electrodeposited at 20 mA for 5 min and at 50 mA for 1 min provide the higher ORR
kinetic-limiting current densities (>−8 mA, 2 mA cm−2) [34,35]. This is clearly reflected
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in the discharge curves (Figure 6b) since they are the samples which provide the highest
discharge time, i.e., the highest capacity. In particular, the sample electrodeposited at 20 mA
for 5 min stands out, reaching discharge times higher than 5.5 h, which is equivalent to
capacities higher than 110 mA h–27.5 mA h cm−2. This represents an increase of 2 h of
discharge compared to the reference fuel cell electrode (Figure S3). A priori, the phases with
the best electrochemical activity in this type of battery are the phases with Mn (IV)-derived
oxides in their structure [21]. However, in this case, the presence of phases derived from
manganese and carbon (MnCO3) and the optimal coating of the carbon fibers (thin coatings
without blocking the entry of O2 into the cell) greatly favor the electrochemical activity of
the battery. The presence of Mn-C derivatives has already been observed to considerably
improve the activity of primary metal-air batteries compared to pure species [36].
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Figure 6. Aluminium-air electrochemical measurements with the electrodeposited manganese nitrate
cathodes: (a) LSV curves and (b) constant current discharge curves.

Nevertheless, it should be noted that the morphology of the electrodeposited oxides
also plays an important role. Both of the samples subject to 20 mA for 5 min and the 50 mA
for 1 min show the longest discharge times and we can find the coatings with coral-like
cavities in both of them. These morphologies, which are not found or are fused with other
structures in the other samples, give rise to a better electrocatalytic activity than that of
the samples with MnO2 species [21]. This could be due to the presence of thicker and
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smoother coatings on the carbon fibers in the samples with MnO2 species, which may
reduce the contact between oxygen, the electrolyte, and the catalyst. To verify this factor,
EIS measurements were performed (Figure S4a and Table S1), in which it can be observed
how the resistance of the samples increases directly in relation to the thickness of the
coatings obtained. With this observation, we can assume that not only the electrocatalytic
species that are used are important, but that their morphology and the architecture of the
air cathode are also important.

In the case of nickel electrodeposited samples, the LSV curves (Figure 7a) show that
the cathodes electrodeposited at 20 mA for 5 min and 50 mA for 1 min show the highest
ORR kinetic-limiting current densities (~−6 mA, −1.5 mA cm−2). It should be noted that
in this case the Ni(OH)2, cathodes start their activity at ~0.75 V, significantly increasing
the voltage with respect to the reference cathode. Once again, these samples with higher
ORR-limiting current densities show the longest discharge time (Figure 7b), reaching 6.5 h
(130 mA h–32.5 mA h cm−2). In particular, the sample electrodeposited at 20 mA for
5 min is the one which shows the most stable discharge curve. These results are also in
agreement with those obtained in EIS (Figure S4b and Table S1), which is that the sample
electrodeposited with Ni at 20 mA for 5 min offers the lowest resistance. This cathode
exhibits an improvement of more than 3 h in the total discharge time with respect to the
reference commercial fuel cell cathode.
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Figure 7. Aluminum-air electrochemical measurements with the electrodeposited nickel nitrate
cathodes: (a) LSV curves and (b) constant current discharge curves.
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The results obtained agree with previous observations in relation to the ORR activity
of Ni(OH)2 with intercalated species [37,38]. The ORR activity of Ni(OH)2 increases and
stabilizes when it has a certain amount of intercalated species in its structure. However,
there comes a point that an increase of these species begins to destabilize its structure and
its ORR activity begins to decrease again. Taking this into account, and the results observed
in Raman, we can infer that the sample electrodeposited at 20 mA for 5 min presents the
optimum number of intercalated species to favor and improve its catalytic activity. On the
contrary, the samples that present a higher number of intercalated species, electrodeposited
at 20 mA for 10 min and at 50 mA for 5 min, destabilize their structure and considerably
reduce their activity.

Comparing the results obtained in different electrodeposited samples, we can conclude
that, in both manganese nitrate solution and nickel nitrate solution, the best results are
obtained from the electrodepositions performed at 20 mA for 5 min.

To compare the morphology and structure of these two samples, an additional TEM
analysis was performed (Figures S5 and S6). Results corroborate that both show nanometric
and porous coatings on the carbon fibers, promoting ORR activity without affecting the
contact between oxygen, the electrolyte, and the catalyst. Moreover, from the LSV curves,
it can be determined that, while the sample electrodeposited with the manganese species
presents a higher ORR kinetic-limiting current density, the sample electrodeposited with
nickel presents a higher voltage at which the activity starts.

Considering the results obtained above, an attempt was made to combine manganese
and nickel ORR activities with the electrodeposition of mixed solutions of nickel and man-
ganese nitrates in different ratios (9:1, 7:3, 3:2, and 1:1 of Ni:Mn, respectively). To evaluate
the electrochemical activity of these new combined Ni:Mn cathodes, discharge curves at
20 mA (5 mA cm−2) with the previously described configuration were again performed. In
Figure 8, it can be observed that the sample with a Ni:Mn ratio in a 3:2 solution shows the
best electrochemical activity, reaching discharge times of 9 h (180 mA h–45 mA h cm−2),
which corresponds to an increase of more than 100 mA h (25 mA h cm−2) in the battery
capacity with respect to the commercial reference fuel cell cathode. If we again perform
LSV (Figure S7) on this electrode, at a Ni:Mn ratio in a 3:2 solution, and compare it with the
results previously obtained for the single nickel and manganese electrodeposited electrodes,
it can be clearly seen that this electrode combines the good ORR properties of both of them.
On the one hand, it maintains the voltage at which the ORR activity begins, which is
characteristic of nickel hydroxide. On the other hand, the ORR kinetic-limiting current
density reaches similar values to those obtained with the manganese electrode; this proves
the efficiency of the combination of the two solutions.
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Figure 8. Constant current discharge curves of the different concentrations in electrodeposited Ni:Mn
cathodes.
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In view of the good results obtained for the electrodeposited Ni:Mn (3:2) cathode, new
discharges at different currents were carried out to analyze its response (Figure 9). Despite
varying the discharge current between 30 and 5 mA (7.5 mA cm−2–1.25 mA cm−2), we
obtain similar capacity values close to 200 mA h (50 mA h cm−2). It is evident from these
discharge curves that as we increase the discharge current density, the average discharge
voltage plateau decreases: ~0.6 V at 1.25 mA cm−2, ~0.42 V at 2.5 mA cm−2, ~0.33 V at
5 mA cm−2, and ~0.24 V at 7.5 mA cm−2. However, the power density of the batteries
exhibits a logarithmic increase, which is the expected behavior in this type of metal-air
battery, appearing to reach its maximum at values close to 1.8 mW cm−2 (achieved during
a discharge at 30 mA: ~0.24 V at 7.5 mA cm−2). These results are depicted in Figure S8.
These findings demonstrate how a simple, fast, and inexpensive electrodeposition process
can significantly improve the electrochemical activity of commercial cathodes in aluminum-
air batteries.
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Figure 9. Ni:Mn (3:2) discharge curves at different constant currents: 30 mA (green), 20 mA (red),
10 mA (black), and 5 mA (blue).

To analyze this electrode with improved properties in depth, a structural study was
conducted. Figure 10a shows the images obtained with SEM, in which a coating with
cavities can be appreciated again, reminding us of the coral-like structures which have
previously presented a favorable behavior. In the case of the Raman spectrum of this
sample (Figure 10b), we can observe the presence of a highly amorphous signal, which
is unable to identify any specific peak, and can only identify a broad band in the area
corresponding to the characteristic signals of the nickel and manganese oxides and hydrox-
ides [100–1000 cm−1]. This signal has been observed previously in Ni(OH)2 doped with
manganese; the presence of manganese could disorder the structure of the nickel hydroxide
by intercalating in its layered structure [39].

140



Micromachines 2023, 14, 1930

Micromachines 2023, 14, x FOR PEER REVIEW 13 of 17 
 

 

with manganese; the presence of manganese could disorder the structure of the nickel 
hydroxide by intercalating in its layered structure [39]. 

 
Figure 9. Ni:Mn (3:2) discharge curves at different constant currents: 30 mA (green), 20 mA (red), 10 
mA (black), and 5 mA (blue). 

 
Figure 10. (a) SEM images and (b) Raman spectra of the Ni:Mn (3:2) electrode. 

To understand the origin of this signal, a TEM-EDS study was performed. Figure 11 
shows different HRTEM micrographs of the Ni:Mn (3:2) sample. This sample is formed 
by an interesting nanoarchitecture built from nearly transparent nanosheets (regions I in 
Figure 11a,b) assembled through stalk-like formations (regions II in Figure 11a,c), which 

0 10 20 30 40 50
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

~ 220 mAh

 

V
o

lta
ge

 (
V

)

Time (h)

 30 mA
 20 mA
 10 mA
 5 mA

190 mAh
180 mAh 

170 mAh

Figure 10. (a) SEM images and (b) Raman spectra of the Ni:Mn (3:2) electrode.

To understand the origin of this signal, a TEM-EDS study was performed. Figure 11
shows different HRTEM micrographs of the Ni:Mn (3:2) sample. This sample is formed
by an interesting nanoarchitecture built from nearly transparent nanosheets (regions I in
Figure 11a,b) assembled through stalk-like formations (regions II in Figure 11a,c), which are
composed by corrugated nanosheets of about 10–15 nm in width. Both types of morphology
(region I and region II) exhibit the same composition of 3Ni:1Mn, as determined from the
corresponding EDS spectra (Figure S9). This composition aligns with the initial molar ratios
used during electrodeposition and highlights the preference for nickel electrodeposition
over manganese.
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The inset of Figure 11a gathers a representative ED pattern, which can be indexed
based on the Ni(OH)2-type structure, similar to that obtained for the Ni 20 sample elec-
trodeposited at mA for 5 min. As the sample presents very low crystallinity, the periodic
contrasts appear only along small distances and it is difficult to determine precise values,
as would be the case in well-grown crystals. Thus, the d-spacing values of 0.65 nm could
be indexed to the (003) crystal planes of Ni(OH)2; however, they are probably more repre-
sentative of the (003) crystal planes of NiOOH. The other two distances indicated in the
ED pattern (inset of Figure 11a), 0.26 and 0.15 nm, could also correspond to both phases.
Moreover, the distances corresponding to the (003) crystal planes range between 0.65 and
0.78 nm (Figure 11d), pointing to the probable coexistence of Ni(OH)2 and MOOH, with
M=Mn, Ni. Furthermore, the EDS mappings (Figure S10) of the Ni:Mn nanosheets indicate
compositional homogeneity at a nanoscale. Indeed, Mn doping at the atomic level (up to
6%) has been previously reported as a strategy to induce local contraction of the metal-
O/metal bond length, stabilizing the structure in this way [39]. In addition, Mn doping of
Ni(OH)2 has been proved to promote the production of high-valence NiIIIOOH [40]. Thus,
the stabilization of trivalent Ni and Mn cations should be an interesting electronic feature
of the Ni:Mn sample that leads to an improved electrochemical response.

Lastly, it is important to highlight that all the samples examined in this study were
characterized both before and after the electrochemical measurements. These assessments
revealed no significant differences in the electrodes, indicating that the cathode elements
(the carbon fibers and the electrodeposited catalysts) do not undergo degradation during
battery discharge. This suggests their potential for reuse in another battery of the same type,
with the sole requirement of having to replace the consumed aluminum. A representative
SEM image, along with its corresponding EDS analysis, of the Ni:Mn 3:2 sample after
cycling is presented in Figure S11.

4. Conclusions

In this work, we have shown that commercial fuel cell cathodes can be converted
into high-performance cathodes for metal-air batteries through electrodeposition. Two
types of sample series have been tested, one with the electrodeposition of nickel species
and another with manganese species. We have determined the optimal parameters for the
electrodeposition of both species, which is a current of 20 mA and a deposition time of
5 min. Electrodeposition of manganese species results in high ORR kinetic-limiting current
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density, while the electrodeposition of nickel presents a higher voltage at which the activity
starts. Along with the importance of the electrocatalytic species used, the morphology
and the architecture of the air cathode play an important role. A porous coating of the
carbon fibers, formed by interconnected sheets or platelet-shaped particles, favors the
contact between oxygen, the electrolyte, and the catalyst. The combination of Ni and Mn in
optimal proportions produces cathodes with good properties that are merged from both
species, leading to the construction of 50 mA h cm−2 Al-air batteries. In conclusion, this
study presents a novel, cost-effective method for producing high-performance cathodes
for aluminum-air batteries through electrodeposition of nickel and manganese species.
The method in this study offers a readily scalable solution that enhances electrochemical
performance. The results highlight its potential for practical applications in emerging
energy storage technologies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/mi14101930/s1. Figure S1. SEM-EDS compositional mapping
of commercial fuel cell cathode: (a) SE signal, (b) carbon signal and (c) F signal. (d) EDS spectra.
Figure S2. Raman spectra of the commercial fuel cell cathode. Figure S3. Constant current discharge
curve of the reference commercial fuel cell cathode. Figure S4. EIS Nyquist plots – insets show the
equivalent circuits: (a) Manganese nitrate electrodeposited samples and (b) Nickel nitrate electrode-
posited samples. Figure S5. HRTEM images for the Mn (20 mA-5min) sample (a) at low magnification
(inset shows the corresponding ED pattern indexed based on cubic Mn2O3) and at high magnifica-
tion in different regions showing the presence of (b) Mn2O3 and (c) MnCO3. Figure S6. HRTEM
images for the Ni (20 mA-5min) sample (a) at low magnification (inset shows the corresponding ED
pattern indexed based on hydrated Ni(OH)2) and (b) at high magnification. Figure S7. LSV curves
comparation between the samples electrodeposited at 20 mA 5 min: Ni:Mn 3:2 (black), Mn 20 mA 5
min (pink) and Ni 20 mA 5min (blue). Figure S8. Discharge voltage and power density vs discharge
current density for Ni:Mn 3:2 electrode. Figure S9. EDS obtained from the different HRTEM regions
for the Ni:Mn sample. Cu signal originates from the sample holder. Figure S10. (a) STEM image of
the Ni:Mn sample and (b) Ni, (c) Mn and (d) O corresponding mappings. Figure S11. SEM image (a)
and corresponding EDS (b) of the Ni:Mn 3:2 sample after cycling. Table S1. Relevant results obtained
from Nyquist plots fitting.
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Abstract: As plastic production continues to increase globally, plastic waste accumulates and de-
grades into smaller plastic particles. Through chemical and biological processes, nanoscale plastic
particles (nanoplastics) are formed and are expected to exist in quantities of several orders of magni-
tude greater than those found for microplastics. Due to their small size and low mass, nanoplastics
remain challenging to detect in the environment using most standard analytical methods. The goal of
this research is to adapt existing tools to address the analytical challenges posed by the identification
of nanoplastics. Given the unique and well-documented properties of anthropogenic plastics, we
hypothesized that nanoplastics could be differentiated by polymer type using spatiotemporal de-
formation data collected through irradiation with scanning electron microscopy (SEM). We selected
polyvinyl chloride (PVC), polyethylene terephthalate (PET), and high-density polyethylene (HDPE)
to capture a range of thermodynamic properties and molecular structures encompassed by commer-
cially available plastics. Pristine samples of each polymer type were chosen and individually milled
to generate micro and nanoscale particles for SEM analysis. To test the hypothesis that polymers
could be differentiated from other constituents in complex samples, the polymers were compared
against proxy materials common in environmental media, i.e., algae, kaolinite clay, and nanocellulose.
Samples for SEM analysis were prepared uncoated to enable observation of polymer deformation
under set electron beam parameters. For each sample type, particles approximately 1 µm in diameter
were chosen, and videos of particle deformation were recorded and studied. Blinded samples were
also prepared with mixtures of the aforementioned materials to test the viability of this method for
identifying near-nanoscale plastic particles in environmental media. Based on the evidence collected,
deformation patterns between plastic particles and particles present in common environmental media
show significant differences. A computer vision algorithm was also developed and tested against
manual measurements to improve the usefulness and efficiency of this method further.

Keywords: SEM; detection; microplastics; machine learning; polymers

1. Background

In recent years, studies focusing on the extent of global plastic pollution, specifically
micro and nanoplastic (MNP) pollution, have increased exponentially [1]. With this in-
crease in research, mounting evidence of the ubiquity of MNPs in the environment has
raised concerns over their potential implications for the health of terrestrial and aquatic
ecosystems [2–5]. Microplastics are commonly described as plastic particles less than
5 mm in size, while nanoplastics have been described as having at least one dimension
smaller than 1000 nanometers (nm) [6]. The smallest nanoplastics are of particular concern
due to their increased capacity for biological interactions [5,7,8]. Given the difficulty of
measuring or identifying nanoplastics from environmental samples due to their small
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size and low mass, there remains a methodological gap in characterizing environmental
nanoplastics [6,9]. New, accessible approaches for detecting nanoplastics would greatly
improve our understanding of their presence in the environment and provide additional
data for regulatory decision-makers.

Following concentration and recovery from environmental samples, analysis using
tools like pyrolysis gas chromatography–mass spectrometry (Py-GC-MS) may support the
identification of nanoplastics by polymer type, but quickly detecting environmentally rele-
vant concentrations of nanoplastics may prove a challenge as limits of detection are on the
order of micrograms per liter range [6,10,11]. In addition to the significant preconcentration
needed to enable the effective use of Py-GC-MS [12], it also requires the destruction of a
sample, inhibiting the collection of nanoplastic morphology or particle count data once
analyzed. The typical non-destructive methods used for collecting chemical fingerprints
to identify microplastics by polymer type, including Fourier-transform infrared and Ra-
man spectroscopy, have been reported to have limitations due to small particle size and
background interference when used to characterize nanoplastics [9]. A recent study fo-
cused on applying scanning transmission X-ray spectromicroscopy (STXM) and near-edge
X-ray absorption fine-structure spectroscopy (NEXAFS) to image and characterize spiked
nanoplastics recovered from different environmental matrices [13]. While this method
seems viable for its intended purpose, it still requires considerable time to image particles
and perform spectral analysis. For environmental nanoplastics research to advance more
rapidly, simpler and more accessible methods are needed.

Methods targeting unique molecular structures of different polymers may provide
an analytical fingerprint associated with individual polymer types, allowing researchers
to better characterize nanoplastics. In electron energy loss spectroscopy (EELS), materials
are exposed to an electron beam with a known energy input, while energy losses resulting
from inelastic scattering of electrons are measured to create spectra unique to a given
material [9,14]. Similar techniques commonly coupled with SEM, including X-ray photo-
electron spectroscopy (XPS) and energy-dispersive X-ray spectroscopy (EDS), have also
been applied while attempting to identify MNPs within a sample. One study investigating
Indian beach sediment utilized both SEM and EDS to verify the presence of PVC, PE, and
PET microplastics [15]. However, the microplastics identified using this methodology were
between 36 µm and 5 mm in size and were identified primarily based on strong carbon
signatures in their elemental spectra. This methodology alone would likely prove more
challenging for characterizing nanoplastics in samples of mixed environmental media
with other high-carbon signature materials. Researchers using these techniques to identify
MNPs typically rely on heavier elemental signatures as markers that may not always be
present or known to be unique to plastics [15–17].

Due to the intensity of the SEM electron beam, many organic and sensitive samples
may degrade during imaging if left untreated [18,19]. Often, it is desirable to coat sensitive
samples with thin carbon or gold–palladium coatings to help protect the sample from
radiation damage incurred by the electron beam [20]. If left uncoated, organic materials such
as polymers with relatively low thermal conductivity values are susceptible to deformation
with only moderately elevated temperatures [21]. By maintaining constant electron beam
parameters during SEM imaging, it may be possible to identify unique deformation profiles
for anthropogenic plastics at the nanoscale that are distinct from other environmental media.
Furthermore, utilizing SEM enables the observation of materials down to the nanoscale,
which is outside the detection limits for many other analytical methods.

Electron-beam irradiation is commonly used for sterilizing ultra-high molecular
weight polyethylene (UHMWPE) materials used in biomedical applications [22,23]. Irra-
diation of linear hydrocarbon polymers can result in C-C and C-H bond cleavage, radical
and hydrogen removal, chain scission, cross-linking, and oxidation (in the presence of
oxygen) [22]. Polymer research has shown that chemical cross-linking is an irreversible
process that is commonly used to improve the strength, stiffness, and rigidity of poly-
meric materials [24]. These chemical alterations, occurring concurrently with high enough
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irradiation doses, can lead to spatial rearrangement and complex physical changes in
polymer characteristics [23]. During SEM, this spatial rearrangement of the polymer matrix
can result in changes to polymer surface characteristics that are observable in real time.
By controlling the conditions of irradiation during SEM, we hypothesized that physical
alterations of MNPs of similar sizes from the most common commercial plastics would
occur predictably by polymer type and be unique from the deformation patterns seen
in non-anthropogenic polymers. This study sought to test the capacity for irradiation
of individual particles during SEM to provide a spatiotemporal fingerprint to identify
environmental MNPs.

A supporting computer vision (CV) algorithm has been written in Python using the
popular PyTorch application processing interface (API) to aid the processing power of the
developed methodology [25]. PyTorch contains tools allowing software development to
design and train deep neural networks. The dataset of videos collected with SEM, along
with their associated masks representing particles to segment, were used as training data.
Using a specifically designed objective function, the network was trained to accurately
predict pixels belonging to either the foreground or background. The architecture, the
objective function, and the training process were all programmed with PyTorch. Once the
deep neural network was trained, it was stored in memory and used to infer a segmentation
mask for new input data. The prediction quality was quantitatively evaluated using a
standard metric for the segmentation algorithm, namely intersection over union (IoU).
IoU quantifies the amount of overlap between the predicted and manually annotated
masks. A 100% IoU corresponds to a predicted mask perfectly aligned with the manually
annotated one. As artificial intelligence (AI) systems continue to develop and increase in
sophistication, the accuracy of automated analysis of data collected using the methodology
described in this study is expected to improve.

2. Materials and Methods
2.1. Materials and Characterization

Environmentally relevant polymer types were investigated by identifying the most
prominent commercial plastics found in environmental waste [26]. After reviewing the
fundamental properties of engineered polymers, the degree of crystallinity was noted to
be affected during SEM irradiation [23,27] and hypothesized to be the most predictive of
polymer deformation during irradiation. Considering the predicted deformation profiles
of different polymer types during SEM imaging, the degree of crystallinity values and
overall polymeric structure were used to identify polymer types anticipated to capture a
wide spectrum of particle deformation behavior. The three plastic materials chosen for this
study were polyvinyl chloride (PVC), polyethylene terephthalate (PET), and high-density
polyethylene (HDPE). Pristine samples of each chosen polymer type were selected from
the Hawaii Pacific University Center for Marine Debris Research Polymer Identification Kit
and individually fragmented using a Retsch Cryomill to generate environmentally relevant
MNPs for SEM analysis.

Non-plastic materials were also studied for comparison against MNPs to determine
if plastics deform differently under SEM irradiation analysis. Non-plastic materials were
selected to capture a range of media commonly found in environmental samples. Algae
were selected as a proxy for common biological material. Samples of algae (Raphidocelis
subcapitata) were prepared using specimens cultured within the laboratory. For a non-
polymeric material, aluminum silicate (kaolinite) was selected as a proxy for soft silt and
sedimentary particles commonly found in environmental samples. Kaolinite materials
were obtained through Sigma–Aldrich. Environments are also rich in natural polymeric
materials, and a naturally derived polymer would also be needed to compare against the
anthropogenic polymers in this study. Cellulose was selected as a proxy for naturally
occurring polymer materials common in environmental media and could be mistaken as
an MNP. Cellulose used in this study was obtained through Sigma–Aldrich.
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2.2. SEM Sample Preparation

All SEM sample preparation occurred within a laminar flow hood with materials
obtained through Ted Pella, Inc. (Redding, CA, USA). Aluminum SEM specimen mounts
were first prepared by placing a piece of double-stick carbon tape and affixing a 5 × 5 mm
silicon wafer to the top of the tape. Compressed air was then used to remove any potential
dust or particulate debris that may have been present on the sample. Plastic samples were
prepared by suspending milled plastics in ultrapure water and subsequently, using glass
pipette tips, drop-casting each sample onto individual specimen mounts. Both kaolinite and
nanocrystalline cellulose samples were prepared similarly by suspending the dry powder
materials in ultrapure water and subsequently drop casting onto individual SEM specimen
mounts. Since algae samples were already suspended in aqueous media, they were diluted
50:50 with ultrapure water to reduce the concentration of algal cells prior to drop casting.
Samples were left uncoated to enable observation of deformation during SEM irradiation.
All validation samples were prepared similarly using mixtures of plastic materials and
environmentally relevant media.

2.3. Experimental Design

While field emission SEM (FE-SEM) may also be suitable for obtaining high-resolution
images of MNPs at low voltages, the higher voltages desired and the general ease of accessi-
bility from a typical SEM were preferable. To ensure consistent energy input across multiple
particle deformation observations, electron beam voltage and current were maintained
at 5 kilovolts (kV) and 33 nanoamperes (nA), respectively, with the beam aperture set to
50 µm. The beam scan rate was held constant at 500 nanoseconds with a horizontal field
width (HFW) of 9.95 µm and a working distance of 10.6 mm for each sample. For the pur-
poses of method development, groups of five of the smallest particles of each material type
(between 1 and 10 µm in length) were selected, and videos of particle deformation were
recorded for at least 40 s for analysis using a Quanta 3D dual beam SEM (FEI Company,
Hillsboro, OR, USA). Images were automatically collected every second during recording
for particle deformation analysis.

Electron beam settings were held constant throughout all plastic sample observations
for PVC, PET, and HDPE. After the initial observations of the selected plastic materials, it
was decided that a higher beam current may help further interrogate differences between
the deformation behavior of particle materials. All subsequent algae, kaolinite, and cellulose
observations occurred with a beam voltage of 5 kV at a current of 37.9 nA, with all other
experimental parameters remaining the same. Additional observations of different particles
from the PVC, PET, and HDPE samples were also recorded at the higher beam current to
determine potential changes in observed deformation patterns resulting from the increased
SEM irradiation.

Following the deformation observations of all the materials used in this study, three
blinded validation samples were prepared using mixtures of the same materials with the
addition of environmentally relevant media. These samples were then observed under the
same electron beam parameters with the increased 37.9 nA beam current. Particles present
in the validation samples were identified systematically prior to observation. Validation
samples were divided into quadrants during SEM analysis, with 10 particles of similar
size from each quadrant being selected and recorded under SEM irradiation. In total,
40 randomly selected particles from each of the three blinded samples were recorded for
deformation analysis. Deformation profiles from these blinded particles were analyzed
and compared against the deformation profiles collected for the six known materials used
in this study. The intent of the blinded validation study was to evaluate the utility of this
method for detecting MNPs from complex environmental samples.

2.4. Manual Data Evaluation

Analysis of the change in cross-sectional areas of individual particles was the primary
focus of this study. Once the SEM irradiation observations were recorded for particle
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groups for each sample material, particle cross-sections were measured using images taken
at specific time points. Particle cross-sectional area measurements were collected using
ImageJ Version 1.53i image processing software (NIH, Madison, WI, USA). As the plastic
particles were of irregular size and shape due to milling, variability among particle defor-
mation within individual polymer samples was expected. Following the characterization
of deformation profiles for known materials, particle cross-section measurements from
blinded samples were then collected. After the characterization of deformation profiles
for particles of unknown origin, these data were compared against those of the known
materials. If the unknown particles exhibited similar deformation profiles to those of
known plastics, this would indicate potential MNPs present in the blinded samples.

Once the analysis of particles from blinded samples was complete and deformation
profiles were analyzed, the presence of MNPs in blinded samples was proposed and vali-
dated by the person who prepared the blinded samples. Successful identification of MNPs
present in mixed samples would further validate this method and indicate its potential to
help close the methodological gap for identifying environmental nanoplastics. However,
the method described herein for manual cross-sectional particle area measurements does
not lend itself to the practical and rapid collection of environmental data on MNPs. More
automated measurement techniques would be needed to develop this method further.

2.5. Automated Data Evaluation with Computer Vision Analysis

Automated data evaluation was developed to expand the usefulness of the developed
methodology. By developing a computational tool that can observe the SEM irradiation of
particles and calculate the changes in particle size, particle deformation profiles could be
produced in a fraction of the time.

Computer vision (CV) systems are proper candidates to tackle the problem of mea-
suring changing particle sizes within the observational data collected in this study. Given
an image representing a particle, the task consists of recognizing which pixels represent it.
This is known as the segmentation task, a popular problem that has been widely studied
over the years by the CV community. Traditional segmentation algorithms may be used,
including watershed [28], grab-cut [29], or image preprocessing followed by thresholding.
However, these methods suffer from poor generalization power, are sensitive to noise, and
require tedious manual tuning of parameters. They become poor candidates for SEM image
processing, which can be highly noisy with varying contrasting occurring. With the recent
advance of AI systems, particularly deep learning, a new set of algorithms was developed,
leveraging deep neural networks’ discrimination power. This family of techniques achieves
state-of-the-art performance in various CV tasks, like segmentation.

Deep learning algorithms must be trained on a large set of annotated data to perform
well on the desired downstream task. Since the particle data collected were not annotated
with the corresponding image masks representing the particle, selecting a database for train-
ing the deep network with publicly available annotated data was necessary. The database
selected is called PhC-C2DH-U373 [30] for cell segmentation. This dataset is appropriate
for training the deep network because the images are annotated with corresponding expert-
made segmentation masks, and the cells represented are visually similar to the particles
observed in this study. The visual domain is also similar since both databases contain
images taken using SEM. The deep network model comprises the popular UNet architec-
ture [31]. UNet is a popular choice for the segmentation algorithm because it was designed
to consider the image at multiple scales and is robust to noise perturbations. It achieves
state-of-the-art performance on multiple benchmark datasets on the segmentation task.

The first and last frames of all particle deformation videos were manually annotated
to fill the gap between the cell and particle deformation datasets. UNet architecture was
then trained on a joint set of images with cell and plastic deformation masks, increasing its
ability to generalize to unseen images containing plastic particles.
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2.6. Statistical Analysis

Statistical analyses were performed using SigmaPlot version 15.0 (Systat Software,
San Jose, CA, USA). Differences between sample groups were considered significant when
p ≤ 0.05. Significant differences in deformation behavior between material types were
based on cross-sectional measurement data collected over time and analyzed using a
two-way repeated-measures analysis of variance (RM-ANOVA) and Bonferroni post hoc
analysis. Significant differences in initial deformation rate data across material types
were determined using one-way ANOVA and Tukey’s post hoc analysis. Normality and
equal variance of data were determined using Shapiro–Wilk and Brown–Forsythe tests,
respectively. Correlations between variables within the study were also performed using
linear regression analysis.

3. Results
3.1. Plastic Particle Deformation

Data collected for PVC, PET, and HDPE particles at a 33 nA beam current showed a
variation in deformation patterns between the different polymer types. Figure 1 shows
particle deformation over time as a percentage of the initially measured cross-sectional area.
The data shown are the mean of five different particle measurements for each polymer type
(n = 5), with standard error bars showing the deformation variability between measured
particles. Trends in the data show that the measured particle cross-sectional area is generally
reduced for the lower crystallinity polymer types during SEM irradiation. Although distinct
differences between particle deformation seem apparent, the higher variability in PVC
particle deformation adds uncertainty to the dataset. Statistical comparisons of the three
deformation profiles show that PVC and PET deformation profiles significantly differed
from HDPE (p < 0.001) but not from each other.
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Figure 1. Deformation profiles for PVC, PET, and HDPE under both 33 nA and 37.9 nA beam currents.
Particle shrinkage is depicted as a change in manually measured particle cross-sectional area over
time, normalized against the initial particle cross-sectional area at the start of irradiation. The plot
shows the mean particle measurements for each material type (n = 5) with standard error.

Following initial plastic particle deformation observations, additional data on plastic
materials were collected at a higher beam current of 37.9 nA to observe changes result-
ing from increased irradiation. PVC, PET, and HDPE were re-evaluated by selecting five
additional particles within each sample for analysis (n = 5). Data collected for all plastic
materials under both 33 nA and 37.9 nA beam currents are shown in Figure 1. Statistical
comparisons of the deformation profiles between the plastic materials at different beam
currents indicated significantly increased deformation behavior for PVC at a higher beam
current (p = 0.042) but no significant change for either PET or HDPE. The apparent reduced
average deformation of PET particles observed at the 37.9 nA beam current is likely an
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artifact of variations in the degree of crystallinity across the particles selected in the different
study groups. Comparisons across the three materials at the higher beam current also
indicate that differences in deformation behavior between all of the plastic materials were
statistically significant from each other. Based on these observations, deformation profiles
of lower crystallinity plastics under higher currents appear more likely to display acceler-
ated deformation rates and greater changes in measured cross-sectional area than higher
crystallinity plastics. Linear regression analysis also showed that the final deformation
measurements for each material (t = 39 s) correlated to the reported degree of crystallinity
values with an R2 value of 0.87.

3.2. Plastic vs. Non-Plastic Media Particle Deformation

Generally, data collected for algae, kaolinite, and cellulose particles indicated less
deformation than plastic particles. Notable differences in particle morphology were also
present during deformation observations. Interestingly, blebbing was observed during
algal cell irradiation, which enabled additional qualitative distinction of algal media from
other media in this study. Kaolinite was characterized by a markedly different contrasting
quality over the other materials and appeared to have more jagged features when compared
to the other materials. While cellulose appeared to have a similar morphology to the plastic
materials observed in this study, it did not appear to degrade as readily as the lower
crystallinity plastics in this study. Even at the higher current of 37.9 nA, all of the non-
plastic media tested appeared to display less particle shrinkage when compared to both
PVC and PET samples.

Figure 2 shows particle deformation profiles for algae, kaolinite, and cellulose, as well
as the plastic materials tested at 37.9 nA beam current. Data plotted in Figure 2 are the mean
of five individual particle measurements for each material type (n = 5) collected during
SEM irradiation with calculated standard error bars to indicate variability within material
types. Measurements were then normalized to a percentage of the initially measured
cross-sectional area over time. Statistical comparisons across the material types shown
indicate that both PVC and PET display deformation behavior significantly different from
the rest of the materials tested and from each other (p < 0.001). Additional comparisons
yielded no significant differences in particle deformation behavior between the non-plastic
media or HDPE. These observations further indicate that using this methodology, the
particle deformation behavior of low crystallinity plastics is significantly different from the
behavior of common non-plastic environmental media and high crystallinity plastics. SEM
images showing typical particle deformation for each material type are shown in Figure 3.
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Figure 2. Deformation profiles for all material types under a 37.9 nA beam current. Particle shrinkage
is depicted as a change in manually measured particle cross-sectional area over time, normalized
against the initial particle cross-sectional area at the start of irradiation. The plot shows the mean
particle measurements for each material type (n = 5) with standard error.
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Figure 3. SEM images depicting typical particle deformation behavior for (a) plastic and (b) non-
plastic materials from t = 0 s to t = 39 s. The highlighted boundary shows the initially measured
cross-sectional area to emphasize differences over time.

3.3. Blinded Validation Sample Analysis

Measurements were collected at five time points for 0, 2, 4, 10, 20, and 40 s of irradia-
tion to more rapidly collect the deformation profiles for particles from blinded samples.
Deformation profiles were then plotted and visually assessed to determine if any particles
of unknown origin exhibited deformation behavior similar to the lower crystallinity plastics
in this study (PVC and PET). Similar particle shrinkage behavior to these known plastics
was considered indicative of anthropogenic polymers, and those particles were further
studied. Unknown particles were deemed suspect when their overall particle deformation
at the end of observation (t = 39 s) showed deformation greater than the least deforming
known PET particles assessed in this study (8.1% at t = 39 s).

Based on analyses of the 120 unknown particles studied across the three blinded
validation samples, 35 unknown particles exhibited suspect deformation behavior. Of
the total suspect particles, 19, 1, and 15 were present in blinded validation samples #1,
#2, and #3, respectively. Suspect particles in each validation sample were then grouped
and compared for statistical similarity to known deforming plastics PVC and PET. Upon
comparison, it was found that PVC was significantly different from the grouped suspect
particles in all three validation samples (p < 0.002), whereas no significant differences were
apparent between PET and any of the three validation samples. These data indicated the
possible presence of PET in every blinded validation sample.

To further interrogate the presence of PVC within the validation samples, a new set of
suspect unknown particles were grouped based on overall particle deformation at the end
of observation (t = 39 s) and showed deformation greater than the least deforming known
PVC particle assessed in this study (20.0% at t = 39 s). Of the total suspected PVC particles,
3, 0, and 2 were present in blinded validation samples #1, #2, and #3, respectively. After a
statistical comparison, PVC was no longer found to be statistically different from validation
sample #3. This analysis indicated that the suspected particles in validation sample #1
exhibited deformation profiles that were different from those of the suspected particles in
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validation sample #3. Additionally, this analysis showed no statistical difference between
PVC and validation sample #3, indicating the potential presence of PVC. Following these
analyses predicting the presence of PET in all validation samples and PVC in validation
sample #3, the data were verified with the preparer of the blinded samples for comparison.
The results of those predictions are highlighted in Table 1.

Table 1. Summarized findings of blinded validation study testing identification methodology.

Validation
Sample

Statistically
Suspect * Verified Sample

Description

#1 PET Yes PET, Algae

#2 PET Yes PET, HDPE, Kaolinite

#3 PVC, PET Yes PVC, PET, HDPE, Silty Soil
* denotes a significant similarity relative to known plastic media (p ≤ 0.05).

3.4. Analysis of Materials with AI-Assisted Data Processing

The same particle observation data analyzed with manual measurements was also
analyzed using the developed machine learning algorithm for comparison to provide
enhanced data-generating power. The benefits of machine learning analysis are excep-
tionally enhanced speed of data collection while also collecting data at additional time
points. Figure 4 depicts the computationally generated particle measurements for the
plastic materials at the lower 33 nA beam current. Statistical analysis of the three plastic
materials at a 33 nA beam current showed PVC to be significantly different from HDPE
(p = 0.005), but PET was found not to be significantly different from HDPE (p = 0.088). PVC
and PET were also not found to be significantly different from each other. These results
deviate slightly from those derived from the manual measurements, possibly suggesting
the need for further training of the machine learning algorithm to improve the accuracy of
measurements and reduce the variability of the data collected.
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Figure 4. Deformation profiles for PVC, PET, and HDPE under a 33 nA beam current. Particle
shrinkage is depicted as a change in computationally measured particle cross-sectional area over
time, normalized against the initial particle cross-sectional area at the start of irradiation. The plot
shows the mean particle measurements for each material type (n = 5) with standard error.

Figure 5 depicts computationally generated particle measurements for all materials
tested at the 37.9 nA beam current. Upon visual inspection, the same trends in the data
are apparent, albeit with increased variability. Statistical comparisons across the material
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types indicated that PVC displays deformation behavior significantly different from all
the other materials except for PET (p = 0.07). Given the high variability of the PET data
generated, PET was no longer shown to be significantly different from the other materials,
including HDPE (p = 0.064). These results also deviate slightly from those derived from the
manual measurements. A comparison of manual and computationally generated particle
measurements is detailed below in Table 2. Each material type was assessed to determine
significant differences between manual and computationally generated data.
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Figure 5. Deformation profiles for all material types under a 37.9 nA beam current. Particle shrinkage
is depicted as a change in computationally measured particle cross-sectional area over time, normal-
ized against the initial particle cross-sectional area at the start of irradiation. The plot shows the mean
particle measurements for each material type (n = 5) with standard error.

Table 2. Statistical comparisons of manual measurements against computationally generated mea-
surements for each material type.

Beam
Current

Material
Type

Significant
Difference *

33 nA
PVC No
PET No

HDPE No

37.9 nA

PVC No
PET No

HDPE No
Kaolinite No

Algae No
Cellulose No

* denotes a significant difference between measurement methods (p ≤ 0.05).

The trends between manual and computationally generated measurements are similar,
such as no statistically significant differences across computational and manually derived
data by material type. However, due to increased variability in the computational data,
challenges remain with identifying statistically significant differences between material
types using the computational dataset. Higher resolution SEM data from particle obser-
vations with increased particle-background contrast for each material type would likely
improve machine learning algorithm measurements, allowing better determination of
statistically significant differences. Additional training of the machine learning algorithm
would also improve the overall discrimination of particles within lower-quality observation
data and improve the consistency of computationally generated measurements.
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To further verify the feasibility of AI-assisted data processing to identify MNPs from
samples of unknown origin, known materials were compared against the same three
blinded samples using only computationally generated datasets. With cross-sectional
areas generated at one-second intervals, known materials were compared against grouped
suspect particles from the same three validation samples following the aforementioned
methodology. Based on analyses of the 120 unknown particles studied across the three
blinded validation samples, 25 and 11 unknown particles exhibited suspect deformation
behavior for PET and PVC, respectively. Of the total suspect PET particles, 9, 1, and 15 were
present in blinded validation samples #1, #2, and #3, respectively. Of the total suspect PVC
particles, 4, 0, and 7 were present in blinded validation samples #1, #2, and #3, respectively.

Suspect particles in each validation sample were again grouped and compared for sta-
tistical similarity to known deforming plastics PVC and PET using two-way RM-ANOVA
with the computational datasets. Upon comparison, no statistically significant difference
was found between the computational datasets of known PET and the grouped suspect PET
particles from all three individual validation samples, accurately suggesting the possible
presence of PET MNPs in all three validation samples. The same comparison between the
computational datasets of known PVC and grouped suspect PVC particles from individual
validation samples showed no statistically significant difference between known PVC
particles and suspect PVC particles from both validation samples #1 and #3. As previously
tabulated in Table 1, PVC was only present in validation sample #3, meaning that the
statistical comparison of computational datasets for known and suspected PVC correctly
indicated the presence of PVC in validation sample #3 but incorrectly suggested the likeli-
hood of PVC in validation sample #1. To summarize these comparisons, it was possible
to accurately predict the presence of PET particles in all three validation samples using
only the computational datasets, but the presence of PVC was inaccurately suggested for
validation sample #1. This analysis of computational datasets suggests that it is feasible to
use computational datasets solely to predict the presence of MNPs in samples of unknown
origin. However, AI detection systems would likely need to be trained with larger datasets
to ensure more accurate predictions. A table of these comparisons is provided in Table 3.

Table 3. Summarized statistical analyses between computational datasets comparing known and
grouped suspected MNPs from blinded validation samples.

Validation
Sample

Statistically
Suspect * Verified Sample

Description

#1 PVC, PET PET only PET, Algae

#2 PET Yes PET, HDPE, Kaolinite

#3 PVC, PET Yes PVC, PET, HDPE, Silty Soil
* denotes no statistical difference relative to known plastic media (p ≤ 0.05).

4. Discussion

As noted earlier in this study, the random sizes and shapes of particles were expected
to introduce variability across particles of similar material types. A regression analysis of
the starting cross-sectional area of deforming plastic particles against the percent of total
deformation by the end of observation indicated a poor correlation with an R2 value of
0.05. The effects of irradiation are a well-studied topic in the field of polymeric materials
design [27]. Other research has suggested that the degree of deformation from electron
beam irradiation also depends on the polymer’s structure [32]. Previous research has
also shown that irradiation can cause a host of chemical changes, including chain scission
and cross-linking in polymers, leading to overall structural changes and spatial rearrange-
ment [23,27]. When considering the degree of crystallinity values of the tested materials, the
deformation behaviors of the studied plastics matched predictions made prior to investiga-
tion, with PVC deforming the most, followed by PET and HDPE, respectively. Crystallinity
is considered a significant property in the design of polymer material and was shown to
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have a positive correlation to the deformation and shrinkage behavior observed during
irradiation in this study.

This same logic may also explain why HDPE was able to withstand the same irradia-
tion as PVC and PET without undergoing the same deformation, which could be attributed
to its already high degree of crystallinity. A plastic’s crystallinity degree is based on the
density of tightly packed folded molecular chains, or crystalline lamellae regions, versus
the amorphous regions where molecular chains are loosely or irregularly formed within
the polymer structure [33]. Materials with higher degrees of crystallinity are associated
with higher melting temperatures and greater strength and rigidity. Ranges noted in the
polymer literature list degrees of crystallinity for PVC, PET, and HDPE as approximately
10%, 35%, and 75%, respectively [34,35]. Considering these concepts, increased deformation
of MNPs under electron beam irradiation shows an inverse relationship to the degree of
crystallinity, wherein highly crystalline MNPs would require more irradiative energy to
experience significant observable deformation behavior.

The study of the plastic materials at different beam currents also allowed for the
observation of differing levels of deformation, specifically with the PVC particles. By
studying the same materials under both 33 nA and 37.9 nA currents, it was possible to
observe how an increase in irradiation could increase particle shrinkage. Additionally,
observing the non-plastic media under the higher irradiative parameters used in this study
further accentuated the differences in their deformation profiles compared to plastics.
In future developments of this methodology, observing the deformation of each plastic
type under increasing levels of irradiation could further enhance distinctions between the
deformation profiles of MNPs and non-plastic environmental media.

While the manual measurement techniques used in this investigation were enough
for a proof of concept, the ultimate vision for this methodology would be to apply more
computational methods for rapidly assessing the visual data collected during SEM. Using
the machine learning algorithm implemented in this study on additional samples of known
plastics, developing an MNP deformation database would be feasible. The development of
such a tool could allow scientists and researchers to take a given environmental sample
and observe particle deformations in real-time with a software package capable of rapidly
estimating the presence of MNPs. Although this methodology requires access to SEM
equipment, which can be costly to operate, it provides a simple, more accessible methodol-
ogy to augment existing analytical techniques used in detecting environmental MNPs. SEM
also has the added benefit of allowing observation of the size and occurrence of particles.

The fields of AI, and more specifically, deep learning, are rapidly evolving. New
neural network architectures and training strategies emerge yearly, achieving enhanced
state-of-the-art performance in various tasks. While it is possible to improve accuracy using
the latest methods or include more annotated data, accuracy can also be improved in other
ways. By analyzing the spatiotemporal changes of the particles observed in this study, it
is possible to leverage other well-studied tasks of AI systems, such as video classification.
Classifying particle deformation into categories by polymer type and source would simplify
the post-processing step of fitting the new sample to the established deformation profile of
a given plastic polymer type.

The rationale for performing blinded validation studies in this investigation was to
test the concept of using irradiation-induced deformation to detect MNPs in a sample with
unknown media, as would likely be the case when studying an environmental sample. The
results of applying the methodology described herein can potentially improve the detection
of environmental MNPs. Additional studies using this methodology on less pristine and
weathered samples of commercial plastics would further test its utility. Weathered or aged
MNPs are expected to have varying degrees of UV radiation exposure that may impact
the degree of crystallinity of aged materials. Understanding how different levels of UV
exposure affect plastic particle deformation is critical in developing this methodology for
use on environmental MNPs. Using similar methods to those described in this study,
the deformation behavior of pristine and UV-irradiated particles of the same polymer
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type could be characterized and compared for differences. Under such circumstances, the
analytical capabilities of the aforementioned computational tools would be necessary to
make this a desirable methodology to the broader environmental research community.

Based on this work, some key aspects of data capture that should be considered
include the beam settings of the SEM instrument, the number of particles present in a
sample, and the presence of media-obscuring particles. Having the correct SEM settings
enables better particle resolution while aiding in observing particle morphology during
deformation. Diluting samples before preparation on SEM specimen mounts can prevent
particles from being obscured by large piles of microscopic debris, which aids in the more
rapid collection of particle deformation data. In addition to environmental debris, the
presence of biological media coating particles would likely inhibit the ability to find them
using this methodology. Digestion of biological media would be recommended if this
methodology is applied to an environmental sample. Guidelines for aiding in the analysis
of collected observational data include having clear contrast between particles and their
background, identifying isolated particles within the SEM imaging frame, and maintaining
a consistent frame rate in exported video files. Following these best practices enhances
the quality of observational data, enabling machine learning algorithms to better assess
potential deformational changes in irradiated particles. Table 4 summarizes how sample
preparation, data collection, and data analysis could be improved to make this methodology
more reliable for future researchers.

Table 4. Guidance for data collection and analysis using SEM particle deformation methodology.

Process Guidance Description Benefits

Sample
Preparation

Digest use mild digestion to
remove organic matter

reduces organics surrounding MNPs
to better observe particle deformation

Fraction separate particles of
specific size ranges

improves homogeneity of particles,
enabling expedited particle selection

Dilute reducing concentration of
particles in sample

reduces aggregation, enabling
expedited particle selection

Data
Collection

E-Beam optimize beam settings
for voltage and current

enables observation of more discrete
differences in particle deformation

Contrast optimize contrast settings
of instrument

improves identification of particle
boundaries during data analysis

Resolution optimize beam scan rate
and image resolution

improves identification of particle
boundaries during data analysis

Selection identification of discrete
particles

improves reliability of computational
methods for measuring particles

Sample increase number of
particle observations

improves statistical power of particle
deformation characterization

Data
Analysis

Materials collect data on a wide
variety of materials

expands library of particle
deformation behaviors, improving
characterization of particles from

different source materials

Condition collect data on particles
of different condition

expands characterization of particles
that have been UV aged or degraded

through different processes

Analytics pair method with other
analytical techniques

other techniques (such as EDS) may
help characterize particles

Training provide additional
training data to AI

improves computational analysis,
reducing error and variability

Software develop SEM software
package and database

enables cataloging of deformation
behavior and more rapid analysis

Successful implementation of this method would help highlight the extent to which
plastic persists in the environment, paving the way for a more comprehensive understanding
of the risks associated with plastic pollution. Identifying nanoplastics by polymer type in
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complex environmental matrices is the ultimate validation of this methodology, providing a
novel approach to help close the methodological gap for studying environmental MNPs.
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Abstract: Exploring bio-inspired nanomaterials (BINMs) and incorporating them into micro/nanodevices
represent a significant development in biomedical applications. Nanomaterials, engineered to imitate
biological structures and processes, exhibit distinctive attributes such as exceptional biocompatibility,
multifunctionality, and unparalleled versatility. The utilization of BINMs demonstrates significant
potential in diverse domains of biomedical micro/nanodevices, encompassing biosensors, targeted drug
delivery systems, and advanced tissue engineering constructs. This article thoroughly examines the
development and distinctive attributes of various BINMs, including those originating from proteins,
DNA, and biomimetic polymers. Significant attention is directed toward incorporating these entities
into micro/nanodevices and the subsequent biomedical ramifications that arise. This review explores
biomimicry’s structure–function correlations. Synthesis mosaics include bioprocesses, biomolecules,
and natural structures. These nanomaterials’ interfaces use biomimetic functionalization and geometric
adaptations, transforming drug delivery, nanobiosensing, bio-inspired organ-on-chip systems, cancer-
on-chip models, wound healing dressing mats, and antimicrobial surfaces. It provides an in-depth
analysis of the existing challenges and proposes prospective strategies to improve the efficiency, perfor-
mance, and reliability of these devices. Furthermore, this study offers a forward-thinking viewpoint
highlighting potential avenues for future exploration and advancement. The objective is to effectively
utilize and maximize the application of BINMs in the progression of biomedical micro/nanodevices,
thereby propelling this rapidly developing field toward its promising future.

Keywords: bio-inspired nanomaterials; micro/nanodevices; biomedical applications; nanotechnol-
ogy; biomimetic polymers; microfabrication; nano-biotechnology

1. Introduction

Bio-inspired nanomaterials (BINMs), alternatively referred to as biomimetic nanoma-
terials (BNMs), are a class of materials that are intentionally engineered and manufactured
to replicate the intricate structures, functionalities, or mechanisms observed in natural bio-
logical systems [1–3]. These advancements offer a novel trajectory for the field of material
science, facilitating the creation of materials possessing unique characteristics that can effec-
tively tackle a wide range of scientific, technological, and environmental obstacles through
successful applications in multidimensional sectors, including medicine and healthcare [4],
biotechnology and bioengineering [5], energy [6], environment [7], material science [8],
robotics [9,10], and many more [11–13]. Various biological entities, including proteins,
DNA [14,15], cells [16], and complete organisms [17], can serve as sources of inspiration for
these materials. Using DNA’s self-assembling properties has facilitated the construction
of shapes and patterns at the nanoscale level [18]. The adhesive characteristics exhibited
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by gecko feet have served as a source of inspiration for developing sophisticated adhesive
materials [19]. Furthermore, the self-cleaning and hydrophobic characteristics exhibited by
the lotus leaf have prompted advancements in creating self-cleaning surfaces and coatings
with water-repellent properties [20]. The interdisciplinary field of BINMs integrates princi-
ples from biology, chemistry, physics, and material science. A bottom-up approach is often
employed, commencing at the atomic or molecular level and progressing upward. This is
juxtaposed with the conventional top-down methodology, wherein the initial focus is on a
larger system that is subsequently deconstructed into smaller constituent parts. Various
techniques can be employed to fabricate BINMs, such as molecular self-assembly, in which
molecules autonomously organize themselves into desired structures. Another method is
biosynthesis, which involves utilizing biological organisms such as bacteria, fungi, or plants
to synthesize nanomaterials. The field of BINMs holds significant potential for scientific
investigation; however, it is not devoid of inherent obstacles. One of the primary obstacles
lies in the capacity to regulate the synthesis and assembly processes of these materials
in order to attain the intended properties [21]. There exist additional concerns regarding
the potential environmental and health ramifications associated with these nanomaterials,
necessitating the need for further examination and comprehensive testing prior to their
widespread implementation [22]. Notwithstanding these challenges, BINMs constitute a
captivating and burgeoning area of investigation. The advancement of our knowledge in
the fields of biology and nanotechnology is expected to enhance the possibilities for the
development of novel and influential BINMs.

With the advancement and comprehension of BINMs, an opportunity arises to investi-
gate the pragmatic utilization of these materials in the configuration of micro/nanodevices.
Micro/nanodevices, as their nomenclature implies, are miniature devices that operate at
the micro- or nanolevel. The significance of micro/nanodevices has increased substantially
due to their potential to enhance capabilities in diverse sectors, including medicine, en-
vironmental monitoring, electronics, and energy production. These devices provide an
unparalleled degree of control and accuracy at a minuscule level, enabling us to devise
and develop solutions to previously insurmountable obstacles. The potential for develop-
ing novel and influential micro/nanodevices using BINMs is anticipated to grow due to
technological advancements and improved comprehension of biological systems. Through
the utilization of the distinct characteristics exhibited by these nanomaterials in the form
of nanocomposite gels [23–26] and films [27–29], structural colored nanomaterials [30–32],
organo-metallic nanomaterials [33], molecular machines [34], and nanobiosensors [35]
have found widespread application and have replaced mainly more conventional bulk
materials in a variety of sectors [36–41] as well as in theoretical inquiries [42]. Researchers
and practitioners can fabricate devices that imitate or draw inspiration from biological
systems to execute targeted functions, frequently surpassing the efficiency and efficacy
of conventional devices. Medicine and healthcare are highly significant domains for ap-
plying micro/nanodevices [43,44]. Environmental monitoring is a field that extensively
utilizes micro/nanodevices [45]. These encompass sensors capable of detecting various
environmental pollutants, even in exceedingly low concentrations. These devices can
continuously monitor air and water quality, thereby offering significant data that can be
utilized to safeguard the environment. The electronics and computing sector represents a
significant domain in which micro/nanodevices are widely used [46]. Modern electronic
and computing devices rely on various components, such as transistors found in com-
puters and sensors present in smartphones, which collectively serve as the fundamental
infrastructure for these technologies. By further reducing the size of these devices and
enhancing their operational capabilities, it is possible to develop electronic devices that
are more potent and consume less energy. Micro/nanodevices are paramount in energy
production and storage [47]. Nanostructured materials have been employed to improve the
efficiency of solar cells, fuel cells, and batteries, among other applications. These devices
have the potential to enhance energy efficiency, mitigate expenses, and foster the adoption
of renewable energy sources. Although the prospect of micro/nanodevices is vast, there
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are still obstacles to overcome in manufacturing, integration, reliability, and safety. Current
investigations in BINMs and their utilization in micro/nanodevices are actively tackling
these obstacles, thus laying the foundation for a novel epoch in diverse industries.

The convergence of BINMs and micro/nanodevices is driving a transformative shift
across various academic fields, with a particular emphasis on biomedicine. The conver-
gence described in this context capitalizes on the distinctive characteristics of BINMs, which
are derived from biological systems, to optimize the functionality of micro/nanodevices.
These devices, in turn, provide a pragmatic framework for implementing these nanoma-
terials. The inherent characteristic of BINMs, known as the “bottom-up” approach, is
highly compatible with the micro/nanoscale. This compatibility facilitates the formation of
intricate structures through the process of self-assembly. The advantageous collaboration
between nanomaterials and biological systems in biomedicine is of great significance, as it
allows for the customization of nanomaterials to enhance their interaction capabilities with
biological entities. One example of improving targeted drug delivery systems involves the
integration of nanomaterials into micro/nanodevices, thereby enabling the accurate admin-
istration of drugs to particular cells or tissues. Moreover, developing micro/nanosensors
with high sensitivity is feasible, thereby improving the capability for early disease detec-
tion and accurate environmental monitoring. Although this interdisciplinary field offers
significant prospects, it is important to acknowledge the persistent challenges associated
with the control of nanomaterial synthesis and assembly, their integration into devices,
and the assurance of safety and efficacy in practical applications. However, the potential
advantages signify a promising outlook for this convergence.

In this thorough analysis, we set out on a complex trip to investigate the field of BINMs
and their significant implications for creating and operating micro/nanodevices, partic-
ularly those used in the biomedical industry. We start by delving deeply into the idea of
biologically inspired nanomaterials, illuminating the intrinsic functional possibilities they
bring, and defining thestructure–function correlations observed in nature (Section 2). The
many forms of BINMs and their key properties are then discussed (Section 3). The benefits
of these intriguing nanomaterials in improving the performance of micro/nanodevices
are underlined as we go along, from their flawless biocompatibility to their adaptability
(Section 4). In other nanotechnology fields, a wide range of non-biomedical uses of BINMs
are also covered (Section 5). The complex synthesis of BINMs, motivated by natural struc-
tures, biomolecules, and processes, is then covered in detail (Section 6). Design guidelines
for BINM interfaces, emphasizing functionalization strategies and associated difficulties,
significantly deepen our understanding (Section 7). We elaborate on the numerous uses
of BINMs in micro/nanodevices, primarily focusing on the biomedical sector, including
drug delivery systems, organ-on-chip technologies, wound healing approaches, and an-
timicrobial surfaces (Section 8). As this analysis draws to a close, we consider the ongoing
difficulties associated with using BINMs in biomedical applications (Section 9). Finally, we
believe in the prospects for the future and offer a few closing thoughts to summarize our
discussion (Section 10). This article offers researchers, academics, and business executives
a comprehensive grasp of the state of the art and the projected trajectory of BINMs in
micro/nanodevices. Figure 1 represents the table of contents of this review article.
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2. Bio-Inspired Nanomaterials: From Concept to Realization

The progression of BINMs serves as a testament to the notable amalgamation of
biology and nanotechnology. They are designed to replicate the structures, functions, or
processes observed in nature. This approach enables the development of novel materials
that possess distinctive properties. The development of BINMs typically commences with
a comprehensive comprehension of the biological system that researchers seek to emulate.
The comprehensive understanding and replication of distinct structures, processes, or
functions observed in nature at the nanoscale necessitate collaboration among biologists,
chemists, and material scientists. The practical implementation of nanomaterials inspired
by biological systems can be a multifaceted undertaking requiring meticulous planning
and regulation. In certain instances, researchers can employ a biological process directly
to synthesize nanomaterials. One illustrative instance involves using bacteria or fungi to
generate nanoparticles (NPs), transforming these organisms into miniature factories for
nanomaterial production.

In some instances, scientists may be required to employ alternative approaches to
accomplish their objectives. The potential application entails the development of artifi-
cial structures capable of autonomous assembly, emulating the structural characteristics
observed in biological systems. One instance illustrating this phenomenon is the advance-
ment in the creation of synthetic peptides capable of self-assembly into nanofibers, which
resemble the nanofibers present in the extracellular matrix of various tissues [48]. Addition-
ally, there exists the challenge of expanding the scale of these processes. Although these
nanomaterials can be synthesized in a laboratory setting, scaling up the production process
while preserving their intended characteristics poses a greater challenge. Furthermore, the
realization of BINM concepts frequently necessitates meticulous optimization. It may be
necessary to carefully adjust their properties to optimize the performance of these nanoma-
terials. This process may entail modifying various parameters, including the dimensions,
morphology, or elemental composition of the nanomaterials. Developing BINMs involves
a complex and intricate journey, necessitating a comprehensive comprehension of biology
and nanotechnology. This research direction holds promise in generating novel materials
that can effectively tackle various scientific and technological challenges. The application of
biomimetics to multiple domains, such as design, product development, service enhance-
ment, and biomedicine, can be facilitated through a basic research method comprising six
distinct steps (Figure 2) [49].
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2.1. Transforming the Functional Possibilities of Biological Inspiration in Design

Biomimicry, the process of using ideas from the natural world to address problems
faced by humans, has long been at the forefront of ground-breaking discoveries. However,
it is crucial to realize that biological things’ functional potential should not be replicated
as it appears in nature. Instead, they should act as a springboard for creative, research-
based designs. It has been seen in nature that millions of years of evolution have shaped
these animals for certain functions in their settings, from the coordinated flight of birds
to the exquisite designs on butterfly wings. It is possible that merely reproducing these
capabilities will not satisfy the particular needs and limitations of human cultures and
technology surroundings. Determining the basic principles and mechanisms that nature
uses and then adapting or improving them for human use are crucial. The Japanese
Shinkansen bullet train is one of the examples [50]. When these trains departed tunnels at
high speeds, noise pollution posed a huge difficulty to the engineers. The engineers rebuilt
the train’s nose by taking inspiration from the kingfisher, whose streamlined beak allows it
to plunge into water with little splash. This improved speed and fuel economy while also
reducing noise. Although nature served as the source of inspiration, the design was an
adaption rather than a close match in this case.

The fundamental motivation should be broader despite the obvious economic attrac-
tiveness of such inventions. Discoveries or the confluence of disparate concepts can increase
profitability and market supremacy. The objective is to improve the comfort and quality
of human life, not just make money from a novelty. Designs that are straightforward but
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innovative, derived from nature but made specifically for people, have the power to change
industries as diverse as transportation, healthcare, energy, and architecture. As a result,
even while nature offers a priceless store of design solutions, the difficulty for innovators is
in interpreting and implementing these solutions. The actual achievement is in developing
goods or procedures that skillfully combine the brilliance of nature with the requirements
and aspirations of people.

2.2. Understanding Biomimicry: Deciphering the Structure-Function Relationship in Organisms

Understanding the connection between an organism’s function and the governing
principles of that function is a crucial component of biomimicry, a discipline that aims to
mimic nature’s time-tested patterns and tactics. The development of bio-inspired designs
and technologies is based on this understanding. To this aim, conducting a diligent study
and assembling thorough databases to amass knowledge and utilize various materials
according to their features is essential. In biomimicry, the interesting relationship between
form and function is crucial. Designing self-cleaning materials, for instance, is influenced
by the complex surface structure of a lotus leaf, which makes it water-repellent. A thorough
knowledge of thisstructure–function link can be gained through cutting-edge scientific
methods like scanning electron microscopy. This method makes it possible to notice the
little details critical to an organism’s ability to operate, which is an essential first step in the
biomimicry process.

Scanning electron microscopy provides a thorough image of the surface topography
and composition of a material to understand better how an organism functions. For instance,
the invention of specifically textured surfaces that limit fouling or microbial growth was
motivated by observing the microscopic structure of a shark’s skin, which is made up
of tiny, tooth-like scales known as denticles [51]. To effectively employ biomimicry, it is
imperative to acquire a comprehensive understanding of the relationship between structure
and function in living organisms, which should be underpinned by robust research and
meticulously curated databases. This approach has the potential to further unlock the
vast possibilities of nature-inspired concepts and technologies, thereby facilitating the
development of a sustainable future.

2.3. Decoding Nature’s Complexities: Challenges and Prospects in Biomimetic Research

Biomimetics, the study and creation of engineering systems and contemporary tech-
nologies using biological techniques and systems found in nature, presents special potential
and challenges. Understanding the intricate connections between organisms, their micro-
and nanostructures, and their environment is perhaps the most important of them. Har-
nessing the potential of these structures requires understanding how they work, especially
for those that have not yet been adequately investigated. These difficulties are multifaceted.
For instance, an organism may use a certain structure to perform a given function in a par-
ticular environment, yet the same structure may be used otherwise in a different situation.
Additionally, there could be less obvious tertiary or even secondary functions. Resolving
this complex dance between structure and function that depends on the surrounding en-
vironment is like solving a complex puzzle for biomimetics. Understanding biological
complexities and reproducing them in synthetic materials are complex tasks in biomimetic
research. It takes skill and accuracy in material design and engineering to replicate the
structures seen in nature, which frequently exist on the nano- or microscale [52,53].

The merging of biology, natural history, and material science is the next step in
biomimetic research to address these issues. Each of these disciplines gives a unique
viewpoint and set of instruments that can aid in revealing the mysteries of biological
architecture. Understanding living things and how they work is made possible by biology,
which serves as the basis for biomimicry. Natural history sheds light on how these processes
have changed over time and their contributions to the organism’s success and survival. Last
but not least, material science provides the skills and knowledge required to mimic these
biological structures with artificial materials, enabling the implementation of biomimetic
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principles in practical settings. This integrative approach to biomimetics has great potential
benefits. Medicine, architecture, energy, and manufacturing are just a few industries that
might undergo a revolution if we can mimic and exploit the efficiency, adaptability, and
sustainability inherent in natural systems. Though the road is difficult, the promise of
biomimetic research keeps scientists and engineers motivated to discover the mechanisms
behind nature’s intricate design.

2.4. Harnessing Nature’s Efficiency: Biomimetic Materials and Energy-Minimizing Designs

Exciting research prospects in the developing discipline of biomimicry are focused
on identifying unique functional and environmental adaption strategies of organisms.
Discovering how these organisms adopt energy-minimizing designs, a concept essential
for our sustainable future, is a critical part of this frontier [54–56]. This is about using the
creativity and efficiency of nature to inform and advance our designs and technologies.
One successful instance of innovation is the development of antireflective coatings, which
drew inspiration from an initially unremarkable source, namely the structure of a moth’s
eye [57]. Despite their tiny size, moth eyes feature complex designs about 200 nm and
astonishingly reflect visible light. The efficiency of solar panels can be increased by mini-
mizing light reflection, and the legibility of electronic displays can be improved. Scientists
have duplicated these nanostructures to create antireflective coatings, which have a variety
of applications.

Remodeling hierarchical structures and the associated functions taken from nature
is crucial in creating novel biomimetic materials. This procedure involves copying these
structures and comprehending and using the guiding concepts. Then, designs and tech-
nologies that impact human society adapt and incorporate these concepts. Advancements
in several sectors may result from creating novel materials motivated by the hierarchical
structures found in nature [58]. Scientists have developed reusable, residue-free, and
temperature-resistant adhesives by comprehending the nanoscale hair-like structures on a
gecko’s feet.

2.5. Merging Novelty with Nature: Challenges and Possibilities in Biomimetic Material Research

Biomimetics is constantly growing, and new innovations and discoveries are routinely
made. Integrating recently found materials with ongoing biomimetic research is crucial to
this subject. This integration is believed to be crucial to comprehend the possible uses and
constraints of such materials, opening up new avenues in technology and design. However,
in order to fully fulfill this potential, it is imperative to develop a thorough grasp of both
the advantages and disadvantages of biomimetics. Every newly discovered substance or
method has special benefits and drawbacks. In contrast to conventional materials and
processes, biomimetic designs, while frequently bringing about enhanced efficiency and
sustainability, can also present cost, manufacturing complexity, or durability obstacles.
Understanding the morphological and functional applications of novel materials is crucial,
in addition to considering the pros and downsides. While the functional features describe
how the material functions or interacts under various circumstances, the morphological
qualities specify the material’s physical and structural properties. By gaining informa-
tion into these areas, scientists can forecast how the material would perform in various
applications and what adjustments might be required to maximize its performance.

Unexpected outcomes may arise from integrating novel materials into biomimetic
designs [59–61]. These results need to be carefully examined and comprehended since they
can indicate new applications for the materials or unforeseen limitations of the designs.
Untangling these findings requires a systematic, step-by-step approach that progressively
unveils the essence of the substance and its potential, much like peeling back the layers of
an onion. It is difficult to advance in this field, it is true. The complicated and sophisticated
nature of the systems being investigated and imitated makes biomimetic material research
challenging. Nevertheless, despite the difficulties, there is an intense study going on
because of the potential that biomimetics provides for developing future solutions that are
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more sustainable, effective, and innovative. There are many challenges in realizing the full
potential of novel materials in biomimetics. Despite this, there is still a strong commitment
to overcoming these obstacles since it is recognized that the benefits, such as advancing our
technological skills and promoting sustainable practices, make the effort worthwhile.

2.6. Biomimetic Innovation: Creating New Materials Inspired by Nature

At its essence, biomimicry is about taking inspiration from nature to create new
things. Analyzing the structure and function of biological components is a vital step in this
process. This knowledge frequently acts as the starting point for creating new materials
and the creative application of existing ones. For instance, new high-strength fibers have
been developed due to the structural versatility of spider silk, a substance that is both
stronger and lighter than steel. Similarly, the development of color-changing materials
has been driven by the unique design of butterfly wings, which can reflect light without
pigmentation. The fundamental principle is to gain knowledge from the complexity of
natural structures and functions and then apply this knowledge to inspire and guide the
creation of new materials. It is required to conduct thorough testing and analyses of the
structures and operations of biological materials to accomplish this. This gives researchers
important insights into these materials’ potential by enabling them to comprehend how
they behave under diverse circumstances. These revelations can then influence the design
and synthesis of novel materials with comparable properties.

Once these novel materials are created, they can be integrated with recent develop-
ments in various industries, including chemistry, nanotechnology, and medicine. This
interdisciplinary approach can open up a wealth of cutting-edge uses that will considerably
enhance human lives. For example, in the field of medicine, materials modeled after gecko
feet are being created for their exceptional adhesive characteristics, which have the potential
to revolutionize surgical techniques and wound healing [62]. The creation of catalysts based
on enzymatic processes has been stimulated by biomimicry in chemistry. The design of
water-repellent coverings in nanotechnology results from features like the nanoscale hairs
that make lotus leaves self-cleaning [63]. Despite the enormous promise, it is necessary to
recognize the difficulties. The intricacy of natural systems differs significantly from that of
artificial systems; therefore, merely mimicking nature is not the solution. Instead, it is about
comprehending and putting these biological systems’ core principles to use to develop
novel, long-lasting, and efficient solutions.

3. Brief Overview of Micro/Nanodevices and Types of Bio-Inspired Nanomaterial

Micro/nanodevices frequently exhibit distinct properties and behaviors, which can
be attributed to quantum effects and other phenomena that manifest exclusively at these
reduced dimensions. They encompass a diverse array of instruments, such as sensors, actu-
ators, and electronic components, among various others. Historically, micro/nanodevices
have predominantly employed silicon-based materials due to their exceptional semicon-
ductor characteristics, widespread availability, and well-developed knowledge of silicon
processing methodologies. The significant impact of the semiconductor industry on this
phenomenon can be attributed to its extensive utilization of silicon in producing micro-
processors and various electronic components. Other materials, such as gallium arsenide,
silicon carbide, and various polymers, ceramics, and metals, are employed per specific
device specifications.

The emergence of micro/nanodevices has led to notable advancements in biomedical
applications. The diminutive dimensions of these entities facilitate engagements with
biological systems at the cellular and molecular scale, thereby facilitating the develop-
ment of accurate diagnostics, therapeutics, and research instruments. An illustration of
the efficacy of nanoscale drug delivery systems lies in their ability to selectively target
afflicted cells with minimal impact on surrounding healthy tissues. In diagnostics, they can
swiftly identify disease biomarkers even at highly diluted levels, thereby facilitating timely
identification and intervention [64]. Moreover, micro/nanodevices have been employed
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in tissue engineering and regenerative medicine to manipulate cellular behavior and fa-
cilitate tissue proliferation. Despite the considerable potential, several challenges need to
be addressed. A notable obstacle lies in the manufacturing process, which necessitates the
meticulous and consistent production of these devices at a miniature scale. One additional
obstacle pertains to incorporating these devices into broader systems, necessitating the
resolution of concerns related to connectivity, compatibility, and power management. There
are other apprehensions regarding nanoscale materials’ potential health and environmental
ramifications, as they exhibit distinct behaviors compared to their macroscale counterparts.
Finally, the challenges pertaining to the stability, performance in varying conditions, and
durability of micro/nanodevices are of utmost importance and require attention as we
further exploit their capabilities. BINMs might be classified as magnetic biomimetic, metal
and metal oxide biomimetic, and organic, ceramic, and hybrid biomimetic [65]. Figure 3
lists the types of BINMs and their unique characteristics that have made them potential
candidates for multiple biomedical applications.

Micromachines 2023, 14, x FOR PEER REVIEW 9 of 106 
 

 

The emergence of micro/nanodevices has led to notable advancements in biomedical 
applications. The diminutive dimensions of these entities facilitate engagements with bi-
ological systems at the cellular and molecular scale, thereby facilitating the development 
of accurate diagnostics, therapeutics, and research instruments. An illustration of the effi-
cacy of nanoscale drug delivery systems lies in their ability to selectively target afflicted 
cells with minimal impact on surrounding healthy tissues. In diagnostics, they can swiftly 
identify disease biomarkers even at highly diluted levels, thereby facilitating timely iden-
tification and intervention [64]. Moreover, micro/nanodevices have been employed in tis-
sue engineering and regenerative medicine to manipulate cellular behavior and facilitate 
tissue proliferation. Despite the considerable potential, several challenges need to be ad-
dressed. A notable obstacle lies in the manufacturing process, which necessitates the me-
ticulous and consistent production of these devices at a miniature scale. One additional 
obstacle pertains to incorporating these devices into broader systems, necessitating the 
resolution of concerns related to connectivity, compatibility, and power management. 
There are other apprehensions regarding nanoscale materials’ potential health and envi-
ronmental ramifications, as they exhibit distinct behaviors compared to their macroscale 
counterparts. Finally, the challenges pertaining to the stability, performance in varying 
conditions, and durability of micro/nanodevices are of utmost importance and require at-
tention as we further exploit their capabilities. BINMs might be classified as magnetic bi-
omimetic, metal and metal oxide biomimetic, and organic, ceramic, and hybrid biomi-
metic [65]. Figure 3 lists the types of BINMs and their unique characteristics that have 
made them potential candidates for multiple biomedical applications. 

 
Figure 3. Types of BINMs and their unique characteristics have made them potential candidates for 
multiple biomedical applications. 

3.1. Magnetic BINMs 
Magnetic BINMs nanoscale particles are intentionally designed and manipulated to 

replicate and imitate natural biological processes and structures. These particles leverage 
their inherent magnetic properties to serve a multitude of applications. The design of these 
NPs is influenced by biological systems, including cells, proteins, and viruses, to fabricate 
functional materials with distinctive characteristics. The bio-inspired nature of these NPs 
entails emulating specific attributes observed in biological systems. For instance, certain 

Figure 3. Types of BINMs and their unique characteristics have made them potential candidates for
multiple biomedical applications.

3.1. Magnetic BINMs

Magnetic BINMs nanoscale particles are intentionally designed and manipulated to
replicate and imitate natural biological processes and structures. These particles leverage
their inherent magnetic properties to serve a multitude of applications. The design of these
NPs is influenced by biological systems, including cells, proteins, and viruses, to fabricate
functional materials with distinctive characteristics. The bio-inspired nature of these NPs
entails emulating specific attributes observed in biological systems. For instance, certain
magnetic NPs are engineered to replicate the morphology and organization of specific
cells, enabling them to engage with biological tissues selectively [66]. Individuals can
imitate the actions of biomolecules, such as enzymes or receptors, to carry out specific
tasks related to drug delivery or sensing. The manipulation of magnetic NPs by applying
external magnetic fields enables precise control over their movement and facilitates targeted
interactions within biological systems. The characteristic mentioned above is utilized in
various biomedical contexts, including but not limited to drug administration, medical
imaging, and the application of magnetic hyperthermia in cancer treatment. In general,
magnetic NPs inspired by biological systems integrate the principles of nanotechnology
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and biomimicry to generate novel materials that hold promise for fields such as medicine,
biotechnology, environmental remediation, and other domains.

Numerous magnetic BINMs have been successfully produced thanks to the applica-
tion of biomimetic synthesis techniques, from the hard magnetic alloys FePt and CoPt to
ferrimagnetic Fe3O4 found in magnetotactic bacteria (MTB) [67]. Because they use bio-
logical structures that can be altered through chemical or genetic engineering for certain
functionalities and scalable production, biomimetic approaches have special advantages.
Most previous publications on magnetic NP synthesis concentrated on physical and chem-
ical techniques. However, more recent developments in magnetic BINMs have enabled
the lab to replicate MTB-like chains of magnetic NPs, showcasing promising biomimetic
techniques for biomedical applications [68]. They come in a variety of forms. One method
uses magnetosome-associated MTB proteins to biomineralize Fe3O4 and produce polymer-
coated and non-polymer-coated magnetite NPs. Chemotherapy, magnetic hyperthermia,
enzyme immobilization, and photothermia are only a few of the uses for these NPs [69–71].
Purified and functionalized engineered structures derived from bacterial magnetosomes
can be used as contrast agents in magnetic resonance imaging, magnetic particle imag-
ing, and magnetic hyperthermia [72]. Hydroxyapatite (HAP)-coated magnetite NPs are
a different class of magnetic BINMs created by mixing a liquid HAP precursor with a
solution containing magnetite cores. These constructions help deliver genetic material,
magnetic scaffold creation for bone tissue repair, and magnetic hyperthermia [73,74]. The
design of biocatalysts for targeted enzyme prodrug therapy is made possible by combining
magnetic NPs with active ingredients in a biomimetic matrix, such as SiO2 [75]. Meth-
ods for developing magnetic BINMs can be divided into two categories: those that use
magnetic NPs that have already been obtained or are available commercially and those
that make magnetic NPs from scratch. The latter group has a better chance of producing
atomically precise structures that resemble their natural analogs. These techniques include
recombinant MamC-based anaerobic biosynthesis [76], PEGylated human ferritin NP-based
magnetite biomineralization [77], and encapsulation or biotinylation of isolated bacterial
magnetosomes [72]. Despite a long research history, magnetic BINMs are not as commonly
used in biomimetics as other materials. Nevertheless, recent developments in biomimetic
synthesis and the distinctive characteristics of magnetic BNMs imply they have enormous
potential for various biomedical applications.

3.2. Metal and Metal Oxide BINMs

Metal and metal oxide BINMs represent a captivating category of NPs that emu-
late natural structures and functionalities. Nanomaterials possess distinct characteristics
that render them exceptionally well suited for various biomedical applications. Metal
NPs, such as gold and silver, are frequently employed in biomedical research owing to
their remarkable optical characteristics, substantial surface area, and adjustable surface
chemistry. These technologies find utility in cancer treatment, precise administration of
pharmaceuticals, and medical imaging. Gold NPs can undergo functionalization through
the attachment of antibodies, enabling them to selectively target cancer cells and facilitate
the direct administration of therapeutic agents to the tumor site [78]. Silver NPs possess
antimicrobial properties, making them highly advantageous for wound dressings and
antibacterial therapies [79]. Metal oxides, including iron oxide NPs, exhibit magnetic char-
acteristics that make them well suited for various applications, such as magnetic targeting,
hyperthermia-based cancer treatment, and the development of contrast agents for magnetic
resonance imaging (MRI) [80]. External magnetic fields enable the precise localization of
iron oxide NPs within the body, facilitating targeted drug delivery and localized therapeutic
interventions. BINMs present a highly promising avenue for advancing various disciplines,
including medicine, diagnostics, and therapeutics. The valuable attributes of NPs, such
as their biocompatibility, functionality, and capacity to interact with biological systems,
render them instrumental in addressing a wide range of health challenges and enhancing
patient outcomes. Nevertheless, additional investigation is required to comprehensively
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comprehend their conduct within intricate biological settings and guarantee their reliability
and effectiveness in clinical contexts.

By choosing particular micro- or nanoenvironments during synthesis, biomimetic
synthesis techniques have been utilized to regulate the physical and chemical properties of
metal and metal oxide nanomaterials. Several platforms have been used for biomimetic
production of metal oxides, including ferritin, viral capsids, and bacterial cells. These
platforms provide exact conditions for NP formation and produce narrow distributions in
shape and size. These methods’ consideration of the environment and the possibility for
expansion make them attractive. Due to its benefits, plant-based biomimetic synthesis of
metal NPs has attracted interest recently, and researchers are investigating the mechanisms
of nanomaterial synthesis and metal ion biological reduction in plants. Metallic BINMs have
uses in the detection and eradication of contaminants. To develop sensors for biological
substances and conduct research on nanotoxicology, biomimetic techniques can be used to
make gold, silver, and bimetallic Ag-Au NPs [81]. For targeted drug delivery, biomimetic
mineralization methods utilizing cubic nanostructures built on lipid membranes known
as “cubosomes” are being investigated [82]. For the biomimetic synthesis of materials,
metal-organic frameworks (MOFs) are another topic of study. They are useful for drug
delivery, catalysis, and stabilizing biomacromolecules because they may be constructed
with biomimetic active centers and restricted pockets [83].

3.3. Organic, Ceramic, and Hybrid BINMs

Organic, ceramic, and hybrid BINMs constitute a distinct category of NPs that exhibit
various applications within biomedicine. Nanomaterials derive inspiration from natural
structures and processes, showing distinctive properties that render them well suited for
diverse biomedical applications. Organic BINMs are synthesized using naturally occurring
molecules such as proteins, lipids, and carbohydrates. Biocompatibility is a characteristic
exhibited by these entities, rendering them suitable for integration with biological systems.
Moreover, they can be modified through engineering processes to acquire precise func-
tionalities, such as targeted administration of pharmaceutical agents and facilitation of
tissue regeneration. One illustrative instance involves the utilization of liposomes, which
are lipid vesicles at the nanoscale level, to encapsulate drugs and facilitate their targeted
delivery to precise locations within the human body [84]. This approach serves to mitigate
adverse effects and enhance the efficacy of therapeutic interventions. Ceramic nanoma-
terials with bio-inspired characteristics, such as hydroxyapatite and silica NPs, exhibit a
mineral composition resembling bones and teeth [85]. They are extensively utilized in bone
tissue engineering, wherein they facilitate bone regeneration and augment the assimilation
of implants into native bone tissue. Moreover, ceramic NPs exhibit considerable potential
in drug delivery [86] and imaging [87] due to their inherent stability and biocompatibility.
Hybrid BINMs amalgamate distinct material characteristics to attain heightened function-
alities. Nanomaterials possess the capability to incorporate both organic and inorganic
constituents, as well as to integrate magnetic attributes with organic coatings. An illustra-
tion can be found in the advancement of hybrid magnetic NPs designed for targeted drug
delivery and hyperthermia-based cancer therapy [88]. A magnetic component facilitates
convenient manipulation and precise localization within the human body. At the same
time, implementing an organic coating ensures compatibility with biological systems and
controlled release of therapeutic agents. In biomedicine, organic, ceramic, and hybrid
BINMs exhibit significant promise. The valuable attributes of NPs, including their versa-
tility, biocompatibility, and capacity for customization, render them highly advantageous
in drug delivery, imaging, tissue engineering, and various other biomedical technologies.
Nevertheless, it is imperative to thoroughly assess the safety and effectiveness of these
novel nanomaterials before their extensive application in clinical settings.

Extensive research efforts have investigated BINMs comprising organic and ceramic
constituents, demonstrating considerable potential in diverse biomedical domains. Proteins
and peptides serve as templates for regulating the synthesis and self-assembly of organic
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BINMs, facilitating the development of multifunctional materials possessing distinct struc-
tures and functionalities. Peptoids, a biomimetic polymer category, are widely recognized
as versatile constituents for constructing hierarchical BINMs [89]. Research in the ceramic
biomaterial and nanomaterial domain is primarily centered around developing scaffolds
that emulate the structural and functional characteristics of natural tissues, particularly
bone. Ceramic structures with a high degree of porosity, similar in structure to cancellous
bone, have been successfully manufactured to facilitate the ingrowth of cells and the forma-
tion of new tissue. Biomimetic ceramic scaffolds are infused with therapeutic molecules to
enhance their biological efficacy. Hybrid BINMs are being investigated for their potential
applications in tissue engineering in orthopedics and dentistry. There is ongoing research
and development in drug delivery carriers, specifically on membrane-camouflaged NPs.

4. Advantages of Bio-Inspired Nanomaterials in Micro/Nanodevices

The utilization of BINMs has emerged as a novel approach to advancing micro/nanodevices.
Nanomaterials that draw inspiration from biological systems present a unique strategy for
addressing the difficulties associated with device miniaturization while simultaneously
improving performance, versatility, and biocompatibility. The utilization of BINMs in
micro/nanodevices encompasses a wide range of disciplines, such as electronics, optics,
environmental science, and biomedicine. The electronics field is investigating the potential
of bio-inspired materials, such as protein-based nanowires and biogenic semiconductors,
to develop novel electronic devices with distinctive electronic characteristics. BINMs have
significantly transformed micro/nanodevices within the biomedical field. For example,
nanomaterials have been utilized by drug delivery systems to augment the precision of
drug administration and regulate the release of therapeutic agents, leading to notable
advancements in treatment efficacy. BINMs exhibited enhanced sensitivity and specificity
in detecting biomarkers, thus facilitating the potential for early disease diagnosis and
disease monitoring. They possess numerous advantageous characteristics when integrated
into micro/nanodevices, such as improved performance, biocompatibility, self-assembly
capabilities, sustainability, and versatility (Figure 4).Micromachines 2023, 14, x FOR PEER REVIEW 13 of 106 
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4.1. Enhanced Performance

The utilization of BINMs has the potential to greatly enhance the performance of mi-
cro/nanodevices by capitalizing on their distinct properties. The observed enhancement in
performance can be attributed to the remarkable characteristics that nature has developed
over an extensive period of time. One potential application of nanomaterials is their ability
to replicate the adhesive properties observed in gecko feet [90]. This unique characteristic
has garnered significant attention due to its exceptional adhesive strength. Consequently,
nanomaterials with gecko-inspired adhesion can potentially revolutionize the development
of micro-robots and wearable devices, enabling them to adhere to diverse surfaces [91].
Likewise, the utilization of nanomaterials inspired by shark skin, which possesses charac-
teristics that reduce drag, holds potential for enhancing the energy efficiency of microfluidic
devices [92].

4.2. Biocompatibility

One notable advantage of numerous nanomaterials inspired by biological systems is
their biocompatibility. Nanomaterials that draw inspiration from or are derived from bio-
logical entities possess an inherent compatibility with biological systems. The compatibility
between these materials and living tissues or cells mitigates potential adverse reactions.
In drug delivery, biocompatible nanomaterials enable the transportation of therapeutic
agents within the human body while mitigating the risk of eliciting detrimental immune
responses [93]. Likewise, in biosensing, NPs can be utilized for extended monitoring
periods without inducing any adverse tissue irritation or rejection [94].

4.3. Self-Assembly

Self-assembly is a captivating characteristic observed in numerous biological systems,
wherein complex structures are formed spontaneously [95]. BINMs frequently inherit this
intriguing property. A range of factors, including pH, temperature, and ionic strength, can
control the process of self-assembly [96]. This ability to direct self-assembly can be utilized
to construct complex structures with minimal external intervention. This streamlined
manufacturing process offers the potential to create intricate designs for devices that would
present significant challenges or even be unattainable through conventional fabrication
methods [97].

4.4. Sustainability

The design and synthesis of BINMs frequently incorporate the principles of green
chemistry and biomimicry, contributing to the promotion of sustainability [98]. This
methodology has the potential to facilitate the advancement of fabrication processes and
devices that are environmentally sustainable. Numerous BINMs can be synthesized using
gentle conditions, devoid of toxic solvents or by-products. Moreover, certain nanomate-
rials can undergo biodegradation, thereby mitigating their environmental impact upon
completing their functional lifespan.

4.5. Versatility

The extensive array of biological systems that serve as sources of inspiration for
the design of nanomaterials provides a wide spectrum of potential applications. The
potential of BINMs is vast, as demonstrated by their ability to replicate the light-harvesting
capabilities of photosynthetic organisms to enhance solar cells [99] or imitate the structural
color found in butterfly wings to improve optical devices [100]. These capabilities hold
significant promise in developing materials with customized properties that can effectively
fulfill the distinct demands of diverse applications, thereby expanding the possibilities for
advanced micro/nanodevices.
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5. Bio-Inspired Nanomaterials in Micro/Nanodevices

The utilization of BINMs in micro/nanodevices represents the integration of intricate
designs found in the natural world with the capabilities of modern nanotechnology. This
convergence establishes a mutually beneficial relationship with potential remarkable ad-
vancements in various domains. These materials draw inspiration from the distinctive
characteristics displayed by biological organisms. By leveraging these properties, they
enable the development and production of micro/nanodevices that offer improved per-
formance, biocompatibility, self-assembly capabilities, sustainability, and versatility. The
effective integration of these materials in various devices is evident in multiple instances,
such as using self-cleaning solar panels, dry adhesives for micro-robots, photonic sensors,
drug delivery systems, and other notable applications [101–104]. The advent of BINMs
in micro/nanodevices signifies a significant advancement in technology, medicine, and
environmental sustainability, showcasing the extensive possibilities of biomimicry on the
nanoscale. The applications of BINMs in micro/nanodevices other than biomedicine have
been summarized in Figure 5, while Table 1 summarizes the subsections under this section
and lists the applications of BINMs in various types of micro/nanodevices belonging to
diverse nanotechnology domains.
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5.1. Chemical Reaction Systems

The utilization of BINMs is of significant importance in chemical synthesis and reac-
tions, as it draws inspiration from nature’s intricate designs to enhance various aspects such
as efficiency, selectivity, and sustainability. Chemical processes are frequently improved by
emulating the hierarchical structure and multifunctionality observed in biological systems,
such as enzyme-catalyzed reactions. For example, the development of bio-inspired catalysts,
which draw inspiration from the highly efficient and specific catalytic mechanisms observed
in biological systems, facilitates the execution of reactions with enhanced selectivity and
reduced environmental impact [105,106]. This approach effectively minimizes both waste
generation and energy consumption. The phenomenon of self-assembly, which is widely
observed in nature, is also utilized as a reliable technique in producing nanomaterials. This
technique enables the creation of intricate structures using mild conditions. In addition, the
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utilization of BINMs that replicate the biomineralization mechanism observed in corals has
enabled the synthesis of nanocrystalline materials under ambient conditions [107]. This
advancement holds significant potential for their application in various chemical reactions.
In general, the utilization of BINMs in the context of chemical synthesis and reactions is
a compelling demonstration of the efficacy of leveraging natural principles to propel the
field of synthetic chemistry forward [108,109].

The synthesis of ammonia through the electrocatalytic reduction of nitrate/nitrite can
be conducted using bio-inspired metalloenzymes [110]. Drawing inspiration from the natu-
ral NO3

− reductase, utilizing bio-inspired metalloenzymes presents a promising alternative
to metal nanomaterials. This substitution can significantly enhance the electrocatalytic
performance of NO3

−/NO2
− reduction to NH3 (NRA) and improve NH3 selectivity in

a neutral environment. Ford and his colleagues conducted a research study to create an
iron catalyst influenced by the active sites found in NO3

− reductase enzymes. This catalyst
was intended to treat industrial wastewater in challenging environmental conditions [111].
The catalyst possesses a secondary coordination sphere that assists in oxyanion deoxygena-
tion. The reduction of oxyanions forms a Fe(III)-oxo species, which subsequently acts as
a catalyst, facilitating regeneration while concurrently releasing water in the presence of
protons and electrons. Using the bio-inspired iron catalyst in NRA has offered a sustainable
approach for effectively utilizing the nitrogen resource. Through electrostatic interactions,
a biomimetic nickel bis-diphosphine complex fixed on altered carbon nanotubes (CNTs)
contained the amino acid arginine in the outer coordination sphere [112]. With a catalytic
selectivity for H2 oxidation at all pH levels, the functionalized redox nanomaterial demon-
strates reversible electrocatalytic activity for the H2/2H+ interconversion from pH 0 to 9.
The high activity of the complex over a broad pH range enables us to integrate this BINM
either in a proton exchange membrane fuel cell (PEMFC) employing Pt/C at the cathode
or in an enzymatic fuel cell in conjunction with a multicopper oxidase at the cathode.
Comparing the Ni-based PEMFC to a full-Pt traditional PEMFC, its maximum output is
just six times lower at 14 mW cm2. A new efficiency record for a hydrogen biofuel cell
using base metal catalysts is set by the Pt-free enzyme-based fuel cell, which produces
2 mW cm2.

5.2. Energy Harvesting and Storage

Using BINMs in the energy sector has sparked the development of ground-breaking
strategies for effective energy generation, storage, and conservation. These materials make
creating more effective and sustainable energy systems easier by taking their design cues
from nature’s perfectly regulated energy processes. For instance, the distinctive light-
harvesting systems seen in photosynthetic organisms have been imitated to increase the
effectiveness of photovoltaic cells, allowing them to more efficiently gather and transform
sunlight into electricity [113–115]. BINMs have also influenced the creation of durable
and light-weight materials for wind turbine blades, improving both the performance and
longevity of these devices [116,117]. Furthermore, progress has been made in designing
BINMs for energy storage devices, including batteries and supercapacitors. For instance,
bee-hive-inspired honeycomb shapes have been employed to make electrodes with a high
surface-to-volume ratio, increasing their energy storage ability [118–120]. The cooling
systems found in some animals have influenced the design of materials for effective heat
dissipation in energy devices.

5.3. Environmental Protection and Sustainability

Using nature’s design principles to address urgent environmental concerns, BINMs
have opened new vistas for environmental preservation and sustainability. For example,
the distinctive capacity of lotus leaves to self-clean has sparked the creation of coatings
based on nanomaterials that lessen the need for harsh cleaning agents, thereby reducing
water pollution. Similar to photocatalytic materials, which help break down pollutants
when exposed to sunlight, photocatalytic materials are inspired by photosynthesis in
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plants and offer a promising alternative for air purification and wastewater treatment.
Indirectly reducing the carbon footprint, BINMs have a considerable impact on the energy
sector, helping to create better energy storage devices and increasing solar cell efficiency.
Additionally, sustainable BINMs that are recyclable or biodegradable have been created
using the concepts of biomimicry, supporting a circular economy.

5.4. Development of Sensors

BINMs are transforming sensor technology by boosting sensitivity, specificity, and
dependability. For instance, photonic sensors that can sense minute changes in light,
temperature, and pressure have been developed using structures that mirror the delicate
architecture of butterfly wings [121]. Developing tactile sensors based on nanomaterials
is highly sensitive to various stresses [122]. Similarly, acoustic sensors for detecting light
sounds or vibrations have been created using the structure of spider silk, which is well
recognized for its sensitivity to air movements [123]. The invention of microphones that
simulate the highly directed hearing of the parasitic Ormiaochracea fly was made possible
by the development of acoustic sensors, inspired by spider silk’s sensitivity to air move-
ments. Chemical sensors that can detect trace amounts of explosives, narcotics, or other
compounds, similar to dogs’ noses, have been developed. These sensors are based on the
exceptional sense of smell that animals possess. Identical to the infrared-sensing organs of
the pit viper, thermal sensors, modeled after the heat-sensing abilities of some snakes, have
led to devices that can detect temperature changes without being impacted by ambient
temperature. The biocompatibility and high surface-area-to-volume ratio of several of
these materials make them excellent for detecting biomolecules at very low concentrations,
which has important implications for biosensors. Utilizing the special qualities of BINMs,
sensors can be developed that outperform conventional designs in terms of performance,
flexibility, and versatility, with uses in various fields, including security, healthcare, and
environmental monitoring.

5.5. Agricultural Sustainability

BINMs can potentially bring about significant transformations in the agriculture and
food sectors, presenting viable solutions to key challenges these industries face. The
applications of these technologies encompass precision agriculture, wherein bio-inspired
nanosensors are employed to monitor soil conditions and crop health, drawing inspiration
from the moisture detection mechanism found in plant roots [102,124,125]. This enables
the optimization of resource utilization. In pest and disease management, NPs that draw
inspiration from naturally occurring plant or microbial compounds, such as those that
imitate the pyrethrins found in chrysanthemums, can selectively target particular pests or
pathogens [126]. Within the realm of the food industry, nanomaterials play a significant
role in the development of intelligent packaging [127]. One notable application involves
utilizing nanosensors capable of detecting ethylene levels, a naturally occurring compound
that indicates fruit ripening [128]. By employing such nanosensors, monitoring changes in
food quality and minimizing wastage are possible. In addition, biosensors enhance food
safety by emulating the immune response, enabling the prompt identification of foodborne
pathogens such as E. coli or Salmonella [129]. The enhancement of nutrient delivery is
achieved by employing nano-encapsulation techniques that draw inspiration from inherent
cellular mechanisms, thereby augmenting the assimilation of nutrients or probiotics. The
field of waste management stands to gain advantages from utilizing BINMs, specifically
those that imitate the natural catalysts found in the gut of termites. These nanomaterials
can expedite the decomposition process of agricultural waste, resulting in the production
of valuable resources such as biofuel or compost [7,130]. Furthermore, implementing water
purification techniques inspired by the physiological processes observed in xylem tissues
of plant species such as pine trees plays a crucial role in enhancing the safety of water used
for irrigation purposes [131]. Using BINM applications offers a collective approach toward
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achieving enhanced global food security and environmental sustainability, resulting in
more sustainable, efficient, and effective solutions.

Table 1. A thorough summary of the subsections under this section and a list of the applications of
BINMs in various types of micro/nanodevices belonging to diverse nanotechnology domains.

Sector Devices Bio-Inspiration Mechanism Applications Refs.

Synthesis Catalytic converter
Enzymes/natural catalyst

Peptide sequence
Luffa sponge

Electrocatalysis

Water splitting
Oxygen reduction

CO2 reduction
Metal nanoparticle (MNP)

fabrication

[132–134]

Photovoltaic device
Fog harvester

Photosynthesis
Butterfly wings

Electrochemical
Photocatalysis

Water splitting
Fog harvesting [135–137]

Energy Microbial biofuel cells Photosynthesis
Hydrogenases in microorganisms

Electrochemical
Photocatalysis

Hydrogen production
Energy production [138–141]

Electrodes Bee honeycomb
Proton conduction as an

electrode
Electrochemical

Conversion of fuel energies into
electricity

Long-term energy conversion,
transfer, and storage

[142–145]

Solar cells

Photosynthesis
Peptide nanomaterials

Virus
Cobweb

Photovoltaic Electricity generation [146–150]

Battery and
supercapacitors

Benzoquinone (BQ) in photosystem
Adenine in DNA
Human tissues

Nanocluster arrays on a lotus leaf
M13 virus protein shells

Tobacco mosaic virus
DNA

Electrochemical

Supercapacitor
Li-ion battery electrode

Li-sulfide batteries
Rechargeable batteries

[136,151–
158]

Environment

Hybrid photocatalysts
Adsorbent

Magnetic polymer
nanocomposites

Ultrafiltration
membrane

Enzymes
Peptides

Biomolecules

Photocatalysis
Adsorption
Magnetism

Ultrafiltration

Environmental detoxification
Metal removal
Dye removal

Saline water separation
Oil separation

[108,109,130,
159–162]

Electrochemical
biosensor

RNA
Nicking enzymes Electrochemical sensing Mercury identification

Detection of Salmonella enteritidis [163,164]

Hybrid membranes Aggregated amyloid protein fibrils Filtration Heavy metal removal [165,166]

Biosorbent Bacteria Adsorption Elimination of Cd [167]

High-performance
nanofilter

Tau protein
Moringaoleifera pods Nanofiltration Air purification [168,169]

Sensors Potentiometric e-tongue Tongue Field-effect-transistor-
based Detecting the bitterness [170,171]

Organoid-based
biosensor Taste bud Electrophysiological

signals Taste sensation [172]

Enzyme biosensor Horseradish peroxidase Electrochemical Detection of H2O2 [173]

Olfactory biosensor Cardiomyocytes Electrochemical Odor detection [174,175]

Potentiometric
sweetness sensor Sweetness sensor GL1 Potentiometry Detecting the sweetness [176]

Chemiresistive sensor Sensor organ Electrochemical Detection of N2 [177]

Photonic sensor Morpho butterfly scales Optoelectrochemical Detection of H2, CO, and CO2 [178]

Photonic nose Turkey skin
M-13 bacteriophage Colorimetric Detection of molecules [179–181]

Acoustic sensors Spider slit organ
Lotus leaf Electrical Voice recognition [182]

OrmiaOchracea fly Electro-mechanical Direction finding sensor [183]

Infrared sensor Snake skin Photomechanical IR sensing systems [184]

Hydrodynamic sensors Fish and some amphibians Electro-mechanical Hydrodynamic artificial velocity
sensor [185]

Humidity sensors Spider silk

Electrochemical
Biological structures

Electrical conductivity
Transduction
mechanisms

Humidity and strain detection [186]

Motion sensors Snake movement Electro-mechanical Robot [187]
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Table 1. Cont.

Sector Devices Bio-Inspiration Mechanism Applications Refs.

Magnetic sensors Pigeons’ magnetoreception ability

Electromagnetic
Magnetoreception

Signal transduction
Miniaturization and

integration

Wastewater treatment [188]

Protective
Clothing
and Gear

Smart fabric

Lotus leaf
Algae eyespot-stigmata design

Touch-me-not (Mimosa sps.)
pulvinus
Pine cone

Chameleon skin
Fish scale

Mammalian tissue
Spider silk

Firefly glow
Shark skin

Mammal skin
Spider silk
Chameleon

Cactus spines

Microfabrication
Mechanochromic

Photonic elastomer
Biomimetic structures
Sensing and actuating

system
Self-regulation

Energy harvesting and
storage

Anti-dust cloth
Water-repellent fabrics

Light- and touch-sensitive apparel
Smart breathing fabrics

Camouflage apparel
Self-healing fabric

Anti-tear fabric design
E-circuited luminescent fabrics

Antibacterial clothing
Thermo- and pressure-sensitive

fabric
Self-adapting textiles

Self-hydrated clothing

[189–196]

Multipurpose
Adaptive
Materials

Self-healing materials

Wound healing
Bone remodeling

Plant healing and regeneration
Blood clotting and vascular repair

Microbial biofilms
Skin healing

Molecular mobility
Triggered response
Microcapsulation
Dynamic covalent

bonding
Autonomic healing

Field-effect transistors
Pressure sensors

Strain sensors
Chemical sensors

Triboelectric nanogenerators
Soft actuators
Smart coating

[197–200]

Shape-memory
materials

Creatures reducing impact damage
Muscle contractions
Insect wing folding
Plant movements

Tendons and ligaments
Caterpillar and snake movements

Soft tissues

Two-way shape
memory effect

Phase transitions
Molecular

reconfiguration
Energy storage and

release
Microstructure design

Biomedical devices
Aerospace engineering

Robotics
Textiles

[201–205]

Responsive surfaces

Lotus leaf
Gecko adhesion
Butterfly wing

Shark skin
Mussel adhesion
Pinecone closing

Venus flytrap

Hierarchical structures
Stimulus-responsive

materials
Self-assembly

Wetting and capillary
forces

Surface gradients
Biomolecular
interactions

Self-cleaning coatings
Anti-fouling surfaces

Stimuli-responsive materials
Environmental monitoring

[206–211]

Multifunctional
composites

Bone structure
Plant fiber

Nacre
Spider silk

Biomineralization processes

Synergy of materials
Hierarchical structure
Synergistic interfaces
Functionalization and

integration

Aerospace and automotive
industries

Energy harvesting and storage
Protective coatings

Robotics

[212–215]

5.6. Protective Clothing and Gear

The utilization of BINMs exhibits significant promise in augmenting the safety, perfor-
mance, and comfort attributes of protective clothing and gear. For example, the distinct
denticles found on the skin of sharks, which can impede the growth of bacteria, serve
as a source of inspiration for developing materials used in protective clothing. These
materials exhibit similar properties by effectively resisting microbial presence, thereby
mitigating the risks of infection in environments where individuals are highly exposed to
such hazards. The remarkable mechanical properties of spider silk have been replicated
in nanoscale architectures, resulting in materials that possess a unique combination of
strength, flexibility, and low weight. These materials have applications in various pro-
tective gear, such as bulletproof vests and helmets, where their exceptional properties
are highly advantageous. The phenomenon of structural coloration observed in peacock
feathers, wherein color changes occur in response to environmental stimuli, provides a
valuable model for developing materials capable of indicating hazardous conditions via
color alterations. The water retention abilities exhibited by cactus spines serve as a source
of inspiration for developing survival suits that can extract moisture from the atmosphere
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in arid environments. Moreover, the phenomenon known as the self-cleaning “lotus effect,”
observed in the leaves of lotus plants, has prompted the advancement of self-cleaning
materials that are particularly suitable for use in protective garments within environments
characterized by dirt or contamination.

5.7. Multipurpose Adaptive Materials

The utilization of BINMs shows great potential in multipurpose adaptive materials
(MAMs) for their ability to modify their properties according to environmental variations.
Researchers have developed self-healing materials that exhibit automatic repair mecha-
nisms, drawing inspiration from the regenerative capabilities observed in starfish and
salamanders. These materials mimic the natural healing processes found in living organ-
isms. Shape-memory materials have been engineered to imitate the adaptive response
of the Venus flytrap to external stimuli. These materials have found applications in var-
ious fields, including smart textiles and precise administration of pharmaceuticals. The
remarkable hydrophobic characteristics exhibited by lotus leaves have served as a source of
inspiration for developing responsive surfaces that can repel water and dirt. These surfaces
have practical utility in various domains, such as self-cleaning windows and anti-fouling
coatings for maritime vessels. Scientists have utilized the heat-resistant adaptations of the
Saharan silver ant as inspiration to create energy-efficient materials that can passively cool,
thereby decreasing the need for energy-consuming air conditioning systems. Furthermore,
the hierarchical arrangement of nacre, also known as the mother of pearl, has served as
a source of inspiration for the development of multifunctional composites that possess
a combination of strength and toughness. These composites have proven valuable in
applications such as protective coatings and producing durable construction materials.

6. Synthesis of Bio-Inspired Biomedical Nanomaterials

Living things have developed the ideal arrangements of their structures, parts, and
functions, giving rise to special qualities like the great strength of bones, the hardness of
enamel, and the capacity of shark skin to lessen fluid drag. In recent decades, an attempt
has been made to comprehend the connection between these elements in high-performance
natural materials. Some processes, such as the layered structure of nacre for improved
mechanical characteristics, the nanostructure of lotus leaves for hydrophobic properties,
and the proteins in the feet of Mytilusedulis for adhesion, have been postulated. High-
performance artificial materials have been created using these concepts in industries like
energy, architecture, aircraft, and biomedicine. New synthesis techniques have also been
put forth to better replicate the hierarchical components or structures of natural materials.
Natural bioprocesses, including biomineralization, cell metabolism, and photosynthesis,
that are essential to developing and operating natural biological systems have also received
attention. These biological processes have advantages over artificial synthetic ones since
they frequently occur in calm environments. A new study area called “bioprocess-inspired
fabrication,” which merges biology, life science, and material science, aims to create novel
synthesis methods inspired by biological processes in nature. High-performance biomateri-
als are being developed using bio-inspired techniques for tissue regeneration, medication
delivery, biosensing, and monitoring applications. To build biomimetic scaffolds for bone
tissue engineering or to use mussel-inspired bioadhesives for skin wound healing, these
methodologies imitate natural structures, such as the hierarchical structure of bone. The
synthesis of BINMs might be divided into three categories (Figure 6): synthesis inspired by
natural structure/components, synthesis inspired by biomolecules, and synthesis inspired
by bioprocesses [21].
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6.1. Inspired by Natural Structures

The structural characteristics of a material are closely associated with its physical and
chemical properties. Numerous natural substances exhibit intricate and well-organized
patterns across various levels, such as the “brick and mortar” arrangement observed in
nacre, the collagen fibers in a bone that are mineralized directionally, and the nanostructures
resembling branches found on the surface of a lotus leaf. The exceptional performance
of these distinct structures can be attributed to their specialized functions. At present,
replicating the composition and arrangement found in natural materials is a prominent
approach in biomedical materials to improve their mechanical strength, adhesion, and
antibacterial characteristics.

6.1.1. Inspired by Interior Ordered Structure

Numerous natural materials exhibit remarkable mechanical properties, including
strength, toughness, and lightness, despite comprising constituent components of lower
inherent strength. The primary reason for this phenomenon can be attributed to the multi-
scale hierarchical structures and diverse failure mechanisms observed in various materials.
In tissue engineering, biomedical materials must have exceptional biocompatibility and
sufficient mechanical properties. Within this framework, we shall present several notewor-
thy internal ordered structures observed in the natural world. These structures encompass
the “brick and mortar” layered structure, the Bouligand structure, and the directional
arrangement structures evident in enamel and bone. These structures are prototypes for
developing biomedical materials that exhibit enhanced mechanical strength. Nanomateri-
als, with potential for biomedical applications, can be synthesized by the inspiration of the
layered structure or multi-directional ordered structure of nature.

The distinctive layered structure of nacre, resembling bricks, has served as a significant
source of inspiration in advancing biomaterials with exceptional performance capabilities.
The fantastic mechanical qualities of this structure, renowned for its great strength and
toughness, have motivated researchers to explore the intricacies of reproducing similar
layered nanostructures in order to attain exceptional mechanical characteristics in synthetic
biomaterials. The development of nacre-like films by Yoo et al. is a notable achievement in
this field [216]. The aforementioned nanocomposite films, composed of structured boron
nitride nanosheets (BNNSs) and gelatin, were developed by leveraging the electrostatic
attractions between the charged groups of gelatin and BNNSs. To improve self-assembly
and the connection at the interface of these components, BNNSs were enhanced with hy-
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perbranched polyglycerol. The alignment of the BNNSs on a 2D plane could be adjusted by
increasing the BNNS quantity or through a specific functionalization technique, resulting in
a shift from a chaotic orientation to a structured brick-and-mortar arrangement. By varying
the BNNS and gelatin mixture in the composite and adjusting the BNNS arrangement, one
can modulate the nanocomposite’s mechanical attributes, such as its strength and rigidity.
This adjustment produces a substance with mechanical qualities mirroring human cortical
bone. Preliminary in vitro tests showed that this BNNS/gelatin blend could promote at-
tachment, sustenance, and growth of adipose-derived stem cells, marking its potential in
the biomedical sector. The combined mechanical and biological results hint at the material’s
potential applications in medical fields, especially tissue restoration. Similarly, Zhang et al.
took inspiration from nacre to address the longstanding issue of inadequate strength in
conventional guided bone regeneration (GBR) membranes. By organizing graphene oxide
nanosheets in a nacre-like fashion, they successfully amplified the mechanical strength
of the GBR membrane [217]. Nevertheless, a constraint arose regarding the dimensions
and structure of these planar membranes. The researchers were unable to manage sub-
stantial bone deficiencies effectively. One potential approach that has been suggested is
the conversion of these membranes into cylindrical scaffolds with three-dimensional struc-
tures [218,219]. This particular strategy shows potential for future developments in bone
restoration. The application of bi-directional freezing technology achieved the synthesis of
a silicate-based bioceramic composite. This innovative approach resulted in the formation
of an ordered lamellar microstructure, which bears resemblance to naturally occurring
layered structures. The material exhibits increased strength and facilitates a regulated
discharge of bioactive ions, hence expanding its possible uses [220]. Moving beyond nacre,
the Bouligand structure, commonly found in entities like fish scales and crab shells, has
also captured the attention of biomaterial developers. Li et al.’s development of a chitosan
film derived from crab shells beautifully replicates this dense Bouligand structure, offering
increased tensile strength and inherent antibacterial properties [221]. Furthermore, Han
et al. innovatively transformed fish scales, using in situ mineralization of calcium silicate,
into scaffolds for tendon repair, highlighting the diverse potential of these natural struc-
tures [222]. These investigations highlight the possibility of combining natural structural
influences with contemporary technologies. They demonstrate the progress in synthesizing
biomaterials inspired by biological systems and indicate the numerous avenues for further
investigation. The incorporation of natural structures alongside bioactive molecules holds
the potential to facilitate the development of a novel cohort of multifunctional biomateri-
als that are customized for distinct biological purposes. As we progress, a collaborative
endeavor to extract and incorporate knowledge from these studies might establish the
trajectory for future investigations in the field of multifunctional biomaterials.

Multi-directional ordered-structural arrangements can be seen in addition to layered
structures in various natural materials, including tooth enamel, bone, muscle, and tendon.
Natural materials have outstanding strength, toughness, and impact resistance thanks
to these structures, which span the nanoscale to the macroscale. Bones, teeth, tendons,
and ligaments are frequently replaced or repaired using biomedical materials that mimic
these components. With a 96 wt% inorganic component, tooth enamel is a highly min-
eralized structure renowned for its extreme durability. It has been utilized as a bionic
template to create materials for dental restoration. Notably, a sort of ceramic that resem-
bles enamel was made by directing the growth of TiO2 nanorods on a tin oxide substrate
that had been doped [223]. Using layers of HA and ZrO2, Zhao et al. developed a mul-
tiscale assembly process to produce bulk dental enamel [224]. Artificial tooth enamel
(ATE) was developed, and it demonstrated exceptional levels of toughness, strength, and
hardness, making it a suitable material for dental restoration. Type I collagen and hy-
droxyapatite nanocrystals combine to form mineralized collagen fibers in bone, another
highly inorganic tissue. The basic network of the bone is made up of these fibers, which
are grouped periodically. In the realm of biomaterials, materials that resemble bone are a
popular issue. Through protein-induced intrafibrillar mineralization of cell-laden collagen,
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Thrivikraman et al. created a scaffold that resembles bone, offering a model system for
studying bone physiology and disease [225]. Furthermore, utilizing a multiscale cascade
regulation technique, Zhao et al. designed a collagen/HA artificial lamellar bone (ALB)
that is centimeter-sized and has mechanical characteristics close to real bone [226]. The
successful development of a centimeter-sized artificial lamellar bone has been achieved
for the first time by implementing a meticulously coordinated strategy known as “multi-
scale cascade regulation.” This approach utilizes molecular self-assembly, electrospinning,
and pressure-induced fusion methodologies implemented across multiple scales ranging
from the molecular to the macroscopic (Figure 7). The artificial lamellar bone, predomi-
nantly composed of mineralized collagen fibrils organized hierarchically, successfully repli-
cates the chemical composition, multiscale structural arrangement, and rotated plywood-
like structure observed in natural lamellae. Notably, this achievement is accomplished
without the incorporation of any synthetic polymer. Consequently, it presents a distinc-
tive amalgamation of possessing a low weight and exhibiting a high degree of stiffness
(Ey ≈ 15.2 GPa), strength (σf ≈ 118.4 MPa), and toughness (KJC ≈ 9.3 MPa m1/2). Im-
plementing a multiscale cascade regulation strategy effectively addresses the limitations
associated with individual techniques, enabling the development of advanced composite
materials. This approach facilitates the precise control of hierarchical structural organiza-
tions at multiple scales, enhancing mechanical properties.The fabricated artificial lamellar
bone (ALB) brilliantly mirrors the structural intricacies found in natural lamellar bone. It
emulates the intricate hierarchical organization of mineralized collagen (MC) microfibrils,
ranging from the nanoscale to the macroscale (Figure 8A). At the smallest scale, mineralized
collagen microfibrils, each approximately 8 nm in diameter, form progressively through
a biomimetic mineralization process. This process starts with nucleating amorphous cal-
cium phosphate (ACP) precursors on the pre-constructed collagen microfibrils. The ACP
transitions to crystalline apatite, simultaneously elevating the order of MC microfibrils.
Transmission electron microscopy (TEM) images and fast Fourier transform (FFT) patterns
give credence to the in situ co-assembly of nHAp and collagen microfibrils. Furthermore,
the SAED patterns display diffraction rings characteristic of nHAp, mapped to the (002) and
(211) crystallographic planes (Figure 8B). The electrospun MC fibrils, mimicking the sponta-
neous assembly seen in nature, have a consistent diameter of about a hundred nanometers,
setting the stage for organization at more intricate levels (Figure 8C). Distributed uniformly
within the electrospun MC fibrils, these MC microfibrils orientate along the fibril’s length,
directed by the strong electric field and shear force during electrospinning. The SAED
pattern further emphasizes the polycrystalline nature of HAp, showcasing a (002) preferred
orientation parallel to the collagen fibrils (Figure 8C insert). These electrospun MC fibrils
accumulate in layers, either in aligned or random formations, resembling the pervasive
structures in natural bones. Layer upon layer of aligned MC fibrils, adjusting by 30◦ each
time, replicate a lamellar unit, eventually compacting into a bulk bone that retains the
initial orientations and structures post pressure fusion (Figure 8E,F). Supplementing this,
the focused ion beam (FIB) produced thin foils, which, when observed through scanning
transmission electron microscopy (STEM), confirmed the maintained orientation of MC
microfibrils and fibrils (Figure 8D). Lastly, the resulting ALB strikingly resembles the
natural cortical bone, with its fracture surface showcasing a tightly packed lamellar-like
microstructure (Figure 8F).
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Figure 7. Schematic representation of the “multiscale cascade regulation” approach employed in the
fabrication of artificial lamellar bone (ALB). (A) The process of calcium phosphate mineralization
mediated by collagen. (B) The mineralized collagen (MC) microfibril precipitate obtained through
centrifugation. (C) The electrospinning sols prepared by incorporating MC microfibril into a solution
of collagen and HFIP. (D) Fabrication of MC fibrils through electrospinning. (E) An aligned array of
MC (microcrystalline) fibrils obtained using a roller collector. (F) Bulk aluminum boride (ALB) forms
through pressure-driven fusion at ambient temperature. Reprinted with permission from Ref. [226],
Copyright 2023, Authors. CC-BY.
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microscopy (TEM) images reveal MC microfibrils, with the inset showing the electron diffraction
pattern identified as HA. High-magnification TEM images at the bottom visualize the interplanar
spacings of the HA crystalline lattice planes ((211), (002), and (100)). (C) TEM images display
uniform MC fibril distribution. The accompanying selected area electron diffraction (SAED) pattern
presents HA crystals’ concentric rings, indicating a dominant alignment along the (002) plane. High-
magnification TEM and fast Fourier transform (FFT) analysis evidence crystalline and amorphous
calcium phosphate coexistence. (D) Scanning transmission electron microscopy (STEM) images
of thin foils from a single sublayer, obtained through the focused ion beam (FIB) technique, show
parallel (upper) and perpendicular (lower) fiber orientations. (E) Scanning electron microscopy
(SEM) images reveal the ALB’s fracture surfaces displaying a rotating layer pattern akin to plywood.
(F) The synthetic ALB sample demonstrates morphological similarities to natural cortical bone, as
seen in the various shapes and sizes, with the fracture surface exhibiting a lamellar structure, as
shown on the right. Reprinted with permission from Ref. [226], Copyright 2023, Authors. CC-BY.

6.1.2. Inspired by Surface Structure

In conjunction with their inherent internal composition, the distinctive surface archi-
tectures of natural substances frequently play a substantial role in endowing them with
exceptional characteristics, including enhanced wetting behavior, adhesive properties, and
tactile perception capabilities. The external structures exhibit novel approaches in the
development of functional biomedical materials. The superhydrophobic and adhesive
surface structures could inspire synthetic nanomaterial routes.

Numerous natural creatures, including lotus leaves, red rose petals, mosquito complex
eyes, butterfly wings, and water strider legs, exhibit superhydrophobicity, a unique wetting
feature with a contact angle higher than 150 degrees. It has been demonstrated to possess
antimicrobial qualities. The nanoarray surface structure of cicada wings, which kills bacteria
in three minutes, was used by Ivanova et al. [227]. Using a reactive-ion etching process, the
scientists also created black silicon with nano-protrusions modeled after dragonfly wings.
This bio-inspired surface structure demonstrated strong antibacterial efficacy against Gram-
positive and Gram-negative bacteria. To reduce the contact area and minimize biofouling,
the lotus leaf’s superhydrophobic feature, which results from hierarchical architectures
of microsized protrusions and nanosized wax tubules, induces self-cleaning [228]. With
over 98% bactericidal effectiveness against Escherichia coli, a team led by Jiang successfully
developed a hydrophobic surface inspired by lotus leaves [229]. Li and colleagues used
straightforward dip-coating techniques to design functional gauzes by coating regular
gauze with a PDA hydrophobic layer and depositing Ag NPs to obtain a shape resembling
a lotus leaf. In vivo experiments revealed that this has effective anti-adhesion properties,
reducing wound adhesion and harming skin less when removed [230].

Through billions of years of evolution, several creatures, including the gecko, tree
frog, and octopus, have acquired incredible sticky skills. Due to their hierarchical mi-
crostructures, which allow their toe pads to adhere to various surfaces, geckos have an
exceptional capacity to attach to surfaces [231]. The suction cups with protuberances on an
octopus’ tentacles give them their adhesive properties, and tree frogs’ toe pads are made of
closely packed nanopillars and tightly arranged epithelial cells. To provide good adhesion
to dry and wet surfaces, Huang et al. developed a wound patch inspired by octopi’s
adhesive structure [232]. The team has developed a biocompatible wound patch with a tar-
geted design and selective stickiness by combining template replication and mask-guided
lithography. Figure 9 depicts a biomimetic, skin-adhesive patch with customizable wound
coverage. The distinctive GelMA-VEGF dressing, tailored to a specific wound shape, is
created on the Ecoflex patch’s surface by incorporating a UV mask. For adhesion to healthy
skin, these patches use an Ecoflex film with microstructures that resemble the suction-cup
effect, and for contact with the wound, they use a biocompatible gelatin methacryloyl
(GelMA) hydrogel. Using a flexible ultraviolet mask, the GelMA hydrogel is customized to
the geometry of each unique wound location, combining adhesion and non-adhesion prop-
erties into a single patch. Vascular endothelial growth factor is also included in the patch
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to hasten recovery. As the authors demonstrate, these characteristics enable the patches
to adhere to different skin types and improve the healing of a rat skin wound model. The
limitations of conventional patches are thus anticipated to be solved by this adaptable
patch, making it an attractive option for wound healing and associated biomedical uses.
A gravity-driven self-assembly technique allowed monodispersed steel microspheres to
settle into the microcolumns. A wiper blade ensured each microsphere was properly placed
and secured. The microspheres were designed to have a radius slightly bigger than the
cavity’s, enabling the creation of a negative mold with a convex bottom (Figure 10a). The
yet-to-be-cured Ecoflex liquid precursor was poured over the mold’s surface, filling the
microcolumns that had convex bottoms. The micro-suction-cup array was finally produced
after vacuum degassing, heat curing, and removal from the mold (Figure 10b–d). It is
important to highlight that by altering the size of the negative mold, different-sized Ecoflex
patches could be produced, showcasing the method’s adaptability. When a vacuum is
generated within the cavity, molecules at the boundary will restrict external liquids from
entering, aiding in preserving the vacuum. This phenomenon becomes more pronounced
on textured surfaces like pig skin. The research group tested four commonly used clinical
liquids (water, ethanol, glycerin, and gelatin) for interface wetting. The outcomes revealed
that the Ecoflex patch displayed exceptional adhesion on damp surfaces, holding up to a 0.2
kg weight in a tangential manner when stuck vertically to moist pig skin (Figure 10e). The
standard adhesion and peel strength data further supported this observation (Figure 10f,g).
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Figure 9. Schematic illustration of a biomimetic, skin-adhesive patch with customizable wound
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on the surface of the Ecoflex patch by incorporating a UV mask. Reprinted with permission from
Ref. [232], Copyright 2021, Authors.

185



Micromachines 2023, 14, 1786 Micromachines 2023, 14, x FOR PEER REVIEW 29 of 106 
 

 

 
Figure 10. Creating and evaluating the adhesive capacity of the biomimetic patches. (a) An illustra-
tive representation of the production procedure of the biomimetic patch. (b,c) Visual (b) and scan-
ning electron microscopy (c) images showcasing the suction cups (measuring 800 µm in diameter). 
(d) Micro-CT scans of the suction cups (800 µm diameter) viewed from above and from the front. 
All accompanying scale bars represent 1000 µm. (e) An image capturing the adhesive patch adhered 
to pig skin, effectively bearing a weight of 0.2 kg. (f,g) Graphs indicating the resistance to peeling 
(f) and the vertical detachment and (g) forces of suction cups of three varied sizes when tested on 
both dry and damp surfaces. Reprinted with permission from Ref. [232], Copyright 2021, Authors. 

GelMA hydrogels with unique shapes were produced using mask lithography on 
Ecoflex patches, as depicted in Figure 11a. In particular, a UV mask was fabricated initially 
using 3D printing technology to conform to the distinct contours of individual wounds. 
The purpose of this mask was to partially impede the transmission of UV light while al-
lowing other portions to pass through. Following that, a solution of GelMA was adminis-
tered onto the surface of the Ecoflex patch and subsequently concealed with the mask. 
Consequently, when subjected to ultraviolet (UV) light, solely the pregel solution located 
in the specific regions exposed to UV radiation would undergo polymerization, forming 
a solid hydrogel. 

In contrast, the portions of the solution that were not exposed to UV light would 
remain in a liquid state and could subsequently be removed by wiping. The methodology 
resulted in developing customized hydrogel dressings to fit the diverse contours of UV 
masks, as depicted in Figure 11b. In addition, GelMA hydrogels of different concentra-
tions were prepared, and their efficacy in generating distinct geometries was assessed. The 
results demonstrated that GelMA hydrogels with varying pregel concentrations (10, 15, 
and 20 wt%) exhibited high efficacy and reliability in achieving distinct geometries. 

Figure 10. Creating and evaluating the adhesive capacity of the biomimetic patches. (a) An il-
lustrative representation of the production procedure of the biomimetic patch. (b,c) Visual (b) and
scanning electron microscopy (c) images showcasing the suction cups (measuring 800 µm in diameter).
(d) Micro-CT scans of the suction cups (800 µm diameter) viewed from above and from the front. All
accompanying scale bars represent 1000 µm. (e) An image capturing the adhesive patch adhered
to pig skin, effectively bearing a weight of 0.2 kg. (f,g) Graphs indicating the resistance to peeling
(f) and the vertical detachment and (g) forces of suction cups of three varied sizes when tested on
both dry and damp surfaces. Reprinted with permission from Ref. [232], Copyright 2021, Authors.

GelMA hydrogels with unique shapes were produced using mask lithography on
Ecoflex patches, as depicted in Figure 11a. In particular, a UV mask was fabricated initially
using 3D printing technology to conform to the distinct contours of individual wounds. The
purpose of this mask was to partially impede the transmission of UV light while allowing
other portions to pass through. Following that, a solution of GelMA was administered onto
the surface of the Ecoflex patch and subsequently concealed with the mask. Consequently,
when subjected to ultraviolet (UV) light, solely the pregel solution located in the specific
regions exposed to UV radiation would undergo polymerization, forming a solid hydrogel.

In contrast, the portions of the solution that were not exposed to UV light would
remain in a liquid state and could subsequently be removed by wiping. The methodology
resulted in developing customized hydrogel dressings to fit the diverse contours of UV
masks, as depicted in Figure 11b. In addition, GelMA hydrogels of different concentrations
were prepared, and their efficacy in generating distinct geometries was assessed. The
results demonstrated that GelMA hydrogels with varying pregel concentrations (10, 15,
and 20 wt%) exhibited high efficacy and reliability in achieving distinct geometries.

The hierarchical topologies of tree frog toe pads and the octopus suction-cup structure
inspired Kim et al.’s development of a skin patch, which demonstrated increased peeling
resistance and enhanced adhesion [233]. These biomimetic methods influence how sticky
biomaterials are created for dry and moist environments. The preparation of materials with
unique performances for various healthcare needs has been made easier by biomimicry. For
example, high-strength NPs inspired by nacre are used for orthopedic implant materials,
and hydrophobic surfaces inspired by lotus leaves are used for antibacterial purposes.
Biomimetic structures have been created in artificial materials using a variety of production
processes, including freeze casting, plasma etching, and self-assembly. To fully realize
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the potential of biomimetic nanomaterials in the biomedical field, additional research is
required to address issues like scale-up fabrication, accurately reproducing the structures
or properties of natural materials, and understanding the connection between bio-inspired
structures and biological properties.
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Figure 11. Creating GelMA dressings with customizable shapes. (a) Diagrams illustrating the process
of creating GelMA dressings with adjustable shapes. (b) (i) Various shapes of UV masks produced
through 3D printing. (ii) Creating GelMA hydrogels with shapes tailored to fit the UV masks.
(iii) The GelMA hydrogel can accurately cover each pig skin wound area, and the contrasting
properties of adhesion and anti-adhesion are incorporated within the same patch film. Blue dye was
included in the GelMA solution for enhanced imaging. The scale bar indicates 1000 µm. Reprinted
with permission from Ref. [232], Copyright 2021, Authors.

6.2. Inspired by Natural Biomolecule

Biomolecules serve as the essential building blocks of living organisms, fulfilling
crucial functions in various physiological processes, including metabolism, transmission
of genetic information, and immune responses, among other vital activities. Given the
progress made in medical standards and the increasing demand for treatments, there is
an urgent requirement to develop safe and efficient biomaterials. These biomaterials are
crucial for various applications, such as targeted drug delivery and regenerative medicine.
The utilization of biomimicry principles in the replication of biomolecules presents a viable
method for the development and production of biomaterials with exceptional performance
characteristics. This methodology enables the transformation of chemical compounds
into artificial materials that imitate the composition and behavior of naturally occurring
biomolecules, thereby meeting the rigorous requirements of biomedical uses. This section
provides an overview of various biomedical nanomaterials that draw inspiration from
biomolecules, encompassing their synthesis techniques and applications in biomedicine.

6.2.1. Protein-Inspired Nanomaterials

Proteins are essential to all living things and are involved in many biological processes,
structure, and function preservation. Scientists have attempted to mimic the sticky sur-
face structure of natural creatures to overcome the difficulty of obtaining strong adhesion
in wet interfaces. For instance, mussels use the amino acid 3,4-dihydroxyphenylalanine
(DOPA) to secrete their adhesive protein to cling to submerged surfaces. DOPA’s catechol
group promotes robust adherence in a wet environment. In response, Gan et al. created
polydopamine (PDA), which has a molecular structure comparable to DOPA and is rich
in catechol groups, to create antibacterial and sticky hydrogels for wound healing. This
method increased the bacterial hydrogel’s ability to adhere to surfaces, strengthening the
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sterilizing effect [234]. The hydrogels also showed a strong affinity with cells and tissues,
which sped up the healing process. Barnacle cement proteins can also create potent hy-
drophobic and cation interactions that strengthen cohesion. Ni et al. created modified
polyphosphazene/polyvinyl alcohol tissue adhesive hydrogels using this model. These
demonstrated a potent adhesive force to tissue surfaces in aqueous conditions while avoid-
ing the oxidation frequently associated with catechol-based hydrogels [235]. Additionally,
the hydrogels favorably affected hemostasis and skin wound recovery, indicating a possible
application in treating urgent wounds.

Bone and tooth proteins are essential to the biomineralization process. Notably, the
tooth protein amelogenin directs the synthesis of HA, which is necessary for tooth enamel.
Based on these findings, Chang et al. created a bioactive peptide to restore tooth enamel
through biomimetic mineralization using low-complexity protein segments (LCPSs) found
in the “fused in sarcoma” protein [236]. The LCPSs allowed amorphous calcium phosphate
to convert more slowly into hydroxyapatite, producing a more integrated mineral structure
and stronger enamel layers. This study offers a useful strategy for tooth enamel remineral-
ization. Enzymes, primarily proteins, also catalyze biochemical events in the body and are
crucial for detecting and managing diseases. The development of sophisticated artificial
enzymes holds great promise for biomedicine. For instance, by incorporating MoO3 into
a metal-organic framework, Yang et al. created a bio-inspired spiky peroxidase-mimic
enzyme to catch and kill germs. It has the potential for use in tissue engineering [237].
Additionally, Zhang et al. created a method to quickly gelate injectable hydrogels to fill
tissue defects [238]. Glucose oxidase and ferrous glycine (Fe[Gly]2), an enzyme complex in-
spired by biological systems, were used in this procedure. The ensuing reactions produced
carbon free radicals, which facilitated quick polymerization. These hydrogels demonstrated
adequate mechanical stability and an excellent capability for cartilage regeneration, making
them viable fillers for cartilage repair.

6.2.2. Peptide-Inspired Nanomaterials

Short sequences of amino acids known as peptides are essential for controlling hor-
mone release and metabolism. The design and manufacturing of peptide-inspired nanoma-
terials, which have several uses in the biomedical industry, have advanced significantly
in recent years. Due to their specificities, peptide-inspired nanomaterials can be used
as targeting agents. For instance, Yang et al. created the biomimetic peptide R4F with
Apolipoprotein A-I as inspiration to target the SR-B1 receptors on M1 macrophages in
rheumatoid arthritis cases [239]. This peptide was subsequently altered to coat an anti-
inflammatory medication on a neutrophil membrane-wrapped F127 polymer, drastically
reducing M1 macrophage polarization and increasing M2 macrophage polarization, sug-
gesting successful rheumatoid arthritis treatment. Nanomaterials inspired by peptides are
also widely used in cancer treatment. They enable the precise delivery of nanomedicines or
photosensitizers to tumor locations. Under particular light wavelengths, these photosensi-
tizers produce heat or reactive oxygen, which causes the death of tumor cells. This tactic
works well and has fewer negative consequences.

In the antibacterial field, peptide-inspired nanomaterials are also promising. For
instance, to combat methicillin-resistant Staphylococcus aureus (MRSA), Xie et al. prepared
an antibacterial peptoid polymer based on host-defense peptides [240]. After prolonged
use, this polymer showed outstanding anti-infection performance without producing drug
resistance and reduced the growth of MRSA biofilms. In addition, tissue restoration has
been performed with nanomaterials inspired by peptides. Self-assembled antimicrobial-
antioxidative peptides enhancing infected wound healing in vivo have been the subject of
certain studies. Another study described the usage of a bone-healing scaffold as a method
for repairing bone defects in the presence of infection. This scaffold was made by altering an
antibacterial peptide and an osteogenic growth peptide on a polyetheretherketone surface.
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6.2.3. Lipid-Inspired Nanomaterials

Lipids, organic substances found in the body in structures like vesicles and cell mem-
branes, are essential for energy storage and chemical communication among cells, tissues,
and organs. As a result, the biomedical industry makes substantial use of lipid-inspired
nanomaterials. Cell membranes, mostly made of lipids and proteins based on fatty acids,
can isolate cells from their environment and regulate the flow of nutrients and waste
products. They can transport NPs or medicines directly. For instance, Ying et al. im-
proved tumor targeting effectiveness by encapsulating nanocamptothecin into macrophage
membranes [241]. These macrophage-mimicking nanocamptothecin particles accumulated
more at tumor sites than uncoated NPs in a mouse model of breast cancer. Additionally,
nanocarriers coated with erythrocyte membranes were employed for in vivo biological
imaging and medication delivery since they could resist macrophage clearance. Similarly,
functional NPs were encapsulated in platelet membranes, reducing macrophage-like cell
absorption and demonstrating preferential adherence to human blood vessel injury.

Vesicles, composed of lipid bilayers, store, digest, or transport materials. Recently, hy-
brid bio-inspired nanovesicles were developed for lung tissue transport and immunomod-
ulatory activity by fusing lung-targeting liposomes and macrophage-derived nanovesicles.
Extracellular vesicle-based collaborative anti-infective therapy was the subject of a straight-
forward biomimetic technique by Qiao et al. [242]. Pd-Pt nanosheets and ginger-derived
extracellular vesicles gave EVs-Pd-Pt NPs good biocompatibility and sustained blood circu-
lation, producing a potent antibacterial effect. Extracellular vesicles (EVs) have also been
employed to encourage the differentiation of stem cells into several adult somatic cell types.
In a recent method, EVs stimulate fibroblasts to transdifferentiate into cells that resemble
induced cardiomyocytes. Direct conversion of embryonic fibroblasts toward mature in-
duced cardiomyocytes may be accelerated using EVs generated from embryonic stem cells
during cardiomyocyte differentiation. The electrical and typical cardiac calcium transient
properties of these generated cardiomyocytes were similar to those of cardiomyocytes.

6.2.4. Other Biomolecule-Inspired Nanomaterials

Biomolecules outside proteins and lipids, such as viruses and saccharides, influence
biomedical nanomaterial design. Complexes of saccharides and proteins are essential
for biological processes like immunological control and drug transport. Taking this as
a foundation, Duan et al. created a branched glycosyl polymer-pyropheophorbide-a
conjugate that may be used as a drug delivery system [243]. Anticoagulants like heparin, a
highly sulfated glycosaminoglycan produced by mast cells, are frequently utilized. Sodium
alginate was used as a biological macromolecule model by Ma et al. to build a heparin-like
anticoagulant biomolecule to reproduce its function. This biomolecule demonstrated good
anticoagulant efficacy and biocompatibility in vitro and in vivo [244]. To develop a new
design methodology for anticoagulant surfaces, Wang et al. explored the endothelialization
of a novel heparin-like polymer [245]. Viruses, contagious organisms that multiply inside
live cells, can be bionic models for artificial materials. Chen et al. developed a reversible
and activatable near-infrared II nanoprobe by imitating a virus. This might help with
future viral encephalitis interventions by tracking the progression of viral infection in real
time [246]. In a different investigation, Li et al. created a nanodrug inspired by a virus that
might avoid lysosomal hydrolysis while being delivered, potentially providing a unique
method for treating tumors [247].

Nanomaterials with biomolecular inspiration have demonstrated promise in tumor
therapy, medication transport, and tissue engineering. They increase the effectiveness
of treatment, lessen adverse effects, and are frequently artificially produced, ensuring a
plentiful supply of raw ingredients with strict quality control. Making multifunctional
BINMs with intricate architectures resembling natural proteins is still difficult. These NPs
also need to have their long-term safety, immunogenicity, and in vivo stability investigated.
Emerging technologies like artificial intelligence may help the development of these nano-
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materials in the future by providing fresh perspectives for individualized and targeted
design [248].

6.3. Bioprocess-Inspired Nanomaterials

The bioprocess can efficiently and accurately construct hierarchical structures or
synthesize essential substances in a natural environment while operating under mild con-
ditions. The remarkable bioprocesses offer environmentally sustainable methods for the
production of synthetic materials. The acquisition of knowledge regarding natural biopro-
cesses has facilitated the development and utilization of advanced synthesis technologies
in creating high-performance biomaterials.

6.3.1. Inspired by Biomineralization Process

The production of organic–inorganic composites in structures like bone and teeth,
known as biomineralization, inspires the creation of biomedical materials [1,249–251].
Researchers have used this procedure to produce materials for cancer therapy, medication
creation, and hard tissue repair. By simulating the mineralization process, Li et al. created
a dental replacement with enamel’s mechanical qualities [252]. Tang et al. suggested a
method for restoring enamel using a solution of calcium phosphate ion oligomers [253].
Zhou et al. produced extremely rigid DNA-HA bulk composites for dental applications
using an engineering mineralization method [254]. Enhancing bone healing materials
has also relied heavily on the biomineralization process. Bioactive nanominerals can
be added to bone-repairing scaffolds using methods inspired by biomineralization to
promote osteogenic activity. To better understand the process of bone formation, Ping et al.
produced strontium carbonate crystals inside collagen fibers [255]. New cancer treatment
approaches are also inspired by biomineralization. Zhao et al. suggested exploiting the
buildup of calcium salts, which causes cell calcification and cancer cell death, as a drug-free
tumor treatment method [256]. A macromolecular medication that causes cancer cells
to calcify extracellularly was created through other studies. Last, a biomineralization-
inspired technique was applied to safeguard tumor-targeted delivery carriers, highlighting
its applicability in numerous biomedical research fields.

6.3.2. Inspired by Photosynthesis

Advanced artificial photosynthetic systems for biomedical materials have been devel-
oped due to photosynthesis, a crucial bioprocess found in plants, algae, and cyanobacteria.
Microalgae, particularly cyanobacteria, have recently been used as effective oxygen sources
to combat tumor hypoxia. For instance, Huo et al. produced oxygen using a hybrid of
cyanobacteria and photosensitizers, which, when exposed to laser irradiation, transformed
into singlet oxygen and killed cancer cells [257]. In addition to supplying oxygen for wound
healing, microalgae also promote angiogenesis and collagen synthesis [258]. Artificial pho-
tosynthesis systems, like the one created by Chen et al. using spinach nano-thylakoid units
(NTUs), show promise for degenerative disorders like osteoarthritis. The development
of CM-NTUs, which combine NTUs with the chondrocyte membrane (CM), improved
intracellular ATP and NADPH levels, enhancing cell metabolism and delaying the onset of
osteoarthritis [259]. Nanomaterials with inspiration from biomineralization processes are
widely used in biomedical disciplines and can safeguard the environment and promote the
sustainable development of biomaterials. The inhomogeneous conveyance of mineralized
media, slow reaction speeds, and difficulty in creating substantial, structurally sound
structures continue to be problems. Like photosynthesis-inspired solutions that offer novel
disease treatments, they are still in the early phases. They must fully address issues with
light penetration into tissue, immunological responses, and biological safety.

6.4. Challenges for Bio-Inspired Synthesis

To improve performance in biomedical applications, bio-inspired design efficiently
transfers special features and functionalities from natural materials to synthetic materi-
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als. Natural materials’ hierarchical systems and individual components can be studied to
provide solutions to various biomedical problems. The idea of manufacturing inspired
by biological processes has evolved, enabling the creation of biomedical materials under
benign circumstances. Designing biomaterials for various medical applications is made
possible by certain biomimetic techniques. For instance, biomimetic nanovesicles are used
for medicine administration, whereas bio-inspired layered nanostructures improve the
mechanical qualities of bone implants. Biomedical nanomaterials inspired by biomin-
eralization and photosynthesis also show great potential for treating cancer and tissue
engineering.

Although notable advancements have been achieved in bio-inspired biomedical nano-
materials, unresolved obstacles still necessitate attention to facilitate their effective imple-
mentation. These materials frequently require optimal performance in fluidic environments
characterized by dynamic flow, such as bodily fluids, where their properties may undergo
compromise relative to their performance in dry or stabilized conditions. The occurrence
of mechanical failure in moist environments is a prevalent concern. One of the primary
obstacles encountered in the field is expanding the production of BINMs. This is due to the
increasing complexity associated with achieving precise arrangement of structures and com-
ponents at the nanoscale, which consequently restricts the size and yield of these materials.
There is currently a deficiency in cost-effective and efficient techniques for producing goods
on a large scale. Furthermore, it is imperative to conduct extensive research and analysis
on the biological characteristics of BINMs. This is crucial because numerous materials
with potential applications have not undergone thorough in vitro and in vivo assessments,
which poses a significant obstacle to their successful implementation in clinical settings.

To enhance the efficacy of the development process for multifunctional biomedical
nanomaterials, it is imperative to incorporate advanced methodologies such as integrating
multiple bio-inspired strategies and utilizing computational simulations. Moreover, it is im-
portant to note that the study of biomedical materials encompasses various interdisciplinary
domains, including material science, biology, and medicine. Consequently, the comprehen-
sive assessment of BINMs necessitates the collaborative efforts of researchers specializing
in materials, biologists, and medical professionals. Collaboration is pivotal in facilitating
the effective translation of materials from the laboratory setting to clinical applications.

7. Design Principles of Bio-inspired Nanomaterials’ Interfaces

Recent interest in research on bio-inspired interfaces has increased as a result of its
expanding significance in the field of biomedical science. Enhancing medicine effectiveness
while reducing adverse effects is one of the main goals in this sector. This includes increas-
ing the effectiveness of distribution systems and giving targeting abilities more specificity.
Another important factor is biomedical imaging, which provides essential information
about molecular distributions in vitro and in vivo. The use of NPs in biomedical applica-
tions has been extensively explored due to their adaptability and accessibility [260]. When
designing a delivery method, it is critical to consider the NPs’ trajectory through the body
and any potential roadblocks on the way to the illness site. NP-based delivery techniques
typically include injection or oral consumption to penetrate the circulatory system.

Consequently, ensuring that the NPs reach the intended organs without being elim-
inated by the body is a crucial component of effective delivery. The reticuloendothelial
system (RES), which comprises the liver and spleen, eliminates NPs from the circulatory
system. When NPs are administered intravenously, they are frequently labeled as alien
substances and go through hepatic Kupffer cell sequestration [261]. An additional issue
emerges when NPs interact with various biomolecules, including plasma proteins, upon
entering a complex biological milieu like blood, interstitial fluid, or the extracellular matrix,
creating a protein corona. This corona development activates the mononuclear phagocyte
system (MPS) for quick ejection as proteins build up on the NP surfaces [262]. To overcome
these obstacles, NPs must have the proper mechanisms that will allow them to safely pass
through the body and arrive at their target without being prematurely removed. One
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common technique to prevent RES clearance and early ejection is to cover NPs with the
membranes of circulating blood cells [263]. Providing enough time in the circulatory system
is crucial for the designed NPs to reach their target site. The capacity of NPs for selective
targeting, or the capacity to interact just with the area of interest while disregarding other
sites (cells, tissues, etc.), is another key aspect of NPs. NPs must also be securely cleared
from the body when the task is completed without having any negative effects. They are
essential for creating NPs since they ultimately dictate how the particles will behave when
ingested by the body. Given its complexity as a biological environment, the human body
can vary significantly from person to person. Designing NPs that can overcome these obsta-
cles while keeping their intended functionality becomes even more difficult and complex.
Figure 12 illustrates three distinct categories that can be drawn from the design guidelines
for NP interfaces inspired by biological systems. First, membrane-coated NPs are produced
using components like mammalian cells, cancer cells, bacteria, or viruses. The second
category includes ligands that modify surfaces. This includes altering the NPs’ surface
using polyethylene glycol (PEG), zwitterions, positively or negatively charged ligands, or
viral capsids. The third category of design concepts for these bio-inspired interfaces is the
alteration of the geometric aspects of the NPs, such as their size or shape.Micromachines 2023, 14, x FOR PEER REVIEW 36 of 106 
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Researchers are interested in bio-inspired NPs because of the wide range of biomedical
science applications they could have, including targeted drug administration, in vivo
therapies, bioimaging, and cancer treatment. However, the human body’s capacity for
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recognizing and getting rid of foreign compounds is one of the main obstacles to overcome.
For example, the mononuclear phagocyte system (MPS) is quickly expelled from the body in
response to opsonin interactions. The targeting abilities of ligand-functionalized NPs might
also be lost due to excessive protein corona formation, which can also significantly affect
the surface chemistry of NPs, negating or changing their desirable features. Without further
surface alterations, NPs rely solely on the improved permeability retention effect, which
is typically ineffective [264]. Numerous methods have been developed to address these
problems by changing the way NPs function or their geometrical characteristics. These
techniques are divided into various groups in the following sections based on the type of
alterations. Applications of membrane-coated and surface-functionalized NPs span a broad
spectrum of fields (Figure 13). One of these is bioimaging, which uses NPs to improve
visual data at the cellular or molecular level. NPs can be used in targeted delivery to deliver
medications to illness locations directly, boosting therapy effectiveness and lowering side
effects. In multimodal theranostics, a discipline that integrates diagnostics and therapies,
NPs are also employed to diagnose and treat diseases simultaneously. Finally, these NPs
are used as drug carriers, acting as a means of controlled and precise drug delivery.
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7.1. Biomimetic Functionalization of BINPs

Biomimetic substances can replicate or imitate the attributes, composition, chemi-
cal properties, and functionalities of their biological counterparts [265]. Both red and
white blood cells can traverse the circulatory system without premature elimination by
the mononuclear phagocyte system (MPS). Platelets can resist phagocytic activity and
are equipped with surface receptors that enable them to selectively target specific sites,
thereby aiding in tissue repair following an injury. Cancer and stem cells have also been
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investigated in this field of study (Figure 14). The emergence of membrane-coated nanopar-
ticles (MCNPs) has resulted from the need to prolong circulation time upon entry into
the bloodstream, enable precise drug delivery within the body, or function as contrast
agents for bioimaging applications [266]. Moreover, scholarly investigations have been
undertaken on materials derived from pathogens, including bacteria [267] and viruses [268],
which exhibit distinctive capacities in the delivery of payloads. Consequently, it is crucial
to comprehend the unique characteristics of different biological entities and exploit their
therapeutic capabilities. This section examines the utilization of the intrinsic characteristics
of biological materials by scientists to develop NPs for biomedical purposes while also
addressing the potential obstacles they may face during this process.Micromachines 2023, 14, x FOR PEER REVIEW 39 of 106 

 

 

 
Figure 14. Various membranes host a diverse array of surface receptors. The abbreviations are listed 
below: CCR2 is an acronym for C-C chemokine receptor 2, CXCR1 represents C-X-C chemokine 
receptor 1, and CXCR2 denotes C-X-C chemokine receptor 2. C8bp is an abbreviation for C8 binding 
protein, VCAM-1 signifies vascular cell adhesion molecule-1, and ICAM-1 refers to intercellular ad-
hesion molecule-1. TGF-β corresponds to transforming growth factor beta, TF-antigen refers to 
Thomsen–Friedenreich antigen, EpCAM stands for epithelial cell adhesion molecule, and PAMPs is 
the abbreviation for pathogen-associated molecular patterns. Reprinted with permission from Ref. 
[260]. Copyright 2022, Authors (CC-BY). 

  

Figure 14. Various membranes host a diverse array of surface receptors. The abbreviations are listed
below: CCR2 is an acronym for C-C chemokine receptor 2, CXCR1 represents C-X-C chemokine
receptor 1, and CXCR2 denotes C-X-C chemokine receptor 2. C8bp is an abbreviation for C8 binding
protein, VCAM-1 signifies vascular cell adhesion molecule-1, and ICAM-1 refers to intercellular
adhesion molecule-1. TGF-β corresponds to transforming growth factor beta, TF-antigen refers to
Thomsen–Friedenreich antigen, EpCAM stands for epithelial cell adhesion molecule, and PAMPs
is the abbreviation for pathogen-associated molecular patterns. Reprinted with permission from
Ref. [260]. Copyright 2022, Authors (CC-BY).

7.1.1. Erythrocyte Membrane

Red blood cells (RBCs) are the predominant cellular constituents within the human
body. They possess notable attributes such as biocompatibility, prolonged circulation
duration, and biodegradability, rendering them highly suitable for utilization as carriers
of NPs. The CD47 proteins, which serve as markers of self, are found on the surfaces
of red blood cells (RBCs) and play a role in preventing their phagocytosis by immune
cells. As a result, the presence of these proteins leads to an extended circulation time
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for RBCs [269]. This characteristic has been employed to enhance drug delivery systems,
wherein NPs are enveloped with red blood cell membranes (RBCMs), forming RBCM-
NPs. The successful generation of RBCM-NPs has been achieved by encapsulating poly
(lactic-co-glycolic acid) (PLGA) NPs within RBCMs. Applying this coating facilitates a 64%
reduction in macrophage uptake of the NPs and prolongs their elimination half-life [270].
RBCM-NPs have demonstrated efficacy in selectively targeting particular conditions, such
as atherosclerotic plaques, and in cancer therapy.

Nevertheless, the effectiveness of RBCMs is dependent on the enhanced permeability
and retention (EPR) effect, given its inherent absence of natural tumor-targeting capabilities.
To augment the targeting efficacy, ligands are introduced into red blood cell membranes
(RBCMs) through chemical synthesis or lipid insertion techniques [271]. These supplemen-
tary components have substantially improved their capacity to target cancer cells selec-
tively. Furthermore, RBCM-NPs have demonstrated bioimaging practicality, particularly in
in vivo tumor imaging. Ongoing investigations and advancements in dual-functionalized
RBCM-NPs show encouraging outcomes in enhancing bioimaging capabilities.

7.1.2. Leukocyte Membrane

Leukocytes, also known as white blood cells (WBCs), are important immune cells
that protect the body from diseases and infections. WBC membrane-coated NPs able to
self-recognize, penetrate biological barriers, and bind to receptors at disease locations
have been developed due to their varied capabilities. For instance, WBC membrane-
coated nanoporous silica particles that maintain WBC characteristics, such as avoiding
the immune system and crossing the endothelium barrier, have been produced. Various
WBCs, including neutrophils, macrophages, monocytes, and T cells, have been employed
as NP carriers. By simulating the interaction of the cell with inflammatory tissues, neu-
trophil membrane-coated NPs, for example, can target and lower bacterial load at infection
sites [272]. Due to their capacity to target inflammation and tumor endothelium specifically,
macrophages have been incorporated into macrophage membrane-coated nanoparticles
(MMCNPs) to slow the progression of atherosclerosis [273]. They also show promise in
treating cancer and bioimaging, although they have drawbacks, such as the ability to target
particular cancers [236,237] exclusively. The power of monocytes to infiltrate has been
taken advantage of in a lipid NP-based drug-delivery platform, which enables monocytes
to transport and deliver lipid NPs to sick areas [274]. Monocytes are normally recruited
when physiological changes occur in the body. T cells have been employed to coat NPs’
membranes, increasing their circulation duration and enhancing cancer targeting. T cells
have a higher concentration of targeting proteins than other WBCs. For instance, coated
NPs with azide-modified T-cell membranes exhibit strong fluorescence intensity and an
improved photothermal response. However, the lack of tumor-specific indicators displayed
by solid tumor cells limits their ability to treat solid tumors [275].

7.1.3. Thrombocyte Membrane

Blood components called platelets are in charge of starting blood clots when an artery
is damaged. Their membranes’ distinctive qualities make them advantageous for coating
NPs, as they can support active and passive drug targeting. Platelet membranes include
CD47 “marker-of-self” proteins, similar to those found in red blood cell membranes, which
resist immune clearance, extending the circulation of platelet membrane-coated nanopar-
ticles (PMCNPs) for passive drug targeting [276,277]. Additionally, platelet membranes
include particular surface receptors such as glycoprotein Ib that can connect to exposed
collagen in injured vascular tissues to stimulate tissue repair or directly bind to pathogenic
bacteria to enable active drug targeting [278,279]. They have become quite popular in the
creation of nanotherapeutics as a result. Platelet-like proteoliposomes that strongly interact
with circulating monocytes have been created to enhance post-infarction therapy. Because
PM-NPs naturally include platelet surface proteins that can interact with anti-platelet
antibodies, they can be used as an antibody decoy in treating immune thrombocytope-
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nia [280]. Additionally, they are utilized in tumor imaging, drug delivery, and the detection
of cancer cells. In a mouse model of human lung cancer, for instance, a study revealed that
docetaxel-loaded PLGA NPs coated with platelet membranes preserved the maximum drug
concentration in tumors, successfully reducing tumor growth. Additionally, PM-NPs have
been used in developing phototheranostic nanoprobes to target various tumors and deliver
additional anti-cancer medications actively. The immune system can remove PM-NPs from
patients with autoimmune disorders when platelet autoantibodies combine with them to
form immune complexes [281].

7.1.4. Cancer Cell Membrane

Because they have surface receptors that permit adhesive contact, resulting in metastatic
deposits, cancer cell adhesion molecules (CCAMs) play a significant role in cancer metas-
tasis. Additionally, CD47 surface proteins are expressed by cancer cells, allowing them
to avoid the immune system. Using these characteristics, researchers have coated NPs
with cancer cell membranes (CCMs). CCM-coated NPs (CCM-NPs) can avoid immune
detection and target malignant locations or tumors that are similar to them. They can be
customized to satisfy the particular requirements of cancer therapy [282]. According to
studies, compared to uncoated NPs and red blood cell membrane-coated NPs (RBCM-NPs),
CCM-NPs have much higher cellular absorption and a strong affinity for source cancer
cells [283]. CCM-NPs can achieve self-recognition, internalization by the source cancer
cell lines, and highly selective targeting to the homologous tumor in vivo by adjusting
the source of the cell membrane coating [284]. In tumor imaging, CCM-NPs have been
widely employed and frequently functionalized with extra features [285,286]. For instance,
recent research produced unique iridium compounds functionalized with black-titanium
NPs coated with CCMs. These NPs have the potential to accumulate in malignant cells,
accumulate in mitochondria, develop effective photothermal capability when exposed to
NIR-II radiation, and form reactive oxygen species when exposed to ultrasonic radiation.
This enables precise imaging of the tumor site and results in the elimination of tumor cells
in mice models [287].

7.1.5. Stem Cell Membrane

Mesenchymal stem cells (MSCs), extensively researched in biomedical research, are
renowned for their simplicity in separation and capacity to target tumors. MSCs have been
effectively used in medication delivery systems based on NPs. According to research, the
loading of NPs into MSCs preserved cell viability and differentiation. A human glioma
model also shows great selectivity for MSC membrane-coated NPs (MSCM-NPs) [288].
Numerous cancer-related research studies have used MSCM-NPs. Due to various chemical
recognition moieties on the MSC membrane, an MSC membrane-coated gelatin nanogel, for
instance, displayed excellent stability and tumor selectivity both in vitro and in vivo [289].
In an orthotopic breast cancer model, PLGA NPs covered with an MSC membrane demon-
strated strong anti-tumor effectiveness [290]. Taking advantage of MSCs’ capacity for tumor
homing, MSCM-NPs have been widely applied in bioimaging. A biocompatible MSCM-NP
with multimodal imaging abilities for near-infrared fluorescence, magnetic resonance, and
computed tomography has recently been developed [291].

7.1.6. Bacterial Membrane

Despite being frequently harmful, some aspects of bacteria can be utilized in ther-
apeutic settings. Immunogenic antigens and adjuvants in bacterial membranes activate
innate immunity and support adaptive immunological responses. These can be carefully
coated onto NPs to simulate how the immune system reacts to antigens naturally when
germs are present. Bacterial outer membrane vesicles (OMVs) are typically coated on
NPs to create bacterial membrane-coated NPs (BM-NPs) [292]. BM-NPs are a relatively
recent development in cell membrane-coated NP research, yet they have a number of
special benefits. They showed bacterial-specific targeting; for example, S. aureus-infected
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macrophages and organs were selectively targeted by PLGA NPs coated with S. aureus
OMVs, a feature not seen in other membrane-coated NPs. Given the rapid rise of bacterial
drug resistance, BM-NPs may be used to create antibacterial vaccines as an alternative to
antibiotics [293]. For instance, BM-NPs were created utilizing OMVs from CRKP, which
improved the survival probability of immunized mouse models when exposed to a lethal
dose of CRKP. Because some bacteria naturally target tumors, BM-NPs can be used for
cancer treatment or tumor imaging. BM-NPs have been used to create a cancer vaccine
that, when paired with radiotherapy, demonstrated increased tumor growth inhibition and
made anti-cancer immunological memory.

However, research on using bacterial membranes as NP coating agents is ongoing.
The impact of OMV size on host cell entrance and the cytotoxicity of BM-NPs for realistic
biomedical applications are among the difficulties. To minimize the inflammatory response
of BM-NPs, lipopolysaccharide neutralizing peptides have been suggested as a partial
answer; nonetheless, these issues must be uniformly resolved before BM-NP-based vaccines
and treatments can go further.

7.1.7. Virus-Derived Strategies

Viruses are frequently used in biomedical applications because they can protect and
transfer nucleic acids into host cells while eluding the immune system. Adenoviruses and
retroviruses have been utilized as viral gene vectors to introduce particular genes into host
cells. Due to their pathogenicity, probable toxicity, mutagenesis, and constraints on size and
cargo capacity, these vectors do have drawbacks. Alternatives include virosomes and virus-
like particles (VLPs). While virosomes are liposome-like particles with integrated surface
glycoproteins but lack capsid proteins, VLPs mimic the capsid architecture or envelope
proteins of genuine viruses. Both can enclose a variety of payloads, yet neither contains
viral genetic material. They hold potential for drug delivery, imaging, immunotherapy,
and theranostics because they retain important virus traits, including cellular entrance,
immune evasion, and precise targeting [294]. Viral proteins can be applied to NPs to give
them additional functionality. For instance, magnetic NPs were enclosed in a hepatitis
B core VLP, which improved cellular uptake and demonstrated potential for magnetic
resonance imaging [295]. As an alternative, metallic NPs were joined to a specific adenoviral
platform, producing an NP-labelled vector that could infect cells and target tumors. Surface
alterations of NPs to resemble virus surfaces are a common component of other virus-
derived techniques [296].

7.2. Surface Modification to Functionalize NPs

A crucial step in customizing NPs for particular biomedical applications is surface
modification. The characteristics of NPs can be significantly altered using this rather simple
procedure. For instance, coating NP surfaces with PEG might prevent the mononuclear
phagocyte system (MPS) from clearing them away. It is possible to vary the surface electrical
charges of NP surfaces by precisely adjusting the attachment of functional groups, which
can affect how quickly cells absorb substances. Some strategies even try to mimic viruses
to give NPs virus-like characteristics. This section lists the common ligands used in surface
modifications and their benefits and drawbacks.

7.2.1. PEGylation

PEGylation, which involves bonding polyethylene glycol (PEG) molecules to NPs,
was initially published in 1977 and is a widely used method to extend the period that NPs
circulate in the bloodstream [297]. PEGylation creates an “anti-fouling” surface for the
NPs by forming a hydrophilic brush coating. This layer inhibits aggregation, opsonization,
and phagocytosis, preventing the NPs from being quickly eliminated from the body by
the mononuclear phagocyte system (MPS). PEGylation has been crucial in developing
therapeutic NP uses, from cellular pathways to sonodynamic therapy and tumor targeting
for cancer. Additionally, PEGylated NPs have improved stability and biocompatibility in
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intricate biological contexts. mRNA-based COVID-19 vaccines have benefited greatly from
PEG-decorated NPs [298].

PEGylation does have certain downsides, though. Unwanted immunological events,
such as hypersensitivity reactions and the production of anti-PEG antibodies, have been
documented, especially following the administration of numerous doses of PEGylated
NPs [299]. Uncertainty surrounds the precise mechanisms causing these reactions. Despite
these drawbacks, PEGylation’s advantages—such as decreased immunogenicity, antigenic-
ity, and toxicity—ensure its relevance in nanomedicine research.

7.2.2. Zwitterions

Researchers are looking toward substitutes like biodegradable poly(glutamic acid),
non-biodegradable poly(glycerol), and zwitterionic compounds due to worries regarding
PEG’s drawbacks. These zwitterionic materials, which permit charge neutrality and super
hydrophilicity by having equal amounts of cationic and anionic moieties, are of great
interest. Similar to PEG, they can prolong the half-life of NPs in blood circulation without
provoking an immunological reaction. Due to the robust hydration layer that zwitterionic
materials create through electrostatic contact, they also resist nonspecific protein adsorp-
tion. This characteristic may, however, disrupt target cell communication and lessen the
effectiveness of cellular absorption. This difficulty could be overcome by adding a variety
of unique functional groups, enabling improved NP stability and biocompatibility, and
offering a configurable interface for varied purposes [300]. Zwitterions have been used
in some cutting-edge applications, including the development of ratiometric pH sensors
based on quantum dots, the creation of reduction-responsive materials to boost intercellular
drug-release rates in tumor cells, and the development of pH-sensitive materials to envelop
NPs for effective tumor targeting. Additionally, zwitterionic materials can be functionalized
to respond to additional stimuli, including temperature or light. For instance, multifunc-
tional NPs coated with zwitterion have demonstrated great capabilities for imaging-guided
cancer therapy [301].

7.2.3. Surface Electrical Charge

The absorption and subsequent behavior of NPs are greatly influenced by their surface
charge [302]. Positively charged NPs are naturally drawn to cell membranes because they
normally have a negative charge, but negatively charged NPs may be less readily taken
up by cells. NPs can draw different proteins to them in a complex biological context,
creating a “protein corona” on their surface. The qualities and functioning of the NPs
could be altered by this process, possibly leading to them losing their intended role or
acquiring undesirable traits. The protein corona may alter the surface charges or physical
characteristics of NPs, which may enhance the likelihood of non-specific internalization.
Surface functional group adsorption or environmental exposure are two ways to change
the surface charge of NPs. As a result, when designing NPs, it should be decided whether
to use or prevent protein adsorption.

7.2.4. Virus Mimicking

It has been demonstrated that surface alterations of NPs to imitate virus features can
improve therapeutic effectiveness and efficiency of distribution. The surface topology of
the virus highly influences viral interactions with host cells in question, such as enveloped
viruses. Researchers have encouraged interactions between NPs and target cells, thereby
improving delivery efficiency by mimicking these topological features, such as adding
smaller silica NPs to larger ones to increase surface roughness [303]. Additionally, scientists
are imitating viral design, particularly the viral capsid, which is essential for cellular
entry and targeting. Viral capsids can be made with synthetic building pieces that give
specialized targeting functions, unlike natural virus vectors like virus-like particles (VLPs)
or virosomes. One illustration is a multifunctional viral mimic created from self-assembled
amphiphilic dendritic lipopeptides that showed the ability to infect solid tumors and tumor
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cells like a virus and suppress tumor growth in both in vitro and in vivo experiments [304].
The ability of NPs to deconstruct and distribute their cargos—a benefit for intracellular
interactions—can be achieved by integrating stimuli-responsive receptors to connect with
specified places through viral capsid mimicry [305]. These virus-mimicking methods
eliminate the necessity for viral components such as VLPs and virosomes that might cause
infections. This field of study has the potential to aid in creating multifunctional artificial
“viruses” that could get beyond the drawbacks of the NP drug delivery systems that are
now in use [306].

7.2.5. Surface Modification by Bioactive Molecules

Specific biological functionalities can be bestowed on NP surfaces by adding bioac-
tive chemicals [307]. With these alterations, bioactive compounds can selectively target
particular cells or tissues, enabling targeted medication delivery. This guarantees effective
delivery of medicinal substances to the intended site. NPs can also be made less hazardous
through surface alterations, making them safer for biomedical applications. A further
benefit is the improved biocompatibility, which enables NPs to operate in a biological
context without inducing an unfavorable immune response. Surface modification can
be achieved using a variety of methods. Physical adsorption is one technique in which
bioactive chemicals are non-covalently attached to the surface of the NPs [308]. Covalent
bonding is an alternative strategy that uses chemical reactions to permanently link the
bioactive chemicals to the surface of the NPs. The encapsulation method traps the bioactive
chemical inside the NP framework [309]. For these goals, several bioactive compounds are
frequently used. Targeting certain cell receptors or enhancing the solubility and stability
of NPs are possible with peptides [310] and proteins [311]. Chitosan [312] and hyaluronic
acid [313] are natural polysaccharides that can facilitate targeted drug administration and
improve biocompatibility. Antibodies can target particular cells or pathogens because of
their high specificity, whilst some tiny compounds can increase the solubility of NPs or be
used for targeting.

The utilization of bioactive compounds offers a number of benefits. Targeting ligands
on the surface of NPs, for instance, can increase receptor-mediated endocytosis and increase
the effectiveness of cellular uptake. Because some bioactive compounds can react to certain
stimuli, such as pH changes [314], temperature changes [315], or the presence of specific
enzymes [316], controlled medication release is possible. Additionally, NPs can reduce
off-target and negative effects frequently associated with many therapeutic medicines
by concentrating on particular tissues or cells. There are, however, issues to take into
account [317]. Under physiological circumstances, the NP and the bioactive chemical bond
must stay stable. It can be challenging to scale up from laboratory synthesis to larger-scale
production without losing the effectiveness of bioactive molecule attachment. Furthermore,
therapeutic NP change may be subject to regulatory review and rigorous testing. Using
bioactive compounds to modify NPs holds great promise, particularly for biomedicine. NPs
can work more precisely and effectively by utilizing these molecules, making them suitable
for a range of tasks from imaging to medicine delivery. Although there are obstacles
to overcome, current research in this field promises to produce ground-breaking and
revolutionary answers.

7.3. Functionalization through Geometric Change

Even without any further surface alterations, the geometry of NPs, particularly their
size and shape, significantly impacts their characteristics and interactions with cells. The
size of the NPs taken up by cells directly affects how cytotoxic they are. Additionally, how
NPs interact with cells is influenced by their form. For example, rod-shaped NPs interact
with cells more effectively than spherical NPs because they have more accessible binding
sites [318]. Designing more efficient NPs requires an understanding of the connection
between the geometry of NPs and their functionality.
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7.3.1. Size

The potential for endocytosis, a process that enables NPs to be internalized by cells,
and the interactions of NPs with cell membranes are strongly influenced by their size.
Increasing the number of ligands on NP surfaces to facilitate endocytosis is advantageous,
but doing so requires bigger NP sizes. The size must fall within a specific range, though,
as NPs less than 30 nm might not be able to drive the membrane-wrapping process as
well as those larger than 60 nm. Regardless of the NP core and surface charge, in vitro
studies indicate that the ideal range for cell uptake is between 10 and 60 nm [319]. There
has been some variation in the effect of NP size on cellular internalization among studies.
According to some studies, cellular internalization of functionalized Au NPs is inversely
correlated with size [320], whereas, according to others, internalization of Au NPs larger
than 50 nm is more common [321]. These differences could result from variances in the
gold NPs’ production processes or decorating ligands.

7.3.2. Shape

Beyond only size, NPs’ form greatly impacts how well they interact with cells and
deliver drugs. Spheres, rods, triangles, stars, and wires are examples of frequently pro-
duced NP shapes [322]. Due to their greater aspect ratio (AR), or length-to-width ratio,
compared to spherical NPs, rod-shaped NPs have demonstrated increased effectiveness in
cellular uptake [323]. This discovery has sparked additional in vivo research. For instance,
after intravenous administration, NPs with bigger ARs were seen to collect in the spleen,
while those with lower ARs were probably stuck in the liver of mice [324]. In a different
study, mice given rod-shaped MSNs orally showed higher content in all organs than mice
given spherical MSNs. This may be explained by the prolonged half-life of rod-shaped
MSNs in blood circulation and their capacity to resist macrophage engulfment in RES
(reticuloendothelial system) organs, including the liver and spleen [325]. The form of NPs
also influences the cellular uptake mechanism. A comparison of gold NPs with star, rod,
and triangle forms revealed a substantial relationship between the endocytosis pathway
and NP shape, which calls for more research [326]. The decreased internalization rate seen
for rod-shaped NPs relative to spherical NPs must be considered, even though larger AR
NPs have been connected to higher cellular absorption efficiency [327]. Therefore, the
benefits of modifying NP shape must be carefully assessed in the context of particular
biomedical applications.

7.4. Challenges to Achieve Successful Designed Interfaces

Manufacturing challenges persist, and there is a lack of uniformity in the methods
used to fuse cell membrane vesicles with NP cores. Extrusion is a technique that can create
uniform particles, but it has complexity and manufacturing scale difficulties. Since cell
membrane coating integrity affects internalization, current approaches frequently produce
a mixture of fully, partially, and uncoated NPs. The classification of the therapeutic effects
of various MCNPs will require further research to determine how to differentiate fully
coated NPs. Future MCNP manufacturing efforts should improve procedures and create
a successful, all-encompassing process for cell membrane extraction and fusing with NP
cores. Moving toward industrial-level output requires automation. In the future, process
development should take precedence over discovery more often.

NPs can be functionalized in a variety of ways employing surface modification tech-
niques, sometimes with the addition of ligands or molecules for decoration. Despite its
advantages, there are a few difficulties. Due to their effect on cellular absorption efficiency,
the density and orientation of ligands on the NP surface must be considered. The complete
evaluation of NPs with various surface changes also lacks defined approaches. The geo-
metric features of NPs must also be considered because they can affect cellular absorption
and possibly prevent planned functionalization. The next part will go into more detail
regarding how NPs’ geometric characteristics affect them.
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8. Biomedical Applications of Bio-inspired Nanomaterials in Micro/Nanodevices

When the many uses of bio-inspired nanomaterials in micro/nanodevices are exam-
ined, a wide range of biological uses is found. From improving drug delivery methods to
coming up with new ways to treat patients, these new materials are paving the way for big
changes in healthcare. Drug delivery involves complicated systems, nanotheranostics for
combined therapy and diagnostics, gene therapy for genetic disorders, and the creativity
of self-propelled active nanovehicles and biohybrid micro/nanomotors that can move
through complex biological environments. Bio-inspired nanobiosensors that can identify
molecules in a complex way add to these achievements. Also, bio-inspired organ-on-a-chip
technology gives us new ways to test drugs, and cancer-on-a-chip models change how we
study cancer. Bio-inspired wound healing dressing mats and antimicrobial surfaces, such
as those made from structure-oriented peptides, metal/metal oxide NPs, and chitosan,
show how bio-inspired nanomaterials have a wide range of uses in medicinal applications.
Bacteriophage-based antimicrobial surfaces use the power of nature to fight bacterial dis-
eases. This all-around look at bio-inspired nanomaterials shows their importance and opens
up a new era of opportunities for biomedical progress in micro/nanodevices. Figure 15
summarizes the biomedical applications of BINMs in micro/nanodevices.
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8.1. Drug Delivery and Therapeutic Applications
8.1.1. Drug Delivery Systems

In the field of medicine, BINMs have made major advancements, particularly in the
creation of sophisticated drug delivery systems. These nanomaterials can potentially ad-
dress major difficulties in targeted medication delivery because they were created and
constructed to resemble biological structures and processes. Micro- and nanodevices made
from BINMs are at the core of these breakthroughs. In several ways, these devices can
improve drug delivery. They can increase the specificity of drug delivery, ensuring that
the medications reach the cells or tissues that require them most. This can reduce the
risk of negative effects while significantly increasing the drug’s effectiveness. Liposomes,
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for instance, nano-sized vesicles modeled after biological membranes, are frequently uti-
lized as drug delivery systems. They can encapsulate both hydrophilic and hydrophobic
medications, guard against deterioration, and release them gradually at the intended spot.
Dendrimers, another category of BINMs, are spherical, highly-branching NPs. They are
good candidates for targeted drug administration due to their well-defined structure, con-
trollable size, and surface functional groups. Recently, scientists have started investigating
the use of BINMs for targeted drug delivery that imitates the structure of cells, bacteria,
and viruses. For instance, NPs with red blood cell (RBC) membrane coatings have shown
promise in drug delivery while dodging the body’s immunological response. But creating
these biologically inspired micro- and nanodevices is difficult. Addressing concerns with
stability, biocompatibility, scalability, and reproducibility is necessary. Extensive testing
and clinical trials are also necessary to determine the safety and effectiveness of these
technologies for human usage.

Liposomes are widely recognized as a promising and versatile means of drug delivery.
Liposomes present several advantages in comparison to traditional drug delivery sys-
tems. These advantages include targeted delivery to specific sites, controlled and sustained
release of drugs, protection against degradation and clearance, enhanced therapeutic out-
comes, and reduced toxic side effects. These beneficial characteristics have contributed to
the effective authorization and medical utilization of numerous liposomal pharmaceutical
products within recent decades [328]. Liposomes can be divided into several categories
depending on their lamellarity and compartment structure. These categories include mul-
tivesicular liposomes (MVLs), unilamellar vesicles (ULVs), oligolamellar vesicles (OLVs),
and multilamellar vesicles (MLVs). OLVs and MLVs both have an onion-like structure;
however, MLVs have more than five lipid bilayers, while OLVs only have two to five
concentric lipid bilayers. On the other hand, MVLs have several non-concentric aqueous
chambers that are each surrounded by a single bilayer lipid membrane, giving them the
appearance of a honeycomb. Small unilamellar vesicles (SUVs, 30–100 nm), large unil-
amellar vesicles (LUVs, >100 nm), and giant unilamellar vesicles (GUVs, >1000 nm) are
subcategories of ULVs based on particle size. According to several research studies, ULVs
come in various sizes, including SUVs that are less than 200 nm and LUVs that are between
200 and 500 nm in size. Numerous techniques are applied for the preparation of liposomes.
The manufacturing methods that are frequently utilized encompass thin-film hydration,
ethanol injection, and double-emulsion techniques. The conventional procedures in these
processes encompass several steps. Firstly, multilamellar vesicles (MLVs) or unilamellar
vesicles (ULVs) are prepared, depending on the chosen method. Secondly, the size of the
vesicles may be reduced if deemed necessary. Thirdly, the drug solution(s) are prepared
and loaded into the liposomes. In the case of passive drug loading, this step is combined
with step one. Fourthly, buffer exchange and concentration are performed if required.
Fifthly, sterile filtration or aseptic processing is carried out. Lastly, if deemed necessary,
lyophilization is conducted, followed by packaging. Figure 16 shows graphic represen-
tations of several polymersome- and liposome-related topics. In Panel A, the structural
differences between polymersomes and liposomes are shown in the cross-section. The
main physicochemical characteristics of nanocarriers are depicted in Panel B. The enhanced
permeability and retention (EPR) effect, shown in Panel C, is a passive buildup of nanocar-
riers through fenestrated endothelial cells in tumor tissues. Due to their leaky vasculature
and compromised lymphatic outflow, tumor tissues are more conducive to nanocarrier
accumulation [329]. The liposome-inspired drug delivery system is very promising in
multidimensional biomedical applications, including pulmonary nanotherapeutics [330],
tumor-targeted therapy [331], anti-biofilm agents [332], and multiple diseases [333].
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Figure 16. Graphical representations of several polymersome and liposome-related topics. (A) the
structural differences between polymersomes and liposomes are shown in cross-section. (B) The
main physicochemical characteristics of nanocarriers are depicted. (C) The enhanced permeability
and retention (EPR) effect. It is a passive buildup of nanocarriers through fenestrated endothelial
cells in tumor tissues. Due to their leaky vasculature and compromised lymphatic outflow, tumor
tissues are more conducive to nanocarrier accumulation. Reprinted with permission from Ref. [329],
Copyright 2023, Elsevier.

Dendrimers have emerged as crucial nanostructured carriers in nanomedicine for
treating numerous diseases [334]. Thanks to their structural diversity, they can deliver
medications and genes in various ways (Figure 17). For example, dendrimers with a
hydrophobic center and a hydrophilic periphery can act like unimolecular micelles and
successfully saturate hydrophobic medicines. The use of cationic dendrimers as non-viral
gene carriers is widespread. Drugs and functional moieties can be attached to dendrimer
surface groups to increase stability and solubility. Enhancing dendrimer compatibility
and binding properties involves conjugating them with polymers like PEG or polysaccha-
rides. Utilizing ligands like hyaluronic acid or mannose has improved tumor penetration
and targeted distribution to specific cell types, such as macrophages. Compared to free
medicines, dendrimer–drug conjugates have fewer systemic side effects and more localized
efficacy. Dendrimer conjugation can lengthen the half-life of pharmaceuticals, improving
medicinal efficacy and reducing administration frequency. Dendrimers increase the solu-
bility of drugs, increasing their potency. When compared to timolol maleate, a study on a
dendrimer–drug combination known as DenTimol demonstrated encouraging outcomes
for the treatment of glaucoma. Various cleavable or stimuli-responsive linkages ensure
that medications released from dendrimer–drug conjugates reach the intended area. For
this aim, disulfide/thioketal linkers and pH-responsive linkers are frequently employed.
Dendrimer–drug conjugates have promise as efficient drug delivery systems with con-
trolled release mechanisms for better therapeutic results. Figure 18 illustrates the strategies
for dendrimers in drug and gene delivery. Over free medicines, dendrimer–drug conjugates
have several benefits, such as fewer systemic side effects and increased efficacy at the target
site. They can lengthen a drug’s half-life and make it more soluble, enhancing patient
compliance and therapeutic results. For instance, PAMAM dendrimers have been utilized
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successfully to deliver antiglaucoma medications, exhibiting better effects on decreasing in-
traocular pressure. Examining drug release from such conjugates is crucial since regulatory
agencies’ classification of dendrimer–drug conjugates might be complicated. Drug release
from dendrimers in tumor cells has been facilitated by cleavable linkers like disulfide
and thioketal, increasing the effectiveness of cancer therapy. By serving as “unimolecu-
lar micelles” or “dendritic boxes,” dendrimers also provide drug encapsulation through
their hydrophobic cavities, enhancing the solubility of hydrophobic medicines in water.
PAMAM dendrimers have also been extensively used as gene transfection vectors because
of their great biocompatibility and capability for nucleic acid loading. They can improve
endosomal escape and cellular uptake, increasing transfection effectiveness. Dendrimers
can overcome intracellular gene delivery hurdles when decorated with functional moieties
like peptides. This results in successful gene delivery and tumor growth inhibition. Overall,
dendrimer-based medication and gene delivery systems provide considerable promise for
treating various disorders using nanomedicine [335–337].
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Polymeric micelles (PMs) are nanostructures created through amphiphilic block
copolymers (ABCs) self-assembled in an aqueous medium. These micelles possess a
distinctive core-shell architecture. In conventional micelles, the hydrophobic segment of
the polymer is oriented toward the interior, forming the core, whereas the hydrophilic
segment is positioned on the outer surface. Reverse micelles exhibit an orientation that is
opposite to that of regular micelles. Mixed micelles are generated by adding solubilizers to
the existing surfactant micelle structure. The drug is expelled into the micelle core by the
hydrophobic component of the copolymers, thereby enabling the solubilization of phar-
maceuticals with low solubility. The intermolecular hydrophobic interactions between the
drug and copolymers are important in modulating the drug release rate and enhancing its
solubility. Numerous hydrophobic copolymers have undergone testing to solubilize drugs
with low solubility efficiently. Polymeric micelles frequently contain a hydrophobic core
enclosed by hydrophilic copolymers [338]. The hydrophilic portion of the polymer faces
outward in normal micelles, while the lipophilic portion faces the core. The orientation of
reverse micelles is the opposite. Solubilizers are included in the surfactant micelle to create
mixed micelles. Pharmaceuticals that are difficult to dissolve are ejected into the micelle
core by the copolymer’s hydrophobic component. Copolymers’ hydrophobic interactions
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with the medication are essential for reducing drug release and increasing solubility. It
has been tested that different hydrophobic copolymers can successfully solubilize poorly
soluble medicines. Drug leakage from polymeric micelles must be reduced during dis-
tribution, and drug release must be regulated to provide optimal therapeutic targeting.
Either stable confinement of the drug payload within micellar cores or triggered release
in response to internal or external stimuli are necessary for targeted drug delivery. While
slowly released medications from capsules allow for pharmacological and toxicological
effects, prolonged drug release from polymeric micelles in circulation assures congruent
pharmacokinetics with the micelles. Stimuli-sensitive polymeric micelles use internal trig-
gers, such as changes in pH, redox potential, temperature, enzyme profiles, and oxygen
levels, to take advantage of disease-induced changes in target tissues. Outside stimuli,
including heat, ultrasound, near-infrared light, or magnetic fields can also trigger drug
release. These methods improve the adaptive drug carriers’ ability for precise drug delivery,
especially in sick tissues like malignant ones. Micelles are distinguished by their core-shell
structure. The corona shell shields the drug from the mononuclear phagocyte system, al-
lowing for longer blood circulation and less toxicity. They make it possible for hydrophobic
medicines to become stable and water-soluble, facilitating effective medication delivery.
The ideal micelles for dispensing hydrophobic medications feature a hydrophilic corona to
protect and stabilize the medication. Medicines with a high water solubility can have their
intravenous administration of hydrophobic medicines made possible by polymeric micelles.
Although polymeric micellar systems have several drawbacks, different methods have
been created to overcome these obstacles. With the right approaches to drug loading issues,
scale-up options, and thorough research into their behavior in biological systems, poly-
meric micelles can successfully find their place in the market for various biomedical uses.
Polymeric micelles present promising opportunities in biomedical applications [339,340].Micromachines 2023, 14, x FOR PEER REVIEW 51 of 106 
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8.1.2. Nanotheranostic

For many illnesses, including AIDS, cancer, and microbial disorders, theranostic
methods have been suggested. The medication is customized using this personalized
treatment approach based on unique molecular profiles or the discovery of biomarkers.
Nanotechnology advancements can now combine diagnostic and therapeutic approaches
on a single platform. Nanomedicines increase the bioavailability of drugs, shield them
from deterioration, and enable precise medication distribution within the body. Compared
to conventional medicines, nanostages used in nanotheranostics provide simultaneous
illness detection and treatment while improving medication penetration. This new field has
the potential to significantly help the pharmaceutical and healthcare sectors by facilitating
the creation of molecular sensors, imaging agents, and creative therapeutic agent carriers.
Immunoassays and colorimetric tests, as well as gene therapy and targeted drug delivery,
are nanotheranostic diagnostic and therapeutic tools that have the potential to transform
the diagnosis and treatment of a wide range of illnesses, including cancer, AIDS, cardio-
vascular disease, infections, and burn wounds [341]. BINMs have significantly enhanced
cancer diagnostics and treatments, largely due to their small size, ease of modification, high
drug-loading capacity (thanks to their large surface-to-volume ratio), and efficient penetra-
tion and retention within targeted tissues. Furthermore, their superior biocompatibility,
biodegradability, and multifaceted applications in bioimaging, bio-sensing, diagnostics,
and therapeutics have escalated their potential in numerous biomedical fields [342]. Due
to their potential to serve as alternative, biocompatible drug delivery systems in cancer
theranostics, bio-inspired NPs that mimic natural body components have recently attracted
a lot of attention. Unlike non-native drug delivery technologies, these NPs have the innate
potential to change systemic bio-distribution, which is their main advantage. This review
thoroughly explains numerous BINMs used in cancer theranostics, including liposomes,
lipid NPs, bio-synthesized metal NPs, virus NPs, protein NPs, and others (Figure 19).

Micromachines 2023, 14, x FOR PEER REVIEW 53 of 106 
 

 

theranostics, including liposomes, lipid NPs, bio-synthesized metal NPs, virus NPs, pro-
tein NPs, and others (Figure 19). 

 
Figure 19. Nanotheranostics: metallic, protein, polymeric, lipid-based, micelle, and dendrimer na-
nomaterials for cancer theranostics. Reprinted with permission from Ref. [342], Copyright 2019, Au-
thors (CC BY). 

8.1.3. Gene Therapy 
In several medical specialties, gene therapies are becoming more and more cutting-

edge treatments. Gene therapy first proposed some 45 years ago as a viable treatment for 
hereditary monogenic illnesses, is currently being used to treat acquired conditions like 
cancer immunotherapy. The idea was that a single treatment could offer substantial, pos-
sibly curative advantages. For instance, gene-based therapies given to cells with a long 
lifespan may permit the continued production of crucial proteins. Hematopoietic stem 
cells (HSCs) that have undergone genetic engineering could provide long-lasting cell re-
placement, eliminating the requirement for ongoing enzyme administration or transfu-
sion therapy. With initial clinical trials in the early 1990s producing poor findings, includ-
ing little clinical benefit, unforeseen toxicities, and, in some cases, patient fatalities, con-
verting gene therapy concepts into patient care has had difficulties. This caused a shift in 
attention to the fundamental science underlying gene therapy strategies. With a better un-
derstanding of viral vectors and target cells, a new wave of clinical trials in the late 1990s 
and early 2000s showed promise, but development was hampered by severe toxicities as-
sociated with high gene transfer efficiency. The discipline of gene therapy has made enor-

Figure 19. Nanotheranostics: metallic, protein, polymeric, lipid-based, micelle, and dendrimer
nanomaterials for cancer theranostics. Reprinted with permission from Ref. [342], Copyright 2019,
Authors (CC BY).

206



Micromachines 2023, 14, 1786

8.1.3. Gene Therapy

In several medical specialties, gene therapies are becoming more and more cutting-
edge treatments. Gene therapy first proposed some 45 years ago as a viable treatment
for hereditary monogenic illnesses, is currently being used to treat acquired conditions
like cancer immunotherapy. The idea was that a single treatment could offer substantial,
possibly curative advantages. For instance, gene-based therapies given to cells with a long
lifespan may permit the continued production of crucial proteins. Hematopoietic stem
cells (HSCs) that have undergone genetic engineering could provide long-lasting cell re-
placement, eliminating the requirement for ongoing enzyme administration or transfusion
therapy. With initial clinical trials in the early 1990s producing poor findings, including
little clinical benefit, unforeseen toxicities, and, in some cases, patient fatalities, converting
gene therapy concepts into patient care has had difficulties. This caused a shift in attention
to the fundamental science underlying gene therapy strategies. With a better understanding
of viral vectors and target cells, a new wave of clinical trials in the late 1990s and early
2000s showed promise, but development was hampered by severe toxicities associated
with high gene transfer efficiency. The discipline of gene therapy has made enormous
strides over the past ten years, with improvements in safety, gene transfer effectiveness,
and delivery spurring major clinical advancements. The FDA has approved several gene
therapies, and other agencies worldwide have labeled others as “breakthrough therapies.”
The science of gene therapy is about to undergo another revolutionary change because of
recent advancements in targeted genome editing [343].

The utilization of BINMs has played a crucial role in advancing the field of mi-
cro/nanodevices for gene therapy. These nanomaterials are derived from biological systems
and can imitate the structures and functions of biological molecules. As a result, they ex-
hibit enhanced biocompatibility and functionality. Nanomaterials, including lipid-based
NPs, protein-based NPs, and DNA/RNA-based nanostructures, function as carriers for
gene delivery, offering improved stability, specificity, and efficiency. One illustration of this
concept involves the utilization of lipid-based NPs to encapsulate nucleic acids, thereby
enabling their efficient transport into cells.

Additionally, DNA nanostructures can be purposefully engineered to serve as carri-
ers for therapeutic genes, allowing for direct delivery. Significantly, BINMs possess the
capability to undergo modification or functionalization to augment their targetability and
mitigate potential toxicity. By capitalizing on these benefits, micro/nanodevices employing
BINMs have demonstrated gene therapy potential. Gene therapy aims to address diseases
at the fundamental genetic level by mending, activating, or eliminating specific genes. The
ongoing investigation and advancement in this particular domain are anticipated to result
in the emergence of gene therapy approaches that are both more efficient and secure.

There is a growing interest in the supramolecular self-assembly of dendrons and den-
drimers as a powerful and challenging method for generating advanced nanostructures that
exhibit exceptional properties. Xu et al. proposed a novel approach involving supramolec-
ular hybridization to fabricate a dendritic system inspired by biological systems [344]. This
system demonstrated remarkable versatility and can be utilized as an efficient nanoplat-
form for various delivery applications (Figure 20). Multifunctional supramolecular hybrid
dendrimers (SHDs) were formed by integrating dual-functionalized low-generation pep-
tide dendrons (PDs) onto inorganic NPs, facilitated by an intelligent design. The structural
composition of these superhydrophobic surfaces (SHDs) exhibited a highly organized
nanoarchitecture, accompanied by a substantial presence of arginine peptides, and demon-
strated the ability to emit fluorescence signals. As predicted, the utilization of a bio-inspired
supramolecular hybrid strategy dramatically enhances the gene transfection efficacy of
self-assembled hydrogel NPs (SHDs) by approximately 50,000 times when compared to
standalone polymeric NPs (PDs) at equivalent ratios of polymer to DNA. The bio-inspired
self-assembled hydrogel NPs (SHDs) demonstrate several advantageous characteristics
in gene delivery. Firstly, they possess low cytotoxicity and are resistant to serum, which
enhances their safety and efficacy. Secondly, these SHDs have inherent fluorescence, moni-
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toring various intracellular processes, including cellular uptake, escape from endosomes,
and gene release. Lastly, they can serve as a valuable reference for tracking the expression
of desired proteins, providing an alternative method for assessing gene delivery efficiency.
Significantly, it is important to note that in vivo animal trials have shown that self-healing
hydrogels (SHDs) exhibit considerable effectiveness in gene transfection, specifically in
muscle tissue and HepG2 tumor xenografts. These trials have also demonstrated the ability
of SHDs to perform real-time bioimaging. The anticipated outcome of these supramolec-
ular hybrid dendritic (SHD) structures is the stimulation of research inquiries to utilize
bio-inspired dendritic systems for biomedical purposes, encompassing laboratory-based
and live organism studies.
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With the progress of molecular biology, pharmacogenomics, and proteomics, there
is an opportunity to customize the development of bio-inspired nanosystems to cater to
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individual patients’ specific requirements. Bio-inspired nanomaterials provide numer-
ous advantages, such as the ability to customize their surface, achieve targeted delivery,
possess specific geometric properties, ensure biosafety, and facilitate proper disposition.
Furthermore, the materials and procedures employed in fabricating these systems exhibit
biocompatibility and environmental sustainability, as they necessitate limited processing
compared to synthetic materials. Nevertheless, it is essential to acknowledge the potential
apprehensions regarding residual solvents or reagents utilized during the synthesis process,
which may harm biological systems. However, certain bio-inspired nanosystems exhibit
enhanced pharmacological efficacy. There is expected to be a preference for gene carriers
based on smart materials that are biocompatible, biodegradable, and safe in the future.
These systems can detect the surrounding environment of the host following adminis-
tration, enabling them to regulate the release of gene molecules that have been loaded
within them at a particular target organ with accuracy and pre-determined control. This
functionality serves to reduce the occurrence of undesired side effects. Therefore, utilizing
bio-inspired gene delivery systems presents a distinct opportunity to develop anticipatory
and individualized delivery systems for currently available medications, thereby holding
great potential in shaping the future of the biomedical field [345,346].

8.1.4. Self-Propelling Active Nanovehicles

Chemical navigation is a crucial aspect of survival for a wide range of organisms,
from bacteria to unicellular and multicellular organisms. The replication of these behaviors
through artificial constructs is an emerging field of study, resulting in the development of
active nanomaterials capable of converting external energy into mechanical work to achieve
directed motion [347]. These nanomaterials can react to various stimuli, including chemical
gradients, temperature changes, magnetic fields, and adhesion forces. Nevertheless, the
development of self-propelling nano-constructs encounters various obstacles arising from
physical limitations. For instance, water, which exhibits a high viscosity at the NP level,
poses a significant challenge. Additionally, the randomizing effect of Brownian thermally
driven fluctuations further complicates the control of the NPs’ directionality. Two strate-
gies can be employed to address these limitations. The first strategy involves inducing
non-reciprocal movements by altering the body shape. The second strategy consists in
taking advantage of gradients that modify the local environment of the nanomaterials.
Illustrations of these strategies being implemented encompass the utilization of artificial
bacterial flagella, which can be effectively manipulated by applying rotating magnetic fields
to generate propulsion. The deployment of “spermbots” has been observed, wherein these
microscale robots can facilitate the transportation of sperm cells toward the oocyte. Certain
NPs can generate gradients autonomously, resulting in self-phoresis or self-propelled move-
ment. Various innovative applications have been documented, including the utilization of
silicon nanowires that exhibit a responsive behavior to externally manipulated electrical
fields, as well as the development of “microbullets” capable of vaporizing biocompatible
fuel and effectively penetrating and altering the structure of tissues. The utilization of
bio-inspired methodologies in the design of NPs exhibits considerable promise for their
application in drug delivery, targeted therapy, and various other domains within the
biomedical field [348–350].

8.1.5. Biohybrid Micro/Nanomotors

Throughout history, human ingenuity has frequently drawn inspiration from diverse
natural biological systems, exemplified by the development of radar technology, which
was influenced by bats’ utilization of ultrasonic waves. The advancement of autonomous
artificial micro/nanomotors has been motivated by the existence of biological biomotors
such as kinesins, dyneins, and sperm cells. Micro/nanomotors are devices capable of
converting various types of energy into mechanical motion, enabling them to execute tasks
that passive devices cannot accomplish [351]. Richard Feynman initially introduced the
notion of these diminutive devices which has subsequently emerged as a prominent subject
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of scholarly investigation. Micro/nanomotors possess a diverse array of applications,
particularly within biomedicine. These applications encompass drug delivery, biosensors,
biological imaging, assisted fertilization, and microsurgery. Nevertheless, notable obstacles
must be surmounted, with particular emphasis on the biocompatibility of said motors. To
operate optimally, these entities must adapt effectively to the internal microenvironment
of the organism, encompassing factors such as temperature, pH, and the immune system.
Presently, the utilization of artificial motors is constrained by their inadequate biocompati-
bility, resulting in their susceptibility to immune system recognition upon introduction into
the human body. To enhance biocompatibility, scholars are currently investigating the uti-
lization of biocompatible and biodegradable substances such as polyethylene glycol (PEG)
and magnesium. An emerging area of study pertains to biohybrid micro/nanomotors,
wherein synthetic materials are integrated with biological constituents. Biohybrid motors
exhibit enhanced biocompatibility, improved energy conversion efficiency, and the capacity
to react to environmental stimuli intelligently. The cell is the building block of an organism
and has receptors on its membrane that enable it to sense environmental inputs and modify
its functions. Some cells have complex time-irreversible strokes and low-Reynolds-number
autonomous motion processes. Researchers have used this autonomous mobility as motiva-
tion to build micro/nanomotors based on intact cells. High biocompatibility, adaptability
to diverse internal conditions, and the ability to mix artificial micro/nanostructures with
different cell properties like chemotaxis, magnetotaxis, and anaerobism to create multi-
functional motors are all benefits of these biohybrid motors. A cell must be simple to
grow and capable of large-scale, rapid multiplication to be a good candidate for biohybrid
micro/nanomotors. There are several types of micro/nanomotors based on intact cells
(sperm cells, bacteria, algae, blood cells, plant pollen, platelets, macrophages, etc.) and
different biological components such as enzymes (catalase, urease, glucose oxidase, lipase,
etc.) and cellular membrane (RBC, platelet, WBC, tumor cell, cancer cell, etc.) coating,
operating in biomedical applications.

Sperm cells, also known as spermatozoa, are the male gametes that possess the ability
to exhibit autonomous motility as a result of their flagellar structure. They possess the
dual functionality of functioning as both a propulsion mechanism and a means of trans-
porting goods, enabling autonomous movement and precise distribution capabilities. The
micro-bio-robot design involved using sperm cells confined within a microtube, which
demonstrated self-directed movement that was externally regulated through the implemen-
tation of a magnetic layer. Sperm cells possess considerable potential as vehicles for drug
delivery, particularly in gynecologic ailments such as cervical cancer [352]. A micromotor
propelled by sperm cells has been developed to facilitate the targeted release of drugs,
demonstrating encouraging attributes for cancer treatment. Bacteria are abundant and
come in various shapes, making them suitable candidates for biohybrid micro/nanomotors.
Several bacteria, such as Magnetococcusmarinus, Escherichia coli, and others, have been uti-
lized to fabricate biohybrid motors for biomedical applications. Magnetotactic bacteria
can achieve self-propulsion using external magnetic fields, making them attractive for
drug delivery and tumor targeting. Escherichia coli are frequently used due to their swim-
ming ability, and they have been incorporated into micromotors for drug delivery and
anti-tumor efficacy. Challenges include addressing safety concerns regarding pathogenic
bacteria and ensuring the activity and fitness of bacteria on certain surfaces. Despite these
challenges, bacterial biohybrid micro/nanomotors hold promise for advancing the field of
micro/nanomotors.

Algae exhibit remarkable biological features despite lacking roots, stalks, and leaves.
Spirulinaplatensis (Sp) is a suitable bio-template for biohybrid magnetic micromotors due
to its naturally intact three-dimensional helical structure. Researchers used Sp to construct
porous hollow micromotors to deliver medicinal and imaging chemicals in vivo. Sp-based
biohybrid magnetic robots feature intrinsic fluorescence, MR signals, and low cytotoxicity,
making them intriguing for blocking abnormal cell function, particularly malignant tu-
mors, while retaining normal cell function. Sp-based magnet-powered microswimmers use
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ultrasonics to stimulate neural stem-like cell development. Ultrasound intensity can influ-
ence brain stem cell development, enabling minimally invasive neurodegenerative disease
treatments. Algae, particularly Sp, have distinctive structures and intriguing biological fea-
tures, making them promising in modern biotechnology. For biohybrid micro/nanomotors,
different algae must be studied.

8.2. Bio-Inspired Nanobiosensors

Sensors are pivotal in many products, systems, and manufacturing processes, offering
valuable feedback, monitoring capabilities, safety enhancements, and other advantageous
features. When conventional sensor technology reaches a state of limited progress, ex-
ploring insights from non-engineering disciplines, such as biology, can foster innovative
advancements. The field of biomimetic sensor technology is currently in its nascent stage,
and it takes inspiration from the intricate sensory systems found in nature. These highly
refined systems enable organisms to perform tasks such as navigation, spatial orientation,
and prey detection with excellent efficiency. Engineers can construct various types of
sensors by comprehending the fundamental principles of sensory physiology in biological
systems. Biomimetic sensor designs can replicate biological systems directly or employ
analogous principles. Both methodologies have demonstrated efficacy and yielded notable
progress in sensor technology [353]. Biomimetic sensor designs offer distinct advantages in
comparison to conventional sensor designs.

Retrieving archived sensor design information is a prevalent methodology in de-
veloping novel products that detect commonly encountered parameters. Nevertheless,
employing unconventional approaches or drawing inspiration from diverse fields of study
may be imperative in the context of atypical parameters. The field of sensor design has been
influenced by nature, as it presents a wide range of sophisticated sensing and communica-
tion techniques observed in diverse organisms such as bacteria, plants, insects, mammals,
and reptiles. The design of biomimetic sensors entails replicating various aspects of bio-
logical systems, including functional design, morphological design, principles, strategies,
behaviors, and manufacturing techniques. The motivation behind these biomimetic devices
is derived from rigorous methodologies, careful examination of natural phenomena, and
the application of databases that document biological functionalities. Emulating the func-
tionality, principles, morphology, or strategies observed in biological systems represents
a form of biomimicry, which can be likened to the reverse-engineering process. In an
alternative perspective, abstracting biological systems through analogical reasoning can be
seen as an approach that aligns biology with engineering design principles. This approach
involves seeking solutions to biological challenges by drawing inspiration from and imitat-
ing existing designs. Exploring natural phenomena to derive design inspiration or gain
insights into the mechanisms by which biological systems process sensory information has
resulted in notable advancements. The biological sensors found in nature have evolved
over an extensive time spanning billions of years. These sensors provide enduring and
efficient solutions that are well adapted to specific ecological niches. Frequently, these
sensors demonstrate characteristics such as minimal energy consumption, heightened
sensitivity, and redundancy. The redundancy concept serves as a valuable lesson derived
from nature, as numerous biological systems exhibit multiple instances of redundancy to
augment reliability and mitigate errors.

Chirality, also known as mirror dissymmetry, is an inherent characteristic observed
in geometric entities, and it holds significant importance in biomolecules such as proteins
and DNA. Circular dichroism spectroscopy is a technique used to evaluate the impact of a
substance on biological, chemical, and physical characteristics. This method quantifies the
disparity in the absorption of left and right circularly polarized light. Chirality is regarded
as a principle inspired by biology in engineering. Chiral nanomaterials exhibit potential for
various applications, such as sensing and catalysis, owing to their distinctive selectivity
and specificity.
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Nevertheless, there remains a lack of comprehensive understanding regarding the
mechanisms that govern the transfer of chirality during the synthesis of inorganic nano-
materials possessing inherent chirality. Examining biological instances of chirality transfer
can provide valuable insights for developing chiral inorganic nanomaterials across diverse
applications. Chirality is a prevalent characteristic observed in biological entities, signifi-
cantly influencing their geometries, properties, and behavior. Chiral objects, characterized
by the absence of mirror symmetry, are widely observed in the natural world, and they
have the potential to confer survival benefits to organisms. The phenomenon of chirality
significantly influences the preferential incorporation of amino acids during the process
of protein synthesis, thereby exerting a profound impact on the growth and behavior of
both plants and animals. Organisms can utilize chiral structures to perceive polarized light
and augment contrast within their surroundings. Inorganic materials also observe chirality
due to molecular interactions and biological templates. Gaining insight into the processes
by which chirality is transferred across various length scales is of utmost importance to
effectively replicate and harness chiral nanostructures to design nanomaterials. The phe-
nomenon of hierarchical chirality transfer, which occurs across multiple scales ranging from
the molecular to the macroscopic level, has been documented in diverse biological systems.
This observation has sparked interest and served as a source of inspiration for developing
biomimetic materials and nanotechnologies [354]. Near-infrared (NIR) wavelengths are
commonly favored in biomedical applications owing to their superior tissue penetration
capabilities. The utilization of CdTe helices has been observed to effectively manipulate
light within the near-infrared (NIR) wavelengths, rendering them valuable for various
biomedicine and optical computing applications. Chiral molybdenum oxide NPs have the
potential to be utilized in photothermal therapy, wherein they can selectively heat tumor
tissue when exposed to circularly polarized light while minimizing damage to healthy
tissue [355]. The bactericidal effects of gold nanobipyramids conjugated with D-Glu are
enhanced, disrupting bacterial cell walls and facilitating the healing process in infected
wounds when exposed to near-infrared (NIR) radiation [356]. The inherent structural chi-
rality exhibited by gold nanomaterials can influence the immune system. Diverse immune
responses are observed with left-handed and right-handed Au NPs, owing to their distinct
interactions with specific receptors and subsequent activation of inflammasomes. The
utilization of left-handed NPs as adjuvants in the influenza vaccine has been investigated,
revealing a notable increase in antibody production and immune-related cell proliferation
compared to right-handed NPs. These discoveries underscore the significance of nanoscale
chirality within biological systems, alongside the molecular-scale chirality exhibited by
L/D optical centers.

8.3. Bio-Inspired Organ-on-Chip (OOC)

Creating new medications is time-consuming and expensive, especially in the pre-
clinical stage. Pre-clinical research has a history of using unethical animal experiments that
do not always precisely anticipate how people will react to medications. Although they
provide an alternative, two-dimensional cell culture models cannot match the intricacy
of real tissues and organs. Three-dimensional cell culture models have been created to
overcome these restrictions; however, they still lack some physiological elements. The
development of organ-on-chip (OOC) systems, which are little devices that replicate the
microenvironment of organs and tissues, has recently been made possible by microtech-
nology. OOCs can build human-based tissue-like structures, operate with minuscule drug
concentrations for high-throughput screening, and add biosensors for real-time monitor-
ing of cell survival and functionality, among other benefits. To replicate the response of
different tissues to drug exposure methodically, several OOCs can be coupled. OOCs are
a potential strategy for drug discovery because they combine the benefits of 2D and 3D
cell culture models while offering a platform for drug testing and screening that is more
physiologically appropriate [357].
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8.3.1. Organ-on-Chip (OOC) Technology

The primary objective of OOC technology is to develop in vitro models that closely
mimic the physiological conditions of human organs. This is achieved by integrating cell
cultures within microfluidic channels and structures. These systems provide the benefits
of a microenvironment that closely resembles physiological conditions and utilize human
cell lines that have been extensively studied and characterized. Out-of-cell culture systems
possess the inherent capability of parallelization and enhanced throughput, rendering them
highly advantageous in drug screening. Nevertheless, constructing organic optoelectronic
devices necessitates utilizing advanced manufacturing techniques and selecting meticu-
lously chosen materials. Cell cultures are immobilized on substrates and structures in OOC
devices. These chip systems’ cells can be divided into three major categories: primary, im-
mortalized, and stem cells. Primary cells are taken straight from tissues or organs without
being altered. They closely mirror their in vivo counterparts’ appearance and metabolism.
Primary cells must be obtained, kept alive, and only cultivated temporarily.

Additionally, standardization might be challenging due to differences in cell popula-
tions and traits between extractions. Immortalized cells are standardized, easily accessible,
and well-characterized cells. They can be made from clinical malignancies or by modifying
original cells chemically or virologically so that continuous cell division lasts for a long
time. However, relative to their initial in vivo state, the cells’ phenotype may change during
immortalization. Because of their physiological properties and regulated differentiation
potential, stem cells hold great promise. Induced pluripotent stem cells, produced by
reprogramming adult tissues to produce pluripotent stem cells, are becoming increasingly
popular due to ethical considerations and the restricted availability of embryonic stem
cells. These cells can be differentiated into multiple cell types, facilitating research like
personalized drug testing and autologous tissue engineering. In 2012, induced pluripotent
stem cells’ discovery was given the Nobel Prize.

8.3.2. Organ Systems on Chips

Due to demographic shifts and the rising demand for new pharmaceuticals in phar-
maceutical research, society is exposed to an increasing number of novel chemicals in
today’s modern, globalized world. Reliable testing methods are required to ensure these
substances are safe and effective. Animals were used mostly in the early toxicological,
pharmacological, and environmental testing stages. The 3R approach (reduction, refine-
ment, and replacement of animal experiments) has prompted a move toward alternative
techniques. The development of alternative techniques has been encouraged by regulatory
bodies like the European Parliament and the Council of the European Union, which has
led to the EU’s prohibition on cosmetics containing chemicals that have undergone animal
testing. According to industrial firms, alternative approaches offer the potential to advance
fundamental research, medicine development, toxicity testing, and environmental studies.
Excellent throughput screening, parallelization, excellent data quality, predictability in
clinical trials, and cost savings are among the alternatives they are looking for to eliminate
the usage of animals. Common in vitro systems, however, cannot fully satisfy all of these
demands, which has increased demand for enhanced in vitro models and cutting-edge
OOC technologies.

8.3.3. Two-Dimensional Cell Culture to OOC

Early in vitro cell culture models were two-dimensional (2D), but it soon became
clear how important three dimensions were. Cell morphology and metabolism were
improved by 3D cell culture employing extracellular matrix (ECM) components [358].
Predictability was improved by creating cell–cell interfaces by integrating various cell types
onto the semiconductor. Microsystems, inspired by developments in the semiconductor
industry, permitted controlled trials with smaller drug doses. They made it possible to
imitate in vivo circumstances by precisely controlling the biological milieu and inducing
physiological pressures or gradients. Surface alterations made possible by microtechnology
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also encourage cell self-organization. These developments boosted predictability and
complexity without raising variability. For widespread usage in pre-clinical studies, OOC
systems must accomplish simplicity, dependability, reproducibility, and ease of use.

8.3.4. Single OOC (SOOC)

Researchers have pursued the development of integrated body systems on a chip
through a systematic approach, wherein the initial focus has been on creating individual
organ chips that can subsequently be interconnected. The development of these SOOCs
was facilitated through the utilization of microchip technology and the progress made in
the semiconductor industry. The lung-on-chip was among the initial organ chips docu-
mented in Science magazine in 2010, garnering considerable interest [359]. Subsequently,
many biomimetic organ systems on chips have been successfully developed. There are
several SOOC systems, including liver-on-chip [360], kidney-on-chip [361,362], lung-on-
chip [362], gut-on-chip [363], heart-on-chip [363], muscle-on-chip [364], blood–brain barrier-
on-chip [365], splenon-on-chip [366], bone marrow-on-chip [367], etc.

8.3.5. Multi-OOC (MOOC)

The utilization of MOOCs represents an interim measure in investigating inter-organ
interactions until a fully functional human organ system is realized on a chip. The integra-
tion of multiple organ chips enables the examination of intercellular communication and
the assessment of different stages of drug metabolism. Two primary approaches exist to
construct multi-organ chips: the linkage of pre-existing single-organ chips and the inte-
gration of multiple organs into a singular chip device. The latter methodology has been
proposed by the TechnischeUniversität Berlin and TissUse GmbH, commencing with a
biotechnological device that integrates two distinct compartments, namely the liver and
skin [368]. The utilization of a chip system, comparable in size to a conventional microscope
slide, facilitated enhanced spatial efficiency and ensured appropriate ratios of physiological
fluid to tissue. Researchers have made progress in the step-by-step integration of supple-
mentary organs, such as the small intestine, liver, renal secretion, and skin biopsies, thereby
advancing the development of a comprehensive human-on-chip system [369,370].

8.3.6. Human-on-Chip (HOC)

The primary objective of OOC technology is to develop a human-on-chip (HOC) model
that replicates the functionalities of several vital organs within a singular microfluidic
platform. Numerous governmental initiatives, including those sponsored by the American
Defense Advanced Research Projects Agency (DARPA) and the National Institutes of
Health (NIH), provide financial backing for research endeavors in this particular domain.
There exist two primary approaches in designing an HOC system: the first involves the
interconnection of individual single-organ chips, while the second entails the integration
of distinct organ compartments onto a single chip. It is imperative to surmount the
obstacles encountered in engineering and implementation to attain precise emulation of
physiological conditions and dependable predictions of drug effects [371]. One of the
primary challenges in this context involves selecting appropriate cell types and mediums
while also considering immune responses and the inherent variability in blood composition.
Streamlining the culture conditions and chip construction is advisable to enhance the results’
clarity. Additionally, implementing a modular plug-and-play system could facilitate the
interconnection of compatible chips in subsequent endeavors [372]. The active participation
of the pharmaceutical industry and regulatory agencies is imperative to achieve successful
development and validation of organ systems on chips.

8.3.7. Patient-on-Chip (POC)

Stem cells are a type of cellular entity characterized by their undifferentiated state and
their capacity to differentiate into diverse specialized cell lineages. There are two primary
classifications of stem cells: embryonic stem cells, which are obtained from embryos, and
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adult stem cells, which are sourced from adult tissues. The utilization of embryonic stem
cells in research is hindered by ethical considerations, thus leading to the prevalent use of
human-induced pluripotent stem cells (HiPSCs) as a viable substitute. HiPSCs are derived
through reprogramming mature cells, acquiring characteristics akin to embryonic stem
cells. This reprogramming enables HiPSCs to undergo differentiation into diverse cell
lineages upon exposure to specific molecular cues. HiPSCs present a multitude of benefits
in the realm of scientific investigation and medical interventions. One potential application
of these technologies is the generation of patient-specific tissues for tissue engineering pur-
poses and facilitating patient-specific drug testing. These advancements have the potential
to enhance the field of personalized medicine. Incorporation of patient-derived HiPSCs into
OOC systems presents a promising approach that synergistically harnesses the advantages
of microfluidic technology and genetically compatible human cells. This methodology
enables the replication of pathological conditions and genetic variations, enhancing the
applicability and precision of drug testing and research endeavors. In addition, utilizing
HiPSC technology holds promise in facilitating the advancement of a comprehensive HOC
platform. Utilizing HiPSCs derived from a single donor to generate diverse organ tissues
can potentially mitigate the occurrence of immune reactions. Furthermore, examining
patient-specific variables, including genetic factors, age, gender, and ethnicity, can be read-
ily conducted, thereby facilitating the development of more individualized therapeutic
strategies in subsequent endeavors [373]. In general, HiPSCs exhibit considerable potential
in facilitating the progression of scientific inquiry and pharmaceutical innovation, culminat-
ing in enhanced medical interventions that are more efficacious and tailored to individual
patients [374–376].

8.3.8. Applications of OOC

Using OOCs exhibits significant potential as in vitro testing platforms for diverse
applications. They possess utility in toxicity assessment for cosmetics and chemicals, ren-
dering them indispensable in novel and generic drug advancement alongside specialized
domains such as radiation examination. A substantial transformation in pre-clinical test
practices toward enhanced efficiency and accuracy can only be achieved through collabora-
tive endeavors. Once successfully designed and validated, OOC systems will substantially
impact pharmaceutical research and development. These methods can lessen the need for
animal testing and produce more trustworthy outcomes for biowaiver studies for generic
formulations and medication development. This enhancement will result in more accurate
clinical study forecasts and fewer late-stage failures. Additionally, OOC systems will create
new possibilities for pharmacological R&D. They will make it possible to simulate sick
creatures, giving researchers a controlled environment to investigate the causes of disease
and potential cures. Additionally, custom chips can be produced to customize drug testing
for specific patients, resulting in more efficient and individualized therapy. Organ systems
on chips can potentially advance pharmaceutical research and significantly transform
pre-clinical testing procedures.

OOC presents exciting possibilities for modeling diseases and developing new med-
ications. Researchers have created disease chips to simulate specific disease states and
analyze treatment reactions in a controlled setting. A lung-on-chip system was developed
by Huh et al. to simulate pulmonary edema, a potentially fatal condition brought on by
inflammation and fluid buildup in the lungs [377]. The chip enabled the testing of possible
therapeutic substances, including angiopoietin-1 and GSK2193874, and faithfully replicated
the effects of interleukin-2 (IL-2) therapy. Nesmith et al. created a bronchial smooth muscle
tissue chip to research allergic asthma [378]. The IL-13 and acetylcholine exposure success-
fully caused the chip to mimic the hypercontraction observed in asthmatic patients. The
RhoA inhibitor HA-1077 was put to the test by the researchers, and it showed promise as
a possible therapeutic candidate for the treatment of allergic asthma. Tumor spheroids,
hydrogels, and ECM proteins have all been used to create in vitro cancer models. Microflu-
idic systems are being investigated to model tumor formation, tumor–tissue interactions,
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and metastasis to increase physiological relevance. Researchers can lessen their reliance
on animal models by using OOCs to test prospective medications and properly analyze
cancer causes. These disease-specific OOCs have demonstrated encouraging outcomes
when simulating illness states and assessing medication responses. They have the potential
to transform pre-clinical testing, lessen the need for animal testing, and enhance therapy
approaches for a range of disorders.

8.4. Cancer-on-Chip (COC)

The utilization of specialized multichannel systems in cancer-on-chip (COC) models
has emerged as a potent approach for studying the tumor microenvironment (TME) and its
involvement in metastasis. The utilization of microfluidic channels enables the replication
of tumors’ biochemistry, geometry, and fluidic transport characteristics by these models,
thereby facilitating the examination of intricate interactions associated with metastasis [379].
The functional COC platforms exhibit superior accuracy and capabilities to traditional mod-
els, enabling them to provide significant insights into the TME and cell interactions during
metastasis. Invasion, intravasation, extravasation, and angiogenesis are all components of
the intricate process known as metastasis (Figure 21). Micrometastases are formed when
tumor cells extravasate to colonize other organs after invading the extracellular matrix or
vascular endothelium and entering circulation. The endothelial blood vessel wall must
be broken during the key phases of intravasation and extravasation. For early diagnosis,
prognosis prediction, and treatment planning, microfluidic technology holds promise for
isolating and counting circulating tumor cells (CTCs). Microfluidic-based COC models
are crucial to examine the complex interactions between tumor cells and the TME during
invasion, intravasation, and re-growth in secondary organs. These models offer insights
that conventional approaches cannot. The primary TME, circulatory microenvironment,
and secondary TME are three different tumor microenvironments that interact during
metastasis. For cancer cells to pass the endothelium and enter the bloodstream, the ex-
tracellular matrix (ECM) must be broken down. Surviving circulating tumor cells (CTCs)
multiply and create secondary cancers in distant organs by adjusting to the local microenvi-
ronment (Figure 22). The TME contains various stromal elements, including fibroblasts,
immune cells, vessels, and ECM. Microfluidic models that continuously expose tumor cell
development to biological fluids in a biologically appropriate microenvironment are used
to research cancer. Cancer invasion, intravasation, extravasation, and the evaluation of
anti-cancer medications can all be studied with the aid of these models.

COC and tumor-on-chip (TOC) are intricately interconnected and serve as mutually
reinforcing methodologies within cancer investigation. The primary objective of TOC
models is to gain insights into the behavior and characteristics of tumor cells within a pre-
cisely regulated microenvironment. These models frequently employ microfluidic channels
and compartments to replicate the biochemical and biophysical stimuli that impact the
development and advancement of tumors. TOC models have the potential to enhance their
fidelity to the TME by including non-tumor cells, such as stromal components, immune
cells, and endothelial cells, thereby increasing their complexity. The COC and TOC mod-
els employ microfluidic technology to facilitate the uninterrupted provision of essential
nutrients, oxygen, and other factors crucial for cellular proliferation and intercellular com-
munication. By establishing physiologically relevant conditions, these models offer more
precise depictions of tumor behavior than traditional in vitro cell culture systems. Further-
more, both methodologies can be employed to screen anti-cancer pharmaceuticals and
examine the effectiveness of prospective therapeutic interventions. Figure 23 depicts the
basic components of a common TOC. The utilization of a tumor-on-chip system fabricated
through 3D printing techniques facilitated the cultivation of cells for an extended duration,
thereby replicating the intricate process of nutrient and anti-cancer drug transportation
within authentic TMEs [380]. The analysis of convective and diffusive transport within the
culture chamber was conducted by employing a fluorescent tracer. The GelMA/alginate
microbeads were the most efficient in facilitating transport. The microbeads were utilized

216



Micromachines 2023, 14, 1786

to cultivate Caco2 cells, and subsequent drug assays mimicking chemotherapy exhibited a
rise in cell death and a decline in cellular metabolism. Hypoxic conditions were artificially
created within the microspheres, emulating the oxygen-deprived environment typically
found in avascular tumors observed in patients. The study showcased the capacity of TOC
platforms created through 3D printing for drug testing and examining cancer biology. The
increased dimensions of the chip facilitated a higher quantity of biological material that
could be used for analysis. The transport characterization demonstrated efficient convective
and thoroughly mixed conditions, rendering it a valuable instrument for replicating tumor
scenarios and other tissue environments. Additional investigation is warranted to delve
into the potential benefits of employing 3D-printed tumor-on-chip systems, specifically
regarding their design flexibility and the feasibility of their fabrication and utilization.
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8.5. Bio-Inspired Wound Healing Dressing Mat

Bio-inspired wound healing dressing mats are a novel class of biomaterials specifically
engineered to enhance the process of wound healing by leveraging inspiration from biolog-
ical systems. These mats are designed to imitate the natural extracellular matrix, creating
an environment that promotes cell growth, angiogenesis, and tissue regeneration. These
environments provide advantageous conditions for wound healing, diminish the presence
of microorganisms, and facilitate the regulated discharge of therapeutic substances such
as growth factors and cytokines. Biomaterials derived from natural sources, such as silk
proteins (fibroin and sericin), have demonstrated significant promise in wound dressings
owing to their biocompatible nature and capacity to stimulate skin tissue regeneration.
Integrating regenerative medicine and nanotechnologies offers a potentially effective strat-
egy for tackling the complexities of wound management and promoting improving the
healing process.

The integumentary system serves a vital role in numerous physiological processes.
However, when the skin becomes compromised due to injuries, it can give rise to significant
medical complications, such as heightened morbidity and mortality rates. Non-healing
chronic wounds pose a significant challenge, particularly for individuals diagnosed with
diabetes, as they may experience limb ulcers that can lead to severe consequences. The
principal objective of wound management is to achieve expeditious healing while ensuring
both functional and aesthetically satisfactory results. The wound healing process is intricate
and encompasses various cellular interactions, secretion of factors, and interactions with
the ECM. Comprehending these processes is imperative to formulate efficacious wound
management strategies. The impact of diabetes on wound healing is detrimental, high-
lighting the need for a comprehensive comprehension of the wound environment and
pathophysiology to develop more effective strategies for promoting wound healing. Utiliz-
ing biomaterials that can release signaling molecules, such as growth factors and cytokines,
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in a controlled manner has been shown to facilitate the process of angiogenesis and tissue
regeneration. The development of effective biomaterials for tissue repair, including three-
dimensional living tissues, has been facilitated by advancements in regenerative medicine,
nanotechnologies, and bioengineering. Biomaterials derived from biological sources have
demonstrated significant potential in treating tissue injuries and enhancing wound healing,
owing to their biocompatible nature and capacity to stimulate skin tissue repair [381]. The
investigation of biomaterials possessing wound-healing properties has been undertaken
for diverse purposes in wound management. These biomaterials create advantageous
microenvironments that promote cellular proliferation, inhibit microbial colonization, and
facilitate the controlled release of therapeutic agents. The recent progress in wound healing
approaches has created novel opportunities within the realm of regenerative medicine and
tissue engineering.

As a promising biomaterial for tissue repair and regeneration, Bombyxmori’s silk
fibroin has attracted much interest [382]. Numerous research teams have investigated
the potential of silk fibroin to create cutting-edge methodologies for tissue engineering
and wound healing applications, either alone or in combination with other materials
and processed in various ways. As biomaterials for wound dressing, many forms of silk
fibroin, such as hydrogels, sponges, films, and nanofibers, have been suggested. During
various stages of wound healing, these materials maintain moist conditions, permit gas
permeability, and improve cell responsiveness. Silkworm cocoon goods include fibroin
hydrogel, electrospun fibroin, sponge, film, solution, and powder. These products have a
variety of uses in bioengineering, particularly in the treatment of wounds (Figure 24).
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Figure 24. Representation of the instances of BINMs in devices fabricated by processing silkworm
cocoons (a) for wound healing application: fibroin hydrogel (b), electrospun fibroin (c), sponge (d),
film (e), solution (f), and powder (g). Reprinted with permission from Ref. [381].

8.6. Antimicrobial Surface

Using bio-inspired antimicrobial surfaces has generated considerable attention in
diverse biomedical contexts owing to their efficacy in combating microbial hazards. These
surfaces are influenced by natural defense mechanisms found in plants and microorgan-
isms. They employ light-activated compounds or other biomimetic strategies to generate
antimicrobial effects. Within medicine, these surfaces are utilized in various capacities,
such as wound dressings, medical implants, and surgical instruments. Their primary
function is to mitigate the risk of infections and expedite the healing process. In dentistry,
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dental implants and orthodontic devices are utilized to minimize bacterial colonization
and the formation of biofilms, thereby improving oral health. In addition, implementing
bio-inspired antimicrobial coatings on medical equipment and surfaces within hospitals
enhances infection control measures and mitigates the potential for healthcare-associated
infections. The potential of these bio-inspired antimicrobial surfaces, with their adaptability
and inspiration drawn from biological systems, holds significant promise for enhancing
healthcare and improving patient outcomes. This is achieved by offering robust protection
against microbial pathogens in various biomedical environments.

A range of bio-inspired antimicrobial surfaces have been developed, each exhibiting
unique mechanisms of action. Certain surfaces are designed to mimic the micro/nanostructures
observed in natural entities such as cicada wings or lotus leaves. These surfaces possess
rough and hydrophobic topographies, which effectively hinder the adhesion and colo-
nization of bacteria. Consequently, these surfaces exhibit self-cleaning properties. Some
researchers utilize synthetic antimicrobial peptides (AMPs), short chains of amino acids
with a wide range of antimicrobial properties. These synthetic AMPs are employed to
either disrupt the cell membranes of bacteria or hinder crucial cellular processes. Cationic
polymers, which draw inspiration from the positive charge exhibited by antimicrobial
peptides (AMPs), interact with bacterial cell membranes with a negative charge. These
interactions ultimately disrupt the membrane structure, leading to the demise of the bac-
terial cells. Moreover, incorporating silver and other metal NPs into surfaces enables the
gradual release of antimicrobial ions upon interaction with bacteria. This process disrupts
bacterial metabolism and hinders DNA replication. Chitosan-based surfaces, derived from
the exoskeletons of crustaceans, offer a biopolymer barrier of natural origin that effectively
inhibits bacterial colonization. Mussel-inspired coatings, which utilize polymers functional-
ized with catechol groups, serve as effective platforms for integrating antimicrobial agents
onto diverse surfaces. In addition, photodynamic antimicrobial therapy (PDT) involves the
immobilization of light-sensitive agents on various surfaces, which, upon exposure to light,
generates reactive oxygen species that effectively eliminate bacteria. In conclusion, using
bio-inspired surfaces designed to release bacteriophages, viruses that selectively target and
infect bacteria, results in the targeted eradication of bacterial pathogens. Utilizing a wide
range of bio-inspired antimicrobial surfaces presents a potential avenue for improving
healthcare outcomes and addressing the challenges posed by microbial infections.

8.6.1. Structure-Oriented Surface

Many plants and animals have evolved distinctive surface structures throughout
millions of years of evolution, enabling them to endure external threats in difficult environ-
mental circumstances. These organic and synthetic antimicrobial nanostructures, which
are crucial to bioengineering, have piqued the curiosity of researchers. These surfaces’
superhydrophobicity and micro/nanotopographies are thought to be responsible for their
antibiofouling qualities. Taro leaves, for example, have a unique uneven structural dis-
tribution that prevents Gram-negative bacteria from adhering even in humid situations.
Staphylococcus aureus has been discovered to resist shark skin’s antibacterial proper-
ties. Studies using naturally occurring bactericidal surfaces, such as cicada wings with
nanoneedle arrays, have demonstrated the ability to kill bacteria instantly upon direct
contact in just 5 min. Dragonfly wings and gecko skin are examples of other species with
mechanobactericidal surfaces. Although animal surfaces may have a lower water contact
angle than plant surfaces, the antibacterial impact is similar, indicating that hydrophobicity
is not the only factor affecting bactericidal effectiveness [383]. Creating next-generation
bactericidal surfaces with physico-antimicrobial characteristics has drawn heavily on in-
spiration from nature. Research into naturally occurring nanostructures has sparked a
number of ground-breaking innovations. Researchers fabricate artificial nanostructures on
various substrates using bottom-up chemical synthesis and top-down multiway etching
techniques. These nanostructures, like carbon nanotubes and ZnO nanorods, have physical
and mechanical antibacterial properties that can damage bacterial cell membranes and
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prevent bacterial adherence. Hydrothermal synthesis and chemical deposition are two
surface topography coatings and changes that improve the bactericidal effects. It is possible
to replicate nanostructures seen in nature, such as those on cicada wings and pitcher plant
surfaces, by combining several processes.

One or both probable manifestations of the antibacterial activity of naturally occurring
nanostructured surfaces are the biocidal effect (total destruction of the cellular envelope) or
the antibiofouling effect (inhibition of bacterial proliferation). The internalization or inser-
tion of NPs that disrupt membrane function (nanotoxicological effects), physical puncturing,
physical tearing, and chemical destructive extraction through oxidative stress are just a few
of the factors contributing to the killing mechanism of physico-mechanical antibacterial
materials. Mechanical antibacterial materials like carbon nanotubes and graphene impact
bacterial adherence, internal cell architecture, and cell migration. These substances repeat-
edly rupture bacterial cells as part of a cumulative process. According to other studies,
bacterial cells are prevented from approaching nanocolumn arrays by the height and spac-
ing of the arrays, leading to a contacting physical puncturing mechanism. When the cells
try to migrate on the nanocolumns’ surface, they are broken apart. Some scientists suggest
that bacteria produce an extracellular polymeric substance (EPS) under external mechanical
stress rather than being directly pierced, which causes bacterial membrane damage through
strong attachment to nanocolumns. Since diverse materials and structural configurations
may have unique antibacterial effects on different microbes, the precise mechanism is still
unclear and up for debate. However, the success of physico-antimicrobial surfaces depends
on their specific structures, which are required for their antibacterial capabilities. Compared
to chemical mechanisms, the physical antibacterial mechanism is typically faster, and the
material’s structure is key to generating an efficient antibacterial effect.

8.6.2. Peptide-Based Surface

Antimicrobial peptides (AMPs) exhibit considerable potential as viable therapeutic
options for various diseases, particularly in combating multidrug-resistant bacteria. The
global emergence of antibiotic resistance has garnered significant attention, prompting the
exploration of alternative solutions, such as AMPs that possess wide-ranging antimicrobial
properties. AMPs are synthesized by diverse organisms, identifying more than 5000 distinct
AMPs to date [384]. These substances exhibit a specific mode of action by selectively
interacting with microbial membranes, resulting in the formation of pores and ultimately
leading to the demise of bacteria. Moreover, AMPs exhibit anti-inflammatory, regenerative,
and anti-cancer characteristics.

Nevertheless, despite their considerable potential, AMPs encounter certain obstacles
in their application. These challenges encompass the toxicity exhibited toward mammalian
cells, vulnerability to proteases, and the high costs associated with their production meth-
ods. To tackle these concerns, there have been suggestions for using nanotechnology-based
delivery methods to augment the stability and biological efficacy of AMPs. The devel-
opment of bio-inspired NPs has been undertaken to preserve the activity of AMPs while
mitigating any potential adverse effects. In addition, AMPs have been employed as surface
coatings on implants to mitigate the risk of implant-related infections and promote bone
regeneration. AMPs have demonstrated potential in cancer therapy due to their ability
to specifically target malignant cells and facilitate the delivery of cancer medications or
nucleic acids. AMP-based materials have demonstrated high efficacy in condensing and
delivering nucleic acids, thereby protecting against degradation.

8.6.3. Metal/Metal Oxide NP-Based Surface

The wide range of features that metal and metal oxide NPs possess, such as non-
toxicity, antibacterial activity, and anti-insecticidal activity, make them useful in the biomed-
ical industry for identifying and treating serious illnesses [385]. Different bio-inspired
metals and metal oxide NPs are essential for maintaining life processes, and deficiencies in
these substances can cause diseases. For instance, Co NPs exhibit good magnetic, optical,
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and mechanical properties, making them useful for biomedical applications like magnetic
resonance imaging (MRI) and drug delivery, while nanoceria, despite its lack of stability in
living systems, shows promising applications in battling cancer and Alzheimer’s disease.
Other NPs, such as those made of Au, Ag, Fe, MgO, Ni, Se, and ZnO, also exhibit dis-
tinctive properties that can be used in energy storage, biosensing, imaging, and therapies.
Chemoresistive nanosensors are created using nanomaterials such as nanorods, nanotubes,
and nanobelts, broadening the range of biomedical applications. Overall, diverse features
of metal and metal oxide NPs hold considerable promise for increasing biomedical research
and healthcare.

8.6.4. Chitosan-Based Surfaces

The antibacterial properties of chitosan have been thoroughly investigated for various
uses in the biomedical, cosmetic, food, and agricultural industries. Researchers have
studied its usage in self-preserving materials, which have created various goods with
antibacterial qualities, including beads, films, fibers, membranes, and hydrogels. Studies
on the antimicrobial effects of chitosan have changed over the past 20 years, moving from
studies on foodborne and soilborne pathogenic fungi to studies on bacteria, with varied
assays and methodologies revealing the underlying mechanisms and factors determining
its efficiency. Chitosan’s potential as an antibacterial agent has been further boosted by
the development of nanotechnology, which has made it possible to create materials with
nanostructures that are more effective at the atomic level [386]. Although the precise
mechanism underlying chitosan’s antibacterial activity is not entirely understood, many
independent factors have an impact. According to the major hypothesized mechanism,
Chitosan adhering to the bacterial cell wall causes cell disruption, changes in membrane
permeability, and inhibition of DNA replication, which results in cell death. Chitosan’s
polycationic structure, which interacts electrostatically with the anionic components of
microbial surfaces, is essential to the substance’s antibacterial effect. Additionally, the shape
and size of chitosan particles can affect how they interact with bacterial cell surfaces, with
larger NPs behaving differently from smaller ones. Chitosan also has antifungal properties
that limit spore germination and radial growth in fungi. Studies have demonstrated its
effectiveness against several fungi linked to food and plant rotting. Additionally, chitosan
can activate enzymes called chitinases in plant tissues, which act on various fungus species.

8.6.5. Mussel-Inspired Antimicrobial Coatings

Mussel-inspired coatings are developed from the adhesive properties of mussel foot
proteins in marine mussels [387]. The proteins in question facilitate the strong attachment of
mussels to diverse surfaces within moist and turbulent environments, such as coastal areas
in the ocean. Researchers have successfully replicated the bioadhesive chemistry found in
mussel foot proteins, resulting in coatings exhibiting strong surface adhesion and antimi-
crobial characteristics. The fundamental operational principle underlying mussel-inspired
coatings centers on integrating catechol molecules. Catechol is a prevalent chemical func-
tional group abundantly present in mussel foot proteins. This collective facilitates robust
and enduring adherence to various surfaces, encompassing metals, polymers, ceramics,
and even biological tissues. The coatings under consideration utilize catechol groups to
establish a durable attachment mechanism by forming covalent and non-covalent bonds
with the desired substrate. The antimicrobial properties of these coatings are derived
from the distinctive amalgamation of adhesive chemistry and the intrinsic characteristics
of catechol. The application of these coatings demonstrates a high level of efficacy in
inhibiting bacterial colonization and the formation of biofilms. The presence of adhesive
catechol groups results in the disruption of microbial cell membranes, causing destabiliza-
tion of the membranes and subsequent leakage of vital cellular constituents. Furthermore,
the surface roughness and hydrophobicity of the coatings also impede the attachment
and proliferation of bacteria. Mussel-inspired antimicrobial coatings significantly advance
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healthcare outcomes and biomedicine by improving biocompatibility, preventing infections,
and supporting tissue regeneration.

8.6.6. Bacteriophage-Based Antimicrobial Surface

Bacteriophages are widespread and are viruses that attack bacterial cells. When Ernest
Hankin examined the waters of the Ganges and Jamuna Rivers in India in 1896, he dis-
covered the initial signs of bacterial parasites in the environment. Hankin showed an
unidentified material in the river water that has antibacterial capabilities against Vibrio
cholerae, without specifically identifying phages. While working with Bacillus subtilis two
years later, Russian bacteriologist Nikolay Gamaleya noticed a comparable incident [388].
The immobilization of bacteriophages plays a crucial role in advancing biotechnologies, pre-
senting new prospects for detecting pathogenic microorganisms at minimal concentrations,
developing materials possessing distinctive antimicrobial characteristics, and facilitating
fundamental research on bacteriophages. Bacteriophages of indigenous origin exhibit
a notable propensity for a particular bacterial species, and in some cases, a discernible
subspecies, primarily due to the recognition of epitopes on the capsid proteins [389]. By
means of chemical or genetic modifications, the binding specificity can be modified, thereby
enabling redirection toward a diverse range of substrates and analytes beyond the scope
of bacteria. Therefore, the attachment of bacteriophages to flat and particulate surfaces
is a rapidly growing area of significant scientific fascination [390]. Table 2 thoroughly
summarizes all the subsections under this section and lists the most recent biomedical
applications of micro/nanodevices fabricated from BINMs.

Table 2. A summary of all the subsections under this section and list of the most recent biomedical
applications of micro/nanodevices fabricated from BINMs.

Sector Devices Bio-Inspiration Mechanism Applications Refs.

Drug Delivery and
Therapeutic
Applications

Liposome-based drug
delivery system Liposomes Loaded with chemotherapy

drugs Laryngeal cancer cells [391]

Liposome-based
nanoarchitectonics Liposomes Loaded Ag NP Cancer management [392]

Nano-liposome-based
transdermal hydrogel

Targeted delivery of
dexamethasone

Rheumatoid arthritis
therapy [393]

Liposome-based
nanocomposite drug

delivery system

Loaded with Ag NPs, hyaluronic
acid, lipid NPs

Cancer treatment [394]

Dendrimer-based
nanocomposites Dendrimers RNA delivery Cancer vaccination [395]

Dendrimernanosystems Dendrimer nanomicelles
Adaptive tumor-assisted drug

delivery via extracellular vesicle
hijacking

Tumor treatment [396]

Lipid-coated ruthenium
dendrimer conjugation Dendrimers Hydrophobic locking protocol Cancer treatment [397]

Dendrimer-gel-derived drug
delivery systems

Encapsulation or chemical
coupling Glaucoma medications [398]

Erlotinib-loaded dendrimer
nanocomposites

Entrapment or encapsulation of
drug

Targeted lung cancer
chemotherapy [399]

Antiglycolytic cancer
treatment Micelles Considering the unique

metabolism of cancer cells
Antiglycolytic cancer

treatment [400]

Core-(shell-cross-linking)-
corona micelles

(CSCCMs)
Shell protection strategy

Photo- and pH
dual-sensitive drug

delivery
[401]

Polymeric nanocomposite Polymeric micelles using
citraconic amide bonds Cancer treatment [402]

Hyaluronic acid-coated
polymeric micelles Through specific cellular uptake Liver fibrosis therapy [403]
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Table 2. Cont.

Sector Devices Bio-Inspiration Mechanism Applications Refs.

Membrane-coated
nanosystems

Blood cells
Cancer cells
Stem cells

Extracellular vesicles
Viral capsids

Bacteria

Targeting
Diagnosis

Drug delivery

Theranostic
applications [404]

Surface plasmon resonance
(SPR)-based sensors Cancer cells Detected via a change in SPR

angle Detection of cancer [405]

Metal–organic
framework–azidosugar

complex
Cancer cell membrane Metabolic glycan labeling (MGL) Breast cancer treatment [406]

Gene delivery system Viral vectors Nucleic acid molecule in a
protein coat

Gene therapy and
imaging [407,408]

Virus-like particles

Self-assembled capsules
composed of viral capsid or

envelope proteins that preserve
antigenicity

Vaccine, drug, and gene
delivery [409]

Virosomes

Virion-like phospholipid bilayer
vesicle containing an

incorporated glycoprotein within
an empty compartment

Vaccine, gene, and drug
delivery [410–412]

Enzyme-powered
nanomotors Natural molecular motor Self-propulsion Protein delivery and

imaging [413]

Micro/nanomotors Natural mobile
microorganisms Self-propulsion

Diagnostics,
therapeutics, and

theranostics
[414]

Sperm cells

Propulsion of its own flagellum
Directional guidance by

chemotaxis, thermotaxis, and
rheotaxis

Diagnostics,
therapeutics, and

theranostics
[415–418]

Bacteria Self-propulsion and driven by
stimuli

Diagnostics,
therapeutics, and

theranostics
[419–421]

Algae Electro-magnetic field propulsion
and driven by stimuli

Diagnostics,
therapeutics, and

theranostics
[422–424]

Biomimetic
Nanobiosensors

Biomimetic nanophotonic
biosensors Nature’s photonic crystal

Natural structural color and
stimuli-responsive

photochemical reaction

Enzyme detection,
detection of spiked

human serum
[425–427]

Structural colors in
chitin-constituted insect

shells

Hierarchical structures of
carbohydrate nanofibrils such as

chitin and cellulose

Nanobiosensor
label-free detection of

urinary venous
thromboembolism

biomarker

[428–430]

Metallic nanobiosensors Bio-inspired metallic NPs
Fluorescence signal variations
that depend on the size, color,

and surroundings

Electrochemical,
colorimetric, and

fluorescence
nanobiosensors

[431–437]

Polymer-composite-based
nanobiosensors

Nature’s biorecognition
components such as

antibody, enzyme, antigen,
protein, DNA, etc.

Detection of biological reactions
and conversion to signals

Detection of
interleukin-8 (IL-8),

TNF-α, cancer
biomarkers, and

neuron-specific enolase
(NSE)

[438–442]

Hydrogel-based
piezoelectric sensors

Biological tissues and
organisms that exhibit

piezoelectric properties

Due to the asymmetric
arrangement of atoms or

molecules in the crystal structure
of the material

Wound healing,
ultrasound simulation,

and imaging
[443–445]

Organ-on-Chip Single organ-on-chip

Different human organs
individually such as liver,
kidney, lung, gut, heart,

muscle, blood–brain
barrier, seplon, bone

marrow, etc.

Through the replication and
simulation of the physiological

functions and interactions of
human organs in a microfluidic

platform

Drug development and
testing, disease

modeling, personalized
medicine, toxicity

screening, and reducing
the reliance on animal

testing in
pharmaceutical research

[363,446–
451]

Multiple organs-on-chip
Multiple organs are

interconnected similar to
the human body

Replicating the physiological and
biochemical characteristics of

organs in a controlled and
interconnected manner

Enabling the study of
organ–organ crosstalk,
drug responses, and
disease progression

with higher accuracy
and relevance

compared to traditional
in vitro models

[369,370,
452]
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Table 2. Cont.

Sector Devices Bio-Inspiration Mechanism Applications Refs.

Human-on-chip Whole human body

Replicating the complexity and
functionality of the entire human

body in a miniature,
interconnected platform

Applicable for accurate
and predictive

pre-clinical studies,
drug testing, and
disease modeling

[371,453,
454]

Patients-on-chip

Patient-specific cells,
tissues, or induced

pluripotent stem cells
(iPSCs)

Replicating the unique
characteristics of an individual’s
biology, including their genetic
background, disease conditions,

and drug response, in a
microscale platform

Particularly valuable for
precision medicine,

where tailored therapies
are developed based on

a patient’s specific
needs and response

[455,456]

Cancer-on-Chip 3D breast COC Breast tumors

Replicating key aspects of the
breast tumor microenvironment,
such as the extracellular matrix

composition, stiffness, and
architecture

Therapeutic evaluation
of drug delivery

systems
[457–459]

Pancreatic COC Pancreatic tumors

The use of microfluidic
technology to recreate the

microenvironment of pancreatic
tumors

Platform that
recapitulates the tumor
microenvironment and

enables detailed
investigations into
pancreatic cancer

biology, drug responses,
and potential

therapeutic strategies

[456,460,
461]

Lung COC Lung tumors
Platform that replicates the key

features of lung tumors and their
microenvironment

Provides a potent tool
for studying the biology

of lung cancer and
creating tailored

treatments for this
terrible illness by

simulating the lung
tumor

microenvironment,
including mechanical
forces, oxygen levels,

and cellular interactions

[462–464]

Wound Healing
Dressing Mat

Silk-fibroin-based wound
dressings Silkworm cocoons

Creating a favorable
microenvironment for wound

healing and tissue regeneration

Wound healing, tissue
regeneration, bioactive

molecule delivery,
cosmetic uses, drug
delivery, hemostatic
dressings, and tissue
engineering scaffolds

[465–467]

Biopolymer nanocomposite
thin film Natural ECM

Creating a flexible and
biocompatible film that can

adhere to the wound, maintain a
moist environment, and release
bioactive molecules to promote

wound healing and tissue
regeneration

Wound healing and
tissue regeneration [468–470]

Bio-inspired adhesive
formulations

Gecko feet, mussel
adhesive proteins, or

insect adhesives

Mimicking the chemical and
physical properties of natural

adhesives

Medical adhesives for
wound closure and

healing
[471–473]

Bio-inspired
Antimicrobial

Surface

Structure-oriented
antimicrobial surface

Natural surface
morphology of plants,
animals, and insects

Affecting microbial adhesion,
internal cell structures, and cell

migration

Antibacterial, antiviral,
and antifungal

applications
[474–477]

Peptide-based surface
Naturally occurring

peptide molecules found
in various organisms

By specifically interacting with
the negatively charged

membranes of bacteria, fungi,
and viruses, AMPs produce their
antimicrobial actions by inducing
holes to develop and ultimately

cell death

Antimicrobial coating,
wound dressing,

detection of pathogens,
nanomedicine, and
medical implants

[478–481]

Metal/metal oxide
NP-based antimicrobial

surface
Natural metallic NPs Antimicrobial properties of

metal/metal oxide NPs

Antimicrobial coating,
wound dressing,

detection of pathogens,
nanomedicine, and
medical implants

[385,482,
483]

Chitosan-based
antimicrobial surfaces Chitosan

Interacting with bacterial cell
membranes, disrupting their
structure, and leading to cell

death

Antimicrobial coating,
wound dressing,

detection of pathogens,
nanomedicine, and
medical implants

[484–486]
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Table 2. Cont.

Sector Devices Bio-Inspiration Mechanism Applications Refs.

Mussel-inspired
antimicrobial coatings

Adhesive properties of
mussel foot proteins

The catechol groups facilitate
strong and stable interactions

with surfaces, providing
long-lasting antimicrobial

properties

Coating medical
devices, implants, and

wound dressings
[487–489]

Bacteriophage-based
antimicrobial surface

Naturally occurring
viruses that specifically

target and infect bacteria

These surfaces provide a
promising substitute for

conventional antibiotics by using
bacteriophage selectivity to

eradicate particular bacterial
infections

Wound dressings,
medical implants, and

catheters
[490–492]

9. Challenges for Bio-Inspired Nanomaterials in Biomedical Applications

The application of BINMs in biomedicine holds great promise and potential. However,
several challenges must be addressed to incorporate these materials and ensure widespread
adoption. The biomedical applications of BINMs are still facing some challenges related
to biocompatibility and safety concerns, biological complexity, synthesis scalability, tar-
geting and delivery precision, long-term stability, regulatory and ethical considerations,
interdisciplinary collaboration, cost and accessibility, standardization, and quality control
(Figure 25).Micromachines 2023, 14, x FOR PEER REVIEW 77 of 106 
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9.1. Biocompatibility and Safety

One of the foremost challenges lies in the assurance of biocompatibility and safety
of BINMs within intricate biological systems. The cytotoxicity (effects on cell activities
and survival) and biocompatibility of BINMs intended for biomedical applications must
be assessed [493]. Both in vitro and in vivo tests are included in this biocompatibility
assessment. They must pass tests for cytotoxicity, carcinogenicity, reproductive toxicity,
immunotoxicity, irritation, sensitization, hemocompatibility, systemic toxicity, and pyro-
genicity on BINMs. These assessments are essential for the security of manufacturing
employees and patients receiving BINM therapies [494]. Furthermore, a fundamental
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understanding of the connection between the BINMs’ physicochemical characteristics and
their particular biological effects is required to improve their application. For instance,
studies show that BINMs can limit cancer formation and manage the scarring process [495].
However, because of the wide variety of BINMs, the abundance of testing model systems,
the absence of standardized testing techniques, and the difficulties involved with in vivo
tests, difficulties occur when measuring bio-interactions.

9.1.1. Cytotoxicity and Genotoxicity of BINMs

The cytotoxicity of BINMs might be caused via direct necrosis, induced apoptosis,
or immunological clearance, depending on their composition, molecular structure, and
size. Cytotoxicity studies frequently evaluate metabolic impairment, cell-death marker
production, and damaged cell membranes. Several particular tests such as the LDH
test (tracks the release of LDH, which is generally present in healthy cells), Caspase-3/7
(measures the amount of caspases produced, which are responsible for apoptosis), and
MTT assay (this assay particularly measures the reduction of the tetrazolium salt utilizing
redox indicators to gauge metabolic activity changes to evaluate cell viability) are suitable
for assessing BINMs. Cell viability may be impacted by BINMs, depending on their
composition or geometry [496]. Even though some substances may not result in cell death,
they can nonetheless have sub-lethal effects on the genome and epigenome, particularly
at lower dosages. The genotoxicity of BINMs has been extensively studied, and common
procedures include the Ames test, comet test, micronuclei test, DNA laddering test, and
chromosome aberration test. Recently, chemical mutagenicity assessments have also used
next-generation sequencing [497]. The ability of BINMs to directly penetrate cells or to
catalyze intracellular OH radical generation, which can enhance ROS and DNA damage, is
crucial to comprehend [498].

9.1.2. Immunomodulation of BINMs

Both direct and indirect immunomodulation, including immunosuppression and im-
munostimulation, can be caused by BINMs [499]. Although BINMs can be used to deliver
drugs or vaccines utilizing NPs, this article focuses on the immunological reactions that
the BINMs cause. Adaptive immunity involves T cells and B cells creating antigen-specific
reactions, and innate immunity, which deals with non-specific interactions with immune
cells like macrophages, is involved in this. For instance, zinc oxide and silver BINMs have
been found to increase the production of IL-6 and IL-8 in kidney cells, indicating improved
innate and adaptive responses [500]. Size, surface chemistry, molecule structure, and chemi-
cal content of BINMs all impact their immunomodulatory activities. Particularly important
in immunomodulation is particle size. For example, NPs (193 nm) induced a stronger im-
munological response than their microparticle equivalents (1530 nm) [501]. Larger particles
may stimulate a stronger serum immunoglobulin response [499]. Identifying sensitivities
to specific BINM features is difficult due to the diversity of immunological responses from
different BINMs and the varied testing procedures. The intricacy of interpretations can also
be increased by the synergistic influence of several components on these processes [502].

9.1.3. Fibrosis Induced by BINMs

BINMs can cause fibrosis, a condition characterized by the excessive accumulation
and modification of the extracellular matrix (ECM). Since fibrosis can develop without
causing an immediate reaction and because there are no established prognostic tests, our
understanding of it is limited. Cells are examined for the expression of fibrosis-related
proteins, such as α-smooth muscle actin, transforming growth factor beta (TGF-β), and
other ECM components like fibronectin, laminin, and COL I, during in vitro tests for
fibrotic reactions. Cells are routinely grown on rigid substrates (in 2D cultures), which
might alter gene expression due to the nucleus pore opening from mechanical stresses.
This is a known problem. This implies the necessity of in vivo research [503]. Due to
their tiny size, NPs can easily enter lung alveoli. They can trigger a variety of reactions,
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including fibrosis when they come into touch with lung cells. For instance, NPs can
increase the production of TGF-β and reactive oxygen species (ROS) [504]. The relationship
between NPs and these negative reactions may be complicated because these consequences
may not cause immediate discomfort. There are several different ways that NMs cause
fibrosis. Unintended immunogenic responses, cytotoxicity, and potential long-term impacts
on human health are significant issues that necessitate comprehensive examination and
resolution. The nanomaterials produced through biosynthesis exhibited negligible toxicity
concerning hematological, biochemical, histological, and DNA damage assessments [505].

9.2. Biological Complexity

Nanomaterials must navigate a complicated biological environment with its many
cellular networks, interlaced routes, and multiscale mechanisms. These tiny structures
meet a continually changing physiological and metabolic milieu when introduced into such
systems. Therefore, understanding and forecasting nanomaterial behavior and, more sig-
nificantly, biological system response is a huge problem. Proteins in the living environment
can build a “protein corona” on NPs. Unintended adsorption can drastically change the
nanomaterial’s biodistribution, half-life, and therapeutic efficacy. The protein corona can
also elicit immunological responses, which may remove nanomaterials quickly or cause
unexpected adverse effects. Nanomaterials interact dynamically with cells, life’s building
components. Depending on size, charge, and surface properties, nanomaterials may be
endocytosed or diffused by cells. On the other hand, cellular absorption can be harmful. It
may be useful for delivering treatments directly into cells but may also cause cytotoxicity or
interfere with biological functioning. Tissues and cell clumps increase this intricacy. Some
tissues are nanomaterial-permeable, while others are impenetrable. The blood–brain barrier
blocks most chemicals, including nanomaterials, from entering the brain. Overcoming such
constraints without harming the nanomaterial’s functionality demands a delicate balance
of design and innovation.

9.3. Synthesis Scalability

The synthesis of BINMs frequently encompasses intricate procedures, elaborate molec-
ular architectures, and meticulous functionalization, necessitating a high level of complexity
and precision. Scaling up these processes to achieve mass production while preserving their
inherent properties and quality poses a substantial technical challenge. A comprehensive
approach is employed to address the intricate biological complexities related to using
BINMs in biomedical applications. The process entails comprehensive biocompatibility
evaluations, including in vitro and in vivo investigations to assess potential cytotoxicity,
immunogenicity, and long-term consequences. Furthermore, customized surface modi-
fications and functionalizations are implemented to augment the biocompatibility and
targeting specificity of nanomaterials, thereby minimizing any detrimental interactions
with biological systems. Again, there has been significant progress in developing sophis-
ticated computational models capable of simulating and predicting the interactions of
nanomaterials within intricate biological environments. This advancement has greatly
facilitated the process of designing and optimizing the performance of these nanomate-
rials. Implementing these collaborative approaches plays a significant role in effectively
navigating the complex biological environment and facilitating the secure and efficient
incorporation of BINMs across various biomedical contexts.

9.4. Targeting Delivery

BINMs have expanded biomedical applications, including medication delivery and
diagnostics. These NPs can selectively reach desired tissues or cells without disrupting
healthy ones, maximizing therapeutic efficacy and minimizing negative effects. Molecular
or cellular interaction is a major benefit of nanomaterials in medicine. Their small size
lets them negotiate the complex blood vessel network and reach even the most inacces-
sible body areas. Simply being small is not enough. Surface features, including charge,
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hydrophobicity, and functional groups determine how these NPs interact with biological
substances and cells. Complex systems like the human body have several defenses to
identify and destroy alien things. Avoiding the immune system is difficult when using
nanomaterials for therapy. Researchers can make these NPs “invisible” to immune cells
or use specific biological processes to improve their targeting by altering their surfaces.
Active targeting is another trending method. NPs are functionalized with ligands or an-
tibodies that bind to target cell receptors. NPs can bind selectively to cancer cells that
overexpress certain receptors, delivering therapeutic chemicals precisely where they’re
required without harming healthy cells. The regulated release of medicinal compounds
from NPs is crucial. A delayed or inadequate release may not be helpful, whereas an abrupt
or excessive release may be harmful. Scientists can sustain and control medication release
by modifying nanomaterial composition and structure, keeping drug concentration within
the therapeutic window. External stimuli like pH, temperature, or light can also regulate
release. Certain nanomaterials release their therapeutic payload in reaction to tumor cells’
acidic environment or inflamed tissues’ high temperatures.

9.5. Stability of BINMs

The long-term stability of BINMs within the biological environment is paramount in
ensuring sustained therapeutic efficacy. Managing factors such as degradation, aggregation,
or alteration of properties over time is necessary. Several techniques can be used to increase
the BINMs’ long-term stability for biomedical applications. These include meticulously
choosing biocompatible and stable materials, surface modification to prevent degrada-
tion, controlled release systems to control therapeutic agent release, encapsulation within
protective matrices, use of crosslinking agents to increase stability, thorough biocompati-
bility testing, in vivo research for in-the-moment insights, and computational modeling
to forecast behavior. Researchers can address stability issues and guarantee the long-term
effectiveness of BINMs in challenging biological settings by employing these techniques.

9.6. Regulatory and Ethical Considerations

The field of nanomaterials in biological applications is characterized by both techno-
logical advancements and complex regulatory and ethical considerations. As scientific
advancements approach the limits of feasibility, it becomes increasingly imperative to
exercise prudence, guaranteeing the responsible introduction of innovations, taking into
account considerations of personal well-being and broader societal ramifications. From
a regulatory standpoint, the journey from a laboratory notion to a commercially viable
product is intricate and complex. Regulatory agencies, such as the Food and Drug Admin-
istration (FDA) or the European Medicines Agency (EMA), require a thorough compilation
of supporting documentation prior to granting permission. The data presented encom-
pass more than simply the clinical effectiveness of the treatment and explore the possible
long-term adverse effects, environmental consequences, and wider societal implications as-
sociated with introducing a novel therapeutic approach. This frequently entails conducting
extended clinical trials, comprehensive toxicity assessments, and implementing rigorous
production protocols to guarantee uniformity and excellence.

The ethical considerations are similarly, if not more, complex. As the manipulation
of materials at the nanoscale and their subsequent introduction into the human body
are undertaken, inquiries emerge: Has full informed consent been acquired from the
patients? Do individuals possess an understanding of the potential long-term ramifications,
particularly in cases when these ramifications remain uncertain? How can we effectively
promote equitable access to these potentially transformative therapies? Does the potential
exist for the exacerbation of pre-existing inequality in healthcare? The issue of privacy arises,
especially when these nanomaterials interact with digital technologies. Which individuals
or entities are granted access to the data, and what measures are being implemented to
ensure their protection?
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The environment constitutes an additional dimension inside the ethical framework.
The environmental implications of the production, utilization, and disposal of NPs warrant
investigation. Do these entities undergo decomposition or persist, resulting in unantici-
pated ecological disturbances? The multifaceted nature of BINMs also gives rise to many
prospects and complexities. Integrating knowledge from other fields can contribute to
developing comprehensive solutions, underscoring the importance of proficient inter-
disciplinary communication. Every academic field is characterized by its own unique
vocabulary, methodology, and priorities. It is of utmost importance to prioritize establish-
ing effective communication and a shared vision to prevent the fragmentation of efforts,
which may result in overlooking crucial aspects. Fundamentally, the field of bio-inspired
nanomaterials for biomedical purposes exhibits significant potential. However, this pursuit
is accompanied by many factors surpassing mere scientific obstacles. Each progression
is a nuanced choreography of originality and accountability, necessitating attentiveness,
anticipation, and a dedication to the collective welfare.

9.7. Cost and Accessibility

BINMs are expensive because they require high-end facilities, specialized researchers,
and rare raw ingredients. Between basic research and commercial production are many
stages, each with its own costs. Fundamental research might take years, followed by
synthesis refining, safety studies, and rigorous clinical trials before medicinal use. These
trials are necessary to ensure nanomaterial safety and efficacy but are time- and resource-
intensive. Other economic aspects must be considered besides production costs. Medical
material safety and efficacy regulations can be lengthy and costly. Many nanomaterials are
unique, and therefore, regulatory authorities may require extra testing, increasing expenses.
Accessibility is another issue, especially for global healthcare. Developed nations may
have the facilities and resources to invest in these modern therapies, whereas emerging or
undeveloped places may not have the funds. Even if these components are obtained, a lack
of skilled staff or facilities to conduct treatments may render the technology worthless. The
issue goes beyond procurement. Specialized equipment or conditions may be needed to
store and preserve these fragile nanomaterials, straining limited resources. Distributing
these items worldwide, especially to rural areas, might be a logistical nightmare without
compromising their efficacy. While nanomaterials are expensive, their potential benefits
are great. Their capacity to target specific cells or tissues, limit side effects, and even
offer new treatments puts them at the forefront of modern medicine. This makes cost and
accessibility issues even more important. The effectiveness and accessibility of BINMs
must transcend geographical and economic boundaries to improve healthcare. Researchers,
industry leaders, and politicians must work together to achieve this balance.

9.8. Standardization and Quality Control

Establishing standardization protocols and implementing quality control measures
play a crucial role in guaranteeing uniform quality, reproducibility, and adherence to stan-
dardized testing methodologies for BINMs. These factors are of utmost importance in
facilitating the effective translation of such materials into clinical applications. Overcom-
ing these challenges necessitates the integration of scientific advancements, meticulous
experimentation, adherence to regulatory standards, and cooperative endeavors involving
researchers, medical professionals, policymakers, and industry stakeholders. The suc-
cessful resolution of these obstacles will facilitate the efficient implementation of BINMs
in various biomedical domains, encompassing diagnostics, drug administration, tissue
engineering, and regenerative medicine.

9.9. Recent Developments and Commercial Viability of BINM-based Micro/Nanodevices
9.9.1. Commercially Available Nanobiosensors

When a biosensor demonstrates superior performance during real-sample testing, it
can proceed to commercial production. The analytical capability of the sensor in practical
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scenarios will determine its market feasibility [506]. Several biosensors have achieved con-
siderable commercial success, tracking metrics such as blood glucose, cholesterol, malaria,
HIV, and uric acid [507]. Furthermore, sensors monitoring cancer and cardiac diseases have
garnered significant commercial interest [508]. The affordability of production and scalability
are essential for these devices to thrive in the market. To make them more economical, innova-
tions like paper-based and chip-based microfluidic technologies have been introduced [509].
These tools ensure accurate sample management and precise analyte detection. Due to
the low cost of paper, paper-based biosensors are attractive for both manufacturers and
consumers. A variety of clinical biosensors such as a blood profiler from abbott (iSTAT)
(https://www.pointofcare.abbott, accessed on 15 August 2023), glucose monitoring system
from allmedicus (GlucoDr) (https://www.lelong.com, accessed on 15 August 2023), blood
hemoglobin analyzer (AimStrip) (https://www.1cascade.com, accessed on 15 August 2023),
uric acid detector from ApexBio (UASure) (https://redmed.pl, accessed on 15 August 2023),
integrated printed circuit biosensor from Acreo (https://www.acreo.se, accessed on 15 August
2023), and pregnancy dipstick from alere (hCG combo) (https://www.alere.com, accessed on
15 August 2023) have been adopted commercially that offer both excellent analytical results
and speedy detections. There is also a surge in emerging technologies, including cost-effective
prototypes built on paper, elastomers, and combinations of the two [510]. Traditional diagnos-
tics, which can be slow and require bulky equipment, are inadequate for urgent or remote
medical situations. In contrast, advanced biosensors address these challenges with swift,
on-the-spot testing capabilities. Yet, the high diagnostic needs often outpace traditional meth-
ods and current commercial biosensing devices in areas hit hard by epidemics or pandemics.
Therefore, there is an immediate demand for scalable, cost-effective prototypes to handle
future disease outbreaks better.

9.9.2. Commercially Available Drug Delivery System

Drug delivery systems (DDSs) composed of tiny molecules, peptides, nucleic acids,
proteins, and cells commonly encounter obstacles in the delivery process, impeding com-
mercial product development progress. The investigation has uncovered three primary
solutions for addressing delivery challenges, which encompass the modification of the med-
ication itself, manipulating the drug’s surrounding environment, and developing a delivery
system that can effectively regulate drug interactions within its microenvironment [511].
Small-molecule-based DDSs face challenges related to biodistribution, half-life, exposure,
concentration, solubility, permeability, target development, and off-target toxicity. Commer-
cial manufacturers addressed these issues by developing an osmotically controlled release
oral-delivery system for methylphenidate HCl (Concerta) to address the drug tolerance
issue by regulating its pharmacokinetics [512]. Ritonavir, commercially known as Norvir, is
a protease inhibitor often used to treat HIV. It has been chemically modified with thiazole
to enhance its metabolic stability and solubility in aqueous environments [513]. Benazepril,
commercially known as Lotensin, is an alkyl ester prodrug that is designed to conceal
ionizable groups and enhance its lipophilicity [514]. Ezetimibe (Zetia) is a pharmacological
agent that is a selective inhibitor of cholesterol absorption. This compound was initially
identified through a process known as library screening [515]. Naloxegol, commercially
known as Movantik, is a derivative of naloxone that has been PEGylated to inhibit its
ability to pass the blood–brain barrier [516].

DDSs composed of protein and peptide molecules confront challenges like enhancing
physical stability, managing pharmacokinetic (PK) attributes like half-life and biodistri-
bution, non-invasive application, overcoming biological barriers, minimizing immune
reactions, and refining target precision. To address these challenges, commercial producers
have adopted a range of strategies. For example, Desmopressin (DDAVP) was developed
as a vasopressin analog, incorporating a non-standard amino acid to boost its stability and
half-life [517]. Leuprolide acetate’s depot suspension, Lupron Depot, offers a prolonged-
release microsphere formula of the luteinizing-hormone-releasing hormone, enhancing
its half-life [518]. Insulin human inhalation powder, known as Afrezza, is an inhaled
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insulin variant comprising microparticles mixed with fumaryl diketopiperazine, ensuring
it is apt for inhalation [519]. Semaglutide, or Rybelsus, is an orally administered GLP-1
agonist, blended with SNAC to enhance stomach absorption [520]. Pegademase bovine, or
Adagen, is a PEGylated protein treatment designed to prolong half-life while decreasing
immunogenic responses [521]. Belatacept, or Nulojix, is an innovatively designed fusion
protein that showcases amino acid modifications to heighten its selectivity for CD86 and
CD80 [522].

Antibody-based DDSs suffer from similar kinds of obstacles faced by protein- and
peptide-based DDSs. Some examples of issues resolved by commercial producers are
cited here. Certolizumab pegol, also known as Cimza, is the initial PEGylated antibody
fragment to receive approval from the FDA [523]. This modification enhances the half-life
of the antibody fragment and improves its solubility. Blinatumomab, commercially known
as Blincyto, is a lyophilized antibody formulation that incorporates trehalose to enhance
the stability of the antibody structure [524]. Trastuzumab and hyaluronidase-oysk (com-
mercially known as Herceptin Hylecta) are a novel subcutaneous depot formulation that
incorporates hyaluronidases to enable Herceptin’s controlled and prolonged release [525].
Panitumumab, commercially known as Vectibix, is the initial entirely human antibody
to receive approval from the U.S. FDA [526]. This therapeutic agent effectively mitigates
immunogenicity and inhibits the production of anti-antibodies.

Nucleic acid-based DDSs encounter various obstacles in their implementation, includ-
ing the regulation of pharmacokinetic parameters, maintenance of stability, facilitation of
efficient cell membrane penetration, attainment of access to the cytosol or nucleus after
uptake, mitigation of immunogenic responses, and prevention of unwanted gene modifica-
tions. There are various commercial solutions available to address these concerns. Patisiran,
also known as Onpattro, is a therapeutic agent that has received approval from the United
States FDA [527]. This therapy utilizes small interfering RNA (siRNA) and lipid NPs to
facilitate effective transportation to the liver and uptake by target cells. The therapy also
utilizes ionizable cationic lipids to facilitate the drug’s release from endosomes following
endocytosis. Fomivirsen, also known as Vitravene, represents the inaugural antisense
oligonucleotide to receive approval from the FDA. It incorporates a modification in the
form of a phosphorothioate backbone, which enhances its resilience against nucleases [528].
Givosiran, also known as Givlaari, is a GalNAc-siRNA compound that facilitates enhanced
cellular absorption in liver hepatocytes [529]. Nusinersen, commercially known as Spinraza,
has been granted approval for treating spinal muscular atrophy. This therapeutic interven-
tion incorporates a modification known as 2’-O-methoxyethyl phosphorothioate, which
serves the dual purpose of diminishing immunogenicity and enhancing stability [530].
CRISPR technology is utilized to modify CD34+ cells with CCR5 to combat HIV-1. The
CD34+ cells, which are subject to clinical trials with the identifier NCT03164135, undergo ex
vivo editing procedures. In order to detect any unintentional modifications, the process of
whole-genome sequencing is employed subsequent to post-editing and engraftment [531].

Nucleic acid-based DDSs encounter challenges pertaining to the unpredictability of
pharmacokinetic parameters, the need to sustain persistence and viability within the body,
the imperative to minimize immune reactions, the preservation of therapeutic properties of
cells, the assurance of precise delivery to the intended disease site, and the scalability of
manufacturing processes. In light of these challenges, a number of novel ways have been de-
vised. Preclinical alginate implants have been developed to regulate the release of chimeric
antigen receptor (CAR) T cells to the specific illness site [532]. The SIG-001 treatment uti-
lizes genetically engineered cells embedded in an antifibrotic matrix to achieve a prolonged
therapeutic effect [533]. The administration of fludarabine conditioning chemotherapy
is employed to mitigate the immunological rejection response toward infused chimeric
antigen receptor (CAR) T cells [534]. Sipuleucel-T, an innovative immunotherapy utilizing
dendritic cells that has received approval from the FDA, employs ex vivo antigen pre-
sentation to initiate and maintain a therapeutic cellular phenotype [535]. Matrix-induced
autologous chondrocyte implantation (MACI) is a novel technique that effectively retains
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chondrocytes at the intended site [536], making it the initial cell-embedded scaffold product
to receive approval from the FDA. Furthermore, Tisagenlecleucel, the first CAR T-cell
therapy to receive approval from the FDA, established the standard for manufacturing
autologous cell therapies [537].

10. Future Perspectives and Concluding Remarks

The ongoing progress in the domain of BINMs for micro/nanodevices in biomedical
applications presents significant potential for transforming the healthcare sector and other
related fields. The progression from the initial idea to the actualization of these materi-
als has demonstrated their significant capacity to improve the performance of devices,
achieve compatibility with biological systems, facilitate self-assembly processes, promote
sustainability, and provide a wide range of applications. The utilization of the bio-inspired
approach, which draws inspiration from nature’s efficiency and elegance, has not only facil-
itated the creation of innovative materials but has also provided a new lens through which
to tackle intricate problems. Looking toward the future, the field of BINMs is anticipated to
explore novel frontiers. The advancement of innovation can be propelled by incorporating
various biological inspirations and elucidating complex structure–function relationships
inherent in organisms.

Furthermore, the progress made in utilizing biomimetic materials and implementing
energy-minimizing designs will facilitate the development of micro/nanodevices that
are both highly efficient and environmentally sustainable. The potential applications
within the micro/nanodevices domain are extensive and encompass various fields beyond
biomedicine. The application of BINMs in various domains such as chemical reaction
systems, energy harvesting and storage, environmental protection, sensors, agricultural
sustainability, protective clothing, and adaptive materials demonstrates this approach’s
wide-ranging capabilities and significant influence. These applications possess the capacity
to transform industries and effectively tackle urgent global challenges fundamentally.

Although substantial advancements have been made thus far, there are still obstacles
to fully overcome to harness the capabilities of BINMs for biomedical purposes. The
successful resolution of challenges related to synthesis intricacies, attainment of accurate
interfaces, mitigation of biocompatibility issues, assurance of long-term stability, and
negotiation of regulatory and ethical considerations necessitates the collaborative endeavors
of interdisciplinary groups. Incorporating knowledge from various disciplines such as
biology, chemistry, material science, medicine, engineering, and other related fields will play
a crucial role in determining the trajectory of BINMs in the future. BINMs signify a novel
biomedical application era characterized by inventive designs, improved functionality, and
diverse possibilities. The remarkable trajectory from inspiration to realization underscores
the significance of biomimicry in propelling scientific progress. As scholars persist in
investigating and enhancing these materials’ design principles, synthesis techniques, and
applications, the range of potential outcomes will broaden, leading to a forthcoming era
in which BINMs assume a crucial position in influencing our approach to healthcare,
technology, and the global landscape.
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Abstract: We report here the successful shape-controlled synthesis of dielectric spinel-type ZnCr2O4

nanoparticles by using a simple sol-gel auto-combustion method followed by successive heat treat-
ment steps of the resulting powders at temperatures from 500 to 900 ◦C and from 5 to 11 h, in air. A
systematic study of the dependence of the morphology of the nanoparticles on the annealing time and
temperature was performed by using field effect scanning electron microscopy (FE-SEM), powder
X-ray diffraction (PXRD) and structure refinement by the Rietveld method, dynamic lattice analysis
and broadband dielectric spectrometry, respectively. It was observed for the first time that when the
aerobic post-synthesis heat treatment temperature increases progressively from 500 to 900 ◦C, the
ZnCr2O4 nanoparticles: (i) increase in size from 10 to 350 nm and (ii) develop well-defined facets,
changing their shape from shapeless to truncated octahedrons and eventually pseudo-octahedra.
The samples were found to exhibit high dielectric constant values and low dielectric losses with the
best dielectric performance characteristics displayed by the 350 nm pseudo-octahedral nanoparticles
whose permittivity reaches a value of ε = 1500 and a dielectric loss tan δ = 5 × 10−4 at a frequency
of 1 Hz. Nanoparticulate ZnCr2O4-based thin films with a thickness varying from 0.5 to 2 µm
were fabricated by the drop-casting method and subsequently incorporated into planar capacitors
whose dielectric performance was characterized. This study undoubtedly shows that the dielectric
properties of nanostructured zinc chromite powders can be engineered by the rational control of their
morphology upon the variation of the post-synthesis heat treatment process.

Keywords: high-k material; ZnCr2O4 nanoparticles; shape-controlled synthesis; dielectric properties;
thin films; planar capacitor

1. Introduction

The continuous advances in microelectronics and computing require the development
and improvement of active elements of electronic circuitry. Spinel type materials have
been the workhorse in electronics due to their high stability, unique tunable magnetic and
electric properties, along with easy processability [1]. Unlike their ferrite counterparts,
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transition metal chromites adopt, in bulk, the normal spinel structure, due to the large
crystal field stabilization energy of the Cr3+ ions crystallizing in the cubic system (space
group Fd3m, No. 227). [2] Among chromites, zinc chromite (ZnCr2O4) has emerged as an
interesting catalytic material in the oxidation of CO, the catalytic combustion of hydro-
carbons and others [3–5], synthesis of methanol [6], photocatalysis [7,8], sensing [9–12],
the design of near-infrared spectral emitters [13,14], and broadband photo-detectors [15].
Moreover, ZnCr2O4 is a wide bandgap semiconductor whose energy gap varies between
3.0 and 3.5 eV, depending on the size of the constituting particles and the existence of
structural defects [11,16,17], which makes it a potential dielectric material for applications
in micro- and nanoelectronics. Interestingly, bulk zinc chromite is a typical spin-frustrated
material that undergoes an antiferromagnetic transition at the Néel temperature TN = 12 K.
Kagomyia and colleagues demonstrated that the relaxation of this magnetic frustration
is lattice-mediated, leading to the onset of an anomaly in the variation of the dielectric
permittivity at the Néel temperature along with a dispersion of the dielectric permittivity
at temperatures below 70 K [18]. In recent years, extensive efforts have been devoted
to the investigation of the dielectric properties of both bulk and nanostructured spinel
ZnCr2O4 [18–21]. Javed et al. [19] investigated the dielectric properties of ZnCr2O4 nanopar-
ticles with an average size of 144 nm, obtained by the sol-gel auto-combustion method,
showing that the dielectric constant varied from ε = 44 to ε = 20 within a frequency range
between 70 Hz and 1 MHz. Similarly, Shafqat et al. [22] investigated the structural, mor-
phological and dielectric properties of nanoscale spinel transition metal chromites XCr2O4
(X = Zn, Mn, Cu and Fe), finding that the permittivity of pelletized powders is the highest
for ZnCr2O4 nanoparticles, ranging from ε = 100,000 to ε = 100 for frequencies varying
between 20 Hz and 20 MHz, respectively. In an impedance analysis study of nanostruc-
tured zinc chromite by Naz et al. [20], the dielectric permittivity of 50 nm nanoparticles
synthesized through a hydrothermal route was found to decrease from ε = 40,000 to ε = 7
in the frequency range between 1 Hz and 10 MHz. The comprehensive assessment of the
dielectric permittivity of nanoparticles generally relies on various factors, including the
crystal structure, morphology and porosity. These three main parameters significantly
impact the results of the dielectric spectroscopy measurements; hence a step-by-step and
thorough investigation of each parameter is necessary for the reliable evaluation of the
dielectric properties of these materials. The determination of the structure and the purity of
spinel ZnCr2O4 nanopowders can be achieved through detailed X-ray analysis. Addition-
ally, valuable structural information can be obtained using Raman and Energy Dispersive
X-ray analyses. Once the spinel structure is determined, the next parameter to consider is
morphology. The morphology of particles plays a significant role in dielectric investigation
as it directly impacts the properties of the material and the porosity of the final product.

A noteworthy study is that of Binks et al., who simulated the crystal morphology
of ZnCr2O4 ceramic-predicted four morphologies of cubic spinel lattice ZnCr2O4 crys-
tallites, namely: octahedral, slightly trunked octahedral in vertices, cubic and heavily
capped octahedron [23]. Furthermore, based on surface energy considerations, they also
calculated that the main crystallite growth of ZnCr2O4 occurs into a regular octahedral
geometry with the (111) crystallographic plane dominating. However, it is important to
note that the morphology of spinel-type oxides can be influenced by several factors. For
example, Xiao and co-authors demonstrated a high level of control over the morphology
of spinel Co3O4 nanoparticles. By adjusting the ratio of cobalt nitrate hexahydrate and
co-precipitant sodium hydroxide during hydrothermal synthesis, they were able to obtain
cubic, truncated octahedral and octahedral shapes [24]. This clearly indicates that the
surface or the attachment energies can be influenced by the precursor concentration and
reaction condition, ultimately dictating the morphology of the nanoparticles. In a different
study, Parhi et al. synthesized ZnCr2O4 nanoparticles with similar octahedral morphology
as predicted by Binks and colleagues [23]. They synthesized the nanoparticles using the
microwave metathetic approach, which predominantly led to the formation of an octahe-
dral morphology. Similarly, Mancic et al. investigated ZnCr2O4 nanoparticles synthesized
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through the aerosol reaction of precursors, considering their stoichiometry and morphol-
ogy [25]. Interestingly, the stoichiometry of the particles was found to be influenced by the
aerosol residence time (3, 6 and 9 s at 700 ◦C), while an additional annealing at 1000 ◦C
led to the transformation from pseudospherical shape to a mainly octahedral shape of the
particles. These studies highlight the existence of several approaches to change or control
the morphology of ZnCr2O4 nanoparticles, such as using different synthesis methods or
varying the reaction conditions.

However, an investigation of ZnCr2O4 nanoparticle morphology changes until the
complete formation of the spinel structure and its dependence on the thermal treatment
history of the samples has not been previously conducted. Therefore, we investigated
the structure, morphology progress and dielectric properties of ZnCr2O4 nanoparticles
as a function of annealing temperature and time. The main goal was to find the optimal
conditions that allow for a reliable evaluation of the dielectric constant for nanoparticles
obtained at different temperatures. Additionally, we fabricated a series of thin films and
a high-k capacitor using a thin film of ZnCr2O4 nanoparticles that exhibited the most
promising dielectric properties.

2. Materials and Methods
2.1. Synthesis and Reagents

The analytical grade reagents, namely zinc acetate dehydrate (Zn(CH3COO)2·2H2O,
98%), Chromium (III) nitrate nonahydrate (Cr(NO3)3·9H2O, 99%) and tartaric acid, were
purchased from Sigma-Aldrich (St. Louis, Missouri, United States) and used as received
for ZnCr2O4 nanoparticle synthesis by the sol-gel auto-combustion method. Tartaric acid
was used as a chelating-fuel agent. As in a typical synthesis, the reagents were mixed in
their respective molar ratio followed by their dissolution in distilled water. The molar
ratio for metal cations Zn2+:Cr3+ was 1:2, while for chromite: tartaric acid it was 1:3. The
resulting dark violet solution obtained after mixing the precursors was stirred at 75 ◦C
until the excess water evaporated. Subsequently, the resulting gel mixture was kept at
ambient temperature for up to 24 h to allow for the complete gel formation. Afterwards,
the gel mixture was thermally treated in a sand bath while the temperature was increased
from 100 ◦C to 350 ◦C with a step of 50 ◦C per hour. The thermal treatment led to an
auto-combustion reaction, which was followed by post-synthesis annealing at 500 ◦C,
700 ◦C, 800 ◦C and 900 ◦C for 5, 7, 9 and 11 h, respectively. The optimization of reaction
conditions was achieved by analyzing the samples at each stage of the synthesis process. We
systematically investigated the influence of annealing temperature and annealing time on
the nanoparticle size and morphology. The samples were kept at the same temperature for
1, 3, and 5 h (see Figure S1 from ESI). In addition, on the ZnCr2O4 nanoparticles annealed at
500 ◦C, we compared the size evolution for annealing times of 5 h and 21 h. As can be seen
in Figure S2 from ESI, by increasing the annealing temperature, only a slight increase in the
particle’s size was observed in the samples annealed at 500 ◦C. However, the distinctive
octahedral morphology was exclusively observed only in the samples that were maintained
at 900 ◦C for a duration of 11 h.

2.2. Preparation of ZnCr2O4 Nanoparticle Suspensions

The resulting ZnCr2O4 nanopowders were processed into nanoparticle-based thin film
structures by suspending the nanopowders into toluene (99.5% purity), in which a small
amount (0.45 mg/mL) of elastomer butadiene styrene (SBS) from Merck was dissolved.
The suspension was sonicated to ensure the proper dispersion of the nanoparticles. After
sonication, the suspension was left undisturbed for 15 min, allowing excess particles to
precipitate. Finally, the supernatant was collected and used for the thin film deposition by
the drop-casting method. A toluene solution of SBS was used for several reasons. Firstly,
the evaporation of toluene is relatively slow to minimize the number of cracks in the thin
film. In addition, SBS exerts a complementary effect in minimizing the number of cracks, as
it is an elastomer, which will minimize the stress during the formation of the films, thereby
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improving their quality. The deposition of ZnCr2O4 nanoparticles from suspension was
directed on silver-coated glass substrate. The prepared thin film was allowed to dry under
ambient conditions and used for further device fabrication.

2.3. Characterization of ZnCr2O4 Nanoparticles, Pellets, Films and Fabricated Devices

The morphological and elemental analyses of both nanoparticles and nanoparticle-
based films were performed using a Hitachi SU-70 Field Emission Scanning Electron
Microscope (FE-SEM) equipped with an Oxford Instrument EDX-detector. The phase
formation and purity of the crystal structure ZnCr2O4 nanopowders were examined by
Raman spectroscopy and powder X-ray diffraction (PXRD). Raman spectra were collected
using a Horiba LabRAM HR spectrometer covering the range from 150 to 1100 cm−1 for all
the samples.

Room temperature powder X-ray diffraction (RT-PXRD) patterns were collected on
a PANalytical X’Pert Pro X-ray diffractometer using a Cu anode (λ = 1.54 Å for Kα1
radiation). Powder samples were placed on a zero-background Si holder, and diffraction
patterns were collected in the angular range from 10 to 80 degrees in 2θ◦ with a 0.02◦/min
step size. Powder X-ray diffraction patterns were processed by using the PANalytical
X’PertHighScore Plus software (version 3.0.5) and structure refinement was performed by
the Rietveld method using the FullProf program. A six-coefficient polynomial function was
used to model the background, whereas the peak shape was described by a pseudo-Voigt
function.

The dielectric properties of the samples and capacitors were measured using a CON-
CEPT 40 Broadband Dielectric Spectrometer (Novocontrol Technologies GmbH & Co. KG,
Montabaur, Germany) equipped with an Alpha-A high performance frequency analyzer.
The measurements were conducted in the frequency range from 1 Hz to 10 MHz, respec-
tively, in a closed temperature cell in a nitrogen atmosphere in order to avoid moisture
effects. Thin film capacitors were fabricated on glass substrates, and the top and bottom
electrodes were patterned using sputtered metal coatings through the Quorum Sputter
Coater, Model: Q150TES. Top electrodes were deposited using a mask with a 1.5 mm in
diameter. Both Ag electrodes were deposited by sputtering, with a thickness of 20 nm.
The thickness of both electrodes and dielectric film were measured by scanning electron
microscopy, in cross section, after cryogenic fracturing. The geometrical parameters were
used to evaluate the dielectric permittivity through BDS analyses.

The dielectric properties of ZnCr2O4 nanoparticle-based pellets were also investi-
gated. In order to increase the pellets’ density and to improve their mechanical properties,
polyvinyl alcohol (PVA) was used as binder. Thus, ZnCr2O4 nanoparticles were mixed with
a few drops of 10 wt% polyvinyl alcohol (PVA) aqua solution and subsequently pressed
into pellets with a thickness of about 0.4 mm and 5 mm in diameter. Silver electrodes with
a thickness of 20 nm were deposited on both sides of the pellets, ensuring good electrical
contact.

3. Results and Discussion
3.1. Raman Spectroscopy

The Raman spectra exhibit well defined peaks at 180, 450, 510, 605 and 685 cm−1

corresponding to the 1F2g, Eg, 2F2g, 3F2g and A1g, respectively active modes of the ZnCr2O4
spinel (Figure 1). These results are in good agreement with the previously published data,
revealing the high crystallinity of the samples and the absence of secondary phases [26–29].

However, it is evident that the nanoparticles treated at 500 ◦C show only an initial
formation of spinel structure because the main peak (A1g) located at 684 cm−1 is broad and
small. The 1F2g mode at 182 cm−1 is also barely visible, thereby indicating the formation of
the ZnCr2O4 spinel structure. In contrast, the bands located around 348 and 550 cm−1 are
most likely attributed to the Eg and A1g modes of Cr2O3 [30,31]. This suggests that anneal-
ing at 500 ◦C for 5 h is insufficient for the formation of crystalline ZnCr2O4 nanoparticles,
the chemical reaction being incomplete. Consequently, the samples underwent a second
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annealing treatment at different temperatures, namely 700, 800 and 900 ◦C for 7, 9 and 11 h,
respectively, to allow the formation of the single phase, crystalline zinc chromite nanopow-
ders. The Raman spectra of the nanopowders also reveal that the peak around 450 cm−1,
corresponding to the Eg mode, is slightly visible and its absorption value increases with
temperature. This is to be expected because as the annealing temperature increases, the size
of nanoparticles becomes comparable to those in the bulk ZnCr2O4 crystal. The intensity
of the peak corresponding to the Eg mode is small in the bulk crystal [26], making it even
difficult to identify in nanocrystalline ZnCr2O4.
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(c) and 900 ◦C (d) for 5, 7, 9 and 11 h, respectively.

3.2. Structure Analysis

The phase purity and crystallinity of the nanopowdered ZnCr2O4 samples were ana-
lyzed by powder X-ray diffraction. The corresponding diffractograms confirm the Raman
analysis, showing a similar trend in the formation of spinel type nanoparticles. Figure 2a
represents the reference XRD spectrum (JCPDS No. 22-1107) [2], whereas Figure 2b–e
correspond to ZnCr2O4 samples annealed at 500, 700, 800 and 900 ◦C in air, respectively.

The sample treated at 500 ◦C exhibits the presence of a secondary phase corresponding
to the Cr2O3 structure (marked with F, with the reference pattern of Cr2O3 [32]). In
contrast, all other samples annealed at 700, 800 and 900 ◦C confirm the formation of the
pure ZnCr2O4 spinel phase. To further investigate the crystal structure and atomic site
distribution of the ions in the zinc chromite nanopowders, the powder X-ray diffraction
data were fitted using the Rietveld analysis in the cubic system (space group Fd3m). Figure 3
shows the Rietveld refinement of the ZnCr2O4 nanopowders annealed in air at 700 ◦C for
7 h.

It can be easily observed that the fitted curve matches very well with the experimental
one and the positions of the Bragg reflections are very similar to those corresponding
to the indexed peaks in the spinel structure. The calculated atomic coordinates, lattice
parameter and reliability factors are listed in Table 1. The refined cubic lattice parameter
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a = 8.327(7) Å matches well with the value of the lattice parameter of the bulk standard
material (a = 8.327(5) Å; JCPDS 22-1107). Similar values for the crystallographic parameters
have been obtained for the samples annealed at 800 ◦C and 900 ◦C, as can be seen in the
ESI (See Tables S1 and S2 from ESI).
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Table 1. O4 nanopowder annealed at 700 ◦C in air for 7 h.

Phase
Lattice

Parameters
(Å)

Atomic Coordinates Occupancy Biso R Factors

ZnCr2O4 a = b = c Ion x = y = z Wyckoff

Rp = 9.57%;
Rwp = 7.15%,
Rexp = 2.42,
χ2 = 2.76

8.327(7) Zn2+ 0.125 8a 1.0 0.72
Cr3+ 0.500 16d 1.0 0.45
O2− 0.259(8) 32e 1.0 0.79

3.3. Morphology and Elemental Analysis

The examination of the field-emission scanning electron microscopy (FE-SEM) mi-
crograph presented in Figure 4 suggests a strong dependence of the morphology of as-
synthesized ZnCr2O4 nanoparticles on the annealing temperature, whereby the increase
of the treatment temperature promotes the growth of the nanoparticles along with the
development of well-defined faces, eventually resulting in the formation of octahedral-like
nanoparticles.
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Figure 4. FE–SEM micrographs recorded on ZnCr2O4 after thermal treatment at 500 ◦C (a), 700 ◦C
(b), 800 ◦C (c) and 900 ◦C (d), respectively.

Specifically, the detailed analysis of the SEM images revealed that whereas the nanopow-
ders obtained after a post-synthesis annealing at 500 ◦C for 5 h in air contain shapeless
nanoparticles with an average size of 10 ± 2 nm (Figure 4a), subsequent heat treatments of
the same sample at 700 ◦C for 7 h, 800 ◦C for 9 h and 900 ◦C for 11 h lead to an increase
of the size of the nanoparticles to 30 ± 10 nm, 90 ± 20 nm and 350 ± 32 nm, respectively
(Figure 4b–d). EDX analysis was performed on all the samples to determine the elemental
distribution and weight percent in the nanoparticles. To this end, the samples were de-
posited on silver-coated glass, and during analysis the sample that annealed at 500 ◦C for
5 h in air showed the presence of four chemical elements, namely C, Zn, Cr and O. Other
elements such as Si, Ca, Mg and Ag or Pt identified by EDX analysis were not taken into
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consideration as they originated from the substrate. Further details on the EDX analysis
can be found in Figure S3.

In the second step of the thermal treatment at 700 ◦C in air for 7 h, not only did the
particles grow, stabilizing the spinel structure, but also the purity of the sample increased as
the amount of carbon residuals in the sample (estimated empirically from the EDX analysis)
decreased from 5.4 to 2.2 wt. %.

Figure S4 provides information about the EDX elemental map, the EDS spectrum and
weight percent elemental distribution in the sample. The sample that annealed at 800 ◦C
for 9 h is free of secondary phases, as no other elements were detected (see Figure S5).
Nanoparticles annealed at 900 ◦C for 11 h were also analyzed by EDX. Similar to the
previous annealing step, the main elements contained in the nanoparticles are Zn, Cr and O,
respectively (see Figure S6). Moreover, a detailed study was conducted on the morphology
and elemental distribution of a single nanoparticle by using the nanopowdered sample
annealed at 900 ◦C in air. A high magnification image of the ZnCr2O4 nanoparticle revealed
the existence of an octahedral shape with a slightly trunked edge (Figure 5a). EDX mapping
confirmed that nanoparticle contains three elements, namely Zn, Cr and O (Figure 5b–d),
and the quantitative analysis of the spectrum of the detected elements in the ZnCr2O4
particle matched the expected molar Zn:Cr, ratio (Figure 5e).
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Figure 5. FE–SEM image of an octahedral single particle from a sample annealed at 900 ◦C (a),
elemental mapping (b–d) and EDX spectrum with weight distribution of elements (e).

The weight percent ratio of Zn:Cr extracted from the EDX analysis are shown in Table 2.
The closest Zn:Cr ratio to the expected value (0.628), has been obtained for the samples
treated at 900 ◦C (0.648).

Table 2. 700, 800 and 900 ◦C for 5, 7, 9 and 11 h, respectively.

Element (500 ◦C) wt% (700 ◦C) wt% (800 ◦C) wt% (900 ◦C) wt%

Zn 3.1 10.3 2.0 3.5
Cr 4.0 14.7 2.8 5.4

3.4. Dielectric Properties of ZnCr2O4 Nanopowders

The electrical behavior of the ZnCr2O4 nanopowders was performed by using dielec-
tric spectroscopy. Prior to the analysis, the samples were pressed into pellets by mixing the
nanoparticles with polyvinyl alcohol (PVA) aqua solution, used with a binding agent. As
expected, the real part of the permittivity increased with the size of nanoparticles, except
for the sample annealed at 500 ◦C in air, which exhibits poor dielectric characteristics,
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presumably due to the presence of Cr2O3 as a secondary phase and does not follow the
experimentally observed trend of variation of the permittivity. Thus, the lowest value of the
dielectric permittivity was observed for single-phase spinel-type nanopowders obtained af-
ter heat treatment at 700 ◦C for 7 h, whereby the dielectric constant increased from ε = 20 at
10 MHz to ε = 600 at 1 Hz for nanoparticles with an average size of about 30 nm (Figure 6a).
The sample containing ZnCr2O4 nanoparticles with an average size of 90 nm that was
annealed at 800 ◦C exhibited dielectric permittivity values ranging from ε = 36 to ε = 300,
depending on the measuring frequency. At ν = 10 Hz, it was observed that the dielectric
permittivity values for the samples annealed at 700 and 800 ◦C crossover, which can be
explained by the polarization of electrodes as indicated by the higher dielectric loss for the
sample annealed at 700 ◦C, 800 ◦C and 900 ◦C (Figure 6b). The low frequency values of the
dielectric loss (tanδ) for the samples that annealed at 500, then at 700 and 800 ◦C, were 3.3;
3.3 and 1.74, respectively, with a dramatic decrease in value for the sample subjected to an
additional heat treatment at 900 ◦C for 11 h. In this latter case the value of the dielectric
loss was found to be tanδ = 5 × 10−4 at ν = 1 Hz, which increases to tanδ = 2.5 × 10−3 for
frequencies as high as 10 Mhz.
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Figure 6. Frequency dependence of the real part of dielectric permittivity (a) and Tan δ (b), recorded
on nanoparticles annealed at various temperatures mixed with PVA binding agent measured at room
temperature.

For intermediate post-synthesis annealing of the as-prepared samples, the loss tangent
values were found to decrease with increasing the frequency of the external applied electric
field. These results strongly suggest that the shape nanoparticles and the development of
well-defined facets leads to a dramatic improvement of their dielectric properties as a result
of the successive post-synthesis heat treatments.

All in all, the sample annealed at 900 ◦C for 11 h appears to be the most promising for
device fabrication, as it is a single phase and exhibits a stable dielectric permittivity value
across the entire frequency range, with a dielectric constant of ε = 400 at high frequency
and ε = 1500 at low frequency, respectively. The highest dielectric permittivity value at
low frequency was found for the sample annealed at 500 ◦C for 5 h in air, which can be
attributed to the presence of secondary phases.

3.5. Fabrication of ZnCr2O4 Nanoparticle Based Thin Films

As discussed in the previous section, the sample annealed at 900 ◦C for 11 h in air
was found to be the most promising for the fabrication of nanoparticle-based thin films.
Thin film structures were fabricated by dispersing zinc chromite nanoparticles into an SBS
solution in toluene with the concentration of 0.1 mg mL−1 and the resulting mixture was
sonicated for 10 min to ensure the thorough dispersion of the nanoparticles.

Once the ZnCr2O4 nanoparticles were dispersed in the SBS solution, the solution was
left undisturbed for 15 min to allow the precipitation of the largest nanoparticles. The
supernatant was then collected after decantation, and thin films were prepared by using
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the drop-casting method on silver-coated glass substrates. The thickness of the films varied
with the volume of the solution applied to the substrate surface, which ranged from 25 to
150 µL, respectively. This procedure allowed the fabrication of nanoparticle-based ZnCr2O4
films with a thickness of varying from 0.5 to 2 µm (Figure 7).
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Figure 7. Cross section and top view FE-SEM images of nanoparticulate ZnCr2O4 thin films with
different thicknesses: (a) 490 nm; (b) 900nm; (c) 1140 nm; (d) 1460 nm; (e) 2010 nm and (f) 2040 nm,
respectively.

Both top-view and cross-section SEM images of the film with a thickness of 490 nm
obtained from 25 µL volume of the solution revealed that the film was nonuniform and
presented voids (Figure 7a). This indicates that a volume of 25 µL of solution is insufficient
for forming a continuous film. As seen in Figure 7b–f, upon increasing the volume of
the solution to 50, 75, 100, 125 and 150 µL, respectively, the quality of the films improved
considerably, although some slight porosity was still observed in all the films fabricated
by this method. This suggested that a higher concentration of SBS in the solution was
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needed to evenly fill the pores with the polymer. Therefore, a suspension of zinc chromite
nanoparticles with an SBS concentration of about 0.45 mg mL−1 was prepared to obtain
nanoparticle-based ZnCr2O4 thin films for device fabrication.

3.6. Device Fabrication

Nanoparticulate ZnCr2O4 thin film structures were deposited on silver-coated glass
substrates and subsequently incorporated as the dielectric layer into capacitors. The
ZnCr2O4-SBS solution was prepared using spinel nanopowders annealed at 900 ◦C in
air for 11 h. The solution was drop cast on the substrate followed by the evaporation of
the solvent and the formation of the thin film structures. The top view SEM image of
ZnCr2O4-SBS film suggests that the nanoparticles have been uniformly mixed with the
SBS polymer (Figure 8a). Cross-section analysis (Figure 8b) revealed that the film has a
thickness of approximately 2 µm, which was subsequently used to calculate the permittivity
of the capacitor.
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Figure 8. FE–SEM images of thin film of ZnCr2O4–SBS nanoparticles top view (a); cross–section SEM
image (b), EDX elemental mapping of cross–section (c), illustration of produced high–k capacitor (d),
EDX elemental maps of capacitor (e), graph of capacitor capacity (f) and dielectric constant (g).

Furthermore, the EDX mapping analysis confirmed the presence of elemental Zn, Cr
and O in a molar ratio corresponding to ZnCr2O4 and C from SBS, elements which were
found to be uniformly distributed throughout the film. As can been seen in Figure 8c,
the bottom electrode was also clearly visible. After the formation of the nanoparticle-
based films, top electrodes were sputtered on these films in a planar capacitor geometry
(Figure 8d). EDX analysis was therefore conducted to investigate the chemical composition
of the capacitor. Layered EDX maps of the elemental composition of the planar capacitors
are presented in Figure 8e illustrating the elemental distribution across different layers
of the device. Capacitance and dielectric permittivity measurements of the capacitors
were performed within the frequency range of ν = 1 Hz to ν = 10 MHz. The values of the
capacitance of the device were found to vary from 10−11 F at high frequencies to 10−9 F at
low frequencies (Figure 8f), whereas its permittivity decreased from about ε = 1000 at low
frequencies to ε = 5 ν = 104 Hz, respectively, reaching a plateau in the high frequency range
(Figure 8g).

At high frequencies, the dielectric constant values of the thin films are influenced by
polarization processes [33,34]. Specifically, at lower frequencies the dipoles tend to align
themselves with the oscillating electric field, whereas when the frequency increases, it
becomes more challenging for the dipoles to align rapidly with the polarity of the electric
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field. At lower frequencies, the dielectric response of the sample is dominated by space
charge polarization due to the accumulation of charges at the boundaries between the
spinel zinc chromite nanoparticles and between the nanoparticles and the SBS elastomer,
thereby leading to higher values of the dielectric constant. The onset of observed De-
bye dielectric dispersion of the dielectric constant for the ZnCr2O4-SBS-based capacitor
could be tentatively explained by Koop’s theory, which is based on the Maxwell–Wagner
model [35,36]. The dielectric performance of the nanoparticle-based ZnCr2O4-SBS planar
capacitors is comparable and even superior to that of spinel ferrite-based devices reported
in the literature. For example, CoFe2O4 thin film materials were reported to have a value
of dielectric permittivity that varies from ε = 117 to about ε = 100 at frequencies between
20 Hz and 1 MHz [37]. Bellino and colleagues reported values of the dielectric constant for
MgFe2O4 thin films, which decreased from ε = 140 to ε = 1 when the measuring frequency
increased from ν = 20 Hz to ν = 2 MHz, respectively [33], whereas others reported values
below ε = 14 for MgAl2O4 [38], NiFe2-xCrxO4 [39], Mg0.6Cu0.2Ni0.2Cr2O4 [39], and CoFe2O4
thin films [40].

4. Conclusions

To conclude, ZnCr2O4 nanopowders with a high dielectric constant and well-defined
morphology of the constituting nanoparticles have been successfully synthesized by a sim-
ple, yet highly reliable solution-based method. The post-synthesis annealing temperature
was found to play a crucial role on the morphology of the nanoparticles and, implicitly,
the dielectric characteristics of the ZnCr2O4 nanopowders. Specifically, the annealing
temperatures, which resulted in the formation of single-phase ZnCr2O4 nanopowders,
range between 700 ◦C and 900 ◦C and the annealing time of 7 h, whereas lower annealing
temperatures resulted in the formation of a secondary phase, identified as Cr2O3. However,
a well-defined octahedral morphology of the nanoparticles is obtained at an annealing
temperature of 900 ◦C for at least 11 h. Overall, this work provides valuable insights
into the synthesis, characterization, and possibility for the use of nanostructured spinel
chromites in advanced capacitor technologies.
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Abstract: To cope with the explosive increase in electromagnetic radiation intensity caused by
the widespread use of electronic information equipment, high-performance electromagnetic wave
(EMW)-absorbing materials that can adapt to various frequency bands of EMW are also facing great
demand. In this paper, CH3NH3PbI3/graphene (MG) high-performance EMW-absorbing materials
were innovatively synthesized by taking organic–inorganic hybrid perovskite (OIHP) with high
equilibrium holes, electron mobility, and accessible synthesis as the main body, graphene as the
intergranular component, and adjusting the component ratio. When the component ratio was 16:1,
the thickness of the absorber was 1.87 mm, and MG’s effective EMW absorption width reached
6.04 GHz (11.96–18.00 GHz), achieving complete coverage of the Ku frequency band. As the main
body of the composite, CH3NH3PbI3 played the role of the polarization density center, and the
defects and vacancies in the crystal significantly increased the polarization loss intensity; graphene,
as a typical two-dimensional material distributed in the crystal gap, built an efficient electron transfer
channel, which significantly improved the electrical conductivity loss strength. This work effectively
broadened the EMW absorption frequency band of OIHP and promoted the research process of new
EMW-absorbing materials based on OIPH.

Keywords: organic–inorganic hybrid perovskite; graphene; electromagnetic absorption; conductive
network

1. Introduction

With the extensive use of electronic equipment in human life, the electronic equipment
used in various frequency bands is increasingly abundant [1–3]. In order to deal with the
electromagnetic interference and radiation caused by electronic equipment with different
electromagnetic frequency bands, it is more urgent to study new EMW-absorbing materials
with wide influential electromagnetic frequency bands [4–6]. In previous work, it has been
proved that organic–inorganic hybrid perovskite (OIHP) is a potential new EMW absorbing
material [7–10]. Still, it has some problems, such as a high doping ratio, thick absorbing
body thickness, narrow adequate EMW absorption frequency bandwidth, and low EMW
absorption intensity [11]. These problems limit the further application of it in the field of
EMW-absorbing materials.

As a typical two-dimensional carbon material, graphene has received much attention
and applications in the fields of new energy, photoelectric devices, and high-resistance
materials due to its extremely low resistivity, high light transmittance, and excellent me-
chanical properties [12–15]. Graphene also attracted wide attention in EMW absorption due
to its outstanding dielectric properties [16]. Xiaowei Yin et al. fabricated graphene/ZnO
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composites [17], and Man He et al. designed TiO2/Ti3C2Tx/RGO composites [14], achiev-
ing good EMW absorption effects. Meanwhile, due to its unique two-dimensional structure,
graphene has a high specific surface area, which helps to improve the interface contact
between graphene and other components, thus enhancing the interface polarization effect.
Jianping He et al. significantly improved the polarization strength and impedance match-
ing performance of Fe3O4/ graphene composites by introducing the laminated graphene
structure between Fe3O4 nanoparticles. The improved polarization loss strength improves
the absorption strength of Fe3O4/ graphene, and the improved impedance matching per-
formance broadens the effective EMW absorption frequency bandwidth, which made the
composites achieve better EMW absorption performance [18].

These studies proved that, by adjusting the type and proportion of components, the
impedance matching characteristics of composites can be effectively adjusted while main-
taining a high level of attenuation loss characteristics, and the effective EMW absorption
bandwidth of absorbing material can be significantly widened [19–22]. In addition, by
introducing carbon materials, an efficient conductive network can be formed inside the com-
posites, which also promotes the reduction of the amount of absorbing materials [23–26].
Therefore, by introducing graphene into OIHP materials, a new type of OIHP/graphene-
composite-absorbing material with OIHP as the primary material and graphene as the
supplement is expected to reduce the addition amount and realize broadband absorption
of EMW.

In this paper, CH3NH3PbI3/graphene composites (MPI/graphene) were prepared
using an anti-solvent method. Firstly, the physical phase properties and microstructure
of MPI/graphene composites were characterized, and the effect of graphene on the crys-
tallinity and crystalline phase of MPI was investigated. Then, the optimal EMW absorption
properties of MPI/graphene composites were determined by adjusting the component
ratios of MPI and graphene. Finally, the mechanism of EMW absorption performance
of MPI/graphene composites was analyzed to accumulate relevant experience for the
composite of MPI and two-dimensional high dielectric materials.

2. Materials and Methods
2.1. Materials

Graphene was obtained from Nanjing Xianfeng Nano Co., Ltd. (Nanjing, China),
while the particle size of graphene was 1–5 µm, the thickness was 1–5 nm, the specific
surface area was more significant than 100 m2/g, and the electrical conductivity was
1000–1500 S/cm. Lead iodide (PbI2, 99%), methylamine iodine (MAI, 99%), Gamma-
butyrolactone (γ-GBL, 99%), and anisole (C7H8O, 99.9%) were supplied by Advanced
Election Technology Co., Ltd. (Dalian, China).

2.2. Synthesis of MPI/Graphene Composites

The anti-solvent method prepared MPI/graphene composites (MG) [8]. Firstly, the
MAI powder and PbI2 powder were dissolved in γ-GBL solution and stirred continuously
at 80 ◦C for 1 h to prepare 0.8 mol/mL of MPI precursor solution. Graphene powder was
dispersed in γ-GBL solution at 10 mg/mL concentration for 3 h at 25 ◦C with continuous
stirring. Then, the MPI precursor solution was mixed with the graphene suspension in a
specific ratio and stirred continuously at 25 ◦C for 1 h. The mixing ratio of MPI precursor
solution and graphene suspension is shown in Table 1. After the reaction, the mixture
of MPI/graphene solution was quickly added to the excessive anisole solution dropwise,
and a large number of black suspensions could be observed during the reaction process.
After the drip process, the anisole solution was placed in a nitrogen atmosphere for 12 h.
Finally, the underlying precipitate in the anisole solution was washed several times by
centrifugation with isopropanol and hexane, and the product was dried in a vacuum at
80 ◦C for 24 h. The resulting black sample is the MPI/graphene composite.
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Table 1. The mixing ratio of MPI precursor solution and graphene suspension.

MPI Precursor
Solution (mL)

Graphene Suspension
(mL) MPI/Graphene Sample Number

0.806 2.4 24:1 MG-1
0.806 3.75 16:1 MG-2
0.806 4.95 12:1 MG-3
0.806 7.5 8:1 MG-4
0.806 9.9 6:1 MG-5

2.3. Characterization

The X-ray diffraction (XRD) was carried out with Cu Kα radiation (λ = 1.5406 Å) at
40 kV, and SEM images were obtained in an S-4800 (Hitachi, Tokyo, Japan) machine. Raman
spectroscopy (Raman) and steady-state photoluminescence (PL) spectrums were recorded
with a Renishaw InVia Basis Raman Spectrometer (Renishaw, London, UK) and an FLS980
Series of Fluorescence Spectrometers, respectively. A precision LCR meter (TH2829C) and
current density tester (SDM-200) were used to research the electrical conductivity (EC)
of samples. The crystal features were tested by X-ray photoelectron spectroscopy (250XI,
Thermo Scientific, Berlin, German). The electromagnetic properties of the pieces were
measured by the Agilent PNA N5244A vector network analyzer with the coaxial probe
method [27,28], and the electromagnetic parameters of the sample in the range of 2–18 GHz
were obtained, including the real (ε′ and µ′) and imaginary (ε′′ and µ′′) parts of permittivity
and permeability. To measure the electromagnetic properties, the samples were uniformly
mixed with paraffin in a mass ratio of 2:3 and pressed into coaxial rings, which were
toroidal shapes with an outer diameter of 7 mm and an inner diameter of 3.04 mm.

3. Results and Discussion

X-ray diffraction analysis technology analyzed MG composites’ phase and crystallinity.
For comparison purposes, the XRD patterns of MG composites, MPI crystals, and graphene
are all given in Figure 1a. The XRD pattern of MPI crystals shows that the characteristic
diffraction peaks of MPI appeared at 2θ = 14.1◦, 23.4◦, 24.4◦, 28.4◦, and 31.9◦, which
corresponds to the lattice plane of (002), (211), (202), (220), and (222), respectively. These
diffraction peaks mean that MPI crystals exist in a tetragonal structure [29,30]. For the XRD
pattern of the MG-1 sample, five typical characteristic peaks corresponding to the tetragonal
phase structure of MPI crystals can be clearly seen, which indicates that MPI in the MG-1
sample still exists in a specific tetragonal phase structure. At this ratio, the addition of
graphene did not have a significant impact on the growth crystallization process of MPI. For
the XRD pattern of MG-3 samples, with the increase in the proportion of graphene material
in MG composites, the characteristic diffraction peaks of corresponding tetragonal-phase
MPI crystals disappeared, and the intensity of diffraction peaks at 2θ = 24.4◦ significantly
increased, which indicates that the grain integrity of MPI crystals in MG-3 samples was
seriously damaged. There may be many defects and vacancies on the crystal surface.
It also can be seen that the characteristic diffraction peaks of MPI crystals cannot be
found at the ratio of MG-5 samples. According to the above results, it can be shown
that the addition of graphene has an inhibitory effect on the growth and crystallization
process of MPI. With the increase in graphene content, the crystallinity of MPI crystals
decreased, and the crystals began to appear with vacancies and defects. When graphene
was excessive, the crystallization process of MPI was utterly destroyed, and MG composites
could not be synthesized. In the XRD patterns of MG samples, the characteristic diffraction
peak corresponding to the graphene (2θ = 24.1◦) could not be seen. This is because the
crystallinity of the graphene material is much lower than that of MPI crystals. Therefore,
to analyze the existence form and state of the graphene samples in MG materials, Raman
spectra were introduced to further study MG composites.
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Figure 1b shows the Raman spectra of MG composites, MPI crystals, and graphene.
Two distinct sets of absorption peaks can be seen in the Raman spectrum of the MG
composites. The D1 and G1 peaks at 73.2 cm−1 and 135.5 cm−1 correspond to the char-
acteristic absorption peaks of MPI crystals, while the D2 and G2 peaks at 1350.3 cm−1

and 1589.4 cm−1 correspond to the characteristic absorption peaks of graphene [31–33].
The presence of two sets of characteristic peaks demonstrates the existence of MPI and
graphene in the MG composites. Meanwhile, the intensity ratio between the D and G peaks
also reflects the lattice integrity of the test samples, with an increase in the ID/IG ratio,
indicating more vacancies and defects in the lattice of that group of test samples. With
the increase in graphene content in MG composites, it can be seen that the ratio of ID1/IG1
increased from 0.61 of MG-1 to 0.85 of MG-3 and then to 0.95 of MG-5. This indicates that
with the increase in graphene content, the lattice integrity of MPI in MG composites signifi-
cantly decreased, which is consistent with the XRD analysis. Compared with the obvious
change of ID1/IG1 values, ID2/IG2 values remained stable in all proportions (MG-1 = 0.96,
MG-3 = 0.94, MG-5 = 0.96). Therefore, it can be inferred that graphene not only existed
statically in MG composites but also did not react with MPI crystals without any change in
lattice state.

The steady-state photoluminescence spectra of MG composites are shown in Figure 1c.
As a kind of fluorescent material, hybrid perovskite has a very typical characteristic fluo-
rescence peak. As an essential method to analyze the crystallinity of perovskite materials,
the PL spectrum was also used to analyze the lattice structure of MPI crystals in MG
composites. According to Figure 1c, the intensity of the characteristic fluorescence peak of
the MG composites decreased, and the half-peak width narrowed as the graphene content
in the MG increased, indicating an increase in the number of vacancies and defects within
the MPI crystals. At the same time, a slight rightward shift of the characteristic fluorescence
peak can also be observed, suggesting that the disruption of the MPI crystal structure leads
to an increase in its band gap, which may result in a shift in the electromagnetic absorption
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band [34]. Good electrical conductivity is an essential condition for dielectric loss of EMW.
From Figure 1d, the electrical conductivity of MPI crystals was low, while introducing
graphene material will significantly improve the electrical conductivity of MG composites.
This is due to the excellent electrical conductivity of the graphene and the fact that the
two-dimensional layer structure of the graphene allows for a larger surface area of contact
between the graphene and the MPI, which facilitates the rapid movement of free electrons
between the MPI crystals and the MG composites.

The XPS survey spectra of MG composites, MPI crystals, and graphene are shown in
Figure 2a. Graphene material is mainly composed of C elements. The C peak at 284.8 eV
corresponds to the C–C bond in the aromatic ring structure of graphene. In comparison,
the O peak at 533.0 eV indicates a small number of oxygen-containing functional groups
on the surface or at the edges of the graphene [35]. As for the MPI crystals, two Pb 4f7
and Pb 4f5 peaks were located at 138.0 eV and 143.0 eV, respectively. The peak at 285.0 eV
corresponded to C 1s, and the height at 402.0 eV corresponded to N 1s. The 533.0 eV
and 619.0 eV peaks corresponded to O 1s and I 3d, respectively [36,37]. At the same time,
the characteristic peaks of the above elements can also be observed in the XPS spectra
of MG composites, indicating the stable existence of MPI crystals and graphene in MG
composites. However, it should be noted that with the increase in graphene content, except
for the characteristic peaks of C and O elements, the intensity of other elemental peaks
decreased significantly. On the one hand, due to the influence of graphene, the crystal
structure of MPI crystals was destroyed and decomposed. On the other hand, XPS analysis
had limited sample penetration, typically to a depth of 5–10 nm. The reduced intensity of
the characteristic elemental peaks for Pb and I reflected the increased graphene content
wrapped around the outer layers of the MPI crystals, which the electron beam from the
XPS analyzer could not accurately detect.
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Figure 2b shows the XPS spectra of the Pb element. It can be seen that with the increase
in graphene content, compared with MPI crystals, the characteristic peaks of Pb 4f7 and
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Pb 4f5 in MG composites shifted significantly to the right, and the degree of rightward
shift gradually increased. According to Figure 2c, the characteristic peak of element C was
more consistently located near 285.0 eV, which is further evidence of the high stability of
graphene in MG composites, where the lattice morphology and surface structure were
not significantly affected by the MPI crystals. The XPS energy spectrum and date of C1s
sub-peak of MG-3 have are provided in Figure S1 and Table S1. As shown in Figure 2d, the
Pb/C content ratio of MPI crystal was 46.771, and that of MG composite decreased from
3.012 (MG-1) to 0.936 (MG-5). This proved that the content of graphene in MG composites
was steadily increasing. The MG composites with different components were successfully
prepared by the anti-solvent method.

Figure 3 shows the SEM images of the MPI crystals, graphene, MG-1, MG-3, and MG-5
composites. In Figure 3d, the individual MPI crystals can be seen as three-dimensional
blocks with a size of about 2–3 µm. As shown in Figure 3e, the graphene exhibited a
distinctive two-dimensional layered structure with a large specific surface area, a monolayer
thickness of less than 5 nm, and layer-to-layer folds [38]. According to Figure 3a–c, in
MG-1, it can be seen that the MPI crystals still maintained a three-dimensional massive
structure and had an increased grain size compared to the MPI crystals. The graphene
material was distributed around the MPI crystals and had less contact area with the MPI
crystals. A change in the morphology of the MPI crystals can be seen in MG-2, with
a shift from a three-dimensional bulk to a one-dimensional rod structure. At the same
time, the MPI micron rod was wrapped by the graphene, which indicates that the contact
area of the graphene and MPI crystals significantly increased at this component ratio.
No noticeable MPI crystals were observed in MG-3, while the graphene material was
abundantly distributed. This confirmed the XPS analysis: the MPI crystals in MG-5 were
partially destroyed, and graphene was wholly wrapped around some of the defective MPI
crystals. The elemental mapping images of MG-3 are shown in Figure 3f–i. The C, Pb,
and I elements were uniformly distributed in MG-3, which means that the MPI crystals
and graphene were successfully combined to form a stable composite material. This is
consistent with the XRD, Raman, XPS analysis results, and verifies the feasibility of the
anti-solvent method for the preparation of MG composites.
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To further explore the dissipative ability of composite materials on EMW, the elec-
tromagnetic parameters of MPI crystals, graphene, and MG composites within 2–18 GHz
were studied under the coaxial-ring doping amount of 40 wt%. The relevant test results
are shown in Figure 4 and Figure S2, respectively. The electromagnetic parameters of MG
composites with different component proportions are given in Figure 4. On the one hand,
with the increase in graphene content in MG composites, the ε′ value and ε′′ The value
of MG composites increased regularly. According to the equation (ε′′ ≈ 1/πε0ρ f ) [39],
there was a negative correlation between the resistivity (ρ) and ε′′ , the increase in the ε′′

value indicates a decrease in resistivity and an increase in electrical conductivity of the MG
samples, suggesting that the addition of graphene enhanced the electrical conductivity loss
of the MG composites. On the other hand, the ε′ value and ε′′ value of MG composites
affected by the graphene also showed a trend of decreasing values with the increase in
EMW frequency in the range of 2–18 GHz. In comparison, the µ′ value of MG composites
at each component ratio was approximately 1.08 and the µ′′ value was approximately 0,
suggesting that MG composites have strong dissipation ability to the electric energy carried
by the incident EMW but weak dissipation to the magnetic energy.
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The dielectric loss tangent (tanεr) and magnetic loss tangent (tanµr) are shown in
Figure 5, which can be calculated as follows [40]:

tanεr =
ε′′

ε′
(1)

tanµr =
µ′′

µ′
(2)
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The tanεr and tanµr represent the dissipation capacity of a material to electric energy
and magnetic energy carried by incident EMW, respectively. In Figure 5a, the addition of
graphene improved the dissipation ability of MG composites to electric energy while the
dissipation ability of magnetic energy was not significantly affected. An analysis of the
magnetic loss properties of MG can be obtained in supporting information. Figure 5b is the
eddy current loss coefficient of MG composites. The study of magnetic loss characteristics
of MG composites can be obtained from Supporting Information.

The attenuation loss constant (α) reflects the ability of a material to attenuate the EMW
entering its interior, and previous studies demonstrated that when the attenuation loss
constant is higher than 100, the material can achieve effective attenuation of the incident
EMW. The attenuation loss constant can be calculated as follows [41]:

α =

√
2π f
c
×
√
(µ′′ ε′′ − µ′ε′) +

√
(µ′′ ε′′ − µ′ε′)2 + (µ′ε′′ + µ′′ ε′)2 (3)

The intrinsic impedance ratio Z reflects the difficulty of EMW entering the material’s
interior. It was found that when the intrinsic impedance ratio of the material is more
significant than 0.3, EMW can enter the material’s interior in large quantities. The inherent
impedance ratio Z can be calculated as follows [42]:

Z = Zr/Z0 (4)

Zr = Z0

√
|µr|/|εr| (5)

As shown in Figure 5c, the attenuation loss coefficient of MG composites at each com-
ponent ratio was relatively high. While the attenuation loss coefficient of some composites
at the low-frequency band (2–5 GHz) was lower than 100, the remaining attenuation loss
coefficients were all over 100, which indicates that MG composites at each component
ratio can achieve good attenuation loss characteristics for incident EMW. In Figure 5d, the
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impedance matching ratio of MG-1 and MG-2 are relatively high and higher than 0.3 in the
6–18 GHz range. This indicates that only MG-1 and MG-2 composites allow many EMW to
enter the interior of the absorbing materials. Graphene content (MG-3, MG-4, MG-5) that
is too high will lead to many EMW reflected or refracted on the surface of the absorbing
materials, which can not be effectively attenuated. It can be inferred that the absorption
performance of MG materials is regulated and affected by the intrinsic impedance ratio,
and it is expected that MG-1 and MG-2 composites will show better EMW absorption
performance. Combined with the analysis of the attenuation loss coefficient and intrinsic
impedance ratio of MG samples, the ability of MG materials to attenuate and lose EMW
gradually increased as the content of graphene increased, and the difficulty of EMW being
able to enter inside the absorbing material gradually increased. This shows that adding
graphene improved the polarization loss strength and conductance loss strength inside
MG materials. And the MPI crystal, as the center of electric polarization composite with
graphene, can also effectively adjust the impedance matching of the composite material,
which is conducive to improving the absorption performance.

In order to analyze the polarization relaxation phenomenon of the dielectric loss-
absorbing materials, the Debye relaxation process of MG composites with different compo-
nent ratios is described by the Cole–Cole diagram. Cole–Cole diagrams are calculated and
plotted according to the following Debye relaxation formula [41]:

(
ε′ − εs + ε∞

2

)2
+ (ε′′ )2 =

(
εs − ε∞

2

)2
(6)

where εs is the static dielectric constant and ε∞ is the relative dielectric constant of the high-
frequency limit. A semicircle equation with (εs − ε∞)/2 as the radius and (0, (εs + ε∞)/2)
as the circle’s center can be established from the Debye relaxation equation, and the
resulting circle is known as a Cole–Cole semicircle. Usually, each semicircle represents
a relaxation process within the material, and the number of semicircles represents the
intensity of the relaxation polarization. Figure 6 shows Cole–Cole semicircular graphs of
MG composites with different component ratios, and these Cole–Cole graphs show similar
trends. In the high-frequency band, the five samples all have two semi-circles, but with the
increase in graphene content, the circle’s radius gradually decreases. On the one hand, this
phenomenon shows that MG samples in the high-frequency band will produce pronounced
relaxation polarization under the electromagnetic field, which is conducive to improving
the dielectric loss strength of materials. On the other hand, it also shows that excessive
graphene will cause the relaxation polarization intensity to decrease. When the radius
of the Cole–Cole circle decreases and is close to a straight line, the electrical conductivity
loss dominates. This conclusion is also applicable to the positive correlation between the
real and imaginary parts of the dielectric constant of MG samples in the low-frequency
band, indicating that the electrical conductivity loss of MG samples is the dominant form
of low-frequency EMW loss, with the Debye relaxation polarization making a more minor
contribution to the dielectric loss intensity. The irregularity of the Cole–Cole semicircle
suggests that high-frequency EMW will lead to Debye relaxation polarization and multiple
polarization loss processes, including interface polarization, electron polarization, and
dipole polarization.
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Based on the transmission line theory, the value of reflection loss (RL) can be calculated
by the following equations [43,44]:

Zin = Z0

√
µr

εr
tanh

(
j
2π f d

c
√

µrεr

)
(7)

RL(dB) = 20lg
∣∣∣∣
Zin − Z0

Zin + Z0

∣∣∣∣ (8)

where Zin is the normalized input impedance corresponding to the thickness of the absorber,
d is the thickness of the absorber, and h is the Planck constant. Figure 7 shows the RL of MG
samples in the 2–18 GHz range when the doping amount is 40 wt%, and the thickness is
1 mm to 5 mm. In the figure, the area in the red line indicates that the RL is less than−10 dB,
and the yellow dotted line indicates that the RL is less than −20 dB. The area where the RL
is less than −10 dB is usually called the effective electromagnetic absorption band (EAB) of
the absorbing material. According to Figure 7, the overall EMW absorption performance of
MG materials shows a decreasing trend as the graphene content increases. Figure 7f shows
the EAB of MG-1, MG-2, and MG-3 composites with corresponding absorption thicknesses.
The EAB of MG-2 sample reaches 6.04 GHz (11.96–18.00 GHz) at a 1.87 mm absorber
thickness, which is wider than MG-1 and MG-3. This is consistent with the conclusion
obtained from the analysis of the attenuation loss coefficient and intrinsic impedance ratio.
MG-3 sample shows better absorbing performance in the high-frequency range with the
EAB of 4.08 GHz at 1.62 mm thickness. For MG-4 and MG-5, there is no significant EAB
in the 2–18 GHz range due to the large amount of graphene resulting in samples with
intrinsic impedance ratios well below 0.3 and a large amount of EM waves being reflected
at the absorber surface. Combined with the characterization results of MG materials, it
can be seen that when the crystallinity of MPI crystals in the material is very low, the
incident EMW cannot be effectively absorbed by polarization. MG’s impedance matching
performance (IMP) can be obtained in supporting information.
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EAB and EMW absorption intensity are two key indexes to evaluate the properties of
absorbing materials. Based on the outstanding EAB properties of MG-1, MG-2, and MG-3
samples, the absorption intensity of the three samples is further studied in Figure 8. The
correlation between maximum reflection loss (RL), normalized input impedance (Zd), and
the absorption thickness (Tm) is shown in Figure 8. The absorption thickness (Tm) can be
calculated by [39]:

Tm =
nλ

4
=

nc(
4 fm

√
|µr||εr|

) , (n = 1, 3, 5, . . .) (9)
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Table 2. EMW absorption properties of MG samples. 

Sample Point |𝑹𝑳| (dB) 𝐝 (mm) 𝒇 (GHz) 

MG-1 
mଵ 22.69 1.68 16.72 mଶ 21.88 2.05 12.92 mଷ 19.93 2.62 9.52 

MG-2 
mଵ 17.68 1.63 17.00 mଶ 15.74 2.02 12.76 mଷ 14.53 2.49 9.68 

MG-3 
mଵ 11.75 1.52 17.08 mଶ 10.78 1.82 13.20 mଷ 9.97 2.25 9.84 

The EMW absorption properties of MG materials result from the combined effect of 
MPI crystals and graphene, which improves the impedance matching of MG samples by 
adjusting the ratio of the two components. As a typical dielectric loss absorbing material, 
graphene wraps and connects several MPI crystals in series, which creates conditions for 
free electrons to move freely between the MPI crystals, forming a large number of field-
induced microcurrents inside the MG materials under an alternating electric field, which 
effectively converts electromagnetic energy into heat by electrical conductivity losses. In 
addition, the polarization loss effect is sufficiently enhanced to improve the EMW absorp-
tion performance of MG composites substantially: Firstly, the addition of graphene dis-
rupts the crystal structural integrity of the MPI, generating a large number of surface de-
fects and vacancies and enhancing the space charge polarization effect of the MG materials 
significantly under the action of external electric field. Secondly, because the MPI crystals 
and graphene are different in dielectric constant and electrical conductivity, this will lead 
to charge accumulation at the interface of the two dielectric materials, resulting in an in-
terface polarization effect. 

4. Conclusions 

Figure 8. MG-1: the correlation between the maximum RL (a), normalized input impedance (b), and
the absorption thickness (c); MG-2: the correlation between the maximum RL (d), normalized input
impedance (e), and the absorption thickness (f); MG-3: the correlation between the maximum RL (g),
normalized input impedance (h), and the absorption thickness (i).
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MG-1’s maximum RL value of −22.689 dB at 16.72 GHz is found at a thickness of
1.68 mm. The second largest RL value of −21.878 dB appears at 12.92 GHz, corresponding
to a thickness of 2.05 mm. When the absorption thickness is 2.62 mm, the RL value of
MG-1 at 19.52 GHz is −19.929 dB. Combined with Figure 8b, it can be found that when the
normalized input impedance value at the peak reflection loss frequency is closer to 1.0, the
RL intensity of the absorbing material is higher. This shows that good impedance matching
is beneficial to enhance the EMW absorption performance of the material. In addition, as
the thickness of the material increases, the maximum RL peak of the MG-1 material moves
towards lower frequencies, which the quarter-wavelength theory can explain. The orange
line in Figure 8c represents the tm simulation curve of MG-1 material, and the gray box
represents the thickness of the absorber corresponding to the maximum reflection loss.
The grey squares are evenly distributed around the simulation curve, indicating that the
absorption mechanism of MG-1 material conforms to the quarter-wavelength theory. The
conclusions in the MG-1 material can also explain the relevant phenomena in the MG-2 and
MG-3 materials. The EMW absorption properties of some MG samples are given in Table 2.
Collectively, the MG-1 and MG-2 samples exhibited superior EMW absorption properties.

Table 2. EMW absorption properties of MG samples.

Sample Point |RL| (dB) d (mm) f (GHz)

MG-1
m1 22.69 1.68 16.72
m2 21.88 2.05 12.92
m3 19.93 2.62 9.52

MG-2
m1 17.68 1.63 17.00
m2 15.74 2.02 12.76
m3 14.53 2.49 9.68

MG-3
m1 11.75 1.52 17.08
m2 10.78 1.82 13.20
m3 9.97 2.25 9.84

The EMW absorption properties of MG materials result from the combined effect of
MPI crystals and graphene, which improves the impedance matching of MG samples by
adjusting the ratio of the two components. As a typical dielectric loss absorbing material,
graphene wraps and connects several MPI crystals in series, which creates conditions
for free electrons to move freely between the MPI crystals, forming a large number of
field-induced microcurrents inside the MG materials under an alternating electric field,
which effectively converts electromagnetic energy into heat by electrical conductivity
losses. In addition, the polarization loss effect is sufficiently enhanced to improve the
EMW absorption performance of MG composites substantially: Firstly, the addition of
graphene disrupts the crystal structural integrity of the MPI, generating a large number of
surface defects and vacancies and enhancing the space charge polarization effect of the MG
materials significantly under the action of external electric field. Secondly, because the MPI
crystals and graphene are different in dielectric constant and electrical conductivity, this
will lead to charge accumulation at the interface of the two dielectric materials, resulting in
an interface polarization effect.

4. Conclusions

In this paper, MPI crystals and graphene were successfully compounded by an anti-
solvent method to fabricate MG composites with different component proportions. The
phase composition, lattice morphology, and micro-morphology of MG materials with
different proportions were analyzed by XRD, Raman, PL, and SEM. The EMW absorption
performance of MG materials was fully investigated in terms of the type of EMW-absorbing
materials, absorption mechanism, effective EMW absorption bandwidth, and reflection
loss strength. It was found that for MG composites, MG materials at MG-1 and MG-2 ratios
exhibited better EMW absorption performance than other ratios. This work demonstrates
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that introducing two-dimensional carbon materials plays an important role in broadening
the effective EMW absorption band of MPI crystals and reducing the amount of EMW-
absorbing materials added within the absorber.
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//www.mdpi.com/article/10.3390/mi14081611/s1, Figure S1. XPS energy spectrum of C1s sub peak
of MG-3; Figure S2. Complex permittivity and permeability of the MPI crystals and graphene: ε′

(a), ε′′ (b), µ′ (c), and µ′′ (d); Figure S3. The impedance matching performance of the MG samples:
MG-1 (a), MG-2 (b), MG-3 (c), MG-4 (d), and MG-5 (e). Table S1. The date of C1s sub peak of MG-3.
References [4,45] are cited in the supplementary materials.
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Abstract: MXene-based composites have been widely used in electric energy storage device. As a
member of MXene, niobium carbide (Nb2C) is a good electrode candidate for energy storage because
of its high specific surface area and electronic conductivity. However, a pure Nb2C MXene electrode
exhibits limited supercapacitive performance due to its easy stacking. Herein, sodium anthraquinone-
2-sulfonate (AQS) with high redox reactivity was employed as a tailor to enhance the accessibility
of ions and electrolyte and enhance the capacitance performance of Nb2C MXene. The resulting
Nb2C–AQS composite had three-dimensional porous layered structures. The supercapacitors (SCs)
based on the Nb2C–AQS composite exhibited a considerably higher electrochemical capacitance
(36.3 mF cm−2) than the pure Nb2C electrode (16.8 mF cm−2) at a scan rate of 20 mV s−1. The SCs
also exhibited excellent flexibility as deduced from the almost unchanged capacitance values after
being subjected to bending. A capacitance retention of 99.5% after 600 cycles was observed for the
resulting SCs, indicating their good cycling stability. This work proposes a surface modification
method for Nb2C MXene and facilitates the development of high-performance SCs.

Keywords: niobium carbide; MXene; sodium anthraquinone-2-sulfonate; supercapacitors; energy
storage; composite electrode

1. Introduction

With the increasing demand for electric energy, electric energy storage has attracted
increasing attention from researchers [1–3]. There are several electric energy storage
sources, including aqueous Zn–ion batteries [4,5], lithium–selenium batteries [6], Li–ion
batteries [7,8], Zn–air batteries [9], ammonium-ion batteries [10], and supercapacitors
(SCs) [11–13]. Among them, SCs possess useful characteristics such as ultrahigh power den-
sity, long lifetime, and environmental sustainability, and thus, they have become promising
electrical energy storage materials for portable electronics and other electric devices [14].
SCs can be divided into electrical double-layer capacitors (EDLCs) and pseudocapacitors in
accordance with the energy storage mechanism. Compared with EDLCs, pseudocapacitors
usually exhibit much higher capacitances and energy densities through Faradaic redox
reactions [1,15]. Pseudocapacitive materials include conducting polymers, electrochem-
ically active organic molecules, and transition metal compounds. As the representative
electrochemically active organic molecules, quinones and their derivatives exhibit high re-
dox reactivity, high capacitance, and good adjustable electrochemical reversibility, and they
have been used as electrode materials of SCs [16–21]. However, the capacitive performance
and long-term cycle stability of SCs based on organic quinones or their derivatives are
relatively low due to their low electronic conductivity. To enhance the electronic conduc-
tivity of quinones and their derivatives, the Shi group [22] and Zhu group [23] proposed
a strategy of using reduced graphene oxide (rGO) as a conductive support of sodium
anthraquinone-2-sulfonate (AQS). The resulting SCs based on AQS–rGO composites had
enhanced capacitive performance and high capacity retention.
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MXenes are a new family of multifunctional two-dimensional (2D) materials com-
prising transition metal carbides, nitrides, and carbonitrides [24,25]. Titanium carbide
MXene-based nanocomposites exhibit good structural stability, electrical properties, and
electrocatalytic activity, which makes them very suitable for good matrices of SCs. Niobium
carbide (Nb2C) MXene has a similarly high electronic conductivity to that of titanium
carbide, excellent dispersibility in various solvents, and good compatibility with various
components. Recently, Nb2C MXene has been revealed to be a good electrode candidate
for energy storage due to its high specific surface area and high conductivity [26–28]. Both
single Nb2C MXene (denoted as Nb2CTx) [29] as well as composites consisting of Nb2C MX-
ene delaminated with isopropylamine with carbon nanotubes [30] can be used as electrode
materials with excellent cycle stability and Li capacities.

Herein, the organic active molecule AQS was used as a tailor to modify 2D Nb2C
MXene and the resulting Nb2C–AQS composite was employed to construct a novel SC
with high capacitance. The SO3

− functional group in AQS can render AQS soluble in
aqueous solutions as well as facilitate the combination of AQS and Nb2C MXene on the
molecular level. Then, the electrochemical capacitance and cycle stability of the SC based
on the as-prepared Nb2C–AQS composite were evaluated and also compared with bare
Nb2C MXene.

2. Materials and Methods
2.1. Materials and Reagents

Nb2AlC powder was purchased from Forsman Scientific (Beijing, China) Co., Ltd.
Hydrofluoric acid (HF, 40%) was from Tianjin Deen Chemical Reagents Co., Ltd., Tianjin,
China. Tetrapropylammonium hydroxide (TPAOH, 25 wt%) was from J&K Scientific Co.,
Ltd., Beijing, China. Sodium anthraquinone-2-sulfonate (AQS, 99%) was purchased from
Sigma–Aldrich (St. Louis, MO, USA). Sodium sulfate and other chemicals were all reagent
grade quality or better and used without further purification. Aqueous solutions were
prepared from deionized water (>18 M·cm, Milli-Q purification system).

2.2. Methods
2.2.1. Synthesis of Nb2C MXene

Two-dimensional Nb2C MXene was prepared by a modified chemical exfoliation
method [28]. Nb2AlC powder (ca. 5 g) was slowly added to 30 mL of 40% aqueous HF
(Note: HF is highly corrosive) and stirred for 20 h at room temperature. After collection by
centrifugation (3500 rpm) and washing with water and anhydrous ethanol, the precipitate
was dispersed in 30 mL of aqueous tetrapropylammonium hydroxide under stirring for
10 h at room temperature. The raw Nb2C materials were collected by centrifugation and
washed 3× with ethanol and water to remove the residual TPAOH. Then, the precipitate
was dispersed in 100 mL of deionized water and sonicated at 200 W for 30 min. The
supernatant was collected and dried in a vacuum oven at 80 ◦C for 6 h. Thus, the resulting
Nb2C MXene was obtained.

2.2.2. Preparation of Nb2C–AQS Composite

The Nb2C–AQS composite was prepared by a simple one-step hydrothermal method.
Aqueous Nb2C and AQS (30 mL) with a mass ratio of 1:3 was stirred for 6 h at room
temperature. Then, the mixture was transferred into a 50-mL Teflon-lined stainless-steel
autoclave and heated at 180 ◦C for 12 h. Nb2C–AQS composite was obtained after wash-
ing the aforementioned Nb2C–AQS solution with deionized water 2× and freeze-drying
under vacuum.

2.2.3. Characterization

Scanning electron microscopy (SEM) images were acquired on a field-emission Sigma
500 microscope (Carl Zeiss, Jena, Germany). X-ray diffraction (XRD) was measured with
a D8 Advance (Bruker, Mannheim, Germany) system. Fourier-transform infrared spec-
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tra (FTIR) were obtained with a Nicolet 6700 spectrometer (Thermo Nicolet, Madison,
WI, USA).

The electrochemical performance of as-prepared Nb2C–AQS was carried out with a
three-electrode system in 0.1 mol L−1 Na2SO4, with platinum foil as the counter electrode
and Ag/AgCl as the reference electrode. The working electrode was fabricated as follows:
the as-prepared active material (40 mg), acetylene black, and polytetrafluoroethylene were
first mixed in a mass ratio of 75:15:10 in a small quantity of absolute ethanol in a manner
that formed a homogeneous slurry. Then, the slurry was coated on a piece of nickel foam
(1.0 cm × 1.0 cm), which was dried in a vacuum oven at 80 ◦C for 12 h and pressed before
measurement. Cyclic voltammetry (CV) curves and galvanostatic charge/discharge (GCD)
were all performed with a CHI 660E electrochemical workstation (CH Instruments).

3. Results and Discussion
3.1. Synthesis and Characterization of Nb2C–AQS Composite

Figure 1 illustrate the synthesis process of the Nb2C–AQS composite. The morphology
of Nb2C and the corresponding Nb2C–AQS composite was characterized by SEM. Nb2C
has an accordion-like lamellar structure similar to that of Ti3C2 MXene [24,31], and its
layered structure has a large lateral size with almost no defects (Figure 2a). Compared with
Nb2C, the Nb2C–AQS composite maintained the layered structure of Nb2C, but it has 3D
porous structures (Figure 2b), attributable to the decorated AQS molecules as spacers that
suppress aggregation of Nb2C MXene. The porous structures of the Nb2C–AQS composite
can act as ion buffers that facilitate ion transport between the Nb2C layers. The exiting of
the S element also indicates the successfully assembly of AQS molecules on Nb2C MXene
surface (Figure 2d–h).
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Figure 1. Schematic diagram for the fabrication of Nb2C–AQS composite.

3.2. Chemical Structure

The XRD patterns indicate formation of Nb2C materials (Figure S1, Supporting Infor-
mation). Only one intense peak of Nb2C at ca. 25◦ was observed, and most of the non-basal
plane peaks of Nb2AlC bulk (red line in Figure S1, Supporting Information), including
the most intense diffraction peak at ca. 39◦, were essentially no longer evident after HF
treatment and TPAOH intercalation (black line in Figure S1, Supporting Information).
Compared with the diffraction patterns of AQS (blue line in Figure 3a), the Nb2C–AQS
composite had similar XRD patterns, but the peak intensities all decreased, due to inter-
action of Nb2C MXene and AQS molecules (black line in Figure 3a). The FTIR spectra of
the Nb2C–AQS composite exhibited characteristic peaks of AQS at 1215 and 1660 cm−1

(Figure 3b), attributable to the asymmetric stretching vibration of –SO3
− and the stretching

vibration of –C=O from AQS, respectively [32,33]. The zeta potential of the Nb2C–AQS com-
posite was −31.8 mV, a much more negative value than that of the Nb2C films (−0.19 mV).
The results strongly demonstrate the anchoring of AQS onto Nb2C MXene.
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3.3. Electrochemical Performance

The obtained Nb2C–AQS composite had good conductivity with an equivalent-series
resistance (ESR) value of ca. 0.5 Ω derived from its Nyquist plots (Figure S2, Supporting
Information). The CV profiles of the Nb2C electrode exhibited a nearly rectangular shape
at low scan rates in the range of 10–100 mV s−1 (Figure 4a), which is characteristic of EDLC
behavior. Compared with bare Nb2C, the resultant device based on the Nb2C–AQS composite
(denoted as-prepared) exhibited both Faradaic and EDLC capacitance with a pronounced
single pair of peaks at ca. 0.22/0.45 V versus Ag/AgCl (at 20 mV s−1), originating from the
redox reactions of the AQS molecules [22] (Figure 4b). Moreover, the CV curves of Nb2C–AQS
remained well-defined and symmetric even at a high scan rate of 100 mV s−1, suggesting
excellent reversibility and stability of the Nb2C–AQS electrode. Notably, the peak potentials
of the redox peaks slightly shifted with increasing scan rate, which might be due to partial
proton-coupled charge transfer between AQS and Nb2C. Circa 70% of the capacitance was re-
tained when the scan rate was increased to 100 mV s−1 (25.4 mF cm−2; refer to the Supporting
Information for the calculation methods of the specific capacitance), indicating its good rate
capability. The Nb2C–AQS composite electrode exhibited a considerably higher electrochem-
ical capacitance (36.3 mF cm−2 at 20 mV s−1) than the bare Nb2C electrode (16.8 mF cm−2

at 20 mV s−1) (Figure 4c, Table 1); this is mainly due to the high pseudocapacitance of AQS
as well as the enhanced accessibility of ions and electrolyte, facilitated by the unique porous
structure of the Nb2C–AQS composite. The 42.7 mF cm−2 of specific capacitance for the
resulting Nb2C–AQS capacitor is higher than that of graphene-based micro-supercapacitors
(micro-SCs) (Table 2). The as-prepared SCs display similar capacitance performance as those
in some other published works [34–41].

Table 1. Electrochemical parameters for as-prepared MSCs in different conditions.

Electrode Materials
Parameters Areal Capacitance

(mF cm−2) Scan Rate

Nb2C–AQS 36.3 20 mV s−1

Nb2C 16.8 20 mV s−1

Nb2C–AQS 42.7 10 mV s−1

Concavely bent 48.1 10 mV s−1

Convexly bent 40.0 10 mV s−1

Table 2. Supercapacitance comparison of several composite electrode materials.

Electrode Materials Specific
Capacitance Test Condition Ref.

Nb2C–AQS 36.3 mF cm−2 20 mV s−1 This work

PET-CGO-LGO 0.756 mF cm−2 20 mV s−1 [42]

MPG 0.0807 mF cm−2 - [43]

Ultrathin rGO 0.462 mF cm−2 0.1 µA g−1 [44]

The CVs of the SCs exhibited similar shapes to that of as-prepared SCs when subjected
to bending at a scan rate of 10 mV s−1 (Figure 4d). The specific capacitances were 48.1
and 40.0 mF cm−2 for concavely bent and convexly bent SCs (Table 1, bending modes in
Figure S3, Supporting Information), respectively, which are almost the same as that of
as-prepared SCs (42.7 mF cm−2). Thus, the as-prepared SCs have excellent flexibility.
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Figure 4. CV and GCD curves: (a) CV curves of Nb2C MXene and (b) Nb2C–AQS composite-based
SCs at various scan rates. (c) CV curves of Nb2C MXene (red line) and Nb2C–AQS composite (black
line) at a scan rate of 20 mV s−1. (d) CV curves of Nb2C–AQS-based SCs (as-prepared, red line),
concavely bent (black line), and convexly bent (blue line) at a scan rate of 10 mV s−1. (e) GCD curves
of the as-prepared SCs at a current density of 15 mA cm−2. All the electrochemical measurements
were performed in 0.1 mol L−1 Na2SO4.

The GCD curves of the Nb2C–AQS composite included two parts (Figure 4e): a
pair of charge–discharge plateaus attributable to the anchored AQS, and an oblique line
stage due to the EDLC behavior of Nb2C, which coincides well with the CV curves in
Figure 3b. The specific capacitance of the resulting SCs was 36.0 mF cm−2 at a current
density of 15 mA cm−2 (for the calculation of the specific capacitance, refer to the Support-
ing Information). In addition, the device exhibited a capacitance retention of 99.5% of its
initial capacitance after 600 cycles (Figure S4, Supporting Information), indicating good
cycling stability.
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4. Conclusions

In summary, AQS was anchored successfully onto the surface of Nb2C MXene, and
the obtained composite had good conductivity as well as a porous structure. SCs based
on the Nb2C–AQS composite exhibited a high specific capacitance and good cycling sta-
bility. The SCs maintained their initial capacitance when subjected to bending, indicating
good flexibility. Compared with bare Nb2C MXene, the Nb2C–AQS composite electrode
provides higher capacitance, which was mainly ascribed to Faradaic redox reactions of the
anchored AQS molecules as well as the enhanced accessibility of ions and electrolyte. This
work proposes a surface functionalization method for Nb2C MXene and also provides a
strategy for enhancing the capacitance performance of pure MXene, which will facilitate
the development of high-performance SCs.

5. Patents

The results of the patent (a preparation method of a supercapacitor based on 2D
niobium carbide nanocomposites, No. ZL2019109099814, China) are from the work reported
in this manuscript.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/mi14081515/s1, Figure S1: XRD patterns of Nb2C nanosheets and
Nb2AlC powder; Figure S2: Nyquist plots of the Nb2C–AQS nanocomposite-modified electrode in
10 mmol L−1 K4Fe(CN)6 and K4Fe(CN)6 (molar ratio 1:1) from 1–10 mHz at 10 mV sinusoidal signal;
Figure S3: Two bending modes of the Nb2C–AQS based SC: (a) concavely bent, and (b) convexly
bent; Figure S4: Capacitance retention at a current density of 15 mA cm−2 for the Nb2C–AQS-based
micro-SC in 0.1 mol L−1 Na2SO4.
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