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Abstract

In this thesis, extensive research on hydrogel-based materials integrated with nanofibers and plasmonic
nanoparticles has been conducted, focusing on their potential applications in biomedical fields such as
biosensing and brain-machine interfaces. Hydrogels and nanofibers are significant materials in biomedical
applications due to their unique properties. Hydrogels provide a highly hydrated, three-dimensional
network ideal for biomolecule diffusion and cell growth, which is crucial for biosensing and BMls.
Nanofibers, with their high surface area-to-volume ratio, offer excellent mechanical support and tunable
properties. Combining these two materials alongside plasmonic nanoparticles into multi-layered
structures enhances the resulting composites' mechanical properties and functional versatility, making
them great candidates for further applications. After extensive research on the literature regarding the
application of hydrogel-based materials for biosensing and BMls, the investigations in my thesis started
with developing NIPAAm-based hydrogels with VPTT close to body temperature, suitable for physiological
integrations. | continued with formulating nanofibrous mats from PCL, PLCL, and PCL/PEO through
electrospinning to achieve defect-free nanofibers. Significant efforts were devoted to embedding
plasmonic nanoparticles like silver nanocubes and gold nanorods into these hydrogel and nanofiber
matrices. This inclusion aimed to take advantage of their unique optical properties to enhance the
functionality of the resultant biomedical platforms. These nanoparticles' uniform distribution and stability
were critical and confirmed through various characterization techniques to ensure optimal performance
in final applications. The fabrication of multi-layered structures combining these materials was studied.
Chemical, Morphological, optical, mechanical, and biological investigations focused on exploring the
impact of properties such as fiber dimension and alignment, surface treatment, and hydrogel crosslinking
density on the enhancement of interlayer adhesion were performed. This was crucial for ensuring the
mechanical stability of the composite materials under physiological conditions, assessed through
innovative fiber-pullout experiments designed to measure adhesion strength accurately and
biocompatibility tests, investigating cell-material interactions. Ultimately, two biosensing applications
were tested on separate composited platforms: a chameleon skin-inspired biosensor for non-invasive
glucose monitoring and a lysozyme detection platform for diagnosing eye inflammation. The glucose
biosensor incorporated silver nanocubes within a hydrogel matrix, showing exceptional antibacterial
properties and rapid photothermal responsiveness when tested with real human urine, demonstrating its
potential for diabetes monitoring. Meanwhile, the lysozyme biosensor utilized silver nanoplates

embedded in PLCL nanofibers covered by a hydrogel layer, successfully indicating eye health through



visible color changes and confirmed by LSPR biosensing techniques using standard solutions and real

human tears.
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1. Biomaterials in Biomedical Engineering

The rapid evolution of materials science, coupled with the increasing importance of medical
advancements, has led to a significant merge of these two fields [1]. Biomedical engineering is a field that
harnesses the advancements in materials science to address the growing health and safety challenges
that the world faces on a daily basis. The synergy between these disciplines is not only crucial in advancing
medical technology but also essential in developing innovative solutions that can adapt to the dynamic
nature of healthcare needs. This integration is particularly evident in the development of new materials
and technologies that can be employed in medical applications, ranging from diagnostic tools to
therapeutic interventions [2]. In the primary definitions of biomaterials, they were described as synthetic
materials designed to replace parts of a living system or to function in intimate contact with living tissues.
However, as the field evolved, the definition was broadened to a more diverse range of applications and
materials as a material, natural or man-made, that comprises the whole or part of a living structure or
biomedical device that performs, augments, or replaces a natural function. This evolution highlights a shift
from a narrow focus on synthetic replacements for biological components to a more universal approach
that covers a wide array of materials and technologies [3].

Biomaterials include a diverse range of materials, each class offering unique properties suitable for
specific medical applications [4][5]. The primary classes of biomaterials include polymers, ceramics, and
metals, each with distinct characteristics and functionalities, as shown in Figure 1 [6][7]. Polymers, in
particular, are widely used due to their versatility and ability to be tailored to meet specific requirements.
They can be broadly categorized into synthetic and natural polymers, each with its own set of advantages
and applications [8].

Natural polymers, derived from biological sources, are reportedly the first biodegradable
biomaterials used for biomedical applications [9]. Extracted from biological systems such as plants,
microorganisms, and animals, natural-based polymers are particularly appealing due to their inherent
biocompatibility and bioactivity. The most common natural polymers include polysaccharides (chitosan
and alginate) [10] and proteins such as silk, collagen, and gelatin [10]. The main advantage of natural
polymers lies in their ability to facilitate cell attachment, proliferation, and differentiation, which is crucial
for tissue regeneration [11]. However, due to the lack of adequate mechanical properties, the fabrication
process of these materials can face complications. Certain actions, such as using the derivatives and

blending with other biomaterials, have been investigated through the years [12].
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Synthetic polymers offer the advantage of tailor-made properties to suit specific biomedical
applications. They can be engineered to have a wide range of mechanical, physical, and chemical
properties, degradation rates, and surface characteristics [13]. The versatility of synthetic polymers allows
for the design of biomaterials with controlled porosity, degradation, and mechanical properties, making
them highly suitable for a variety of biomedical applications [14]. The most commonly used synthetic
polymers include polycaprolactone (PCL), poly(L-lactic acid) (PLLA), and poly(glycolic acid) (PGA) and their
blends [15].

Metals and ceramics, while less versatile than polymers, are much needed in certain biomedical
applications. Metals have been used as biomedical implants for a long time, although shortcomings such
as corrosion have limited their conventional use [16]. Metals such as titanium, stainless steel, and cobalt-
chromium alloys are widely used in orthopedic and dental implants due to their high strength and
durability, and noble metals such as gold and silver and their alloys are used as particles and layers for
biosensing and photothermal therapy [17]. Ceramics, including bioactive glass and hydroxyapatite, are
used in bone grafts and coatings for metal implants due to their excellent biocompatibility and similarity

to bone minerals [18], [19].

Biomaterials

Polymers Ceramics Metals Silk

(PCL, PEG, (Bioglass, ( Plasmonics, Collagen
PLA, PGA) HA) Ti Alloy) Fibrin

Figure 1. General classification of biomaterials into natural and synthetic groups.
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The design and selection of biomaterials for medical applications are dependent on a set of
properties, including biocompatibility, non-toxicity, absence of foreign body reactions, and appropriate
mechanical characteristics (Figure 2). These properties are not only crucial for the immediate functionality
of the biomaterial but also for its long-term success and integration within the biological system [2]. A
fundamental requirement for any biomaterial is biocompatibility, which refers to the ability of a material
to perform with an appropriate host response in a specific application. This property not only includes the
absence of cytotoxicity, genotoxicity, and immunogenicity but also the ability to support appropriate
cellular activity, including adhesion, proliferation, and differentiation [20]. The biocompatibility of a
material is not an intrinsic property but is highly dependent on the biological context, involving complex
interactions between the material, the body's tissues, and biological fluids [21].

Another essential property of biomaterials is their non-toxicity. This characteristic ensures that the
material does not release substances in quantities that can cause harm to the body. The evaluation of
toxicity involves a series of tests, ranging from in vitro cell culture studies to in vivo animal models, to
assess the material's impact on cellular viability, metabolism, and overall tissue health. The absence of
toxic residues and degradation products is particularly crucial for materials intended for long-term
implantation. Moreover, the degradation products of biodegradable biomaterials should be non-toxic and

easily metabolized or excreted by the body, ensuring safety throughout the material's lifecycle [22].

Biologically active

Biofunctional

Biocompatible

Biomaterial

Bioinert

Sterilizable

Figure 2. Properties of biomaterials required for biomedical applications: the diagram illustrates
the essential properties that define a biomaterial, including biocompatibility, biofunctionality, biological

activity, bio-inertness, sterilizability, and biocompatibility [23].
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The absence of foreign body reactions is another critical attribute of biomaterials, especially those
intended for implantation. A foreign body reaction is an immune response triggered by the body's
recognition of the biomaterial as a foreign object. This reaction can lead to chronic inflammation and,
ultimately, the failure of the implant. To minimize such reactions, biomaterials are often designed to
mimic natural tissues' physical and chemical properties, thereby reducing their recognition as foreign
entities by the immune system. Surface modifications, such as coating with biologically active molecules
or patterning at the nanoscale, have been explored to improve the integration of biomaterials with the
surrounding tissue and to modulate the host response [24]. Furthermore, the mechanical properties of
biomaterials are of significant importance, which involves matching the biomaterial's strength, elasticity,
and modulus with the native tissue to ensure proper functioning and durability of the implant. Inadequate
mechanical properties can lead to implant failure due to fracture, wear, or deformation [25]. Additionally,
the mechanical environment can influence cellular responses, making the mechanical design of

biomaterials a key factor in their success [26].
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2. Biomaterials Design and Fabrication techniques

Biomaterials' design and fabrication techniques circle back directly to the application requirements
and the properties expected from the platform. Biomaterials need to be tailored to mimic the physical,
chemical, and biological properties of native tissues for their integration and functionality within the
human body [27]. Advanced fabrication techniques such as 3D printing, electrospinning, and
nanotechnology have revolutionized the development of biomaterials, allowing for the creation of
structures with precise geometries, porosities, and surface characteristics. These techniques enable the
production of biomaterials that can closely replicate the extracellular matrix's complex architecture,
providing the necessary cues for cell attachment, proliferation, and differentiation. Furthermore, the
design of biomaterials with specific degradation rates, mechanical properties, and surface functionalities
can significantly affect their biocompatibility, bioactivity, and overall therapeutic efficacy, underscoring
the importance of thoughtful biomaterial design in biomedical applications [28]. Moreover, the evolution
of biomaterials design and fabrication techniques has opened new avenues for personalized medicine,
where biomaterials can be custom-designed to meet the specific needs of individual patients. For
instance, the electrospinning technique offers significant advantages for designing custom structures in
biomedical applications. Firstly, electrospinning allows for precise control over the fiber diameter and
pore size, enabling scaffold fabrication that support cell attachment and proliferation, enhancing tissue
regeneration [29]. Also, electrospun nanofibers can be functionalized with various biomolecules, drugs,
or growth factors, making them ideal for controlled drug delivery systems. The high surface area-to-
volume ratio of these fibers increases their efficiency in drug loading and release kinetics, which can be
finely tuned by adjusting the electrospinning parameter [30]. Additionally, the incorporation of stimuli-
responsive materials into the design of biomaterials has led to the development of smart therapeutic
systems capable of responding to physiological signals for targeted drug delivery or tissue regeneration.
These advancements highlight the critical interplay between biomaterials design and fabrication
techniques in addressing the complex challenges of biomedical applications, ultimately leading to more

effective and personalized healthcare solutions.

2.1.Electrospun fibers

Electrospinning, dating back to the early 20th century, is one of the most used fabrication

techniques for many biomedical applications. This technique was first conceptualized for textile
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manufacturing, but it gained importance for its ability to fabricate ultrafine fibers resembling the
extracellular matrix, which is ideal for tissue engineering and regenerative medicine [31][32]. Growing
research exploring the use of various biocompatible and biodegradable polymers has led to innovations
in scaffold-like designs for diverse biomedical applications. The versatility of electrospinning in
manipulating polymer solutions into fibers with controlled morphology and properties increased the
application to wound healing, biosensing, and drug delivery systems [33]. Up to now, electrospinning
techniques have become more sophisticated, integrating advancements in nanotechnology and materials
science by the development of composite and core-shell fibers, enabling the incorporation of bioactive
agents and drugs [34]. The development of the electrospinning technique throughout the years can be

seen in Figure 3 [35].

Emulsion electrospun

Petryanov filters”, for sl sl s

capturing aerosol

particles controlled drug Emuylsion electrospun
. _ 1938 Melt release PCL coreseath
First electrospinning Electrospinning Electrospun 2006 nanofibers
patent Commercial " nanofibres for tissue 2011
— electrospun air filter ~ €ngineering
Donaldson Co. Inc. 2000s
1980 ]
l l 2008
2000s Emuls.ion electrospun
190? Preparation of matrices for cancer
Solution electrospun therapy 2011-2022
Electrospinning nanocomposite, core A
’ Novel applications of
sheath, hollow fibres emulsion electrospun
1964-69 systems in phase change
Formation of Taylor cone 2003 materials, tissue regeneration,
was first reported Coaxial electrospun wound healing and
nanofibres gene silencing etc.

Figure 3. Evolution of electrospinning technique throughout the years. The first electrospinning
patents started from solutions to melt spinning, followed by discovering diverse fibers and applications

for tissue engineering, drug delivery, and evolution for various biomedical applications [35].

Electrospinning is a versatile and efficient technique for producing ultrafine fibers with diameters
ranging from micrometers to nanometers [36]. At its core, electrospinning utilizes electrostatic forces to
draw a viscoelastic polymer solution or melt into fine fibers. This process begins with the preparation of
a polymer solution, where a polymer is dissolved in an appropriate solvent to create a solution with
specific viscosity, conductivity, and surface tension properties (Figure 4). The solution is then loaded into

a syringe equipped with a metallic needle or nozzle, which acts as the spinneret. When a high voltage is
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applied to the needle, the polymer solution becomes charged. As the voltage reaches a critical value,
electrostatic repulsion counteracts the surface tension of the polymer droplet formed at the tip of the
needle, leading to the formation of what is known as a Taylor cone. With a further increase in the electric
field, the repulsive electrostatic forces overcome the surface tension completely, and a charged jet of the
polymer solution is ejected from the tip of the Taylor cone. As the solvent evaporates or the melt solidifies,
solid fibers are formed and collected on a grounded or oppositely charged collector, typically positioned
a few centimeters away from the needle. The collector can be a static plate, a rotating drum, or a mandrel,
depending on the desired fiber alignment and structure [36]—[38]. It is worth mentioning that there are
several key parameters that play a crucial role in determining the properties of the resulting fibers and
optimizing these parameters is essential for tailoring the fibers to specific applications. The most
influential parameters can be categorized into three classes: 1. Instrument parameters (flow rate of the
polymer solution, applied voltage, the distance between the needle and collector, and the needle gauge
size), 2. Solution parameters (viscosity, conductivity, and surface tension) and 3. Ambient conditions

(temperature, humidity) [36].

Syringe
Polymer solution

T Spinneret

!
High-voltage
source

Jet

Nanofibers

Fiber mat

Collector

Figure 4. Schematic of the electrospinning setup. The polymer solution is loaded in the syringe
and placed at a working distance from the collector. The whole setup is connected to a high-voltage

source; as a result, the solution jet is formed, and nanofibers are collected [39].
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The resulting nonwoven mat of nano and microfibers is characterized by its outstanding properties and
features, making it an excellent candidate for many applications and novelties. One of the most notable
properties of electrospun fibers is their high surface area-to-volume ratio [40]. This characteristic is
particularly advantageous where a high surface area can enhance encounters with nanoparticles,
functionalization, cell adhesion, proliferation, and differentiation. The increased surface area also
facilitates a higher loading capacity for therapeutic agents, making these fibers ideal for targeted drug
delivery applications. Additionally, the porosity of the electrospun mats can be precisely controlled,
allowing for the adjustment of properties like permeability to gases and fluids [41]. Another significant
aspect of electrospun nano and microfibers is their ability to mimic natural tissues' extracellular matrix
(ECM). The ECM is a complex network of proteins and polysaccharides that provides structural and
biochemical support to cells. Electrospun fibers can replicate the nanofibrous structure of the ECM,
providing a more biomimetic environment for cell growth compared to traditional flat substrates. This
biomimicry is essential for tissue engineering applications, where the scaffold must provide an
appropriate microenvironment for cells to form new tissue. Furthermore, the mechanical properties of
these fibers, such as elasticity and tensile strength, can be tuned to match those of the native tissue,
ensuring that the scaffold can withstand physiological stresses while supporting tissue regeneration [42].

The versatility of electrospinning also allows for the incorporation of various functional materials
into the fibers. Bioactive molecules such as growth factors, enzymes, and antibiotics can be embedded
within the fibers or coated on their surface [43]. This incorporation can provide additional functionalities
like enhanced cell signaling, sensing biomolecules, antimicrobial properties, or controlled release of drugs,
further expanding the potential applications of these materials in biomedicine.

Moreover, the electrospinning process is compatible with a wide range of materials, including
natural polymers, synthetic polymers, and composites, allowing for the creation of fibers with tailored
properties for specific applications. In addition to these properties, electrospun fibers offer advantages in
terms of scalability and cost-effectiveness, making them viable for commercial production [44].

To summarize, the unique properties of nano and microfibers produced by electrospinning, such as
high surface area-to-volume ratio, biomimetic structure, mechanical tunability, and functional versatility,
make them significant in the biomedical field. Their application in brain-machine interfaces [45], wound
healing [46], drug delivery [47], biosensing [48], and other medical areas highlights their potential to
address a wide range of healthcare challenges, paving the way for advanced therapeutic strategies and

improved patient outcomes.
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2.2.Hydrogels

Hydrogels, as a form of three-dimensional polymeric networks, were first conceptualized in the
early 1960s. The initial development was driven by the need for materials that could mimic the natural
living tissue environment. As shown in Figure 5, the first hydrogels demonstrated the potential of these
materials to interface with biological tissues, owing to their biocompatibility and similar mechanical
properties to natural tissues. Over the following decades, the application of hydrogels expanded from
ophthalmology into more diverse biomedical fields. The 1980s and 1990s witnessed significant
advancements in hydrogel technology, with the development of stimuli-responsive hydrogels that could
change their properties in response to environmental factors like temperature, pH, or ionic strength. This
innovation opened new avenues for drug delivery systems, where hydrogels could release therapeutic
agents in a controlled manner. The turn of the century saw further evolution, with the integration of
nanotechnology leading to the development of nanocomposite hydrogels. Their offered properties made
them suitable for more demanding applications such as tissue engineering scaffolds, biosensors, and

wound dressings [49]-[51].

Nanocomposite
. Hydrogel
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Figure 5. Timeline of the advancement of hydrogels [50].

Hydrogels are a unique class of polymeric materials distinguished by their ability to retain a
significant amount of water within their structures. Fundamentally, they are three-dimensional,
hydrophilic networks of polymer chains capable of swelling in water to hold a large volume of fluid relative
to their dry weight [52]. The defining characteristic of hydrogels is their high water content, which typically

ranges from 10% to over 90% of their total weight. This property is primarily due to the presence of
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hydrophilic groups within the polymer network, such as hydroxyl, amine, and carboxyl groups. Hydrogels
can be formed from a wide range of natural or synthetic polymers, and their physical properties can vary
significantly depending on the nature of the polymer and the crosslinking method used to create the
network[53], [54].

In the biomedical field, hydrogels' physical and chemical properties are pivotal in determining their
suitability and effectiveness for various applications. Physically, the most critical property of hydrogels is
their high water content, which imparts a degree of softness and flexibility similar to natural tissues. This
characteristic is essential for applications that require contact with biological tissues and biomolecules,
such as wound dressings or biosensing [55]. The porosity of hydrogels is another vital physical property,
influencing not only their ability to allow the diffusion of nutrients and oxygen but also their capacity to
facilitate cell migration and proliferation. This is particularly important in tissue engineering, where the
scaffold's porosity must be optimized to support cell infiltration and tissue formation [56]. Furthermore,
the mechanical properties of hydrogels, such as elasticity, stiffness, and tensile strength, can be finely
tuned to match those of the native tissue, which is essential for applications in brain-machine interfaces
and tissue engineering. [57].

From the chemical point of view, biocompatibility plays the most significant role in biomedical
applications. Since they closely mimic the natural tissue environment in terms of their high water content
and soft, rubbery consistency, they are less likely to elicit an adverse immune response when used in the
body [58]. Additionally, hydrogels can be engineered to be biodegradable, allowing them to break down
into non-toxic components easily eliminated or absorbed by the body [59].

Another significant property of a class of hydrogels is their ability to respond to environmental
stimuli, such as changes in temperature, pH, or ionic strength. These so-called "smart" or "responsive"
hydrogels (Figure 6) can undergo abrupt changes in their swelling behavior or mechanical properties in
response to external stimuli, making them ideal for controlled drug release applications [60]. For instance,
a thermo-responsive hydrogel might swell and release its drug payload when exposed to environment
temperature more than its lower critical solution temperature (LSCT), providing targeted drug delivery
[61]. Poly(N-isopropylacrylamide), known as PNIPAAm as one of the most important and well-known
smart polymers, has been used in the shape of hydrogel for biomedical applications. This polymer, with

LSCT close to body temperature, has been explored for biomedical applications [23][62].
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Figure 6. Smart stimuli-responsive hydrogels and their application in different biomedical fields [63].

While promising, the application of hydrogels in the biomedical field is not without challenges,
particularly due to their inherently soft nature and weak mechanical properties [64]. One of the primary
concerns is their lack of sufficient mechanical strength, especially in load-bearing applications. Hydrogels,
by their very nature, are designed to be highly hydrophilic and absorbent, which imparts a degree of
softness and flexibility akin to natural tissues. However, this also means they often lack the necessary
tensile strength and structural integrity to withstand physiological stresses. This limitation can lead to
premature degradation or deformation of the hydrogel when in use, potentially compromising its
functionality and the overall success of the treatment. Additionally, the soft and often fragile nature of
hydrogels makes them challenging to handle and manipulate during surgical procedures, posing practical
difficulties in their clinical application [58].

To address these challenges, significant research efforts are being directed toward enhancing the
mechanical properties of hydrogels without compromising their biocompatibility and other beneficial

characteristics [65]. Strategies include the development of composite hydrogels, which incorporate
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reinforcing materials such as nanoparticles [66], fibers [67], or mesh structures to improve mechanical
strength. Another approach is the design of interpenetrating polymer networks within hydrogels, which
can provide a balance between flexibility and robustness [68]. However, these modifications must be
carefully optimized to ensure that the hydrogel remains biocompatible and retains its essential properties,
such as porosity and water content. Furthermore, the challenge extends to maintaining the hydrogel's
responsiveness and degradation rate, which are crucial for applications like drug delivery and tissue
regeneration. Overcoming these challenges is key to unlocking the full potential of hydrogels in biomedical
applications, particularly in scenarios where mechanical resilience is as crucial as biological functionality
[65].

Incorporating fibers as a layer in a multi-layered structure with hydrogels presents an innovative
solution to enhance the mechanical properties of hydrogels while retaining their inherent biocompatibility
and biofunctionality [67]. Fibers, especially those fabricated through techniques like electrospinning, can
provide the necessary tensile strength and structural support that hydrogels inherently lack. When
integrated into a layered structure, these fibers act as a reinforcing scaffold, imparting durability and
resistance to mechanical stresses. This combination harnesses the flexibility and high water content of
hydrogels with the robustness of fibrous materials, creating a strong and biologically effective composite.
Such a synergistic approach is particularly beneficial in applications requiring both mechanical integrity
and a soft, tissue-like environment, such as in load-bearing tissue engineering or in creating durable yet
comfortable biomedical devices. The fiber-reinforced hydrogel structures thus offer a promising pathway

to overcome one of the significant limitations of hydrogels in biomedical applications [69].

2.3.Layered nanostructures

Layered nanostructures that combine hydrogels and fibers represent an innovative class of
biomaterials ingeniously designed to leverage the advantages of both components while minimizing their
respective limitations. At its core, this hybrid structure typically involves a nano-fibrous scaffold layered
with hydrogel matrices, creating a composite material exhibiting each constituent's unique properties.
The fibers, often fabricated through techniques like electrospinning, provide mechanical strength and
structural integrity, addressing one of the primary shortcomings of hydrogels — their relatively weak
mechanical properties. These fibrous layers can be precisely engineered at the nanoscale to achieve
desired characteristics such as porosity, alignment, and tensile strength. On the other hand, the hydrogel
component, known for its high water content and excellent biocompatibility, contributes to the

composite's overall bioactivity and soft, tissue-like consistency. This layered arrangement allows for a
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synergistic interaction where the hydrogel enhances the biocompatibility and cell-friendly nature of the

scaffold, while the fibers confer the necessary mechanical support [70].

Fiber Fiber-Hydrogel composite | | Hydrogel

Physical bonding /
Chemical bonding

Mechanical bonding

Reinforcing Mechanical Properties

Figure 7. Fiber-hydrogel layered composite structure, showing the combination of hydrogel matrix
and nanofibers, can strengthen the stability of the platform via physical, chemical, and mechanical

bonding [71].

The integration of hydrogels and fibers into a layered nanostructure as shown in Figure 7, is not just
a mere combination of two materials; it's a strategic coalescence that results in a material with enhanced
functionalities. The hydrogel layers can be tailored to provide a conducive cell growth and proliferation
environment. They can also be functionalized to release bioactive molecules, such as biomarkers or drugs,
in a controlled manner, thereby adding the functionality of controlled release systems. Apart from
imparting strength, the fibrous layers also add to the scaffold's overall surface area, facilitating better cell
attachment and nutrient transport. This multi-layered approach effectively addresses the challenge of
creating mechanically robust and biologically active biomaterials, a critical requirement for many
biomedical applications. By benefiting from hydrogels and fibers, these layered nanostructures open up
new possibilities in designing advanced scaffolds for tissue regeneration, wound healing, and drug delivery

systems, overcoming some of the critical limitations faced by traditional materials in these fields [23].
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Many biomedical applications have used the idea of multi-layered structures consisting of hydrogel
and fibrous layers. One field that has benefited from these nanocomposite structures is biosensing. These
multi-layered composites offer a unique platform for the development of sensitive, flexible, and
biocompatible sensors. The hydrogel component provides a hydrophilic environment conducive to
biological interactions and analyte diffusion, which is essential for biosensing applications. At the same
time, the fibrous layer, in touch with both hydrogel and sensing agents such as nanoparticles, can act as
a steady substrate for the platform. This combination enhances the sensitivity and selectivity of
biosensors, making them suitable for detecting a wide range of biological markers, from glucose levels to
pathogenic bacteria. The flexibility and mechanical stability the fibrous layer provides also enable the
fabrication of wearable biosensors that can conform to the body, offering continuous, real-time
monitoring of physiological parameters [72].

In BMI systems and neural tissue engineering, layered nanostructures of hydrogels and fibers are
particularly advantageous because they provide a supportive and conducive environment for nerve
regeneration. The hydrogel layer can be engineered to mimic the soft and hydrated nature of neural
tissues, offering a biocompatible matrix for neuronal cell growth and differentiation. The fibrous layer, on
the other hand, provides the necessary mechanical support and can be aligned to guide the directional
growth of neural cells, which is crucial for the regeneration of neural pathways. Additionally, the
incorporation of conductive materials into the fibrous layer or the hydrogel porous structure can enhance
neuronal signaling and interaction, further promoting neural tissue repair and regeneration [73], [74].

Layered nanostructures combining hydrogels and fibers have also emerged as a versatile platform
for controlled drug delivery systems and wound dressings. The hydrogel layer, known for its high water
content and biocompatibility, can be loaded with therapeutic agents and designed to release them in a
controlled manner. This is particularly useful for localized and sustained drug release, reducing systemic
side effects and improving therapeutic efficacy. The fibrous layer, often made from biodegradable
materials, adds structural integrity to the system and can be engineered to degrade at a predetermined
rate, further controlling the release of the drug. There are various design setups for drug release, as both
components can be loaded with drugs, and based on the target delivery method, singular or dual delivery
can be performed. Additionally, incorporating stimuli-responsive materials into these layers can enable
targeted drug delivery, where specific physiological conditions, such as pH changes or enzymatic activity,
trigger the drug's release. This multi-layered approach allows for the precise control of drug release
kinetics, making it highly suitable for a wide range of therapeutic applications [75]. In wound dressing

applications, layered nanostructures of hydrogels and fibers offer an optimal combination of moisture
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management, mechanical protection, and bioactivity. The hydrogel layer provides a moist environment
that promotes wound healing, facilitates gas exchange, and absorbs wound exudate. Its high water
content also helps to maintain a cool temperature at the wound site, providing comfort to the patient.
The fibrous layer, typically made from materials like chitosan or collagen, adds mechanical strength to the
dressing, protecting the wound from external stresses while still allowing for flexibility and conformability
to the body. The fibrous layer can also be functionalized with antimicrobial agents or growth factors to
further promote wound healing and prevent infection. This layered approach to wound dressing design
addresses the key requirements of an ideal wound dressing: maintaining a moist healing environment,

providing mechanical protection, and supporting the natural wound healing process [76], [77].
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3. Biomedical applications

3.1.Biosensing

Healthcare is vital at the meeting point of science and technology, constantly evolving to address
new challenges. The availability of simple, accessible diagnostic tools capable of identifying a wide array
of biologically relevant analytes is indispensable for enhancing disease prevention and therapeutic
measures [78]. Improvements in healthcare are vital across various domains, including hygiene,
pharmaceutical development, food safety, environmental science, forensics, and both medical and clinical
diagnostics [79]. Given the increasing proliferation of toxic substances in these areas, the early detection
of such materials is paramount. Timely identification allows for immediate and effective response
measures, underscoring the need for sophisticated detection technologies [80].

Biosensors, first pioneered by Clark and Lyons in the 1960s with the development of enzyme
electrodes for glucose measurement, have significantly evolved to address these detection challenges
[81]. A biosensor is an apparatus combining a biological component, such as an enzyme or antibody, with
an electronic element to produce a quantifiable signal. This electronic component is responsible for
detecting, recording, and transmitting information about physiological changes or the presence of various
chemical or biological substances in the environment. Biosensors vary in size and shape and can detect
and quantify low concentrations of specific pathogens, toxic chemicals, and pH levels. The typical
structure of a biosensor includes several key components: (a) an analyte, (b) a bioreceptor, (c) a
transducer, (d) electronic processing units, and (e) a display interface. Each part plays a vital role in the
detection and measurement process, from identifying the target substance to presenting the results in a

user-friendly format [82], [83].
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Figure 8. Diagram of typical biosensors, showing each part of the system, specifying types of bio-

receptors and transducers [84].

Biosensors can be categorized based on the type of bioreceptor or transducer they utilize, as

demonstrated in detail in Figure 8. Bioreceptors, which are biological elements that recognize and bind to

specific analytes, dictate the specificity and selectivity of the biosensor. Common bio-receptors include

enzymes, antibodies, nucleic acids, and cellular structures, each tailored to target specific molecules or

biochemical processes. This variety allows biosensors to be finely tuned for applications ranging from

medical diagnostics to environmental monitoring [80].

Transducers in biosensors convert the biological reaction into a measurable signal, classified based

on the nature of this signal conversion. The main types include electrochemical, optical, thermal,

piezoelectric, and electronic transducers. Electrochemical transducers, for example, measure changes in

current or voltage that occur due to chemical reactions at the electrode surface. Optical transducers

detect changes in light properties, while thermal transducers measure heat changes caused by

biochemical reactions [85].
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3.1.1. Optical biosensing based on plasmonics

Optical biosensing is a versatile approach within the broader field of biosensor technologies,
utilizing light-based interactions to detect and quantify biological phenomena[86]. These biosensors work
by measuring alterations in light properties such as intensity, phase, wavelength, or polarization, which
occur as a result of specific biochemical interactions on a sensor surface. This method is highly valued for
its non-contact, non-destructive nature and ability to provide real-time, label-free monitoring of a wide
range of biological and chemical processes. The technology behind optical biosensing is rich and varied,
encompassing several techniques each suited to different applications [87]. Techniques such as
fluorescence, luminescence, and absorbance offer dynamic range and sensitivity solutions, pivotal for
detecting low-abundance biomarkers. Another widely used method involves interferometry, which can
effectively measure minute changes in the optical path length caused by biological reactions, offering
ultra-sensitive detection capabilities ideal for clinical diagnostics and environmental monitoring [88].
Given its significant advantages in terms of sensitivity and specificity, optical biosensing has critical
applications in medical diagnostics [48], environmental monitoring [89], and food safety [90]. It allows for
detecting enzymes like lysozyme, monitoring of glucose levels, or detection of contaminants in real-time,
with minimal sample preparation. This technology enhances traditional diagnostic methods' capabilities
and opens new avenues for advanced therapeutic monitoring and personalized medicine.

Plasmonic biosensors, a subset of optical biosensors, have garnered attention for their ability to
manipulate light properties at the nanoscale [91]. These sensors utilize the resonant coupling of
electromagnetic waves, driven by the oscillations of free electrons in metals, a process known as
plasmonic activity. This phenomenon enables light confinement to wavelengths much smaller than the
incoming light [85]. Plasmonic biosensors are mainly categorized into two classes of detecting platforms.
Surface Plasmon Resonance (SPR) has been a significant part of optical biosensing, known for its ability to
detect changes in refractive index near a plasmonic sensor surface, typically a thin metal film. SPR
biosensors are highly sensitive and have been widely used for real-time, label-free detection of
biomolecular interactions [92]. However, moving towards Localized Surface Plasmon Resonance (LSPR)
offers several advantages. LSPR, associated with nanostructured materials like gold and silver
nanoparticles, provides enhanced sensitivity and miniaturization possibilities. The light-matter interaction
resulting from nanoparticles leads to the collective oscillation of conduction band electrons, resulting in
strong absorption and scattering of light at specific wavelengths [93]. The LSPR wavelength is highly

sensitive to the size, shape, and material of the nanoparticles and the surrounding environment. This
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sensitivity makes LSPR an excellent tool for biosensing applications, as changes in the local refractive index
near the nanoparticle surface (due to biomolecular binding events) result in measurable shifts in the LSPR
spectrum [94]. Unlike SPR, which requires a planar metal surface, LSPR can occur in nanoparticles,
allowing for more versatile sensor designs and the possibility of integrating these sensors into a variety of
platforms, including hydrogels (Figure 9). This shift to LSPR opens up new avenues for creating more
compact, sensitive, and versatile biosensing devices [95]. Furthermore, LSPR-based sensors can be
designed to target specific biomolecules by functionalizing the nanoparticle surface with selective
recognition elements. The ability to tune the optical properties of nanoparticles through their physical
parameters provides a customizable platform for a wide range of biosensing applications, from disease

diagnostics to healthcare monitoring [96], [97].
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Figure 9. Comparison of SPR and LSPR techniques: The left side illustrates the SPR method, which
measures changes in the reflection angle (8) at a metal-dielectric interface, with a graph showing the
corresponding reflection dip. The right side depicts the LSPR method, which measures changes in
extinction (absorption/scattering) of light by plasmonic nanoparticles, with a graph showing the shift in
the extinction peak (A). Both techniques are used for sensitive detection of molecular interactions, with
SPR monitoring large planar surfaces and LSPR focusing on nanoscale interactions at the surface of

nanoparticles [93].
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3.2.Brain-machine interfaces

Neurological disorders and injuries pose significant challenges in healthcare, impacting millions
worldwide, ranging from traumatic brain injuries to chronic neurodegenerative diseases like Alzheimer's
and Parkinson's disease. These conditions can severely disrupt the normal functioning of the nervous
system, leading to a wide range of symptoms, including motor dysfunction, memory loss, and altered
mental states, which significantly decrease the quality of life [98]. The central nervous system (CNS),
comprising the brain and spinal cord, is particularly vulnerable as it has a limited capacity for self-repair,
making neuroregeneration a complex and often insurmountable challenge. Consequently, neurological
disorders remain some of the most difficult conditions to treat effectively in modern medicine. The
peripheral nervous system (PNS) does show some regenerative abilities; however, these are typically
limited and slow, often failing to return full function to the affected areas. This disparity in healing
capacities highlights the necessity for ongoing research and development in medical technologies and

therapies that can bridge the gap in neuro regenerative needs [99].
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Figure 10. Overview of neural stimulation techniques and biomaterials: The image depicts various
brain stimulation methods, including magnetic, optical, ultrasound, and electrical stimulation. It
highlights the integration of different biomaterials, such as stimuli-responsive biomaterials, conductive

biomaterials, and shape memory biomaterials, to enhance neural interface technologies [99].
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One of the promising approaches in advancing neural electrodes involves integrating advanced
biomaterials, neuroprotective strategies, and potentially natural compounds with neuroregenerative
properties, nicely shown in Figure 10 [100]. These biomaterials significantly enhance neural interfaces'
functionality, compatibility, and longevity, facilitating more effective brain-device communication [101].
A less invasive interaction with neural circuits is achieved by applying novel biomaterials at the neural
device interface, maintaining long-lasting functionality. For instance, biocompatible coatings, such as
nanostructured hydrogels, reduce tissue inflammation and prevent scar tissue formation around the
implant, thereby improving the safety and stability of neural interfaces over time. Such biomaterials
provide a physical buffer and actively participate in biofunctionalization, enhancing the interface's
integration with neural tissue. This is crucial for developing reliable and durable neural communication
pathways for applications like brain-machine interfaces (BMlIs), neuroprosthetics, and deep brain
stimulation [45]{102].

Biomaterials have revolutionized the field of neural electrodes, providing critical advancements in
the interface between electronic devices and neural tissue. Neural electrodes require materials that can
reliably record and stimulate neural activity while minimizing tissue damage and immune responses [103].
Traditional conductive materials like metals and silicon often face challenges related to mechanical
mismatch with the soft, delicate brain tissue, leading to inflammation, scarring, and implant failure.
Biomaterials, particularly those that are soft, flexible, and biocompatible, offer significant improvements
by closely mimicking the mechanical properties of neural tissue, thereby reducing adverse biological
responses and enhancing the longevity and functionality of neural implants. Among the various
biomaterials, hydrogels, conducting polymers, and composite materials have shown great promise.
Hydrogels, with their high water content and tissue-like consistency, provide a hydrated environment that
supports cell viability and integration [104]. Conducting polymers, such as polypyrrole and poly(3,4-
ethylenedioxythiophene) (PEDOT), combine electrical conductivity with flexibility, making them ideal for
neural interfaces. These materials can be engineered to possess specific electrical and mechanical
properties that enhance their performance in recording and stimulating neural signals. Additionally,
composite materials that incorporate nanoparticles, carbon nanotubes, or graphene within hydrogel
matrices or conducting polymers further enhance neural electrodes' electrical, mechanical, and biological
properties. This combination of materials science and biomedical engineering is paving the way for next-
generation neural electrodes that are more efficient, durable, and capable of providing higher-fidelity

neural interfaces for advanced therapeutic and diagnostic applications [105].
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4. Aims and thesis

The aim of my study was to design, fabricate and optimize:
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Hydrogel 3D structures based on thermoresponsive PNIPAAmM.

Electrospun nanofibers based on biopolymers with desirable properties.

Fabricate multi-layer combinations of these materials.

Incorporation of plasmonic nanoparticles such as gold and silver.

Biosensing of molecules such as glucose and lysozyme from body fluids (e.g., urine, tears).

Brain-machine interfaces.

These aims were achieved through

>
>
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Extensive revision of available literature.

Chemical, structural, morphological, optical, photothermal, and mechanical
characterization of each component and step.

Optimizing polymerization steps for hydrogel preparation.

Optimizing the electrospinning formulations, polymer selection, and conditions for
nanofibers.

Optimizing the plasmonic particles needed for each application.

Multi-layer composite optimization and introduce a new custom-made approach for
measuring the interlayer adhesion strength.

Antibacterial assessment of bio-inspired platform.

Biocompatibility assessment of multi-layered platforms.

Glucose sensing from real human urine samples.

Colorimetric naked-eye detection of Lysozyme using saline solution

Lysozyme sensing from real human tear samples.



5. Materials and methods
5.1.Materials

5.1.1. Hydrogel precursor solution

Poly(N-isopropylacrylamide) known as PNIPAAm is the main component of the hydrogel used in the
studies. The chemical structure of this polymer can be seenin Figure 11, where this polymer is synthesized

via radical polymerization of the monomer N-isopropylacrylamide.
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Figure 11. Chemical structure of PNIPAAmM

PNIPAAm is non-biodegradable and undergoes a distinct phase transition near human body
temperature, specifically around 32°C in pure water. Below this volume phase transition temperature
(VPTT), the polymer maintains an extended coil conformation, displaying stable structural properties.
Notably, the VPTT can be adjusted to suit different applications, enhancing the polymer's versatility. To
successfully reach body temperature for bio-applications, we have used NIPMAAmM monomer alongside
to reach a VPTT of ~37°C.

To prepare the hydrogel precursor at a concentration of 4.8 wt%, 578.13 mg of NIPAAm, 15.63 mg
of NIPMAAm, and 31.25 mg of BIS-Aam (crosslinker) were added to 12.5 mg of Irgacure 2959
(photoinitiator). This mixture was dissolved in 10 ml of deionized water to reach a 95.2 wt% solution.
The mixture was wrapped in aluminum foil for protection from light and stirred overnight until complete
dissolution. In the case of the addition of chemical initiators, 0.1 wt% APS solution and 0.04% v/v
of TEMED were added to the precursor solution. Polymerization was done according to the specifics of
each research via UV-irradiation, while the solution was kept in an ice bath to control the temperature
rise during polymerization. The general idea of the preparation methods and polymerization steps is

shown as schematics in each research paper.
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5.1.2. Electrospun nanofibers
Poly(e-caprolactone) (PCL) is one of the most important and most used polymers in biomedical
applications. PCL is a biodegradable polyester with a low melting point of around 60°C, which facilitates
easy processing and a slow degradation rate, making it ideal for long-term biomedical use. PCL's
mechanical properties include high flexibility and good impact resistance, which can be adjusted through
copolymerization or blending with other polymers. Its ability to be tailored for specific applications,
coupled with its biocompatibility, makes PCL a preferred material in bio-based applications. The chemical

structure of PCL can be seen in Figure 12.
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Figure 12. Chemical structure of PCL

To prepare nanofibers via electrospinning, solutions containing PCL at concentrations of 10% and
14% w/v were prepared in a solvent mixture comprising chloroform and DMF (9 : 1) for the
electrospinning process. Through a series of optimizations, nanofibers were successfully generated, with
key electrospinning parameters set as follows: a flow rate of 0.5 mL h™!, employment of a 26 G needle
featuring an outer diameter of 0.45 mm, and an applied voltage of 12.5 kV. In order to collect the
resulting nanofibers in either a random or aligned configuration, a flat collector and a drum collector
with a rotating speed of 2000 rpm were employed, positioned at a working distance of 15 cm from the
electrospinning needle, respectively. Temperature of 20 °C and 40% relative humidity were used during
the process.

In order to improve the the hydrophilicity of PCL nanofibers, in one of the research, we have
added polyethylene oxide (PEO) to the mixture. PEO is a polymer known for its high solubility in water
and excellent biocompatibility, making it a popular choice in pharmaceutical and medical applications.
Its properties include a high degree of flexibility and low toxicity, and its role in creating hydrogels that
can deliver cells or drugs effectively is particularly valued. Chemical structure of this blend can be seen

in Figure 13.
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Figure 13. Chemical structure of PCL/PEO

To prepare nanofibers, a solution of 12% (w/v) PCL/PEO in a 75:25 weight ratio was dissolved in an
80:20 volume ratio of dichloromethane to dimethylformamide (DCM:DMF). The solution was stirred
overnight at room temperature using a magnetic stirrer before electrospinning. The electrospinning was
carried out at a flow rate of 300 uL/h and a voltage of 15 kV. Fibers were collected on a drum positioned
13 cm from the 21G needle, rotating at 500 rpm, in conditions maintained at approximately 21-22°C with
50% humidity.

Another approach was to use Poly(L-lactide-co-ge-caprolactone) (PLCL) copolymer to achieve
nanofibers. PLCL (Figure 14) is a copolymer that combines the beneficial properties of polylactic acid (PLA)
and PCL, offering a versatile balance between mechanical strength and flexibility. It is known for its good
biodegradability and biocompatibility, making it highly suitable for medical applications. PLCL degrades
slower than PLA, providing a longer structural support in biomedical implants. Its mechanical properties
and degradation rate can be tailored by adjusting the ratio of lactide to caprolactone, allowing for specific

applications that require precise control over these parameters.
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Figure 14. Chemical structure of PLCL.

For the electrospinning process, A 10% (w/w) PLCL solution was prepared in a 90:10
chloroform/DMF mixture and stirred overnight using a magnetic stirrer before electrospinning. The
electrospinning parameters were set to a 15 kV positive voltage, 800 uL/h flow rate, and a 26G needle
positioned 15 cm from a rotating drum at 500 rpm to form desirable fibers. The fibers, forming a mat,
were collected after utilizing 2 mL of solution to achieve the required thickness under conditions of 25°C

and 40% relative humidity.
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5.2. Characterization Methods

The list of characterization methods and equipment used in my research are as follows:

e Scanning electron microscopy (SEM)

e Field emission scanning electron microscopy (FE-SEM)

e Transmission electron microscopy (TEM)

e Energy-dispersive X-ray spectroscopy (EDX)

e Atomic force microscope (AFM)

e Dynamic light scattering (DLS)

e Fourier-transform infrared spectroscopy (FT-IR)

e  X-ray scattering (XRD)

e  Gel permeation chromatography (GPC)

e UV-Vis spectrophotometer

e Fluorometer plate reader

e Ultrasonic Liquid Processor

e Oxygen plasma generator

e Ultra-violet (UV) lamp

e lyophilizer Freeze-dryer

e Contact angle measurement goniometer

e Near-infrared light source (NIR)

e High-resolution thermal camera

e Llaser cutting system

e  Mini sputter coater

e Texture Analyzer (Tensile and compression mode)

e Macrotensile measurements

e Antibacterial tests

e In vitro biological tests (Cell viability by PrestoBlue assay, Live/Dead assay and cell
morphology using Actin/Dapi staining)

e Confocal microscope
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6. Articles included in the publication cycle of the dissertation

This Ph.D. thesis is presented as a series of research publications. It includes the following cycle of

published research articles:

1. Smart plasmonic hydrogels based on gold and silver nanoparticles for biosensing application.

Yasamin Ziai, Chiara Rinoldi, Pawet Nakielski, Luciano De Sio and Filippo Pierini, F.
Current Opinion in Biomedical Engineering, p.100413.

Impact factor: 4.16

2. Chameleon-inspired multifunctional plasmonic nanoplatforms for biosensing applications.

Yasamin Ziai, Francesca Petronella, Chiara Rinoldi, Pawet Nakielski, Anna Zakrzewska, Tomasz
A. Kowalewski, Weronika Augustyniak, Xiaoran Li, Antonella Calogero, Izabela Sabata, Bin Ding,
Luciano De sio, and Filippo Pierini.

NPG Asia Materials, 14(1), p.18., 2022

Impact factor: 10.76

3. Developing strategies to optimize the anchorage between electrospun nanofibers and
hydrogel for multi-layered plasmonic biomaterials.
Yasamin Ziai, Massimiliano Lanzi, Chiara Rinoldi, Seyed Shahrooz Zargarian, Anna Zakrzewska,
Alicja Kosik-Koziot, Pawet Nakielski, and Filippo Pierini*

Nanoscale Advances 6, no. 4 (2024): 1246-1258.

Impact factor: 4.7

4. Lysozyme-sensitive plasmonic hydrogel nanocomposite for colorimetric dry-eye
inflammation biosensing.
Yasamin Ziai, Chiara Rinoldi, Francesca Petronella, Anna Zakrzewska, Luciano De Sio, Filippo
Pierini.
RSC nanoscale, 2024 (Revision submitted)

Impact factor: 8.3
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5.

Conducting polymer-based nanostructured materials for brain—-machine interfaces.
Yasamin Ziai, Seyed Shahrooz Zargarian, Chiara Rinoldi, Pawet Nakielski, Antonella Sola,

Massimiliano Lanzi, Yen Bach Truong, and Filippo Pierini.

Wiley Interdisciplinary Reviews: Nanomedicine and Nanobiotechnology, p.e1895, 2023
Impact factor: 9.42

Additional studies as supporting role in the research:

6.

In vivo chronic brain cortex signal recording based on a soft conductive hydrogel biointerface.

Chiara Rinoldi, Yasamin Ziai, Seyed Shahrooz Zargarian, Pawet Nakielski, Krzysztof Zembrzycki,
Mohammad Ali Haghighat Bayan, Anna Beata Zakrzewska, Roberto Fiorelli, Massimiliano Lanzi,
Agnieszka Kostrzewska-Ksiezyk, Rafat Czajkowski, Ewa Kublik, Leszek Kaczmarek, Filippo Pierini

ACS Applied Materials & Interfaces, 15(5), pp.6283-6296, 2022.
Impact factor: 10.38

Chronic Probing of Deep Brain Neuronal Activity Using Nanofibrous Smart Conducting

Hydrogel-Based Brain-Machine Interface Probes

Seyed Shahrooz Zargarian, Chiara Rinoldi, Yasamin Ziai, Anna Beata Zakrzewska,

Roberto Fiorelli, Matgorzata Gazifiska, Martina Marinelli, Magdalena Majkowska, Bartosz
Mindur, Pawet Hottowy, Rafat Czajkowski, Ewa Kublik, Pawet Nakielski, Massimiliano
Lanzi, Leszek Kaczmarek and Filippo Pierini

ACS Nano, 2024 (Submited)
Impact factor : 16.6

Multifunctional platform based on electrospun nanofibers and plasmonic hydrogel: A smart

nanostructured pillow for near-infrared light-driven biomedical applications.

Pawet Nakielski, Sylwia Pawtowska, Chiara Rinoldi, Yasamin Ziai, Luciano De Sio, Olga
Urbanek, Krzysztof Zembrzycki, Michat Pruchniewski, Massimiliano Lanzi, Elisabetta Salatelli,
Antonella Calogero, Tomasz A Kowalewski, Alexander L Yarin, Filippo Pierini

ACS Applied Materials & Interfaces, 12(49), pp.54328-54342, 2020.
Impact factor: 10.38
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9. Ultraviolet Light-Assisted Electrospinning of Core-Shell Fully Cross-Linked P (NIPAAm-co-
NIPMAAm) Hydrogel-Based Nanofibers for Thermally Induced Drug Delivery Self-Regulation.

Sylwia Pawtowska, Chiara Rinoldi, Pawet Nakielski, Yasamin Ziai, Olga Urbanek, Xiaoran Li,
Tomasz Aleksander Kowalewski, Bin Ding, Filippo Pierini.

Advanced Materials Interfaces, 7(12), p.2000247, 2020.
Impact factor: 6.38

10. Advances in Biomaterials and Strategies for Enhancing Bone Tissue Regeneration: A
Comprehensive Review
Syed Ahmed Shah, Muhammad Sohail, Pawet Nakielski, Chiara Rinoldi, Shahrooz Zargarian,
Alicja Kosik-Koziot, Yasamin Ziai, Mohammad Ali Haghighat Bayan, Daniel Rybak, Magdalena
Bartolewska, Filippo Pierini
Nanotechnology (Under revision)

Impact factor: 3.5

Other publications conducted during PhD studies:

11. Utilization of compressible hydrogels as electrolyte materials for supercapacitor

applications.

Amrita Jain*, Yasamin Ziai*, Kamil Bochenek, Sai Rashmi Manippady, Filippo Pierini, Monika
Michalska.

RSC advances, 13(17), pp.11503-11512, 2023.
Impact factor: 4.036

12. Laser-assisted fabrication of Injectable Nanofibrous Cell Carriers.

Pawet Nakielski, Chiara Rinoldi, Michat Pruchniewski, Sylwia Pawtowska, Matgorzata Gaziriska,
Barbara Strojny, Daniel Rybak, Katarzyna Jezierska-WozZniak, Olga Urbanek, Piotr Denis, Emilia
Sinderewicz, Wioleta Czelejewska, Joanna Staszkiewicz-Chodor, Marta Grodzik, Yasamin Ziai,
Monika Barczewska, Wojciech Maksymowicz, Filippo Pierini

Small, 18(2), p.2104971, 2022.
Impact factor: 13.3
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13. Influence of the active layer structure on the photovoltaic performance of water-soluble

polythiophene-based solar cells.

Massimiliano Lanzi, Debora Quadretti, Martina Marinelli, Yasamin Ziai, Elisabetta Salatelli,
Filippo Pierini.
Polymers, 13(10), p.1640, 2021.

Impact factor: 5.0

14. lonic Push—Pull Polythiophenes: A Further Step towards Eco-Friendly BHJ Organic Solar Cells
Marinelli, Martina, Massimiliano Lanzi, Filippo Pierini, Yasamin Ziai, Alberto Zanelli, Debora

Quadretti, Francesca Di Maria, and Elisabetta Salatelli.

Polymers, 14(19), p.3965, 2022.
Impact factor: 5.0

15. A new alcohol-soluble dye-tetraphenyl porphyrin functionalized copolymer: inside the role

as a third component/cathode interlayer in halogen-free OSCs

Marinelli, Martina, Massimiliano Lanzi, Debora Quadretti, Yasamin Ziai, Filippo Pierini, Alberto
Zanelli, Riccardo Medri, and Elisabetta Salatelli.

Reactive and Functional Polymers, 2024.

Impact factor: 3.97
16. Influence of conductive carbon content in hydrogel-based composite on morphological and

electrical properties for electrochemical energy conversion.

Pawtowska, Sylwia, Karolina Cysewska, Yasamin Ziai, Jakub Karczewski, Piotr Jasinski, and

Sebastian Molin.

Beilstein Archives, 2023(1), p.30, 2023.
Impact factor: 3.64
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Publication Scores Citations
IF Date
number MniSW 2023 May 2024
1 4.16 12.2022 20 30
2 10.76 03.2022 140 56
3 4.7 01.2024 20 2
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7. Summary of the articles included in the publication cycle of the
dissertation

7.1. Smart plasmonic hydrogels based on gold and silver nanoparticles for
biosensing application

Before the experimental part of my research, | reviewed the literature and led a review article fused
on foundational research in the hydrogel-based materials integrated with plasmonic nanoparticles,
specifically for applications in biosensing. This study allows us to understand the development, explore
the possibilities, identify the shortcomings, forecast the future prospects of this field for performing
experimental parts, and provide guidelines for fellow contributors to the field. Recognizing the critical
need for fast, accurate, and reusable biosensors in healthcare, | focused on the integration of these
hydrogels as matrices due to their hydrophilic nature and efficient biorecognition capabilities. In this work,
| have focused on the application of localized surface plasmon resonance (LSPR) enabled by plasmonic
nanoparticles, which enhances biosensor sensitivity and detection limits.

The study was initiated by explaining the optical biosensing principles within the SPR-LSPR method.
Gold and silver are the most prominent plasmonic nanoparticles used in biosensing due to their
exceptional ability to enhance and localize electromagnetic fields at their surface. This unique property
significantly improves the sensitivity and specificity of biosensors by facilitating the detection of low-
concentration biomolecules. Hydrogels are highly valued in biosensing for their biocompatibility and high
water content, which closely mimic the natural environment of biological markers and particles. These
characteristics enable hydrogels to effectively integrate with biological components, enhancing the
stability and responsiveness of biosensors to target analytes. By combining these two materials, we can
benefit from their combined properties to create a platform that exhibits enhanced sensitivity and

responsiveness (Figure 15).
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Figure 15. Schematic illustration of the general idea of the review paper, investigating smart plasmonic
biosensors using plasmonic particles like gold and silver, introducing the benefits of each component

[97].

Gold nanoparticles (AuNPs) are extensively utilized in sensing due to their noticeable shift in
absorption peak and elevated sensitivity. Additionally, AuUNPs boast chemical stability and have undergone
extensive research over the vyears, leading to advancements in their surface chemistry and
biocompatibility. While AuNPs are thoroughly researched for their localized surface plasmon resonances,
silver nanoparticles (AgNPs) are notably more effective for sensing applications. Several researches
indicate that AgNPs exhibit shifts in their LSPR band that are significantly more pronounced—up to five
times greater—when interacting with specific molecules compared to AuNPs. Excellent research papers
were investigated in this review to investigate the important aspects of both particles in different systems
and various biosensing applications.

Research into plasmonic hydrogels is opening new possibilities in biosensing, modifying the way for
advancements in clinical diagnostics and therapeutic monitoring. These materials enhance sensor
functionality by bringing in the unique properties of plasmonic nanoparticles, such as their ability to

undergo changes in Localized Surface Plasmon Resonance frequencies upon interacting with target
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analytes. This tunability, dependent on the nanoparticles' size and shape, allows for the precise tailoring
of biosensors to various applications. The integration of such technologies into fabricated materials, such
as hydrogel systems, could further enhance the detection processes, making them faster and more
efficient.

Looking forward, the potential for innovation in plasmonic hydrogel biosensors is extensive.
Enhancements in hydrogel structures could improve the accessibility of target molecules to sensing
receptors, optimizing the detection environment. Additionally, incorporating stimuli-responsive materials
could expand the capabilities of these biosensors, allowing for more versatile, label-free detection of
biomolecules and potentially creating reusable, dual-responsive systems. As research progresses, the
synthesis of nanoparticles in diverse shapes and the development of core-shell structures combining

different metals may significantly boost the sensitivity and range of these biosensing platforms.
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7.2. Chameleon-inspired  multifunctional  plasmonic  nanoplatforms  for
biosensing applications

In this study, | explore the utilization of chameleon-inspired multifunctional plasmonic
nanoplatforms for biosensing applications. The fascination with bioinspired and biomimetic materials
stems from their unique ability to interact with light and their potential for sensitive biosensing
applications. Specifically, this research develops a nanostructured material platform that mimics the
structure of chameleon skin. The aim was to create a device capable of sensing glucose in body fluids
without requiring external energy inputs, using the natural responsiveness of the plasmonic materials to
environmental changes. This innovative approach holds promise for enhancing non-invasive medical

diagnostics and offers a sustainable alternative to traditional power-dependent devices.

Figure 16. Bioinspired multi-layered platform inspired by particles in chameleon skin. a)

nanoparticles in the shape of cubes and rectangles found in the skin of chameleon vs. b) silver
nanocubes used in our system, c) multi-layered structure of our platfrom, showing the porous hysrogel

and AgNCs, covering the layer of PCL/PEO nanofiberous mat [48].

The nanoplatform as shown in Figure 16 comprises a three-layer structure with two outer layers of
a nanocomposite plasmonic hydrogel and an inner layer of an electrospun mat. Silver nanocubes
embedded in a poly(N-isopropyl acrylamide)-based hydrogel network and layered with an electrospun
mat not only to facilitate homogeneous hydrogel coating but also to significantly improve the mechanical

and structural properties of the system.
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Extensive chemical, morphological, and optical characterizations were done on each component
and the whole structure to confirm the multifunctional capabilities of the platform. The synergistic effects
of the nanostructured system's components contribute to its photothermal responsivity and antibacterial
activity. The optical properties of the silver nanocubes are essential in enabling the platform's use in
glucose-sensing applications, as demonstrated through sensitive detection linked to changes in the LSPR
properties of the nanocubes.

The practical application of this nanoplatform in glucose sensing was a significant focus of this
research, as shown in Figure 17. The platform's ability to detect glucose from urine at concentrations
relevant to medical diagnostics without the need for blood samples is a critical advancement. The device's
optical response, based on changes in the LSPR absorption peaks induced by varying glucose levels, allows

for easy and rapid readings, potentially simplifying diabetes management.
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Figure 17. Biosensing application of the platform. a) schematic representation of the glucose
monitoring using bodily fluid (e.g., urine). b,c)The absorption spectra of the platform in different
environments and the shift in the absorption peaks. d,e) The limit of detection of the system (LOD) was
measured, showing the platform’s ability to detect both glucose levels in the healthy and diabetic

ranges.

In this study, we developed a multifunctional, antibacterial, photothermal-responsive glucose-
sensing platform, inspired by chameleon skin. The design features a central layer of PEO/PCL electrospun
fibers sandwiched between two layers of P(NIPAAm-co-NIPMAAm)-based hydrogels embedded with
silver nanoclusters (AgNCs) for enhanced sensing. These AgNCs confer the hydrogel layers with
antibacterial and photothermal properties while enabling glucose detection. Tests with a laser beam and
thermal camera confirmed the platform's photothermal response, and its structural integrity was
supported by the nanofibrous mat, ensuring durability and consistent performance even under physical
stress. The platform efficiently detected glucose in human urine, showcasing its potential for non-invasive
glucose monitoring with a lower detection limit compared to typical glucose levels in healthy and diabetic
individuals. This system's integration of antibacterial, photothermal, and sensing capabilities marks it as a

promising tool for biomedical applications.
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7.3.Lysozyme-sensitive plasmonic hydrogel nanocomposite for colorimetric dry-
eye inflammation biosensing

In this study, | have focused on non-invasive biosensing of Lysozyme, a key biomarker for various
health problems such as dry-eye disease. For this reason, | have fabricated a plasmonic hydrogel
nanocomposite tailored for the colorimetric detection of inflammation in dry-eye conditions (Figure 18).
The motivation for this research was the critical need for rapid, user-friendly biosensors capable of
monitoring lysozyme levels in ocular fluids. The innovative aspect of my research lies in the integration of
hydrogel, electrospun nanofibers, and plasmonic nanoparticles to create a highly sensitive, easy-to-use
biosensor that operates based on localized surface plasmon resonance (LSPR) which can also detect the
changes using a colorimetric approach. This sensor aims to provide non-invasive, fast, visualistic, and
accurate monitoring capabilities, making it a promising tool for early diagnosing and managing eye-related

health issues.

Healthy
Condition

Nano e
_JYplatform Dry-eye
Condition

Figure 18. Schematic illustration of the research idea, showing the colorimetric changes in the

platform by varying the concentration of lysozyme in the tear.

The fabrication involved a process of integrating poly(L-lactide-co-caprolactone) (PLCL) nanofibers
with silver nanoplates (AgNPIs) followed by embedding within a poly(N-isopropylacrylamide)-based
hydrogel. This multi-component system brings out the unique properties of each material, providing a
stable plasmonic platform that enhances the mobility and integration of biomolecules. | performed
comprehensive chemical, structural, thermal, and optical characterization of the entire platform. FE-SEM

images of the particles inside the solution and in the structure show their good distribution and stability
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without aggregation. Contact angle measurements showed the enhanced hydrophilicity of the fibers after
deposition of the nanoparticles, making them better candidates to form a platform with hydrogel
materials. After applying the hydrogel layer, the FE-SEM of the cross-section confirms the well-structured
platform with a stable and robust penetration of the fibers into the hydrogel matrix. Photothermal
imaging of the platform shows the fast responsiveness of the system upon turning on and off the laser,
which allows the system to be reusable.

One of the standout features of the biosensor is its ability to provide results that are easily visible
to the naked eye, bypassing the need for sophisticated instrumentation. This is particularly advantageous
for point-of-care diagnostics. Additionally, incorporating stimuli-responsive hydrogels allows for
reversible physical changes in the biosensor's structure in response to environmental stimuli, which can

be used to fine-tune the sensing mechanism.
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0 min 10 min 30 min 60 min

mechanism upon the addition of NaCl salt present in the saline serum. b-c) Absorbance vs. wavelength
of the samples with different amounts of lysozyme before and after adding salt. d) Photographs of the
aqueous solutions containing silver nanoplates show the color change of the solutions upon the addition

of salt over time. e) A\ is presented with respect to the measured time points.

The colorimetric assay of the system was done using NaCl as an aggregating agent, which changes
the color of the system from blue shades into purple shades when the amount of the lysozyme is
insufficient (Figure 19). This colorimetric assay shows its capability to detect lysozyme at concentrations
relevant to clinical settings, specifically those found in patients with dry eye syndrome. The sensitivity and

timely response of the biosensor were highlighted in the graphs and absorption spectra.
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From the LSPR sensing point of view, the absorption spectrum of Ag nanoplates-based platforms
shows a peak in absorption intensity at 540nm with notable features attributed to the plasmonic
properties of AgNPs. Notably, the derivative analysis highlights distinct shifts in the plasmon band
dependent on nanoparticle shape and the surrounding medium’s refractive index, which is useful for
biosensing applications such as lysozyme detection. Experimental setups using these platforms
demonstrate their capability to respond to changes in lysozyme concentration in real human tears,
suggesting potential for non-invasive monitoring of biomarkers in body fluids like tears, indicating possible
medical applications for monitoring physiological changes.

In this research, | successfully integrated several advanced materials to construct a novel biosensor
that significantly improves the ease and accuracy of monitoring dry-eye inflammation. The lysozyme-
sensitive plasmonic hydrogel nanocomposite represents a significant approach in the field of biosensing,
particularly for ocular health monitoring. Its development addresses a vital clinical need and showcases
the potential of hybrid biomaterial systems in improving diagnostic methodologies. The findings from this
study could pave the way for further innovations in biosensor technology, potentially expanding its

applications beyond eye health to other biomarker detections in medical diagnostics.
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7.4.Developing strategies to optimize the anchorage between electrospun
nanofibers and hydrogel for multi-layered plasmonic biomaterials

In recent years, biomedical materials have significantly progressed, particularly in developing
structures and platforms tailored explicitly for unique applications. These advancements have aimed to
use the capabilities of various materials at the same time while addressing their inherent limitations. A
particularly promising approach involves using composite materials, which combine the strengths of
multiple materials within a single platform. Among these composites, the combination of hydrogels and
fibers has garnered substantial attention due to the potential synergistic benefits they offer while
mitigating the respective shortcomings of each material. To address all the aspects of my research, |
conducted a study focusing on multi-layered biomaterial structures as part of my PhD work. As | have
utilized hydrogels and nanofibrous mats to create composite layers, providing a stable platform is critical
from a fabrication perspective. Ensuring a robust and stable interconnection among these layers is
essential, mainly since the applications may involve physical deformations.

The primary aim of this study was to explore the strategic optimization of the anchorage between
electrospun nanofibers and hydrogels in multi-layered plasmonic biomaterials. This research focused on
the influence of fiber dimensions, orientation, and surface modifications on the nanofibrous layer and the
hydrogel layer's crosslinking density on their inter-layer interface. The ultimate goal as illustrated in Figure
20 was to determine the optimal conditions for these interfaces to enhance the functional integrity and

structural stability of the resultant multi-layered biomaterials in their intended biomedical applications.
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Figure 20. Overview of the tested parameters and the pull-out mechanical test done on the

nanoplatforms [23].

Different samples were prepared with 10% and 14% solutions, each providing fiber dimensions less and
more than 1um, respectively. In the electrospinning process, each nanofibrous mat was collected on both
flat and drum collectors. The surface of the nanofibers was treated with plasma before the hydrogel layer
was applied. The hydrogel precursor solution was prepared with either a photo-initiator (Ph-P) or a
photoinitiator and chemical initiator (Ph-P+C-P).

Thorough structural, chemical, and mechanical investigations were done on the platforms and each
component to check their impact on the final structure. In order to determine the adhesion strength
between the hydrogel and fibrous layer, a novel pull-out test was designed for the material. This test is a
crucial method for assessing the bonding strength between layers in composite materials. It involves
embedding a filament or fibers into a hydrogel matrix and then measuring the force required to pull the
fiber out. This fiber pull-out test provides essential insights into the durability and integrity of the fiber-
matrix interface, influencing the composite's overall structural performance. The adhesion level between
the components serves as a reliable measure of the composite’s capacity to handle loads and resist
deformation. A custom-made setup was designed to facilitate this test and handle the hydrogel, as seen
in Figure 21a. Overcoming one of the primary challenges of this test, such as securing the hydrogel within
the tensile machine, required an innovative approach. A 3D-printed holder was designed to distribute the

pressure exerted by the tensile grips without imposing stress on the hydrogel.
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Figure 21. Fiber pull-out test. a) schematic of the custom-made test. b-e) Stress-strain curves for all

conditions and f) Nanoplatform’s toughness as an indicative of interlayer adhesion [23].

The study revealed several key findings regarding the interaction between the electrospun nanofibers and
hydrogels. Plasma treatment of the hydrophobic nanofibers significantly enhanced the mechanical effort
required for fiber extraction from the hydrogels, indicating improved anchorage. This enhancement in
anchorage was further corroborated by comprehensive mechanical pull-out tests, which provided insights
into the interfacial adhesion and mechanical integrity between the layers. The crosslinking density of the
hydrogel layer was a critical factor that influenced the overall properties of the composite materials.
Higher crosslinking density led to a more robust interface, which is pivotal for the performance of layered
nanostructures under physical stress. The study's findings suggest that the fibers and hydrogels' physical
and chemical properties can be finely tuned to create optimized biomaterials that meet the specific needs
of various biomedical applications.

Biocompatibility assessments confirmed the potential biomedical applications of the proposed
nanoplatforms. These platforms demonstrated enhanced structural and mechanical properties and high

biocompatibility, which is critical for any biomedical application. The integration of plasmonic
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nanoparticles within the hydrogel contributed to the structural integrity and endowed the hydrogels with
responsive properties that are beneficial for applications such as biosensing and photothermal therapy.

In conclusion, the research provides valuable insights into the design and fabrication of advanced
nanocomposite hybrid platforms that leverage the benefits of both hydrogels and nanofibers. The findings
from this study highlight the importance of carefully considering the interfacial interactions and
mechanical integration in the development of next-generation biomaterials, setting a foundation and

approach for examining the stability of multi-layered structures.
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7.5.Conducting polymer-based nanostructured materials for brain-machine
interfaces

As a part of my research during my PhD, | have also participated in studies regarding the application
of hydrogel-based materials for brain-machine interfaces (BMIs) [45]. In order to have a guideline for
conducting research, | have done an extensive review of the literature available in this field. In this study,
| investigated the potential of conducting polymer-based nanostructured materials for application in
BMls. Integrating these materials into BMls is crucial due to their inherent properties that align well with
the needs of neural interfaces: biocompatibility, suitable electrical conductivity, and mechanical
properties comparable to soft brain tissue. My objective was to study the potential properties of these
materials to ensure high signal fidelity for both recording and stimulation tasks and address the
shortcomings in the field, such as mechanical mismatch that often hampers the efficacy and safety of
neural implants. This research is significant as it supports the broader goal of enhancing neuroprosthetic
devices, potentially revolutionizing therapeutic approaches for various neurological conditions (Figure
22).

As also mentioned in the introduction, bioelectronic signals are crucial to our body's regular
functions, including electrophysiological and biochemical activities, and play a vital role in regulating
simple and complex nervous system functions like muscle movements and cognitive processes. However,
neurological disorders, injuries, and degenerative conditions can impair these functions, reducing the
nervous system's ability to self-repair and leading to long-term impairments. These injuries often result
from accidents such as car crashes or falls, affecting millions globally and imposing significant healthcare
costs annually. Accurate detection of neural signals is critical for understanding cognitive processes and
diagnosing neurological diseases such as schizophrenia and Alzheimer's. Recent advancements have
focused on developing electrically conductive devices for bioelectronics, such as brain-machine interfaces
(BMls). These devices function as implantable electrodes that record and digitize brain signals in real-time,

facilitating their transfer to computers for analysis and visualization.
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Figure 22. Overview of the designs and characteristics of each biomaterial used for BMls [45].

Designing optimal electronic devices for brain implantation requires minimal trauma during surgery
and flexibility to match brain tissue movements to prevent micromotions. Many current devices, such as
those made from metals and silicon, fail to match the mechanical properties of soft brain tissue, leading
to poor integration and potential injury at the implant site. This often results in chronic inflammation and
decreased signal detection and stimulation efficiency. Ideal materials for brain-machine interfaces (BMls)
should be biocompatible, mechanically similar to brain tissue, and highly conductive to optimize signal
acquisition. Researchers focus on developing soft, biocompatible devices using conducting polymers
(CPs), which are ideal for brain-machine interfaces due to their tunable physical, electrical, and optical
properties. CPs can be engineered to match the mechanical softness of brain tissue, enhancing electrode
integration and signal transmission while minimizing mechanical mismatches and interfacial impedance.
These properties make CPs excellent for creating and coating biomedical devices, improving their
functionality and application specificity in a cost-effective manner.

In this study, | have first focused on intrinsic CPs and blends, where unsaturated bonds are present
in their main chain, allowing them to delocalize their electron, making them conduct. These materials
from different categories, such as Polyaniline, polypyrrole, and Polythiophene, have been used widely for
BMI applications. Another critical category is conductive interpenetrating hydrogels, which are widely

used in biomedical fields, as hydrogels can significantly decrease the mechanical mismatch of the system
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with the brain tissue. Moreover, hydrogels as 3D polymeric networks can meet the needs of the field, as
the water- and ion-rich hydrogels can improve stimulation/recording performance. Also, they can
incorporate other conductive materials into their porous structure, which allows bringing even more
properties to the mix. Interpenetrating polymer networks (IPNs) are networks formed from two polymers
polymerized together without forming chemical bonds between them. These are divided into subclasses
like block copolymers, semi-IPNs, and full IPNs based on the crosslinking of the polymeric chains. The
advantage of IPNs includes enhanced mechanical stability without phase separation under stress.
Combining natural and synthetic polymers allows for customizable chemical properties, achieving
synergistic benefits significant in brain-machine interface applications, where conductive polymers (CPs)
integrate while maintaining conductivity and hydrogel properties (Figure 23). For electrode materials,
inorganic materials, such as noble metallic particles, have been extensively researched for their
exceptional electrical conductivity, chemical stability, and biocompatibility. Gold nanoparticles are
particularly valued for their ability to easily bind with various biomolecules, facilitating the creation of
biomimetic structures. Carbon nanotubes, graphene, and metal particles are a big category of materials

used in this application, especially with hydrogels, to improve the applicability of neural electrodes.
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Figure 23. Fabrication and application of the semi-IPN hydrogel-based structure embedded with
silver nanocubes. The final platform was placed on the mouse skull to reach the brain cortex via holes to

perform EcoG signal acquisition [45].

Apart from the materials that are used in preparing BMls, the technique to fabricate these
structures is also of great significance. Fabrication techniques directly influence the devices' functionality,
reliability, and integration with biological tissues. Advanced methods like electrospinning and additive
manufacturing are instrumental in creating nanostructured materials that are essential for enhancing
signal accuracy and device longevity. The two primary techniques in the field are electrospinning and
additive manufacturing.

Electrospinning allows for producing ultra-fine fibers with diameters in the nanometer range,
providing a high surface area-to-volume ratio. This high surface area is advantageous for increasing
biosensors' electrical conductivity and sensitivity, crucial for capturing minute neuroelectrical activities.
Furthermore, the porous structure of electrospun fibers facilitates better integration with neural tissues,
promoting cell adhesion and growth. Additive manufacturing, or 3D printing, offers bespoke fabrication
capabilities, enabling the creation of tailored devices that fit the unique anatomical features of individual
patients. This customization ensures a better fit and reduces discomfort for BMlIs users, enhancing the

overall effectiveness of neural signal transmission and reception. Additionally, 3D printing can integrate
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multiple materials into a single structure, creating complex, multi-functional devices that can perform
several tasks simultaneously. These advanced fabrication techniques pave the way for more sophisticated,
efficient, and patient-friendly neuroprosthetic devices.

The new trends in the field highlight the pivotal role of innovative fabrication methods like
electrospinning and additive manufacturing. These methods enhance the functional properties of BMls
by enabling precise control over material structures at the nanoscale. Electrospinning is notable for
producing nano-fibers that improve the interface with neural tissues, thereby increasing neural
recordings' sensitivity and signal clarity. Additive manufacturing supports the customization of implants
to match patient-specific anatomical structures, improving comfort and integration. These techniques are
crucial for advancing next-generation neural interfaces' practical application and effectiveness.
Advancements in neuroscience and neurotechnology have significantly driven the development of BMIs
using CPs, which are ideal due to their tunability and excellent biocompatibility. These materials enable
the fabrication of devices that integrate closely with brain tissue, reducing inflammatory responses and
enhancing the quality of neural signal recordings. Emerging trends include the use of CPs for creating
advanced, non-invasive devices with improved electrical and mechanical properties, and the potential for

these materials in high-resolution and multifunctional BMls is particularly promising.
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8. Conclusions

In this thesis, | have made an extensive literature study of hydrogel-based materials and
investigated nanoplatforms based on the combination of hydrogels and nanofibers incorporated with
plasmonic nanoparticles for use in biomedical applications such as biosensing and brain-machine
interfaces. The following conclusions can be drawn from conducted studies:

- NIPAAm-based hydrogels were formulated to achieve the VPTT close to the body’s temperature
to adjust to the bio-based applications. The polymerization steps were optimized, and the final hydrogel
was characterized.

- Nanofibrous mats based on PCL, PLCL, and PCL/PEO were formulated, electrospun, and optimized
to achieve uniform, defect-less nanofibers for further application.

- Plasmonic nanoparticles such as silver nanocubes, silver nanoplates, and gold nanorods were
incorporated into the hydrogel matrix or the surface of nanofibers. The uniform distribution and stability
of the nanoparticles were confirmed through investigations to ensure their maximum efficiency for the
final application.

- Multi-layered structures based on the combination of materials mentioned above were fabricated,
and the impact of the size of the nanofibers, their alignment and surface treatment, and the crosslinking
density of hydrogels on the interlayer adhesion strength was examined. This examination was done using
a custom-made fiber-pullout experiment to assess the interlayer adhesion and measure the stability of
these platforms for any use. Further biocompatibility tests were performed to guarantee the possible
biomedical application of such a platform.

- Inspired by the particles in the chameleon skin, silver nanocubes were embedded into the
NIPAAm-based hydrogel matrix and layered with a modified PCL/PEO nanofibrous layer, resulting in a
stable platform. The platform was used as a non-invasive glucose biosensor with remarkable antibacterial
properties and fast photo-thermal responsiveness. Tested with real-human urine samples, the platform
showed a limit of detection, which could detect both healthy and diabetic amount levels of glucose.

- PLCL nanofibers were decorated with silver nanoplates and layered with a NIPAAm-based hydrogel
layer. This platform was used as a non-invasive biosensor of lysozyme to detect eye inflammation. NaCl
was used as an aggregating agent into the matrix to visualize the detection by the naked eye through color
change into a purple shade in the case of a healthy amount of lysozyme. The platform's capability for LSPR
biosensing was successfully tested and confirmed using the standard solution method and real human

tears.
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9. Summary and Future Prospects

The purpose of this thesis was to design biomaterials based on hydrogels and nanofibers and to
develop composite structures that integrate these materials. Additionally, plasmonic particles were
incorporated to enhance the functionality of these composites for biomedical applications. This
innovative work bridges materials science and biomedical engineering and indicates the potential of
hydrogel-based materials combined with plasmonic nanoparticles for use in biosensing and brain-machine
interfaces (BMls).

The research began with a comprehensive review of the current state of hydrogel-based materials,
focusing on their integration with plasmonic nanoparticles to create advanced biosensing platforms.
Hydrogels, known for their biocompatibility and high water content, were combined with nanofibers to
form composite materials with improved mechanical properties and functional versatility. Incorporating
plasmonic nanoparticles such as gold and silver, which exhibit unique optical properties through localized
surface plasmon resonance (LSPR), significantly enhanced the sensitivity and detection limits of these
biosensors, making them invaluable in biomedical diagnostics. A key achievement in this thesis was the
development of NIPAAm-based hydrogels with a VPTT close to body temperature, ensuring their
suitability for physiological applications. Defect-free nanofibrous mats were created from polymers using
electrospinning techniques. The integration of plasmonic nanoparticles into these matrices was precisely
optimized to ensure uniform distribution and stability, which are critical for the performance of the final
biomedical platforms. Two significant applications of the developed nanoplatforms were explored in
detail. The first application was a non-invasive glucose biosensor inspired by chameleon skin. This
platform utilized silver nanocubes embedded in a NIPAAm-based hydrogel matrix layered with a modified
PCL/PEO nanofibrous mat. The resulting biosensor demonstrated exceptional antibacterial properties and
rapid photo-thermal responsiveness, effectively detecting glucose levels in human urine. This innovative
approach shows great promise for diabetes monitoring, providing a non-invasive and reliable diagnostic
tool. The second application focused on lysozyme detection for diagnosing eye inflammation. This
platform employed PLCL nanofibers decorated with silver nanoplates, layered with a NIPAAm-based
hydrogel. It enabled the detection of lysozyme in human tears through a visible color change, offering a
non-invasive diagnostic tool for conditions like dry-eye syndrome. This research highlights the potential
of these nanocomposites in providing rapid, user-friendly biosensing solutions for various medical

conditions.
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As a next step, extensive research was conducted on the optimization of anchorage between
electrospun nanofibers and hydrogels for multi-layered plasmonic biomaterials aimed at enhancing their
functional integrity and structural stability for biomedical applications. The research explores the strategic
optimization of the interface between electrospun nanofibers and hydrogels, investigating variables such
as fiber dimensions, orientation, and surface modifications alongside the hydrogel's crosslinking density.
The study demonstrates that plasma treatment of nanofibers and optimized hydrogel crosslinking
significantly improve interlayer adhesion through detailed chemical, structural, and mechanical
characterizations, including a novel fiber pull-out test. Biocompatibility of these platforms was also tested
to ensure further possible applications amid modifications. These findings are crucial for developing
robust, multi-layered plasmonic biomaterials with enhanced functional integrity, suitable for applications
like biosensing and brain-machine interfaces, ultimately contributing to more effective and reliable
biomedical devices.

Moreover, the thesis explored using polymer-based nanostructured materials in BMls. Integrating
these materials into neural interfaces is crucial due to their biocompatibility, suitable electrical
conductivity, and mechanical properties comparable to brain tissue. This research addressed the
challenges of mechanical mismatch that often hampers the efficacy and safety of neural implants, paving
the way for more reliable and effective neuroprosthetic devices.

The future prospects of this research are vast and promising. Advancements in the design of these
biomaterials could lead to the development of more sophisticated biosensing platforms capable of
detecting a broader range of biomarkers. This would expand their application beyond glucose and
lysozyme to include the detection of cancer markers, infectious agents, and other critical biomolecules.
Additionally, integrating stimuli-responsive materials into these nanocomposites could revolutionize drug
delivery systems, enabling targeted and sustained release of therapeutic agents with minimal side effects.
The development of soft, biocompatible conducting polymers for BMlIs holds the potential to significantly
enhance neural interfaces, improving their performance in neuroprosthetics and brain signal monitoring.

In conclusion, this thesis not only provides a comprehensive foundation for the development of
innovative multi-layered plasmonic biomaterials and their applications in biosensing and BMls but also
sets the stage for future advancements in the field, with significant implications for biomedical

diagnostics, therapeutic applications, and beyond.
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Introduction
Healthcare is considered one of the most crucial issues
challenging science and technology [1]. Having simple,

easy-to-use diagnostic devices for the wide range of
biologically significant analytes is essential for any
further disease prevention and treatment [2,3].
Improving healthcare is essential in various fields, such
as hygiene, drug development, food, environment,
forensic, medicine, and clinical diagnoses [4]. Consid-
ering the growing release of toxic materials generated
and released each year, an early detection of these ma-
terials used in all the aforementioned fields is of abso-
lute importance, in order to prompt action to be
guaranteed [5]. Biosensors were introduced in the 1960s
by Clark and Lyons to meet these requirements. These
devices have been developed for glucose determination
and named enzyme electrodes [6].

Biosensors are defined as platforms that use specific
reactions to detect the effect of electrical, thermal, or
optical signals on a medium’s chemical, physical, or
biological characteristics [5]. Biosensors are usually
based on receptors and transducers. Bio-components
interact with the target analyte through the receptor;
the transducer transfers the result of the reaction into a
measurable signal. Bio-components, also known as bio-
receptors, may include enzymes, antibodies, nucleic
acids, and cells. Depending on the different types of
transducers, biosensors can be electrochemical, elec-
trical, optical (absorbance, fluorescence, and chem-
iluminescence), piezoelectric (also known as mass-
sensitive), and thermometric [5,7].

Plasmonic biosensors, as a subgroup of optical bio-
sensors, have been recently exploited due to the possi-
bility of controlling light properties at a nanometric scale
[8]. The plasmonic activity of these biosensors is
commonly described as the resonant coupling of elec-
tromagnetic waves, resulting from the oscillations of free
clectrons in metals. This physical phenomenon makes it
possible to constrain the light within significantly
smaller wavelengths than the incident light [9]. Plas-
monic biosensors are mainly categorized into two classes
of detecting platforms. The first class uses thin metallic
films, while the second is based on individual inorganic
plasmon resonant nanostructures. In surface plasmon
resonance (SPR) biosensors, the incident light is
coupled with a thin metallic layer where specific con-
ditions, such as polarization, angle, and wavelength
should be met [10]. Following the advancements in
nanotechnology, metal nanoparticles (NPs) have been
widely explored. In the case of biosensors, these
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transducers confine the light within a localized surface,
creating what are known as localized surface plasmon
resonance (LSPR) biosensors, which allow for a more
miniaturized sensing procedure [11]. LSPR-based bio-
sensors differ in NP size, shape, and composition. The
versatility of these systems makes them suitable for
biological sensor devices since the wavelength can be
tuned to not overlap the absorbing spectral features of
the biological chromophores, thus resulting in more
precise sensing and offering the possibility of multiplex
detection [11]. The typical wavelength of LSPR for
most noble metals lies in the range of visible to near-
infrared regions. This range can vary from shorter to
longer wavelengths with low (spherical) and high (rods
and prisms) aspect ratios [8]. Nowadays, due to the high
efficiency of the LSPR approach, the sensitivity scale of
biosensing has been reduced to nano-scales, resulting in
more accurate and precise biosensors [12].

Over the years, various types of LSPR biosensors based
on polymer substrates have been developed for different
applications. Within this framework, gold nanodots have
been introduced into polymer films and used to detect
biomolecules such as biotin [13]. On the other hand, a
plasmonic bioink based on an organosiloxane polymer
was also prepared for point-of-care (POC) biosensing
[14]. Hydrogels, being a class hydrophilic of 3D-struc-
tured biomaterials, have also been used as substrates for
plasmonic particles. The unique properties of hydrogels
are primarily due to their high water content, which
results in their soft and rubbery consistency. Their
ability to swell with considerable water uptake makes
their structure more similar to living tissues and mimics
the extracellular matrix (ECM), which plays a vital role
in tissue and organs morphogenesis, as well as cell dif-
ferentiation and proliferation [15,16]. For these reasons,
hydrogel has been considered beneficial in many in-
dustrial, environmental, and biomedical fields [17],
including electronics [18], tissue engineering [19], drug
delivery [20], and biosensing [21].

This report focuses on reviewing the recent de-
velopments in smart plasmonic biosensors in the form of
hydrogel platforms. Challenges, development, and ap-
proaches for assisting in the development of these types
of biosensors are the main topics of this article.

Challenges

Currently, array-based LSPR biosensors are the most
commonly used in the case of detection of low amounts
of molecules, where there is a need to push through the
limit of detection of the system and push high
throughput capabilities to the limit [22,23]. Even
though LLSPR-based biosensors have the advantage of
detecting several molecules (i.e., number of in-
teractions), their resulting analytical performance is very
similar compared to other high-resolution SPR setups

[24]. In detection systems based on conventional 2D
methods, low concentration targets were difficult to
detect because the exposure to continuous flow results
in a limited interaction time with the sensing surface.
The drawbacks of these methods can be overcome by
using hydrogels, thus exploiting their ability to accom-
modate a large amount of water without their structure
dissolving and their similarity to body tissues. From the
sensing standpoint, the biorecognition of the analyte
may take place more efficiently and easily when the
matrix is in a hydrogel form. In addition, the sensing
precision of LLSPR-based sensors might be improved as
the thin hydrogel can also act as a dielectric optical
waveguide [25,26]. Overall, soft materials such as
hydrogels can modify sensing properties when used as
substrates. Due to their mechanical and structural
properties, they offer more sensitive, selective, efficient,
and fast sensing capabilities.

Smart biosensors based on plasmonic
hydrogels

Two main transduction mechanisms have been intro-
duced in LSPR-based biosensing platforms, including
NP aggregation and the change in the refractive index
of the system [27]. The first strategy provides the
functionalization of plasmonic particles with binding
molecules, resulting in a colorimetric variation. The
indicator of this variation can be visualized in the LSPR
red-shift in the absorbance spectrum, which can be
detected by the naked eye. However, some limitations
related to the non-specific aggregation have been re-
ported, restricting the application of these platforms to
laboratory analysis [28]. The second mechanism pro-
vides the immobilization of plasmonic particles on the
surface of the substrate, making them refractive index
optical sensors [27].

In order to develop LLSPR-based optical enzyme bio-
sensors, researchers have focused their attention on
stimuli-responsive  hydrogels [29]. The physical
changes in stimuli-responsive hydrogels in response to
marked variations in environmental conditions have
been reported previously [30,31]. Stimuli-responsive
hydrogels are water-swollen, cross-linked networks
that show a reversible change in their physical charac-
teristics in response to specific stimuli. Based on these
features, the constituent hydrogels of the stimuli-
responsive network can incorporate molecular recogni-
tion elements (i.e., enzymes). When the recognition
elements react with specific chemical substances, the
monomer units bearing the recognition elements un-
dergo a change in either solubility or charge state. A
solubility alteration can cause the swelling or shrinking
of the hydrogel network. Alternatively, changes in the
charge state may result in altered interactions between
the charged groups and a variation in the electrolyte
concentration in the hydrogel. In both cases, the
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described processes result in changes in the hydrogel
volume. Considering these outstanding advantages,
several research groups have used stimuli-responsive
hydrogels to fabricate biosensors and chemical sensors
for medical and environmental applications [32]. Within
this framework, scientists have recognized the suit-
ability of these materials for the production of enzyme
biosensors and their further exploitation in LSPR-based
biosensor development.

Gold nanoparticle-based sensors

LLSPR-based biosensors, which function using noble
metal nanomaterials, such as gold and silver, have been
expected to achieve the highly sensitive detection of
target molecules in medical applications. Gold nano-
particles (AuNPs) are widely used in sensing applica-
tions due to the visible shift in their absorption peak and
high sensitivity. Moreover, AuNPs are chemically stable
and have been investigated more through the years and
have thus been improved in terms of surface chemistry
and biocompatibility [33]. sensor concept was
demonstrated in the work of Muri et al. where they

Figure 1
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embedded AuNPs in the 3D hydrogel network of
hydrogel fibers. This immobilization of the AuNPs
makes the LSPR signal stronger while reducing the
analyte binding to plasmonic surfaces [34]. Inspired by
animals such as squid, butterflies, and chameleons,
biomimetic hydrogel systems have been recently
devised to alter their internal nanostructure, undergoing
an optical transformation based on changes in their
environment. A dual-responsive three-dimensional
plasmonic hydrogel platform has been fabricated to
indicate volume and color change in an aqueous sur-
rounding. AuNPs embedded in the hydrogel colloid are
responsible for the color changes caused by temperature
and ion variation in the system. The fabrication process
can be seen in Figure la, where hydrogel changes ac-
cording to the temperature are also shown. The volume
change as a result of temperature stimuli was best shown
here [35]. A polyol-based hydrogel has been fabricated
by Randriantsilefisoa et al. while AuNPs are entrapped
in the system to offer a stable material to sense the
influenza A virus (IAV) and indicate a color change in
this medium. Bindings between the IAV and AuNPs
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The fabrication process of hydrogel-based biosensors with AuNPs. (a) A schematic showing the process and its responses to temperature and ionic
changes [35]. (b) Platform polymerization under UV light and the colorimetric variation in the platform depending on the growth step are also shown [37].
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result in an aggregation of the particles, which
produce an SPR-induced shift in the absorption spectra,
producing a visible color change from red to blue. The
reversibility of this phenomenon makes it a good de-
tector for biomolecule quantification [36].

Moreover, an optical 3D biosensor based on poly-
(ethylene glycol) diacrylate (PEGDA) hydrogel with
AuNPs has been fabricated and optimized. These
hydrogel patches, having spherical AuNPs, are physi-
cally retained in the network and show great stability
as well as sensing capability. By optimizing the NPs
size and shape, the order of detection indicates that it
is a perfect candidate for small molecule (e.g., biotin)
detection and can be used in wearable sensors.
Figure 1b shows the polymerization process of the
system in between coverslips. UV light has been used
here to perform the -crosslinking, and NPs with
different sizes varying from 20 nm to 70 nm were used
[37]. Label-free detection of biomolecules can also
benefit from plasmonic hydrogels. The use of the
hydrogel matrix provides an environment that re-
sembles the perfect matrix for biomolecular in-
teractions. The porous network with high water
content improves the performance of biosensors by
capturing more analyte molecules. Recently, a stimuli-
responsive hydrogel based on oligo (ethylene glycol)
grafted with thermo-responsive polyisocyanates was
developed. The gold-coated surface of the sensor is
linked to the glycol group to demonstrate the LLSPR
and has been used as an affinity binding system for the
biosensing of biotin [38]. Proteins can also be detected
using the same platforms with an LSPR-sensing
method. Culver et al. have developed a biosensor to
detect proteins, using poly(N-isopropylacrylamide-co-
methacrylic acid) (PNM) hydrogels embedded with
gold nanoshells. Hydrogels are synthesized on the
surface of gold nanoshells, as they can detect changes
in the concentration of lysozyme and lactoferrin — the
protein biomarkers of chronic dry eye. PNM/gold
nanoshells are a suitable material in this case, as the
system shows a largely increased refractive index, and a
strong red-shift when in contact with human tears
[39]. Glucose monitoring apparatus has also been
prepared using hydrogel fibers based on acrylamide-
based materials, where gold AuNPs are immobilized.
Volume expansion which happens as a result of the
presence of glucose molecules can modulate the LSPR
effect of the hydrogel fibers, allowing quantitative
measurements [40].

Sensing environmental molecules, such as arsenic —
crucial in the geochemical and anthropogenic fields —
can be achieved by using this technique. Poly(N-
isopropylacrylamide)  (PNIPAAm)-based  hydrogel
coated on an AuNP surface can provide an LSPR sensing
platform for the real-time detection of arsenic. However,
this platform offers a wide range of detection potential

with a simple change in the size and shape of plasmonic
particles and the concentration of the monomer [41].

Silver nanoparticle-based biosensors

Among metallic NPs exhibiting LSPRs, although AuNPs
have been studied in depth, silver NPs (AgNPs) are
particularly efficient for sensing purposes [42]. Studies
have shown that AgNPs demonstrate shifts in the LSPR
band that are five times stronger when they are in contact
with specific molecules, compared to AuNPs [43].

Hydrogen peroxide detection is of vital importance
because the presence of the substance can be consid-
ered an environmental, industrial, or even clinical
hazard. Filippo et al. have developed a biosensor that
determines the presence of hydrogen peroxide in rain-
water, which has a simplified, low-cost fabrication pro-
cess, and, most importantly, is reusable [44]. This sensor
is made of PVA due to its wide range of potential ap-
plications in the optical, pharmaceutical, medical, and
membrane fields, as well as benefits from AgNPs for
LSPR-sensing method. The strong shift in the absorp-
tion spectra and the color changing of the platform prove
the LSPR sensing of the hydrogel.

Glucose is one of the most important biomolecules that
requires precise detection to prevent and treat the
complications associated with diabetes. Silver NPs have
been widely used in this specific molecule detection.
Endo et al. worked on a stimuli-responsive acrylamide-
based hydrogel with polyvinylpyrrolidone (PVP)
covered with silver NPs to entrap glucose molecules
[45]. Stimuli-responsive hydrogels contain molecular
recognition elements — such as enzymes — that spe-
cifically react with the analyte. This recognition event
causes the stimuli-responsive hydrogels to swell due to
an increased osmotic pressure. The swelling of stimuli-
responsive hydrogels increases the average internal
distance between one noble metal particle and another,
thus reducing the LSPR absorbance strength [45].
Figure 2a shows the principles of the sensing platform
with the use of different glucose solution concentra-
tions. Changes in the absorption peak define the effect
of surroundings on the sensing precision. Images taken
of differences in the color strengths shows that the
variations in AgNPs concentrations could be observed
with the naked eye. Hence, AgNPs concentrations were
found to affect the optical characteristics of the LSPR-
based optical enzyme biosensor.

A novel glucose sensor was fabricated by Tokarev et al. as
a combination of a pH-responsive hydrogel incorporated
with AgNPs for two critical applications: the analysis of
biomolecules (biosensing) and the probing (monitoring)
of the local properties of biomaterials. Figure 2b shows
the schematic of this construct under pH variation, and
changes in the volume of the hydrogel can be observed.
LSPR effects in noble metal NPs are observed through
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Stimuli-responsive hydrogel embedded with AgNPs. (a) Schematic illustration of detection principle of LSPR-based optical enzyme biosensor [45]. (b)

Schematic of volume change in the construct under pH variation [46].

color variations by the naked eye or in a visible light
spectrum that reveals characteristic absorbance bands.
LSPR spectra are also sensitive to variations in the im-
mediate particle environment. In particular, changes in
the refractive index of the environment in the close
vicinity to particle surface or in the interparticle plas-
mon coupling result in an alteration of the spectrum
[46]. Recently, a photo-thermal responsive polymer
combined with AgNPs has been investigated as a
multifunctional platform to detect glucose level in
urine. Ziai et al. used a poly(N-isopropylacrylamide)
(PNTPAAm)-based hydrogel matrix embedded with Ag

nanocubes, inspired by the unique features of chame-
leon skin that changes its color as a result of the light—
matter interactions in the skin layers. The inspiration
and the similarities between the structure of NPs can be
seen in Figure 3a. Hydrogel layers were made with a
layer of electrospun nanofibers. The image of the
construct can be seen in Figure 3b, where each layer is
shown separately, with an image from the intersection,
verifying the layer-by-layer construction. Fast photo-
thermal responsiveness and significant red-shift in the
LSPR absorbance peak in the presence of different
glucose concentrations are indicators of efficient sensing
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Chameleon-inspired platform, based on AgNPs. (a) Inspiration from the layers of chameleon skin to choose the silver nanocubes as the plasmonic
particle. (b) Construction based on a layer-by-layer composite, with two layers of plasmonic hydrogel and one layer of electrospun nanofibers in be-
tween them. (c) Application of the biosensor as a glucose detector, using urine as the body fluid [21].

features of the platform [21]. This platform was used as
a biosensor to detect glucose in the urine of healthy and
diabetic people, where sample solutions were infiltrated
into the platform, and the absorbance peak was deter-
mined via UV—Vis (Figure 3c).

Future perspectives and conclusion

Studies on plasmonic hydrogels have upgraded the
biosensing field. As a result, clinical and therapeutic
detection and medication are expected to be achieved
quickly, easily, and efficiently within a short time.
Plasmonic particles are responsible for changes in rele-
vant SPR frequencies when in contact with the target
analyte. These changes are significantly dependent on
the size and shape of NPs, thus making it possible to
tune the properties to meet the requirements for
different applications. The greater interest in LSPR-
based biosensors compared to regular SPR sensors is
mainly due to their unique features, which allow for

label-free and real-time biomolecular analysis with
possible detection of biomolecular interactions (anti-
gen—antibody interaction, DNA hybridization, etc.) at
low concentrations.

In addition, the simple detection mechanism of optical-
based biosensors makes it possible to be integrated with
different sensing platforms for lab-on-a-chip applications.

On the other hand, as 3D nanostructured materials with
a considerable amount of water within their structure,
hydrogels are powerful platforms for biosensor fabrica-
tion. The sensor’s performance is determined mainly by
the contact between the sensing receptor and the ana-
lyte. The structure of hydrogel provides an accessible
environment for target molecules to be in contact with
the sensing receptor. These 3D matrixes indicate high
permeability for small molecules, metabolites, oxygen,
and water-soluble components, making them essential
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for body fluid biosensors. Considering the benefits of
both materials, plasmonic hydrogels are among the best
candidates for biosensing applications.

Alongside the many advantages of hydrogel materials,
there are aspects of the hydrogel platform which can be
further improved. The use of hydrogels as 3D networks
affords a greater affinity with the analyte, hence, more
label-free detection possibilities. The use of stimuli-
responsive materials can help us even more to have
more opportunities to detect label-free biomolecules. In
this way, both fabrication and detection are more
accessible, while the applicability of the biosensor can
be improved. Also, the use of stimuli-responsive mate-
rials will enhance the efficiency and precision of the
sensor in the case of dual-responsivity, in which — in this
case — there is a possibility to detect more than one
target. Additionally, having a re-useable system can
enhance its applicability and usability in real life. As the
LSPR shift in the absorption of the plasmonic material
varies with the shape and size of NPs, there is always
room for improvement in terms of sensing range.
Nowadays, NPs are synthesized into various shapes,
such as cubes, rods, stars, wires, prisms, etc. These
shapes or even different sizes of identical particles can
be used in the same platform to obtain multiple sensing
windows for the same material, making it more appli-
cable for sensing molecules. Furthermore, different NPs
are being prepared using both silver and gold, combined
in a core—shell structure. These NPs can improve the
limit of detection and the efficiency of the sensing
platform compared to using single particles.
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Chameleon-inspired multifunctional plasmonic
nanoplatforms for biosensing applications
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Abstract

One of the most fascinating areas in the field of smart biopolymers is biomolecule sensing. Accordingly,
multifunctional biomimetic, biocompatible, and stimuli-responsive materials based on hydrogels have attracted much
interest. Within this framework, the design of nanostructured materials that do not require any external energy source
is beneficial for developing a platform for sensing glucose in body fluids. In this article, we report the realization and
application of an innovative platform consisting of two outer layers of a nanocomposite plasmonic hydrogel plus one
inner layer of electrospun mat fabricated by electrospinning, where the outer layers exploit photoinitiated free radical
polymerization, obtaining a compact and stable device. Inspired by the exceptional features of chameleon skin,
plasmonic silver nanocubes are embedded into a poly(N-isopropylacrylamide)-based hydrogel network to obtain
enhanced thermoresponsive and antibacterial properties. The introduction of an electrospun mat creates a compatible
environment for the homogeneous hydrogel coating while imparting excellent mechanical and structural properties
to the final system. Chemical, morphological, and optical characterizations were performed to investigate the structure
of the layers and the multifunctional platform. The synergetic effect of the nanostructured system’s photothermal
responsivity and antibacterial properties was evaluated. The sensing features associated with the optical properties of
silver nanocubes revealed that the proposed multifunctional system is a promising candidate for glucose-sensing
applications.

Introduction

Currently, bioinspired and biomimetic materials,
methods, and algorithms are widely used, as nature is an
excellent source of inspiration for a wide range of pro-
cedures and designs. There has been a comprehensive
classification of inspiration and mimetics from nature,
including processes, designs, and materials’. One of the
critical aspects of bioinspired materials lies in their ability
to modify, recover and rebuild their structure under
environmental changes over time”. Bioinspiration is useful
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in various applications such as architecture®, robotics®,
textiles®’, and, more specifically, biomaterials used for
energy storage®, sensors’, water filtration®, wearable
electronics’, and biomedical applications'®.

Many living organisms have developed the ability to
change their properties via physical interaction of external
visible light with their nanostructured natural structures.
Coloration is an excellent example of these changes,
which can be described as “structural.” Indeed, this phe-
nomenon is generated by periodic arrays of nano- and
microstructures, known as photonic crystals (PCs), which
create colors through optical interference effects'’. Ani-
mals such as chameleons are capable of locomotion for
consumption and escape, using coloration for attraction,
warning, and disguise'”. In addition, chameleons cannot
generate any body heat, but the color of their skin can be

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction
BY in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecormmons.org/licenses/by/4.0/.


http://orcid.org/0000-0003-1499-2154
http://orcid.org/0000-0003-1499-2154
http://orcid.org/0000-0003-1499-2154
http://orcid.org/0000-0003-1499-2154
http://orcid.org/0000-0003-1499-2154
http://orcid.org/0000-0002-2183-6910
http://orcid.org/0000-0002-2183-6910
http://orcid.org/0000-0002-2183-6910
http://orcid.org/0000-0002-2183-6910
http://orcid.org/0000-0002-2183-6910
http://orcid.org/0000-0002-6526-4141
http://orcid.org/0000-0002-6526-4141
http://orcid.org/0000-0002-6526-4141
http://orcid.org/0000-0002-6526-4141
http://orcid.org/0000-0002-6526-4141
http://creativecommons.org/licenses/by/4.0/
mailto:luciano.desio@uniroma1.it
mailto:fpierini@ippt.pan.pl

Ziai et al. NPG Asia Materials (2022) 14:18

used as feedback to regulate their body temperature'*'*,

In particular, the skin of the chameleon is characterized
by two superimposed layers of iridophores, namely, cells
responsible for skin coloration. The lower layer provides
thermoregulation, while the upper layer controls the color
changes. Iridophores of the upper layer contain guanine
nanocrystals in a regular packed lattice. These guanine
nanocrystals are interposed to the cytoplasm, resulting in
an arrangement where a higher refractive index material
(guanine) is assembled with a lower refractive index
material (cytoplasm), thus generating a lattice-like struc-
ture similar to that of photonic crystals'®. This light-
matter mechanism can inspire the design of biosensors to
produce photo/photothermal-driven devices that can
monitor changes without requiring any external
energy input.

Biosensors are defined as devices that involve specific
biochemical and physical reactions mediated by immune
systems, tissues, organelles, or biomimetic components to
detect chemical compounds, usually by electrical, thermal,
or optical signals'®. In recent years, the development of
nanomaterials for the ultrasensitive detection of biological
species has received significant attention because of their
unique optical, electronic, chemical, and mechanical
properties. Different nanomaterials have been investigated
to determine their properties and possible biosensing
applications'”. Considering the increasing prevalence of
diabetes and hypoglycemia, glucose sensing has received
much interest in recent years'®'?, Recently, there have
been outstanding investigations into electrochemical®>*'
and spectroscopic*? methods for glucose monitoring. The
main challenge, which concerns fast, personalized track-
ing, consists of sensing the glucose rate without blood-
letting, thus making it as user-friendly as possible.
Glucose levels can be measured using urine®, perspira-
tion?%, saliva®®, ocular fluid*®, and even breath analysis”.
Within this framework, over the past several decades, soft
elastic materials have become of great interest due to their
body compliance and are being used for wearable elec-
tronics and wearable biosensors. Compared to physical
sensors, these devices require the integration of specific
bioreceptors into sensing elements that are capable of
recognizing target analytes in complex samples at phy-
siologically significant concentrations. To enable ultrafast
glucose monitoring, it is generally necessary to entrap the
enzyme glucose oxidase within a flexible device. Elsherif
et al. fabricated wearable contact lens optical sensors
based on hydrogel networks for continuous glucose
measurement under physiological conditions*®. Organic
biosensors can be processed inexpensively on flexible
substrates by using printing techniques; the organic
material can also be tailored to adjust the properties'”. In
addition, other properties such as wearability, flexibility,
and the possibility of fabricating these platforms using
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low-cost processes ensure favorable prospects for these
materials**°.

Among materials, hydrogels are considered one of the
best alternatives for the fabrication of organic biosensors.
Hydrogels are defined as crosslinked polymeric networks
with an extensive water swelling capacity and can be
synthesized by a simple reaction of one or more mono-
mers. The essential property of these polymeric materials
is their ability to swell and retain a significant fraction of
water within their structure without dissolving in water®".
The ability of hydrogels to absorb water arises from the
hydrophilic functional groups attached to the polymeric
backbone, while their intrinsic resistance to dissolution
comes from crosslinks between network chains. Usually,
synthetic polymers have well-defined structures that can
be modified to yield on-demand degradability and func-
tionality®>. Hydrogels are engineered to exhibit a sig-
nificant volume variation in response to small changes in
their environmental factors, such as pH, ionic strength,
temperature, solvent, and applied electric/magnetic field,
which can be used for sensing applications. Recent
advancements in polymer science have led to the devel-
opment of biopolymers suitable for synthesizing various
hydrogels. Hydrogels can be responsive to external stimuli
such as temperature, pH, or the ionic strength of the
surrounding medium®’, These systems are called smart
hydrogels, as they respond immediately to environmental
changes. They can be categorized into two classes based
on the chemical or physical nature of the crosslinked
interactions. Crosslinking due to chemical interactions
leads to a permanent junction in the polymer network,
while physical interactions are due to either polymer
chain entanglements or physical interactions such as ionic
interactions, hydrogen bonding, or hydrophobic
interactions>*>°,

Most of the thermoresponsive polymers used in bio-
medical applications form colloidal systems when the
temperature increases, a property known as lower critical
solution temperature (LCST) behavior. This process is
reversible: polymers return to a sol form when the tem-
perature is lowered below the LCST?’. When the mac-
romolecular chains of these thermoresponsive polymers
are crosslinked to form hydrogels, the behavior of the final
materials is significantly influenced by the volume phase
transition temperature (VPTT). Indeed, when the tem-
perature exceeds the typical VPTT, the polymer network
shrinks, and the water contained in the hydrogel is
expelled from the structure®®. Thus, crosslinked thermo-
responsive hydrogels reversibly switch from a hydrophilic,
swollen state to a hydrophobic, shrunken state when
heated above the volume phase transition temperature®”.

Several types of hydrogels based on natural polymers
have been investigated in the field of thermo-
responsivity’®; in particular, poly(N-isopropylacrylamide)
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(PNIPAAm) has attracted high interest in recent years.
Indeed, PNIPAAm is nonbiodegradable and has a sharp
phase transition, with a VPTT close to the human body
temperature (at ~32 °C in pure water)*®. According to its
thermoresponsive behavior, the polymer shape is an
extended coil conformation below the VPTT (32°C),
showing a well-defined structure and properties*’. Inter-
estingly, the VPTT can be finely tuned according to the
specific application®.

Plasmonic nanoparticles (NPs) are metallic subunits
with a dimensional range smaller than the wavelength of
visible light; they possess unique physical and optical
properties such as localized surface plasmon resonance
(LSPR), which is a coherent and dipolar oscillation of the
bulk-free electrons localized at the metallic/dielectric
interface. Moreover, the confinement effect confers
reactivity and mechanical, electromagnetic, chemical, and
optical properties that differ from those of bulk
metals*>*?, The SPR band is much stronger for plasmonic
NPs than for other metals, as their SPR band appears in
the visible region of the electromagnetic spectrum. In
contrast, other metals have weak bands in the ultraviolet
(UV) region. Among all metallic NPs, gold (Au) and silver
(Ag) NPs have the most attractive physical properties for
biosensing-related applications. Because of their excellent
chemical stability and biocompatibility, gold nanoparticles
(AuNPs) are the most investigated in this research area,
most frequently for drug delivery systems and cancer
therapy applications**. Due to their excellent chemical
stability and biocompatibility®>, AuNPs are widely used in
drug delivery systems and cancer therapy. On the other
hand, silver nanoparticles (AgNPs) offer better results in
terms of sensitivity*®, and thus, they are mainly used for
sensing applications. AgNPs with different shapes,
including cubes, wires, spheres, triangles, and rods, have
distinct crystal faces. In particular, the contact area in
silver nanocubes (AgNCs) is more significant than that in
nanospheres or other morphologies, resulting in more
grain boundaries. The higher the percentage of contact
area on a specific NP shape, the more active the NP will
be*”*, Accordingly, a few studies have recently reported
the combination of thermoresponsive polymer compo-
sites and metal NPs to enhance their specific properties.

He et al. used NIPAAm and sodium acrylate as func-
tional monomers to form a hydrogel layer, and AgNPs
were loaded inside them for antibacterial purposes. It was
possible to effectively kill the contacting and surrounding
bacteria. The attached dead bacteria were then detached
as a result of the increased surface hydrophilicity and
degree of surface swelling by reducing the temperature
below the VPTT*’. AgNPs are frequently used as anti-
bacterial agents to effectively reduce bacterial viability.
Bactericidal surfaces can prevent the formation of biofilms
for a certain period until AgNPs are completely
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consumed. This behavior shows that the antibacterial
property can be maintained only for a limited time,
motivating researchers to design and construct
environment-responsive antibacterial surfaces, including
thermoresponsive, pH-responsive, enzyme-responsive,
and photoresponsive surfaces*”.

Ultrathin fibers fabricated by electrospinning have
attracted much attention for various biomedical applica-
tions, such as tissue engineering”’, drug delivery”', wound
dressing, bioscaffolds®?, and biosensors®***, The nanofi-
bers obtained using this technique can have a size range
close to 100 nm, extremely high surface-to-volume ratio,
tunable porosity, and controllable properties and
functionalities®>>°,

In this article, taking inspiration from light-matter
interactions and the functionalities of chameleon skin, we
report the development of a fast, sensitive, smart, anti-
bacterial glucose-sensing system. The proposed innova-
tive system consists of hydrogels as three-dimensional
networks responding to stimuli and electrospun fibers
with their unique structure and properties. To fabricate
such smart platforms, a PNIPAAm-derivative plasmonic
hydrogel containing AgNCs was synthesized. Using the
electrospinning technique, a mat consisting of poly-
caprolactone (PCL) and polyethylene oxide (PEO) was
also prepared, providing ultrathin fibers with a high sur-
face area in a facile and inexpensive way. The composites
consisted of two outer layers of hydrogel and an inner
layer of electrospun mat. Their resulting unique hier-
archical structure was deeply characterized, while struc-
tural and optical properties were thoroughly investigated
to embrace the full potential of the platform. In addition,
the antibacterial and photothermal responses of the
samples were evaluated. Finally, the application of the
developed nanostructured platform as an LSPR biosensor
was evaluated by quantifying the glucose level in the
human body. The change in glucose concentration in
human urine produced a shift in the LSPR bands of
AgNCs. By applying the proposed organic-based inex-
pensive, smart, nanostructured platform, glucose levels in
urine can be rapidly and easily monitored without any
external energy input requirement, equipment, or

bloodletting.

Materials and methods
Materials

N,N-isopropylacrylamide (NIPAAm, 97%, Sigma
Aldrich, Poland), N-isopropylomethacrylamide (NIP-
MAAm, 97%, Sigma Aldrich, Poland), N,N’-methylene
bisacrylamide (BIS-AAm, 99.5%, Sigma Aldrich, Poland),
2-hydroxy-4/-(2-hydroxyethoxy)-2-methylpropiophenone
(Irgacure 2959, 98%, Sigma Aldrich, Poland), silver
nanocubes (AgNCs, 75 nm, PVP, Nanocomposix, USA),
polycaprolactone (PCL, Mn 80 kDa), polyethylene oxide
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(PEO, Mn 100kDa), dichloromethane (DCM, POCHh,
Poland), and N,N-dimethylformamide (DMF, POCh,
Poland) were purchased and used as received.

Hydrogel precursor sol including silver nanocubes

To prepare the hydrogel precursor solution at a con-
centration of 4.8 wt%, 578.13 mg of NIPAAm, 15.63 mg of
NIPMAAm, and 31.25mg of BIS-AAm were added to
12.5 mg of Irgacure 2959. This mixture was dissolved in
10 ml of deionized water to reach a 95.2 wt% solution. The
mixture was wrapped in aluminum foil for protection
from light and stirred overnight until complete
dissolution.

To optimize the final embedding of AgNCs into the
solution, a suspension of AgNCs with three different
proportions—2%, 5%, and 20% wt/Wtonomer—was added
to the hydrogel precursor solution.

Preparation of electrospun fibers

First, 12% (w/v) PCL/PEO, which was prepared at the
ratio of 75:25 (w/w) PCL/PEQO, was dissolved into 80:20
(v/v) dichloromethane:dimethylformamide (DCM:DMF)
solution and stirred overnight at room temperature by
using a magnetic stirrer prior to electrospinning. The
desired structure was achieved by performing the proce-
dure with a flow rate of 300 uLh ™' and a positive voltage
of 15kV. The rotating drum used to collect fibers was
placed 13 cm away from the 21 G needle tip and rotated at
500 rpm. The electrospinning process was performed at a
temperature of ~21-22°C with 50% humidity. Electro-
spun fibers were placed on glass slides, and small circular
holes were cut into the fibrous mat with a laser cutting
system (Optec) on a high-precision motorized X-Y-Z
linear stage (Newport, Irvine, CA) controlled by a PC. A
picosecond laser with a wavelength of 355 nm, a 200 kHz
repetition rate of the laser pulse, and a minimum laser
spot size of 3 mm was used. The laser power was ~0.5 W
(7%), the translation speed of the laser head was set at
2000mms ', and the laser head moved eleven times
along the same line to cut the microstructures correctly. A
x5 objective (Mitutoyo, Japan) was used to focus laser
pulses. The hole is necessary to enable the laser beam to
pass through just the hydrogel layer and, in return, to
avoid any possible interference generated by the electro-
spun membrane during glucose quantification.

Fabrication of the nanostructured platform

To fabricate the final platform structure, a tailor-
designed metal mold was used as a template. A 2.5ml
hydrogel precursor solution was poured into the mold;
then, an electrospun fiber mat was cut into strips (6 x
1cm) and placed gently on the solution. Next, 2.5 ml of
hydrogel was poured over the fibrous strips to obtain the
final platform. The obtained system was placed in a petri
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dish inside an ice bath and irradiated with a UV lamp for
2 min. Samples were dried in a hood overnight and rinsed
with deionized water for one week to remove all the
unpolymerized material and the residual photoinitiator.

Structural characterization

To ensure the presence of AgNCs and their distribution
in the hydrogel matrix, each separate layer and the whole
final construct were characterized morphologically.

Field emission scanning electron microscopy (FE-SEM)
and scanning electron microscopy (SEM) were performed
with FEI Nova NanoSEM 450 and JEOL JSM-6390LV
microscopes, respectively. Hydrogel disks and the final
construct were frozen in liquid nitrogen before cross-
sectional cutting, and then, freeze-dried samples were
obtained. Before imaging, samples were sputtered with
gold layers of approximately 8 nm in thickness using a
SC7620 Polaron mini sputter coater (Quorum Technol-
ogies Ltd., Ashford, UK). The samples were freeze-dried,
and then, the lyophilized materials were cut into small
pieces, immersed in ethanol, and placed on a copper mesh
with an amorphous carbon membrane. For transmission
electron microscopy (TEM), samples were analyzed on an
FEI Talos F200X TEM (acceleration voltage of 200 kV)
after four hours of drying in a vacuum drier.

Energy-dispersive X-ray spectroscopy (EDX) was per-
formed in STEM mode. For this purpose, a high-angle
annular dark-field detector and a Super-X EDX system
with four silicon drift detectors (SDDs) were used. The
sample surface topography was evaluated by atomic force
microscopy (AFM, Ntegra, NT-MDT) equipped with a
silicon cantilever (NSG01, NT-MDT, tip radius 10 nm).
Measurements were performed in semicontact mode,
with a resonance frequency of 150kHz and 500x500
points per image. The hydrodynamic diameter of AgNCs
was analyzed by dynamic light scattering (DLS) with a
Zetasizer Nano ZS system (Malvern, UK). Dispersions of
0.1 wt% AgNCs in water were prepared, and samples were
loaded into quartz microcuvettes and measured in tripli-
cate, with the mean value recorded.

Chemical characterization

A Multiskan GO spectrophotometer (Thermo Scien-
tific, USA) was used to collect data for ultraviolet—visible
(UV-Vis) spectra. The UV-Vis spectrophotometer scan-
ned from 400 nm to 1000 nm at 5nm intervals. X-ray
scattering (XRD) analyses were performed to confirm the
presence of AgNCs in the hydrogel matrix and to detect
any potential changes in the hydrogel structure caused by
the inclusion of AgNCs. Measurements were carried out
on a Bruker D8 Discover diffractometer in reflection
mode using Bragg-Brentano geometry. The analysis was
conducted in the angular range (2theta) of 5-50°. Data
were collected with a step of 0.02° per 1.0 s at each point.



Ziai et al. NPG Asia Materials (2022) 14:18

Fourier transform infrared (FT-IR) spectroscopy was used
to characterize the functional groups in each layer. FT-IR
analyses were conducted in attenuated total reflectance
(ATR) mode with a Bruker Vertex70 FT-IR spectrometer
and carried out in the wavenumber range of
400-4000 cm ™~ with a resolution of 2cm ™' and 12 scans
for each sample.

Mechanical testing

Macrotensile measurements were performed using a
tensile tester (Model EZ 50, Lloyd Instruments strength
machine, Germany). Specimens were obtained by cutting
the final construct into strips of a size of 6.0 x 1.0 cm®. All
samples were mounted between holders at a distance of
1 cm (Pneumatic Action grips, Elancourt, France). Tensile
testing was conducted at a rate of 5mmmin ' at room
temperature (21°C). Specimens were kept wet by
immersing them in water at the test temperature. A 50 N
load was set on the instrument.

Antibacterial characterization

The antibacterial activity of the hydrogel disks was
tested on the Staphylococcus aureus 8325-4 strain. One
milliliter of overnight inoculum was added to 50 ml of
liquid tryptic soy broth (TSB) and incubated at 37 °C with
shaking (80 rpm) until the cultures reached an ODgqgo of
0.6. The bacterial cells were harvested by centrifugation,
and the palette was resuspended in phosphate-buffered
saline (PBS) until reaching an ODggg of 1.0 corresponding
to 10° CFU ml !, followed by further dilution to obtain
the desired number of bacteria in 50 uL, namely, 1000,
10,000, 100,000, and 1,000,000.

Fifty microliters of bacteria were placed on hydrogel
disks and spread gently and uniformly over the whole
surface. Control samples were made by pipetting 50 pL of
bacterial suspensions into Eppendorf tubes. These sam-
ples were then incubated at room temperature (~20°C)
for 4 h. Afterward, solutions were taken from the hydrogel
disks and subjected to serial dilutions to perform a droplet
test: 5 uL of each dilution of every sample was placed on
TSB agar plates and incubated at 37 °C overnight, and
then, the colonies were counted to estimate the number of
bacteria in each sample.

Photothermal responsivity characterization

The thermo-optical setup used a TEMOO mode CW
diode-pumped solid-state laser (Laser Quantum) operat-
ing at 532nm in the high absorption range of AgNCs
(longitudinal plasmon band). A high-resolution thermal
camera (FLIR, A655sc) was used to map and identify both
the spatial heating distribution and the temperature pro-
file under laser illumination. The camera produced ther-
mal images of 640 x 480 pixels with an accuracy of
+0.2 °C; it worked seamlessly with a proprietary software
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program (FLIR ResearchIR Max) to record and process
the thermal data acquired by the camera.

Glucose sensing tests

The absorption spectra of the P(NIPAAm-co-NIP-
MAAm) hydrogel samples embedded with AgNCs were
collected by using a UV-Vis spectrometer (USB 2000,
Ocean Optics). The sensitivity of the AgNCs was tested by
preparing four standard solutions of D-glucose in water at
the same concentrations used to build the calibration
curve for the hydrogel samples. A volume of AgNCs (from
a colloidal dispersion of 1mg/mL) was added to each
glucose solution suitable to achieve the desired AgNC:
water mass ratio. The resulting dispersions were kept
under magnetic stirring for 5 min, and then, the corre-
sponding absorption spectra were collected.

Hydrogel samples were placed on a glass substrate, with
50 um glass microspheres added as spacers, and then
covered with a glass slide (100 um thick). The resulting
gap was infiltrated via capillary flow, with 50 uL of the
solution being studied. Samples were allowed to rest for
10 min to promote a uniform and complete distribution of
the solution within the samples before evaluating the
optical response as a function of local refractive index
changes. Each measurement was performed by examining
five different areas of the hydrogel samples. The spectral
shifts (AN) were reported as the mean value * standard
deviation of five different measurements.

To construct the D-glucose calibration curve, hydrogel
samples embedded with AgNCs were infiltrated with
50 uL of standard water solutions of D-glucose at con-
centrations from 2mM to 8mM, and the respective
absorption spectra were collected to measure the wave-
length of the respective plasmonic peak (Agy). To quantify
the AX value associated with the respective D-glucose
standard solution, the wavelength of the plasmonic peak
from the absorption spectrum of a P(NIPAAm-co-NIP-
MAAm)/AgNC sample was infiltrated with Milli-Q water
(Awater) and used as a reference. A\ was then calculated as
the difference between Aqter and gy, and the calibration
curve was obtained by plotting A\ as a function of the
concentration of standard solutions of D-glucose.

The limit of detection (LOD) was calculated as 3 times
the standard deviation of the intercept, calculated from
the linear interpolation resulting from plotting the A\
values as a function of the concentration of standard
solutions®”.

The D-glucose concentration in human urine samples
was calculated by following the standard addition method.
A defined volume (OmL, 0.2mL, 0.4mL 0.8mL, and
1mL) of a 10mM D-glucose standard solution was
introduced into 2 mL volumetric flasks previously filled
with 1 mL of a human urine sample. The resulting solu-
tions were suitably diluted with Milli-Q water and mixed.
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Subsequently the solutions were used to infiltrate P
(NIPAAm-co-NIPMAAm)/AgNC samples to acquire the
corresponding absorption spectra. The resulting A\
values were plotted as a function of the concentration of
standard solutions, thus obtaining the standard addition
plot. To obtain statistically reliable data, five different
solutions were prepared, infiltrated into the hydrogel, and
analyzed for each condition studied.

Results and discussion
Bioinspired nanostructured platform

Chameleon skin, shown in Fig. 1a, offered inspiration
for the multilayer structure described in this article. The
rapid active tuning of skin hue has been described in only
a handful of species and generally involves structural
rather than pigmentary components. Multilayer nanore-
flectors cause these structural changes by alternating high
and low refractive indices that generate the interference of
light waves. In a similar way, the unique characteristics of
the structure of chameleon skin are primarily due to the
nano- and microstructured arrangements of chameleon
skin tissue, giving rise to photonic crystals (PCs). The
layer underneath revealed the presence of fibroblast cells,
collagenous fibrils, nerve axons, melanosomes, and mast
cells in the connective tissue core. This layer has a general
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structure similar to that of the electrospun fibrous mat.
The structure of the particles in chameleon skin and their
similarity to plasmonic nanocubes (Fig. 1b), resulting in
the light-matter interaction of the skin and the resem-
blance between the particle fibrous tissue layers, were the
most significant features imitated in the fabrication of this
multilayer structure.

The scheme illustrated in Fig. 1c shows the structure of
the final construct. An electrospun fiber mat obtained
from a blend of poly(e-caprolactone)/polyethylene glycol
(PCL/PEO) was placed between two layers of nanos-
tructured hydrogel based on N-isopropylacrylamide-co-
N-isopropylmethacrylamide P(NIPAAm-co-NIPMAAm)
with embedded AgNCs. The structure of the guanine
particles existing in the chameleon skin (Fig. la, right
panel) was replicated in the proposed plasmonic nano-
platform by introducing silver nanocubes (Fig. 1b).
Therefore, the development of a structure evoking gua-
nine nanocrystals in the cytoplasm of chameleon irido-
phores and the resemblance between the particle fibrous
tissue layer were the most important features when fab-
ricating this multilayer structure. This system is designed
to show photothermal responsivity due to the nanos-
tructure of the particles and the nature of the P(NIPAAm-
co-NIPMAAm) hydrogel. The electrospun mat between

Fig. 1 Nature-inspired biosensor platform. a Photograph of a chameleon with typical smart features due to the hierarchical structure of the skin;
the inset displays a high-resolution electron microscopy image of the skin nanostructure based on nanocubes, which are responsible for the unique
light-matter interaction of the chameleon skin (micrograph reproduced by permission of Nature Publishing Group, copyright 2015)'°. b Photograph
of the fabricated nanostructured plasmonic platform; the inset shows the presence of a nanostructure based on AgNCs that resembles the typical
structure of chameleon skin. ¢ Scheme showing the hierarchical nanostructure of the developed biosensor composed of a PEO/PCL nanofibrous mat
placed between two layers of P(NIPAAM-co-NIPMAAmM) hydrogel-embedded AgNCs. The inset images show the electron microscopy image of
AgNCs as well as SEM micrographs of the hydrogel nanostructure, electrospun mat, and final layered platform.
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changes in the chemical structure of the hydrogel.

Fig. 2 Characterization of silver nanocubes and nanostructured P(NIPAAm-co-PNIPMAAm) plasmonic hydrogel-embedded AgNCs. a High-
resolution TEM image showing the size and shape of AgNCs, with an average size of ~75 nm. b High-resolution FE-SEM image of AgNCs with high
magnification justifying the morphology and distribution of cubes. ¢ UV-Vis spectrum presenting the high absorption peak of AGNCs at 509 nm. d
SEM image demonstrating the cell-like microstructure of the P(NIPAAM-co-NIPMAAm) hydrogel embedded with AgNCs. e AFM image of the P
(NIPAAmM-co-NIPMAAmM) hydrogel embedded with AgNCs, showing the topography of the hydrogel surface containing silver cubes. f XRD
diffractogram comparing the nanostructured P(NIPAAmM-co-NIPMAAm) hydrogel with (blue line) and without (green line) AGNCs, confirming no
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hydrogel layers provides mechanical support and makes it
easier to handle as a biomedical device®®.

Silver nanocubes embedded in the thermoresponsive P
(NIPAAm-co-NIPMAAmM) hydrogel

AgNCs introduced into the proposed platform have an
average dimension of 75+ 3 nm, as shown by both FE-
SEM and TEM images. TEM and EDS elemental mapping
images are shown in Fig. 2a and Fig. S1, indicating the
size, shape, and distribution of the AgNCs. Field-emission
SEM images of the cubes are also presented in Fig. S2 and
Fig. 2b, with two different levels of magnification. AgNCs
have a perfect cubic shape: the edges and corners are
perfectly visible, revealing that the synthesis and the uti-
lized protocol produced the desired shape. This observa-
tion is good evidence of the homogeneity and regularity of
the cubes that we used in this study. It is worth pointing
out that even during the sample preparation for imaging,
where the medium of the sols was completely removed,
there was no sign of visible aggregations in the micro-
scopic images, and the AgNCs were well distributed.
Thus, the stability and homogeneity of the precursor
solution used to prepare the hydrogel were proved. The
DLS results (Fig. S3) showed a single peak: an average
hydrodynamic diameter of AgNCs of approximately

109 nm. The data appear consistent since one single
population is present; thus, one single peak in the DLS
graph is expected. The visible difference between the DLS
results and the reported morphological determination of
the size of the cubes obtained by electron microscopy is
because DLS is a technique developed to analyze
nanoobjects and, as a result, determines the equivalent
hydrodynamic size of the particles. It is worth noting that
the hydrodynamic radius of a particle is generally more
prominent than its physical radius. Moreover, DLS detects
the radius of an equivalent spherical particle, having the
same rheological behavior like that of our single nano-
cubes dispersed in the analyzed colloidal sol. Therefore, it
is not possible to directly compare the diameter obtained
by electron microscopy with DLS results. In any case, the
DLS outcomes are consistent with the previous quanti-
tative data obtained by FE-SEM and TEM in terms of sol
stability and absence of any aggregates under the utilized
experimental conditions. As shown in Fig. 2¢c, the UV-Vis
spectra of AgNCs show a strong light absorbance peak
centered at A = 509 nm, which is the expected wavelength
for AgNCs with the described shape and size to absorb
light due to their LSPRe.

In recent years, PNIPAAm has been extensively studied,
as it is a thermoresponsive hydrogel that undergoes
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reversible phase transitions at specific temperatures. The
coil-to-globule transition of the polymer consists of at
least two different thermal processes. First, water mole-
cules around the hydrophobic isopropyl group and
hydrophilic amide groups can rearrange in bulk water.
Second, intra- and interchain hydrogen bonds are created
between amide groups, and this phenomenon is accom-
panied by a loss in polymer chain-water hydrogen bonds.
This transition depends on several factors, e.g., polymer
concentration, crosslinking agent concentration, and
copolymerization with other monomers. To increase the
VPTT, two monomers, NIPAAm and NIPMAAm, were
copolymerized. The VPTT of PNIPAAm in water is
approximately 32 °C, while that of PNIPMAAm is higher,
~42°C. According to the literature, the VPTT of the
resulting copolymer with a smaller quantity of NIP-
MAAm (as in our case) should increase to ~33-34°C
when macromolecule chains are not crosslinked””. In our
case, the use of N,N’-methylene bisacrylamide (BIS-AAm)
shifted the VPTT. This shift led to the formation of a
broad peak due to the faster reaction of BIS-AAm than
that of NIPAAm and NIPMAAm during polymerization.

The SEM micrograph of the hydrogel reported in Fig.
2d was taken from the cross-section of the samples, which
were dried before use. The image shows the cell-like
network structure of the hydrogel with a pore size ranging
from 8 um to 10 pum. The cell-like structure with inter-
connected pores is highly significant, as it makes it pos-
sible for the network to absorb a great amount of water
and gain the desired hydrogel properties®®. An SEM image
of the neat hydrogel network not filled with AgNCs is
shown in Fig. S4. The cell-like structure shows that there
are no visible differences in the structure and pore sizes
with and without the introduction of AgNCs. It can be
clearly seen, however, that the presence of AgNCs in the
hydrogel network can impart the hydrogel with new
optical properties due to the optical properties of well-
dispersed AgNCs (Fig. S5a, b). As shown in the AFM
topography of the hydrogel with embedded AgNCs (Fig.
2e), there were few signs of AgNCs on the hydrogel sur-
face. Therefore, it may be concluded that AgNCs (20 wt%)
are trapped within the porous network of the hydrogel,
which also appears on the surface. This process gives rise
to both the photothermal responsivity and antibacterial
properties of the material and affects the platform’s sen-
sing features for the ultimate application of the system.
Two more different concentrations of AgNCs in the
hydrogel (ie, 2 and 5wt%) were tested, and the AFM
images in Fig. S6a, b show the distribution of AgNCs on
the surface of the hydrogel. However, 20 wt% AgNCs was
selected due to a sufficient number of AgNCs, providing
effective antibacterial and photothermal responsiveness,
thus allowing a more sensitive sensing capability. The
effect of AgNCs on the chemical structure of the
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hydrogels can also be proven through the comparison
between XRD measurements of the pure hydrogel and the
hydrogel embedded with AgNCs. Typical broad peaks at
~8.0 and 20.7° are shown in the XRD diffractogram (Fig.
2f), which is attributed to the polymer’s amorphous state.
The presence of AgNCs is proved by the small additional
peak at 38.0°, but otherwise, there is no other visible
change in the XRD diffractogram, which demonstrates
that the addition of AgNCs does not change the chemical
structure of the hydrogel. Thus, adding nanocubes does
not affect the crystallinity of the polymer; hence, no
changes in the XRD diffractogram are observed.

Electrospun nanofibers and nanostructural platform
fabrication

A schematic of the final composite fabrication is shown
in Fig. 3a. First, the nanofibrous mat was electrospun from
the prepared solution and collected on a planar collector.
As previously described, the electrospun mat was then
subjected to laser cutting, and 3 mm-diameter holes were
cut into it to ensure the passage of light through the entire
layered platform for biosensing tests. Meanwhile, after
argon bubbling to remove oxygen molecules, the hydrogel
precursor solution was added to a prepared rectangular
mold. The electrospun fiber mat was then added on top of
the hydrogel precursor solution, and a layer of the
hydrogel precursor solution was poured gently over it.
UV-irradiated polymerization was performed while the
platform was in an ice bath to control the heat generated
during the polymerization process. The crosslinked
hydrogel was removed from the mold and cut into strips
for further investigations.

Polycaprolactone (PCL) is a biodegradable polyester
commonly used in the biomedical field for drug delivery
systems and three-dimensional (3D) scaffolds for tissue
engineering®'. This polymer is biocompatible and biode-
gradable, and owing to its semicrystalline and hydrophobic
nature, PCL has a very slow degradation rate and
mechanical properties suitable for several applications. The
transformation of this polymer to nanofibers to achieve a
desirable structure by electrospinning is quite easy, thus
revealing its excellent value in terms of final applicability/
applications. PCL is compatible with a wide range of other
polymers and is thus a great choice when multifunctional
mats are needed. PEO is also a biocompatible and biode-
gradable polymer with a hydrophilic structure and water-
soluble, nonionic, and nontoxic properties; it is introduced
here as a component to modify the hydrophilic properties
of the PCL mat. The combination of these two polymers
increases the hydrophilicity of PCL/PEO nanofibers com-
pared to pure PCL®* and improves the mechanical prop-
erties compared to pure PEO®.

As shown in the SEM image of the electrospun fibers in
Fig. 3b, PCL/PEO nanofibers with fiber dimensions of
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Fig. 3 Characterization of the electrospun nanofibers and nanostructured platform. a Scheme showing the preparation procedure of the
nanostructured platform: starting from the preparation of a hydrogel solution, electrospinning of a PEO/PCL nanofibrous mat, followed by assembly
of the platform, with free-radical polymerization of the final construct as the final step. b SEM micrograph showing the morphology of spun PEO/PCL
nanofibers with a fiber diameter of 1 pm. ¢ The surface topography of PEO/PCL nanofibers observed with AFM shows a soft fiber surface. The Z-scale
bar corresponds to 7 um. d The high-resolution TEM image of the plasmonic hydrogel composite in the final platform shows the size and distribution
of AgNCS in the hydrogel matrix. e High-resolution FE-SEM top-view image of the platform surface, confirming the presence of AgNCs. f Cross-
sectional SEM image of the platform showing the PEO/PCL electrospun mat placed between two layers of P(NIPAAm-co-NIPMAAm) hydrogel. g A
high-resolution cross-sectional FE-SEM image of the platform, confirming the interpenetration of nanofibers within the hydrogel layers.

nanofibersy’:

approximately 1pm were successfully fabricated. The
fibers obtained were uniform, regular, and bead-less, and
they were randomly oriented and well distributed
throughout the whole mat. They were also defect-free,
showing no signs of breaking or deformation. In addition,
the surface of these fibers was observed via AFM, as
shown in Fig. 3c: the fibers appeared uniform and without
defects. Figure 3d shows the TEM image of AgNCs in the
final platform, confirming the presence of AgNCs in the
hydrogel matrix. It can be observed that the nanoparticles
are well dispersed throughout the hydrogel network;
moreover, there is no sign of nanofiller aggregation. High-
resolution TEM and EDS images in Fig. S7a, b show the
high-magnification visualization of AgNCs in the hydro-
gel network. The uniform distribution and nonaggrega-
tion of AgNCs are confirmed here at nanometric scales.
Fig. S8 shows the AFM topography of the composite,
evidencing the presence of AgNCs on the surface of the
hydrogel. There were no signs of fibers on the surface
topography of the hydrogel composite, thus confirming

the homogeneous hydrogel layering on the platform.
Figure 3e shows a top-view FE-SEM image of the plat-
form, revealing a plain surface and the presence of AgNCs
in the structure. Figure 3f shows an FE-SEM image of the
platform’s cross-section, highlighting the platform’s
layered structure composed of an electrospun fibrous mat
placed between two layers of P(NIPAAm-co-NIPMAAm)
hydrogel embedded with AgNCs. The nanometric scale
interface and interpenetration of fibers in the hydrogel
structure are visible in the cross-sectional FE-SEM image
presented in Fig. 3g. The interpenetrated fibers in the
cross-section support the idea of a compact platform and
intimate anchorage between the layers (Fig. 3g), which
play a crucial role in the mechanical properties and sta-
bility of the system.

Mechanical testing of the fabricated platform

Hydrogels possess poor mechanical properties due to
their network structure and the retainment of significant
amounts of water. Acrylate-based hydrogels are no
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Fig. 4 Mechanical and antibacterial properties of the fabricated platform. a Macroscopic images of the platform folded and bent at 135° and
45°, showing the platform'’s flexibility. b Macroscopic images of the fabricated platform folded and relaxed, indicating its ability to recover its original
shape. ¢ Macroscopic image of the platform cut into different shapes. d Photograph of bacteria in control samples at time 0 (left) and recovered after
4 h of incubation in the presence of hydrogel (middle) and hydrogel embedded with AgNCs (right). Only single colonies were recovered from
samples incubated with hydrogel AgNCs, demonstrating the potent antibacterial effect of the silver particles.

exception; thus, the high swelling ratio of PNIPAAm-
based hydrogels results in very poor physical strength®*.
This feature may not cause problems in applications in an
aqueous state, but it is a major hurdle for applications
such as biosensing, tissue engineering, and robotics®>. To
overcome this limitation, we introduced a nanofibrous
mat into the system so that its coupling with the hydrogel
could boost the mechanical properties of the final system.
The fabricated platform showed outstanding mechanical
properties and flexibility, enabling it to be folded and bent
at different angles without causing any material structural
damage. Macroscopic images of the platform folded and

bent to 135° and 45° are shown in Fig. 4a. Furthermore,
due to its flexibility, the platform can recover its original
shape and size without any fractures from both physical
and structural standpoints. Macroscopic images of the
platform before and after removing a load are shown in
Fig. 4b. This platform can be shaped into different
designs, thus obtaining whatever shape is needed for other
applications. A first example is shown in Fig. 4c, and
another is presented in Figure S9. Mechanical tensile
testing was also performed on the samples. Specimens
were cut into the shape of dumbbells, placed between the
grips of the mechanical testing machine, and subjected to



Ziai et al. NPG Asia Materials (2022) 14:18

an extension rate of 5mm min . Figure S10 shows the
sample’s extension diagram, indicating the system’s
capacity for an extension up to 160% of its initial length.
Additionally, the tensile strength of the specimens was
calculated using Eq. 1. The tensile strength of the sample
was calculated to be 0.32Nmm ', which appears rea-
sonable for the system.

max load

A (1)

Tensile strength =
where SA is the surface area of the sample.

Thus, fibers are integrated into the hydrogel network by
compositing a layer of electrospun fibers between two
hydrogel layers. This procedure results in a compact,
stable, and easily handled platform.

Antibacterial properties of the composite platform

Silver compounds such as silver nitrate and silver sul-
fadiazine have been used to prevent bacterial growth in
applications such as drinking water decontamination and
burn care®®. Nanosilver is increasingly being introduced
as an antibacterial agent in health care products®”®,
Nanocrystalline silver provides a very large specific sur-
face area for the release of ionic silver, and even a small
amount of silver can provide potent bactericidal action®’.
Metallic silver has also been added to polymer fabrics and
catheters to provide antibacterial properties’.

The antibacterial activity of the developed composite
embedded with AgNCs was investigated by seeding Sta-
Pphylococcus aureus (S. aureus) cells in phosphate-buffered
saline (PBS) onto the sample surface. The bacterial cells
were enumerated by serial dilutions at time zero and after
4h of incubation. Figure 4d illustrates colonies grown
from serial dilutions of bacteria at time zero and after four
hours of incubation on the hydrogel samples without
silver nanocubes and samples with 20 wt% AgNCs. As
shown in the images, after 4 h of incubation on the surface
of the platform, only single colonies could be recovered,
while numerous bacteria were grown after incubation on
the surface of samples without AgNCs. Taking these
results into account, it was calculated that after 4h of
incubation, half of the initial number of bacterial cells was
recovered from neat hydrogels, while silver-containing
hydrogels eliminated over 99.9% of bacteria independent
of the AgNC concentration (Supplementary Fig. S11).

It is possible to assess that the presence of AgNCs in the
platform can provide a powerful antibacterial effect to the
multifunctional platform. As the antibacterial properties
of silver are well known, the reduced number of bacteria
on P(NIPAAm-co-NIPMAAm)/AgNC composites after a
relatively short incubation time (4h) confirms the pre-
sence and successful embedding of AgNCs into the
hydrogel structure.
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Fast photothermal responsiveness of the composite

The thermoresponsive behavior of the plasmonic nano-
platform was investigated using a green laser operating at
532nm as a function of the laser intensity (from 1.43 W
cm? to 1571 W cm ?). AgNCs show an intense absorp-
tion band in the visible region, and owing to their
remarkable photothermal efficiency, the absorbed light can
be converted into heat”". The AgNCs embedded in the final
composite are also responsible for the intense absorption
band in the visible region of the final nanostructured plat-
form. When the heat from the converted energy from green
laser irradiation at the absorption peak exceeds the hydrogel
VPTT, a cascade-like series of stimulus/response events
leads to a rapid shrinkage of the hydrogel and water evic-
tion. These phenomena demonstrate the hydrogel’s sig-
nificant thermoresponsive properties.

Figure 5a, b show some thermographic images of the
different hydration states and irradiation times of the
platform after exposure to the laser beam at an intensity
of 15.71 W cm ™% Images taken with the thermal camera
detected an immediate increase in the temperature of the
platform, which is considered the direct rate of respon-
siveness. Although the neat P(NIPAAm-co-NIPMAAmMm)-
based hydrogel has negligible photothermal responsivity
(Fig. S12), plasmonic AgNCs make the composite
hydrogel strongly responsive to visible light. As reported
in Fig. 5a, exposure to laser irradiation for 70 s increased
the temperature of dry samples to ~80 °C; the hydrated
hydrogel tested under the same conditions reached
~50°C. This difference is because the absorption peak
varies, passing from hydrated to dry states and shifting the
absorption peak in the case of a fully hydrated state (no
longer centered on laser emissions), thus making the
photoresponsivity less efficient. The different surrounding
environments can also explain this phenomenon since air
takes less time to reach high temperatures than water.
Time-temperature profiles at different intensity values of
the laser pump beam (from 143 Wcm 2 to 1571 W
cm %) are shown in Fig. 5¢, d. When the laser was ON, the
temperature increased to almost 80°C in the dry state
(Fig. 5¢) and up to 50°C in the hydrated platform (Fig.
5d). In both cases, the temperature increase is attributed
to the photothermal efficiency of AgNCs. When the laser
was turned OFF, both samples cooled to room tempera-
ture in less than one minute. This behavior ensures the
reusability of the system, as by increasing the temperature,
the platform shrinks due to the LSCT nature of the
hydrogel and expels the infiltrated solution. Removing the
light source returns the hydrogel to its original state, and
it is ready to be used again. A higher laser power could
certainly lead to a faster heating efficiency of the sample.
The linear correlation between the temperature and
intensity of the laser can be seen in Fig. 5e, f for both
hydrated and dry samples, respectively. Figure 5g shows
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Fig. 5 Photothermal properties of the nanostructured platform demonstrating the fast responsiveness of the fabricated platform. a

Thermographic images captured at different time points during laser irradiation (intensity: 15.57 W cm~?) of the platform fixed onto a glass slide in a
dry state. At time zero, the platform and surrounding environment showed a similar temperature; at different time points, it is seen that the
temperature increased to almost 80 °C. b Thermographic images captured at different time points during laser irradiation (intensity: 15.71 W cm™2) of
the platform fixed onto a glass slide in the hydrated state. At time zero, the platform and surrounding environment showed a similar temperature; at
different time points, it is seen that the temperature increased to 50 °C. ¢ Temperature-time plots for various intensity values (from 1.43Wcm™ to
1571 W cm ™) of the laser beam in the dry state: the temperature increases due to the capability of AGNCs to efficiently convert the incident light
into heat energy. d Temperature-time plots of the platform in the hydrated state according to various intensities of the laser beam: AgNC causes heat
generation by efficiently converting incident light into heat energy. e Linear correlation between the maximum temperature detected and the
intensity of the laser beam in the dry state. f Demonstration of the maximum temperature detected, which is linearly correlated with the intensity of
the laser beam in the hydrated state of the platform. g Scheme showing the experimental setup designed to analyze the developed photothermal
properties of the platform: the laser beam running from top to bottom while irradiating the platform was observed with a thermal camera that

records images and transfers them directly to a computer.

the experimental optical setup used for photothermal
investigation of the platforms. A continuous-wave (CW)
laser source operating at 532 nm irradiated the samples
placed in a tailor-designed specimen holding the nanos-
tructured platform after passing through a custom-
designed optical patch. A side-view thermal camera
recorded thermographic images with changes in the
sample temperature at different irradiation times.

Glucose sensing
According to optical transducer/phenomena, optical glu-
cose sensors are classified into four groups: surface plasmon

resonance (SPR), fluorescent, surface-enhanced Raman
scattering (SERS), and photonic bandgap sensors. Our mul-
tifunctional platforms were investigated for glucose sensing
due to their high sensitivity to changes in the surrounding
refractive index. The readout of these sensors depended on
the change detected in the resonant absorbed wavelength
with glucose concentrations. Localized surface plasmon
resonance (LSPR) is based on the surface plasmon resonance
phenomenon in which metal electrons oscillate coherently in
an electromagnetic field during surface conduction. This
phenomenon can enhance the measurement sensitivity of
the local environment on the metal nanostructure surface.
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To first examine the sensing reliability of the AgNCs,
nanocubes were tested dispersed in liquid solutions with
different glucose concentrations. The shift of the wave-
length of the main LSPR band can be seen in Fig. S13,
which shows that the AgNCs are sensitive to glucose.
Biosensors using plasmonic NPs have been mainly
developed using techniques such as electrodeposition of
nanoparticles to functionalize the surface of supporting
materials. Although this technique allows good attach-
ment of particles on the surface, the immobilization of
nanoparticles on the supporting material surface greatly
reduces the contact area between the nanomaterials and
the tested analyte. To overcome this drawback, the
incorporation of plasmonic nanoparticles into bulk
hydrogels has been explored. Indeed, embedding nano-
particles into the hydrogel mass renders the entire
nanoparticle surface available for exposure to the sample.
This elegant strategy strongly improves the sensor sensi-
tivity. In addition, particle encapsulation is an inexpensive
and simple approach compared to the electrodeposition
of nanoparticles.

Figure 6a shows a schematic illustration of the glucose-
sensing procedure in human urine samples. As shown in
this scheme and described in the materials and methods
section, the analyzed human urine sample was added to
various standard glucose solutions and infiltrated into the
hydrogel/mat platform. The hydrogel samples were
placed in a UV-Vis spectrophotometer, and the shift of
the maximum LSPR band was detected.

Figure 6b shows the absorption spectra of P(NIPAAm-
co-NIPMAAm)/AgNCs in three different infiltrating
media: air, pure water, and an 8 mM D-glucose solution.
The absorption spectrum of the composite in air shows an
intense plasmonic peak centered at 551 nm, which is
associated with the resonance of the (100) planes of
AgNCs, along with two peaks at 410 nm and 352 nm,
attributed to the edges and corners of AgNCs, respec-
tively’?. P(NIPAAm-co-NIPMAAm) hydrogels possess a
refractive index (n = 1.5) higher than that of water (n =
1.3). Therefore, the position of the plasmonic peaks of the
hydrogel samples embedded with AgNCs is shifted with
respect to the plasmonic peaks of the colloidal dispersion
of AgNCs (shown in Fig. 2c).

The infiltration of the P(NIPAm-co-NIPMAm)/AgNC
nanocomposite with Milli-Q water resulted in a blueshift
of 37 nm (A\t) from the main plasmonic peak of AgNCs,
as highlighted by the dark blue track in Fig. 6b. In com-
parison, a lower blueshift (31 nm) (A\Ag) was measured
following the infiltration of P(NIPAAm-co-NIPMAAm)/
AgNC samples with an 8 mM D-glucose solution.

The spectral shift of the absorption spectrum of P
(NIPAAm-co-NIPMAAmM)/AgNC samples is due to var-
iation in the refractive index surrounding AgNCs; the
average refractive index is expected to decrease slightly
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after Milli-Q water is introduced into the dried P
(NIPAAm-co-NIPMAAm) sample”®. Accordingly, the
decreased local refractive index value resulted in a blue-
shift of the plasmon bands of AgNCs in the P(NIPAAm-
co-NIPMAAm)/AgNC sample. This significant A\t value
can be further elucidated considering that the infiltration
of P(NIPAAm-co-NIPMAAm)/AgNCs with Milli-Q water
can alter the arrangement of the P(NIPAAm-co-NIP-
MAAm) molecules surrounding AgNCs. In particular, the
P(NIPAAm-co-NIPMAAm) structure can change from a
collapsed state (when the polymer is dry) to a swollen
state following infiltration with Milli-Q water. Indeed,
water is an optimal solvent for P(NIPAAm-co-NIP-
MAAm), as it minimizes attractive forces among polymer
molecules, thus promoting polymer swelling. In the
swollen state, the density of the polymer molecules
embedded with AgNCs is lower than that of P(NIPAAm-
co-NIPMAAm) molecules in the dried state. The lower
density in the swollen state can reduce the refractive index
value for P(NIPAAm-co-NIPMAAm), as demonstrated by
Tagliazucchi et al.”*, Therefore, when the P(NIPAAm-co-
NIPMAAm) sample was infiltrated with water, the density
of the polymer molecules surrounding AgNCs decreased,
leading to a consequent further decrease in the P
(NIPAAm-co-NIPMAAm) refractive index value, thereby
causing an intense blueshift of the AgNC plasmon band””.
When the plasmonic nanoplatform was infiltrated with
an 8mM D-glucose solution, a less intense (31 nm)
blueshift was measured. Indeed, the presence of
D-glucose molecules in the infiltrating solution can pro-
duce an overall increase in the local refractive index value
experienced by AgNCs (compared with Milli-Q water);
this situation resulted in a less intense blueshift than the
optical shift measured for the P(NIPAAm-co-NIP-
MAAm)/AgNC sample infiltrated with Milli-Q water.
Figure 6c shows the absorption spectra of the P
(NIPAAm-co-NIPMAAm)/AgNC samples infiltrated with
D-glucose standard solutions at different concentrations
used to prepare a typical calibration curve and, in turn, to
evaluate the limits of detection (LODs) of the system. As
the D-glucose concentration decreased in the infiltrating
solution, the peak in the corresponding absorption spec-
trum of the infiltrated sample shifted toward lower
wavelengths due to a reduced average refractive index.
Moreover, it is well known that if the concentration of
D-glucose decreases, the viscosity of the infiltrating
solution is reduced’®. Consequently, attractive interac-
tions among P(NIPAAm-co-NIPMAAm) molecules
decrease. Under these conditions, polymer swelling is
progressively promoted (compared to polymer collapse),
thus resulting in a progressively lower local refractive
index value. This change results in a more intense blue-
shift of the AgNC plasmon band than that of the dry P
(NIPAAm-co-NIPMAAm)/AgNC sample’*. The ability of



Ziai et al. NPG Asia Materials (2022) 14:18

Page 14 of 17

a urine collection

¢ T

g
)

Yrj
Sg, ,76
b Mole

/

solution preparation

b Hydrogel/AgNCs
— Hydrogel/AgNCs, H,0
~— Hydrogel/AgNCs, Glucose

3

&

[

2

=

[-%

-

o

7

o

<

1 <3 1 1 i | 1 1 1 1
350 400 450 500 550 600 650 700 750 800
Wavelength (nm)
d 14 4
4 2

o 12 y = 1.5x + 0.68

o 10 - R? =0.96
I

[/

>
—_—

E °

=
~— 4 4
<
< L,

04 @

0 2 4 6 8
Glucose concentration (mM)

Hydrogel infiltration

%

—2mM
—4 mM
—6 mM
—8 mM
3
&
c
i
=
2
-
<
[ ]
093 ) ; L ) A )
490 495 500 505 510 515 520 525
Wavelength (nm)
e LoD=
2.29mM
|
|
_—
' E
[9]
o Healthy | (]
l N
o range <
Ltt—r| | <
o |
Kol
s I .
- Detected | | ~ i
value | r 2t
l 1

Fig. 6 Glucose sensing of the P(NIPAAm-co-NIPMAAm)/AgNC platform. a Scheme illustrating glucose quantification steps. Urine samples were
collected from humans, the platform was infiltrated with a urine solution, and the amount of glucose available in the solution was measured using a
UV-Vis spectrophotometer. b Normalized absorption spectrum of three representative P(NIPAm-co-NIPMAmM)/AgNC samples in the dry state (light
blue track) infiltrated with Milli-Q water (blue track) and an 8 mM D-glucose solution (red track). ¢ Representative normalized absorption spectra of P
(NIPAAmM-co-NIPMAAmM)/AgNC samples infiltrated with standard solutions of D-glucose, highlighting variations in the optical response of the
plasmonic nanoplatform as a function of the D-glucose concentration. d Plasmonic shift (AN, shown as a function of glucose concentration for a set
of standard glucose solutions and linear interpolation. AN was evaluated as the difference between the maximum wavelength measured for the
nanocomposite infiltrated with Milli-Q water and the maximum wavelength measured for the nanocomposite infiltrated with a standard solution of
D-glucose. Using the LOD calculated from the curve, the platform’s ability to sense glucose levels at both normal and diabetic levels was also
indicated. e A representative determination of the D-glucose concentration in a human urine sample, determined from A\ values, using the standard
addition method, confirming the platform’s capability to be used as a glucose sensor.
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P(NIPAAm-co-NIPMAAm)/AgNC hydrogels to behave
as plasmonic-based refractive index sensors was also
evaluated by associating the plasmonic shift with the
concentration of D-glucose standard solutions. The cali-
bration curve obtained as described earlier shows a linear

correlation between the plasmonic shift (AA) and
D-glucose concentration for the sensing of the platform
(Fig. 6d). The limit of detection (LOD) of the system was
calculated to be 2.29 mM, which is fully consistent with
the typical detection limits of commercial urine strip
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tests®. This result emphasizes the sensitivity of P
(NIPAAm-co-NIPMAAm)/AgNCs to variations in the
local refractive index value. Indeed, based on the work
published by Surendar et al. used to calculate the refrac-
tive index value of the D-glucose standard solutions’’, we
were able to estimate a sensitivity of 433 nm/RIU
(refractive index unit), which is also in agreement with the
results previously reported in the literature for silver
nanoparticles’®.

Finally, we tested our sensor’s ability to analyze the
D-glucose concentration in human urine samples by
exploiting the method of standard additions. This method
was used because although urine samples are relatively
simple, it enabled avoiding any matrix effect and further
sample preparation before performing tests’®. Addition-
ally, it is worth mentioning that we avoided testing arti-
ficial urine in this protocol to verify the ability of the
developed platform to test real human samples®. As
previously described, hydrogel composite samples were
infiltrated with D-glucose standard solutions, and
absorption wavelengths were measured. As shown in Fig.
6e, with the increase in the concentration of standard
D-glucose solutions, the plasmonic shift redshifted in
response to the change in the local reflective index, as
previously reported and discussed for standard D-glucose
solutions, according to the experimental results. Figure 6e
shows a representative analysis of the developed method
based on the use of the nanostructured platform, which
permitted detection of a D-glucose amount of 3.7 +
0.3 mM in the investigated sample. This technique was
explored to detect glucose in urine as a proof-of-concept
of the proposed noninvasive detection method, showing
excellent detection of glucose levels within a wide range of
concentrations. The glucose level in healthy people is
between 2.78 and 55 mM and more than 55mM for
diabetic people®'. This range of glucose concentrations is
above the detection limit calculated by our system, which
is reliable and reproducible considering the calculated
standard deviation. All these results prove the sensor’s
ability to detect the desired glucose levels in urine. It is
worth mentioning that the reusability of the platform is
ensured by the photothermal responsivity of the system,
which expels the liquid infiltrating the gel upon
irradiation.

Conclusions

In this work, we successfully fabricated an antibacterial
photothermal-responsive  glucose-sensing  platform
inspired by the structure of chameleon skin. The multi-
functional platform consists of a layer of PEO/PCL elec-
trospun fibers enclosed by two layers of P(NIPAAm-co-
NIPMAAm)-based hydrogels with embedded plasmonic
nanoparticles, i.e., AgNCs with outstanding sensing per-
formance. The P(NIPAAm-co-NIPMAAm) hydrogel is a
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thermoresponsive hydrogel. Coupling this hydrogel with
AgNCs made it possible to develop novel and unique
functions of the platform. AgNCs endow the platform
with antibacterial properties, promote the hydrogel’s
photothermal responsivity with plasmonic properties and,
most importantly, enable the system’s sensing feature.
Several studies were performed using laser beam irradia-
tion at 532 nm and a high-resolution thermal camera to
demonstrate the photothermal behavior of the proposed
platform. The presence of a PEO/PCL nanofibrous mat
was a requisite for mechanical stability of the system.
Indeed, hydrogel itself consists of 94% water and does not
have suitable mechanical stability and physical properties
for handling as a platform for sensing applications. The
PEO/PCL nanofibrous mat gives the platform excellent
mechanical properties to allow the system to be designed
in various shapes and overcome mechanical failures
during bending, twisting, and stretching, thus ensuring
that the structure and uniformity of the platform are
maintained. The presence of AgNCs imparted plasmonic
properties to the proposed nanoplatform. The well-
structured platform was tested as a biosensor to detect
glucose in body fluids, presenting an accurate and
reproducible procedure. The platform provided a fast and
cost-effective glucose monitoring procedure as an LSPR
sensor and was successfully tested for analysis of glucose
in a human urine sample by following an accurate and
reproducible procedure. The detection limit of this plat-
form (2.29 mM) is lower than the glucose levels in both
healthy and diabetic people; additionally, this method
benefits from the fact that it is noninvasive. Optical
detection is based on the difference in the refractive index
of the surrounding environment with a linear coloration
between the AN and glucose concentration in urine
samples. The presence of glucose causes a change in the
reflective index of the surrounding medium, thus produ-
cing a shift in absorption peaks. Considering the plat-
form’s antibacterial properties and photothermal
responsiveness, along with the sensing capability, our
system has been proven to be a promising platform cap-
able of detecting glucose levels in body fluids.
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1. Morphological structure of the neat P(NIPAAmM-co-NIPMAAmM) hydrogel
The morphological structure of the P(NIPAAmM-co-NIPMAAmM) hydrogel without embedding any
nanoparticle was studied using SEM. Figure S1 shows the cell-like structure of the hydrogel, with

a pore size of an average of 10 um.

Figure S1. Characterization of nanostructured P(NIPAAmM-co-PNIPMAAmM) hydrogel. SEM

image demonstrating the microstructure of the P(NIPAAmM-co-NIPMAAmM) hydrogel

2. Optical changes in the P(NIPAAmM-co-NIPMAAmM)/AgNCs hydrogel

When nanoparticles absorb light, the observer sees the light that is transmitted through the
formulation, causing the observer to perceive the light of the complementary color to the
absorbed color. When white light interacts with these particles, blue and green light is
preferentially absorbed, and red light is transmitted through the material. Additionally, since
plasmonic nanoparticles both scatter and absorb light, their perceived color is dependent on the
perspective and the background. The reason why the plasmonic particles appear in different
colors on different backgrounds is due to the fact that they have both scattering and absorption

components within the same particle. In the case of silver nanoparticles, which have a plasmon



resonance in the blue region of the spectra, in the case of a lighter background more portion of

the blue light will be absorbed, causing the change of the color to more green shades.

o .

Figure S2. Optical observation of P(NIPAAmM-co-NIPMAAmM)/AgNCs. a) Image of the

hydrogel with a solid white background, scattering most of blue light, showing a red-shade
color. b) Hydrogel in natural light-absorbing the blue light and resulting in more blue-shade

color.

3. Morphological structure of the P(NIPAAmM-co-NIPMAAmM) hydrogel embedded
with different amounts of silver nanocubes (1:20-1:50)

AFM image of the P(NIPAAmM-co-NIPMAAmM) hydrogel embedded with AgNCs, showing the

topography of the surface of the hydrogel containing silver cubes. Figure S3 shows the AFM

images of the hydrogel containing two different concentrations of AgNCs. Images show the

distribution of AgNCs in the hydrogel, where the difference is visible according to the average

distance between nanoparticles.
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Figure S3. Characterization of nanostructured P(NIPAAmM-co-PNIPMAAmM) hydrogel

embedded with AgNCs a) 2% wt b) 5%wt.

4. Antibacterial properties of P(NIPAAmM-co-NIPMAAmM) hydrogel embedded with AgNCs
Figure 4 presents the initial number of bacterial cells loaded onto hydrogel samples and
enumerated by serial dilution after 4 hours of incubation on hydrogel samples with different
concentrations of AgNCs. The number of bacterial cells incubated on hydrogels alone decreases
by 50% after 4 hours of incubation, the really potent antibacterial activity is observed for samples
with silver. In this case, over 99,9% of bacterial cells are eliminated. This drastic reduction in

colony number demonstrates the potent antibacterial properties of the platform.
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Figure S4. Antibacterial properties of the platform: average number of the colonies loaded on the
samples and recovered after 4 hours of incubation on hydrogels alone and with AgNCs. The experiment

was repeated three times with duplicates.
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Lysozyme-sensitive plasmonic hydrogel nanocomposite for
colorimetric dry-eye inflammation biosensing

Yasamin Ziai,? Chiara Rinoldi® , Francesca Petronella® , Anna Zakrzewska ?, Luciano De Sio®, Filippo
Pierini *@

Detection of lysozyme levels in ocular fluids is considered crucial for diagnosing and monitoring various health and eye
conditions, including dry eye syndrome. Hydrogel-based nanocomposites have been demonstrated to be one of the most
promising platforms for fast and accurate sensing of different biomolecules. In this work, hydrogel, electrospun nanofibers,
and plasmonic nanoparticles are combined to fabricate a sensitive and easy-to-use biosensor for lysozyme. Poly(L-lactide-
co-caprolactone)(PLCL) nanofibers were covered with silver nanoplates (AgNPIs), providing a stable plasmonic platform,
where poly(N-isopropylacrylamide)-based hydrogel layer allows mobility and well-integration of the biomolecules. By
integrating these components, the platform can also exhibit a colorimetric response to the presence and concentration of
lysozyme, allowing for easy and non-invasive monitoring. Quantitative biosensing operates on the principle of localized
surface plasmon resonance (LSPR) induced by plasmonic nanoparticles. Chemical, structural, thermal, and optical
characterizations were performed on each platform layer, and the platform's ability to detect lysozyme at concentrations
relevant to those found in tears of patients with dry eye syndrome and other related diseases was investigated by
colorimetry and UV-Vis. This biosensor's sensitivity and rapid response time, alongside the easy detection by the naked eye,
make it a promising tool for early diagnosis and treatment monitoring of eye diseases.

Introduction

Lysozyme, an essential protein in various body fluids, plays a
pivotal role in the body's innate immune defense against
bacterial infections 1. It has gained widespread recognition as a
highly effective antibacterial agent, particularly renowned for
its efficacy against Gram-positive bacteria due to its ability to
break down their cell walls2. Notably, c-type lysozyme exhibits
presence in bodily fluids, with its concentration reaching its
peak in tears and serum, ranging from 1 to 2 g.L? 3, while being
present at lower levels, around 1 to 10 pg.L%, in urine and
cerebrospinal fluid 4. Detecting elevated or dropped lysozyme
levels can serve as a valuable non-specific indicator for various
diseases in pathological conditions. For instance, heightened
lysozyme levels have been associated with AIDS 3, leukemia 6,
and dry eye disease (DED) 7. As a result, monitoring lysozyme as
a biomarker provides essential insights to track patients' health

% Department of Biosystems and Soft Matter, Institute of Fundamental
Technological Research, Polish Academy of Sciences, Warsaw 02-106, Poland.
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status and make well-informed decisions regarding diagnosis,
treatment, and disease progression.

Consequently, the escalating demand for affordable, rapid, and
user-friendly biosensors enabling point-of-care diagnostics has
led to developments in biosensing. Among the various affinity
biosensors, those utilizing plasmonic materials have attracted
significant attention due to their potential for studying surface
plasmon resonance (SPR) signals resulting from lysozyme
binding to receptors 2. Plasmonic materials, notably noble
metals like gold (Au) and silver (Ag), display an intriguing optical
phenomenon when light excites from interactions between
light and surface electrons, manifesting as an
extinction spectrum?®. Moving towards nanotechnology, noble
nanoparticles have substantially enhanced biosensor
sensitivity, enabling the detection of low concentrations of
biomarkers and small biomolecules®. The optical properties of
plasmonic materials, specifically the refractive index (RI) and
resonance wavelength (Amax), can be precisely controlled by
manipulating factors such as nanoparticle shape,
interparticle spacing, the immediate surrounding
environment. These attributes offer versatility across a broad
spectral range, affording flexibility in designing biosensors for
diverse applications.

Additionally, the ability to tailor the receptor environment
further enhances the adaptability of plasmonic biosensors to

incident

size,
and
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varying matrices!12. In conjunction with the precise LSPR
biosensing methods, incorporating visual aids for rapid result
determination can prove highly advantageous within practical
applications. Visual colorimetry technique facilitates the rapid
assessment of biomarker alterations resulting from
nanoparticle aggregation 13. Using the unique properties of
plasmonic nanoparticles, a color change can be detected upon
binding biomolecules to the surface of the nanoparticles. This
phenomenon alters the absorption wavelength and scatter
light. The intensity of the shift and color change can be directly
correlated with the concentration of the target biomarker,
offering a rapid and straightforward means of analysis 1415,

Li et al. used a hybrid system comprising gold nanoparticles and
ruthenate to detect lysozyme. In the absence of lysozyme,
introducing ruthenate leads to particle aggregation, resulting in
a visible color shift from red to blue. Conversely, in the presence
of lysozyme, an electrostatic charge alteration induced by the
interaction between plasmonic particles and ruthenate
prevents aggregation, thereby preserving the original
coloration®®. A similar approach was undertaken by Castillo et
al., who employed sodium chloride (NaCl) for lysozyme
detection in urine samples. In this study, they harnessed the
potential of particle aggregation, both in the presence and
absence of lysozyme, as induced by NaCl 17,

A suitable platform to carry the nanoparticles and provide a
proper detecting matrix is necessary to maximize detection
efficiency. Nanofibers, fabricated using the electrospinning
technique, are promising candidates as substrates to carry
plasmonic nanoparticles. Electrospinning involves applying an
electric field to a polymer solution or melt, causing the polymer
to elongate into ultrafine fibers with diameters ranging from
nanometers to micrometers. This unique method enables the
production of nanofibers with
characteristics, including a high aspect ratio and interconnected

exceptional structural
porous network, alongside tunable mechanical properties 18.
Electrospun nanofibers from various natural and synthetic
polymers have been widely used in biomedical applications
such as tissue engineering!?, wound dressing??, drug delivery 21,
and biosensing 22. Upon applying noble metal nanoparticles like
gold or silver, the nanofibers can serve as ideal hosts for these
nanoscale components due to their abundant surface area,
enabling a higher loading capacity of plasmonic materials23.
From another point of view, focusing on enhancing the
transport and detection of biomolecules and biomarkers within
biosensing platforms, hydrogels have appeared as a promising
class of materials, serving as carriers for these tiny particles??.

Hydrogels, characterized by their three-dimensional network
structures, retain substantial amounts of water within their
matrix. The high water capacity of hydrogels facilitates the
efficient and controlled transport of biomolecules and
biomarkers, allowing for enhanced interactions and improved
sensitivity in  biosensing assays. Their tunable and
biocompatible nature further augments their suitability for
accommodating diverse biomolecules and their feasibility for
specific needs?>. Stimuli-responsive hydrogels exhibit reversible
physical changes in response to minor alterations in their
surrounding environment. Among these, poly(N-

2| J. Name., 2012, 00, 1-3

isopropylacrylamide)-based hydrogels (PNIPAAm) stand out as
a class of smart hydrogels with photothermal-responsive
behavior 26, Incorporating recognition elements in the hydrogel
structure allows for responsive reactions with specific chemical
substances.
Consequently, these interactions trigger changes in the
solubility or charge state of the hydrogel. Likewise, solubility
changes can directly influence the hydrogel's volume response
27, Notably, these smart hydrogels demonstrate remarkable
volume variations in response to even minor temperature
fluctuations, making them particularly well-suited for various
applications where precise temperature responsiveness is
desirable 8.

Here in this research, we have fabricated a composite platform
consisting of poly(l-lactide/e-caprolactone) (PLCL) nanofibers,
Ag nanoplates (AgNPIs), and PNIPAAm hydrogel as a biosensor
for lysozyme enzyme. AgNPIs were drop-casted onto the
electrospun mat to provide a stable layer for detection,
followed by the addition of hydrogel precursor. Penetration of
the the of the
polymerization allows for the biomarkers to maneuver,

hydrogel into structure mat before
resulting in facile recognition and efficient sensing. Each
composite material component was investigated individually,
and subsequently, an analysis of the entire composite was
performed as a unified entity. A rapid colorimetry assay based
on the aggregation of AgNPIs was also tested to check the
system's applicability for naked-eye lysozyme detection.
Photothermal responses and the sensing limits were examined,
demonstrating the material's potential suitability as a viable

candidate biosensor for lysozyme detection.

Materials and methods
Materials

N,N-isopropylacrylamide (NIPAAm, 97%, Sigma Aldrich,
Poland), N-isopropylomethacrylamide (NIPMAAm, 97%, Sigma
Aldrich, Poland), N,N’-methylene bisacrylamide (BIS-AAm,
99.5%, Sigma Aldrich, Poland), 2-Hydroxy-4'-(2-hydroxyethoxy)-
2-methylpropiophenone (lrgacure 2959, 98%, Sigma Aldrich,
Poland), silver nanoplates (AgNPIs, 53 nm, PVP, Nanocomposix,
USA), Poly (L-lactide/s-caprolactone)(PLCL 70/30, Mn 80 kDa),
Chloroform (CHCls, POCh, Poland), and N,N-dimethylformamide
(DMF, POCh, Poland), Lysozyme human ( =2100,000 units.mg?
protein, Sigma Aldrich, Poland) and Sodium chloride (NacCl,
>99%, Sigma Aldrich, Poland) were used as received.

Electrospinning of PLCL

10% (w/w) of PLCL was dissolved into a chloroform/DMF
solution mixture with a 90:10 (w/w) ratio. The solution was kept
on stirring overnight using a magnetic stirrer prior to the
electrospinning process. The electrospinning process was
optimized to use a 15-kV positive voltage, 800 uL.h? flow rate,
and a 26G needle tip at a distance of 15 cm from a rotating drum
collector with 500 rpm speed to achieve favorable fibers.
Electrospun nanofibers in the shape of a mat were collected
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after using 2 mL of solution to achieve convenient thickness at
room temperature (25°C) and 40% relative humidity.

Hydrogel precursor sol

A mixture of 578.13 mg NIPAAm, 15.63 mg NIPMAAm, 31.25 mg
BIS-AAm, and 12.5 mg Irgacure 2959 was prepared. This mixture
was dissolved in 10 mL of deionized water to reach 95.2 wt% of
the solution. The sol was protected from light while stirred
overnight using a magnetic stirrer up to its complete
dissolution?2.

Fabrication of the nanostructured platform

First, an aqueous solution of AgNPIs with 6.5% (v/v) was added
onto the mat's surface via the drop-casting method to fabricate
the nanocomposite structure. Kept under the hood, the water
evaporated, and a composite of PLCL nanofibers loaded with
AgNPIs was ready to use. Mats were cut in the favored size and
shape and placed in the same shape mold, where hydrogel sol
was added to the top. It is worth mentioning that argon
bubbling must be applied to the sol before use to remove any
oxygen in the mixture. The mold was placed in an ice bath and
irradiated by an ultra-violet (UV) lamp (Dymax lamp with 400 W
capacity and a power density of 225 mW cm™2) for 90 seconds.

Structural characterization

Field emission scanning electron microscopy (FE-SEM) and
scanning electron microscopy (SEM) were performed with FEI
Nova NanoSEM 450 and JEOL JSM-6390LV microscopes,
respectively. Hydrogel discs and the final construct were frozen
in liquid nitrogen before cutting the cross-section, and freeze-
dried samples were obtained. Before imaging, samples were
sputtered with gold layers around 8 nm thick using a SC7620
Polaron mini sputter coater (Quorum Technologies Ltd.,
Ashford, UK). Samples were freeze-dried, then the lyophilized
materials were cut into small pieces, immersed in ethanol, and
placed on a copper mesh with an amorphous carbon
membrane. The size of nanofibers and hydrogel pores was then
calculated using Imagel. For transmission electron microscopy
(TEM), samples were analyzed on an FElI Talos F200X TEM
(acceleration voltage of 200 kV) after four hours of drying in a
vacuum drier.

Energy-dispersive X-ray spectroscopy (EDX) analysis was also
conducted using scanning transmission electron microscopy
(STEM). This involved using a high-angle annular dark-field
detector and a Super-X EDX system equipped with four silicon
drift detectors (SDDs). The topography of the sample surface
was examined using an atomic force microscope (AFM, Ntegra,
NT-MDT) that featured a silicon cantilever (NSGO1, NT-MDT, tip
radius 10nm). These AFM measurements were carried out in
semi-contact mode at a resonance frequency of 150 kHz,
capturing 500x500 data points per image. The hydrodynamic
size of the AgNPIls was determined through dynamic light
scattering (DLS) using a Zetasizer Nano ZS analyser (Malvern
Instruments). Aqueous dispersions containing 0.1% wt of
AgNPIs were prepared, and the samples were placed into quartz
micro-cuvettes for triple measurements to establish an average
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size value. DLS was performed before and after sonication( 500
W, 20 kHz, 3 min; Vibra-Cell™ Ultrasonic Liquid Processor).
Chemical characterization

A Multiskan GO spectrophotometer (Thermo Scientific, USA)
was used to collect data on ultraviolet-visible (UV-Vis) spectra.
UV-Vis spectrophotometer scanned from 400 nm to 1000 nm
every 5 nm. Fourier-transform infrared (FT-IR) spectroscopy
was used to characterize the functional groups in each layer. FT-
IR analyses were conducted in an attenuated total reflectance
(ATR) mode with a Bruker Vertex70 FT-IR Spectrometer and
carried out in the wavenumber range of 400-4000 cm-1 with a
resolution of 2 cm- and eight scans for each sample.

Photothermal-responsivity characterization

The near-infrared (NIR) light source utilized was a diode laser
from CNI (Changchun New Industries Optoelectronics
Technology Co., Ltd.), which operates within the absorption
spectrum of AgNPIs (longitudinal plasmon band) and features a
rectangular beam profile. To assess and visualize the spatial
distribution of heat and the temperature profile during laser
exposure, a high-resolution thermal camera (FLIR, A655sc) was
used. This camera captures thermal images at a resolution of
640x480 pixels with a precision of +0.2°C. Additionally, it
integrates smoothly with the FLIR ResearchlR Max software,
which handles and analyzes the collected thermal data.

Colorimetry

Visual colorimetric analysis was conducted on optimized
solutions, considering the Lysozyme concentration in a single
eye drop, AgNPIs concentration, and the utilization of
commercially available 0.9% sodium chloride solution serum,
commonly known as saline solution. Various concentrations of
Lysozyme and AgNPIs mixtures were prepared, and each
solution was subsequently augmented with saline solution. The
alteration in coloration was documented using a standard
smartphone camera, both before and after the addition of NaCl,
with intermediate recordings captured at 10, 30, and 60-minute
intervals. Simultaneously, a Multiskan GO spectrophotometer
(Thermo Scientific, USA) was employed to record changes in the
absorption spectra of each sample at the same time intervals.
For the colorimetric analysis of the finalized platform, pre-
fabricated platforms air-dried and subsequently
immersed lysozyme solution, allowing the hydrogel
component of the platform to swell to its original dimensions
for 2 hours. Following this, saline solution was introduced into
the platform, with observable color changes manifesting within
15 minutes.

were
in a

Lysozyme sensing tests

The absorption spectra of AgNPls-based platforms were
collected by using a UV-Vis spectrometer (Lambda 365, Perkin
Elmer). The sensing ability of the AgNPls-based platforms was
tested by preparing standard solutions of lysozyme in water at
the following concentrations: 2 mg. mL1, 1.5 mg. mL1, 1 mg. mL-
1,0.5mg. mL1?
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The samples were placed on a glass substrate, and then 200 pL
of Lysozyme standard solution was cast on the nanostructured
platform. They were kept at rest for 15 minutes to promote a
uniform and complete distribution of the solution within the
samples before evaluating the optical response.
At this stage, the excess of the lysozyme solution (not in direct
contact with the sample) was carefully removed, and the wet
nanoplatform was carefully placed in the sample holder to
measure its absorption spectrum.
Each absorption spectrum was mathematically converted into
its first-order derivative to determine the wavelength of the
plasmon peak of AgNPIs (Amax)-
After that, the optical shift (AA) was calculated as the difference
between the Amax value measured after (Amax iyso)and before
(Amax) the contact with the lysozyme solution, respectively.

AL = Amax — Mmax_iyso (1)
The AA values were plotted against the lysozyme concentration
to obtain the calibration curve, and the experimental points
were interpolated using a linear fit.
The sensing limits was calculated as three times the standard
deviation of the blank. It was calculated by performing five
times the absorption spectrum of the sample soaked with water
and multiplying by three the standard deviation of the average
AA value.
A standard addition method was also employed to monitor the
lysozyme concentration in human tears samples. A defined
concentration of lysozyme solutions was added to the collected
human tear samples before and after wearing contact lenses for
5 hrs (written and signed agreement has been obtained from
the volunteer for the experiment.). These solutions infiltrated
the nanoplatforms, and the resulting optical shift was detected.
The lysozyme concentration in human tears was calculated
using the standard addition plot.

Results and discussion

Silver nanoparticles (AgNPIs). AgNPIs were selected as the
plasmonic entities in this experimental platform with an
average dimension of 40 £ 15 nm. The dimension specified here
refers to an average, as the particles, despite having consistent
sizes, exhibit various shapes. The choice of these particular
particles is strategic; the optical properties of nanoparticles are
influenced by their shape and size. Even though these particles
are of uniform size, the presence of diverse shapes with sharp
and round edges enhances the precision and sensitivity of the
biosensor?®. The morphological diversity of platelet-shaped
AgNPIs is precisely captured through Transmission electron
microscopy (TEM) images in Figure 1la-c, each offering a
different shape and controlled thickness. Dynamic light
scattering (DLS) measurements were conducted on the
nanoparticles before and after sonication. The nanoparticles'
average size was also calculated using DLS, where they are
reported to be an average of 57.2 + 0.53 nm. Although the
difference between the size resulted from the TEM and DLS
method due to the hydrodynamic radius is a known fact, having
different shapes of the nanoplates offering a more diverse
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hydrodynamic radius has its effect in this case. The observation
that their average size remained consistent throughout
sonication is additional evidence of their stability and resistance
to aggregation (Figure S1, S2). An example of representative
particle dispersion is also visually presented in the TEM image
in Figure 1d, confirming the stability of nanoparticles and the
absence of inter-particle aggregation phenomena.

Further insight into the features of these nanoparticles is
offered by energy-dispersive spectroscopy (EDS) elemental
mapping, as shown in Figure 1le, highlighting the structural
shape of the nanoparticles with the average size and
distribution. Morphological characterization continues via
Scanning Microscopy (FE-SEM)
visualization, as shown in Figure 1f, showing a comprehensive
understanding of the plasmonic nanoparticles' topographical
dispersion. As can be seen, AgNPIs are well-distributed, and
there are no signs of aggregation between them, confirming
their stability in the system.

Field-Emission Electron

Fabrication of multi-layer nanostructured platform. The
stepwise procedure of fabrication of the final nanostructure is
illustrated in Figure 2a. In the initial step, the electrospinning
technique was used to fabricate the poly (L-lactide/e-
caprolactone) (PLCL) nanofibrous mat. Several critical
parameters, including voltage, flow rate, working distance, and
needle gauge size, were optimized to attain the desired uniform
nanofibers. The nanofibrous mat was subsequently sectioned
into well-plate dimensions using a cork borer. In each well,
precise aliquots of AgNPIs with a defined concentration of 65
uL.mL1 were introduced with a drop-casting methodology. The
well plate was then sealed and incubated overnight in darkness
to facilitate particle deposition within the network as the
solvent gradually evaporated. Notably, a visible visual
transition, from white to blue, was observed upon AgNPIs
introduction, confirming their presence within the system. A
solution of hydrogel precursor, prepared as outlined in the
materials and methods section, was then added to the
plasmonic nanofibers. This solution incorporated NIPAAm and
NIPMAAmM monomers along with Irgacure as a photoinitiator,
necessitating UV irradiation to initiate photo-polymerization.
Before polymerization, the precursor solution underwent a
brief period of argon bubbling to deplete oxygen content
effectively. Subsequently, the precursor solution was uniformly
dispensed onto each plasmonic nanofiber within the well plate.
The entire assembly was carefullyimmersed in an ice bath when
UV irradiation was applied for 60 seconds to complete the
hydrogel polymerization process. Utilizing an ice bath is
imperative so that the temperature does not exceed the
material's characteristic lower critical solution temperature
(LCST) during UV irradiation. Each part of the platform was
characterized separately.

Material characterization involved atomic force microscopy
(AFM) topographic analysis of PLCL fibers, presented in Figures
2b and 2c. These images provide an illustrative representation
of the surface topography of the fibers, offering insights into
their size and morphology. Figures 2a and 2b, with 5 um and 2.5
um Z-scale bars, respectively, represent the vertical changes in

This journal is © The Royal Society of Chemistry 20xx



cantilever position over the sample. This Z-scale, denoting
sensor height topography, is an indicator of surface properties.
As can be seen, AFM images were also done after particle drop-
casting. However, as a result of the size and well-dispersion of
the particles, no sign of the particles was seen in the AFM
images regarding the magnification. Fourier Transform Infrared
(FT-IR) spectroscopy, as depicted in Figure S3, shows the
chemical composition of nanofibers with and without AgNPIs.
Notably, there is no sign of the silver content within the
electrospun fiber network which is a sign of no aggregation of
the nanoparticles and their stability in the system.

Remarkably, a transition in wettability features is detected
through contact angle measurements (Figure 2d,e). Specifically,
the contact angle of the fibers is dropped from 128.8° to 71.3°,
indicating a shift from hydrophobicity to hydrophilicity. This can
happen due to changes in the surface charge and energy of the
mat which is also known as nanoparticle-induced
hydrophilicity3°. This alteration in surface characteristics is of
great significance, particularly concerning following fabrication
steps involving adding a hydrogel precursor solution composed
mainly of aqueous content. The increased hydrophilicity of the
fibers facilitates solution permeation throughout the fibrous
network, thereby fostering superior integration, anchorage
efficacy, and consequent structural stability within the final
platform3l. As shown in the FE-SEM image in Figure 2f,
nanofibers are in the same shape and diameter, uniform and
continuous with an average diameter of 1.478 + 0.183 pm.
Figure 2g shows the interconnected porous 3D structure of
hydrogel, where the pore sizes have a 2-5 um dimension. This
image has been taken from pure hydrogel prepared separately
after freeze-drying to show precisely the intra-structure of the
hydrogel. Finally, Figures 2h and 2i show the intersection
between the hydrogel and fiber layers and their anchorage and
penetration. These images confirm the hydrogel's stable
structure and full fiber penetration. This platform feature helps
the following application regarding biosensing of lysozyme, as it
allows biomolecule transition into the network, offering more
sensing area.

Fast photothermal responsiveness of the nanocomposite. The
NIR-induced photothermal-responsive characteristics of the
plasmonic nanoplatforms were explored using a red laser
operating at 808 nm wavelength with an intensity of 1500 mW
cm™2, The presence of AgNPIs within the platform is a distinctive
absorption peak within the visible spectrum, showing
exceptional photothermal efficiency by converting absorbed
light into thermal energy. As the generated heat from the NIR
laser, operating at the absorption peak surpasses the hydrogel's
VPTT, a cascade-like series of stimulus-response events happen,
resulting in a shrinkage of the hydrogel and subsequent
expulsion of water. These phenomena are the significant
thermo-responsive properties inherent to the hydrogel.

Figure 3a illustrates the experimental setup used for the
photothermal assessment of the composite platform. A
continuous-wave (CW) laser source emits an 808 nm
wavelength laser beam, which irradiates upon the composite
platform following passage through a custom-designed optical
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apparatus. Thermographic imaging, capturing variations in
sample temperature throughout different irradiation durations,
is recorded by a thermal camera positioned orthogonally to the
sample.

In Figure 3b, thermal images corresponding to various hydration
levels and irradiation durations of the platform are presented.
Employing thermal imaging technology, we observed an
immediate temperature elevation in both dry and hydrated
states of the platform, indicating a direct responsiveness to the
applied stimuli. Notably, compared to pure NIPAAm-based
hydrogels lacking photothermal responsiveness, the
introduction of plasmonic AgNPIs modifies the composite into a
highly responsive platform. Dry samples exposed to laser
irradiation for 300 seconds exhibited a temperature rise to
approximately 48°C, while under identical conditions, hydrated
platforms reached a maximum temperature of 39.7°C. This
disparity arises from variations in the absorption peak between
hydrated and dry states, causing a shift in the absorption profile
when in a fully hydrated state, no longer optimally aligned with
laser emissions, thus reducing photoresponsivity. This
phenomenon can also be attributed to differences in the
surrounding media; notably, considering the immediate vicinity
of the plasmonic particles, water has higher thermal capacity,
leading to minor changes in temperature. These findings are
presented as time-temperature profiles in Figure 3c. While the
laser remained active, prompt temperature elevations of nearly
50°C in the dry state and up to 40°C in the hydrated state were
evident. In both scenarios, the temperature escalation can be
attributed to the photothermal efficiency of AgNPIs. Following
the deactivation of the laser and removing the pump beam, the
samples swiftly returned to room temperature, taking less than
one minute. This property can be beneficial in the reusability of
the nanoplatforms, as they can easily be washed, and using just
a high temperature of water and changes in the volume, the
platform can be washed and used again.

Visual colorimetry

Using NaCl as an aggregating agent, visual colorimetry was
employed in both the solutions and the final platform. Following
the methods detailed earlier, we conducted visual colorimetry
on previously optimized solutions comprising plasmonic
particles, lysozyme, and saline. Given that a healthy lysozyme
concentration typically falls between 1-2 mg.mL1, with levels
under 1 mg.mL? considered indicative of unhealthy conditions,
we chose to test various lysozyme concentrations of 0, 0.5, 1,
1.5, and 2 mg.mL!. Figure 4a shows the schematic of the
principle behind colorimetry using NaCl as a salt. The system
containing the same amount of silver is exposed to various
concentrations of lysozyme, ranging from unhealthy to healthy.
Upon adding the lysozyme to the system, the biomolecule tends
to attach to the surface of the nanoparticles. Visual colorimetry
happens when using a standard concentration of NaCl available
in saline serum. By infiltrating the platforms with the saline
solution, due to the changes in the surface charges of
nanoparticles, they tend to aggregate. In the healthy range of
lysozyme presence, they will act as shields and do not let the
aggregation occur, whereas, in the non-sufficient amount of
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lysozyme, they can not defeat NaCl. This will result in the
aggregation of nanoparticles, which will appear as a change in
absorbance peak and visual color. Figures 4b and 4c depict the
absorption spectra of the samples immediately after NaCl
addition and after 60 minutes. The peak wavelengths initially
showed subtle shifts, indicating limited particle aggregation,
particularly in samples 2 and 5. However, after 60 minutes, as
shown in Figure 4c, more significant shifts in absorption
wavelengths were evident, leading to visible color changes.
Changes in the absorption spectra of the solution were
measured using UV-Vis at other time points like 10 and 30 mins
(Figure S4, S5). Using these data, Figure S6 presents the
correlation between lysozyme concentration and changes in
maximum absorption wavelengths, revealing a linear trend. This
underscores that in our optimized system, higher lysozyme
concentrations yield smaller AA values, resulting in more stable
color shades compared to the prominent color changes
observed at lower concentrations, as illustrated in Figure S6.
Figure 4d demonstrates the result of NaCl addition at four
different time points. Initially, when lysozyme was added to the
aqueous AgNPIs solution, all samples exhibited the same blue
coloration. However, upon the addition of the designated
amount of NaCl, noticeable color changes were observed.
Samples 1 and 2, representing lysozyme concentrations below
the healthy range, exhibited a rapid shift to a more purple hue.
Over time, these color changes became even more pronounced
at the 30 and 60-minute intervals, while samples 4 and 5,
containing healthy lysozyme levels, remained stable. This
reaffirms the viability of our method for visual colorimetry. The
changes in the wavelength AA were also described in a bar chart
provided in Figure 4e. As seen in this demonstration, samples
below the healthy region underwent enormous AA; In contrast,
those with a healthy amount of lysozyme stayed in the same
wavelength region with minimal change.

Moreover, we extended our investigations to assess potential
color changes on the final platform. It's noteworthy that due to
the extended travel time of particles within the porous hydrogel
structure, it takes more time for color changes to become
apparent. After applying the requisite amount of lysozyme and
NaCl as specified in the methods section, we observed a visible
color change in the sample with 0.5 mg.mL? of lysozyme,
indicating the potential practicality of the platform (Figure S7).

Lysozyme biosensing

The absorption spectrum of the Ag nanoplates-based platform
is reported in Figure 5a. The spectrum shows an increasing
absorption range from 500 nm to 1000 nm, with a shoulder
appearing at 540 nm. To better identify this absorption signal,
the spectrum was converted to its first derivative, as depicted
in the red line of Figure 5a. By differentiating the spectrum, we
can appreciate the rate of absorbance change as a function of
the wavelength. It allows the identification of minor spectral
features, removing the effects of the matrix and the
background. Indeed, the first derivative absorption spectrum
points out an absorption deep at 540 nm. This absorption signal
can be safely associated with the plasmon band of AgNPlIs, and
the broad peak indicates the effect of different shapes of the
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nanoparticles, where they have the same size. The position of
the AgNPIs plasmon band is blue-shifted with respect to the
maximum of the plasmon band of Ag nanoplates dispersed in
water due to the variation of the refractive index of the medium
32

Experimental results reported in Figure 5b highlight the
spectroscopic behavior of the Ag-based nanoplatforms as a
function of the surrounding refractive index. The sample
showed an absorption deep at 605 nm; however, when it is
soaked with pure water or lysozyme, the deep shifts to 557 nm
and 534 nm, respectively. The spectral blue shift of the
absorption spectrum can be ascribed to a variation in the
refractive index surrounding Ag nanoplates. After the milli-Q
introduced into the dried sample, the average
refractive index is expected to decrease slightly, probably due
to the alteration of the density of polymer molecules.
Accordingly, the decreased local refractive index value resulted
in a blue shift of 48 nm of the plasmon bands of AgNPIs. Also,
the introduction of lysozyme solution determined a 71 nm-
blueshift of the Ag nanoplates plasmon band. The sensitivity of
the plasmon wavelength position is exploited to use the AgNPIs-
based platforms as a biosensing system for lysozyme
quantification.

To investigate the possibility of detecting the lysozyme from
bodily fluids, we have first to assess the potential and limit of
detection of the nanoplatforms. The AgNPIs-based samples
were soaked with solutions with different concentrations of
lysozyme ranging from 0 mg.mL! to 2.5 mg.mL1l. The
absorption spectrum is collected and mathematically converted
in its first derivative to measure the Amax. At this stage, the A\ is
calculated with equation 1 and reported as a function of the
lysozyme concentration (Figure 5c).

The next set of experiments was conducted to examine the
possibility of nanoplatforms being used to detect the human
eye's tears and the amount of lysozyme. Figure 5d shows the

water is

experiment's procedure, starting with collecting tears from a
normal eye and an eye in a non-healthy condition. As described
in the material and methods section, these drops were added
to the standard lysozyme solutions prepared before. AgNPIs-
based nanoplatforms were infiltrated with these solutions, and
after careful placement in the holder, their absorbance was
detected. Figure 5e shows the results of this experiment.
Analysis of the experimental data using tears revealed a blue
shift of 26 nm. Based on the linear interpolation in Figure 5c,
this shift corresponds to a lysozyme concentration of 3.6 mg.mL"
1. The donor wore contact lenses for over 5 hours and
stimulated lacrimation. This elevated concentration suggests a
potential inflammatory state, which can be detected using the
developed AgNPIs-based nanoplatform.

Conclusions

In this work, we have successfully designed and fabricated a soft
nanocomposite platform by integrating PLCL nanofibers
covered with AgNPIs and a PNIPAAm hydrogel. PLCL nanofibers
with high surface area provide physical stability to the system
and, with their unique structural properties, provide a stable

This journal is © The Royal Society of Chemistry 20xx



substrate to carry nanoparticles. Silver nanoplates, a type of
plasmonic nanoparticle, were added to the system with the aim
of colorimetry and LSPR biosensing of lysozyme. A NIPAAmM-
based hydrogel layer was added to the system to offer a more
available matrix for the final purpose of the nanoplatforms.
Hydrogels, with their high water content, will provide a
transportable matrix for nanoparticles and biomolecules,
making biosensing more efficient and sensitive. The design of
AgNPIs-based nanoplatforms represents a significant
advancement in the non-invasive and efficient detection of
lysozyme levels in ocular fluids. Comprehensive chemical,
optical, and structural characterization of layers of
nanoplatform was conducted, ensuring a well-fabricated and
stable platform. Photothermal characterization of the platforms
using a thermal camera confirms the possibility of reusability of
the system, benefiting from the synergy effect of NIPAAm-
based hydrogel and AgNPIs. The possibility of visual colorimetry
was tested on the system, showing the color change from blue
to purple hue in the case of dry-eye condition. The innovative
approach of colorimetry using saline serum, available to
everyone, makes this system an accessible and non-invasive
method for examining their health. The LSPR phenomenon
induced by plasmonic nanoparticles was done to make the
biosensing more quantitative and underscore its capability to
accurately detect lysozyme concentrations in conditions such as
dry eye syndrome. The biosensor's notable sensitivity, rapid
response time, and simplicity of visual detection reveal its
potential as a valuable tool for the early diagnosis and ongoing
management of various eye-related health issues.
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Figure 1. Characterization of silver nanoplates. a-c) TEM images of the AgNPIs show the different shapes of the
particles, consisting of circular, triangle, and polygonal, with the same average dimension. e) TEM image with
lower resolution showing the dispersity of the particles, indicating their stability in the system without
aggregation. f) EDS mapping of the particles showing the average size and distribution of particles. g) FE-SEM of
the particles, showing their distribution and stability.
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Figure 2. Nanoplatfrom fabrication and characterization. a) Scheme of the fabrication process of the nanoplatforms,
electrospinning was done, and the PLCL nanofibers were cut into the desired shape. AgNPIs were added to each sample, and then
hydrogel solution was added to the top of each layer. The whole structure was irradiated under UV light to complete
polymerization. b-c) AFM images of the PLCL nanofibers before and after applying nanoparticles show no changes in the size and
shape of the fibers, showing no changes in the surface of nanofibers. d) contact angle of the PLCL fibers before applying the silver
particles, showing high hydrophobicity with the contact angle of 129° and e) contact angle of PLCL nanofibers after the addition of
nanoparticles, which enhanced the hydrophilicity of the fibers, making them more appropriate for layering with hydrogel. f) SEM
image of PLCL nanofibers showing their regular defect-free shape, with the average size of 1.478 + 0.183 um. g) SEM images of the
porous NIPAAm-based hydrogel layer with the average pore size of 3.067 + 0.06 um.h) FE-SEM image of the cross-section of the
layers, showing the incorporation of the fibers into the hydrogel matrix and i) FE-SEM of the cross-section showing the stable and
robust engagement of the layers, making a steady nanoplatform.
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Figure 3. Thermoresponsive properties of the nanoplatforms. a) schematic of the procedure, using a laser and a thermal camera
to heat up and record the changes in the temperature. b) Thermal images of the samples in both dry and hydrated states show
the system's temperature rise at the same time point. ¢) Temperature vs. time graphs for the samples, showing the fast
photothermal responsiveness upon turning on and off the laser.
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Figure 4. Colorimetry assay. a) Scheme of the procedure explaining the chemistry of colorimetry detection mechanism upon the
addition of NaCl salt. b-c) Absorbance vs. wavelength of the samples with different amounts of lysozyme before and after adding
salt. There are no changes in the peak wavelength before the presence of salt in various concentrations, but after the addition of
NaCl, there is a shift of around 75 nm in the peaks of the sample with less than a healthy amount of lysozyme, where the solutions
containing more lysozyme in the healthy range, remain with minor changes. d) Photographs of the aqueous solutions containing
silver nanoplates show the color change of the solutions upon the addition of salt over time. E) A\ is shown with respect to the
measured time points. The rate of the changes for each of the samples containing different amounts of lysozyme is shown in the
bar chart.
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Figure 5. LSPR-based lysozyme biosensing of the nanoplatforms for dry eye application. a) The Absorption spectra of silver
nanoplates and their first derivative show the peak and depth at around 540 nm. b) First, derivate absorption spectra of the
platform in various environments, and the blue shift observed changes from air to water and lysozyme. c) Linear correlation
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detected and calculated using a spectrophotometer. e) First derivative of the absorption and blue shift of the peaks from human
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Figure S1. DLS measurements of the AgNPIs showing their average size before sonication
(average size of 57.2 + 0.53 nm).
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Figure S2. DLS measurements of the AgNPIS displaying their average size before sonication
(average size of 60.89 + 0.31 nm), which proves the nanoparticles' stability before and after the
sonication.
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Introduction

Developing strategies to optimize the anchorage
between electrospun nanofibers and hydrogels for
multi-layered plasmonic biomaterialsT

Yasamin Ziai,? Massimiliano Lanzi, ©° Chiara Rinoldi,? Seyed Shahrooz Zargarian,?
Anna Zakrzewska, © 2 Alicja Kosik-Koziot,? Pawet Nakielski &2 and Filippo Pierini @ *

Polycaprolactone (PCL), a recognized biopolymer, has emerged as a prominent choice for diverse
biomedical endeavors due to its good mechanical properties, exceptional biocompatibility, and tunable
properties. These attributes render PCL a suitable alternative biomaterial to use in biofabrication,
especially the electrospinning technique, facilitating the production of nanofibers with varied dimensions
and functionalities. However, the inherent hydrophobicity of PCL nanofibers can pose limitations.
Conversely, acrylamide-based hydrogels, characterized by their interconnected porosity, significant
water retention, and responsive behavior, present an ideal matrix for numerous biomedical applications.
By merging these two materials, one can harness their collective strengths while potentially mitigating
individual limitations. A robust interface and effective anchorage during the composite fabrication are
pivotal for the optimal performance of the nanoplatforms. Nanoplatforms are subject to varying degrees
of tension and physical alterations depending on their specific applications. This is particularly pertinent
in the case of layered nanostructures, which require careful consideration to maintain structural stability
and functional integrity in their intended applications. In this study, we delve into the influence of the
fiber dimensions, orientation and surface modifications of the nanofibrous layer and the hydrogel layer's
crosslinking density on their intralayer interface to determine the optimal approach. Comprehensive
mechanical pull-out tests offer insights into the interfacial adhesion and anchorage between the layers.
Notably, plasma treatment of the hydrophobic nanofibers and the stiffness of the hydrogel layer
significantly enhance the mechanical effort required for fiber extraction from the hydrogels, indicating
improved anchorage. Furthermore, biocompatibility assessments confirm the potential biomedical
applications of the proposed nanoplatforms.

Hydrogels, characterized by their three-dimensional struc-
tures with significant water content, biocompatibility, and

Recent years have witnessed remarkable progress in the field of
biomedical materials, leading to the development of structures
and platforms tailored for specific applications. These
advancements aimed to harness the unique capabilities of
various materials while addressing their inherent limitations. A
particularly promising approach involves using composite
materials, which combine the strengths of multiple materials
within a single platform."” Among these composites, hydrogel/
fiber combinations have garnered substantial attention because
they offer the potential to synergize the benefits of hydrogels
and fibers while mitigating their respective shortcomings.**
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tuneable mechanical characterizations, are particularly suitable
for various biomedical applications,® including drug delivery,®
tissue engineering,” wound healing,® etc. One of the most
significant advantages of hydrogels is their resemblance to the
natural extracellular matrix (ECM), which allows cells to
proliferate, differentiate, and migrate within these structures.
This ECM-mimicking property is particularly beneficial in
tissue engineering, where hydrogels can provide a supportive
environment for cells to grow and form new tissues.®'® Due to
hydrogels' interconnected porous structure, they have been
considered to be one of the best substrates to carry plasmonic
nanoparticles for different applications. Due to their unique
optical properties arising from interactions with incident light,
plasmonic nanoparticles have been extensively explored in
various fields. Noble metals, notably gold (Au) and silver (Ag)
which are recognized as the most significant plasmonic mate-
rials, are characterized by the occurrence of surface plasmon
resonance (SPR) at distinct resonance frequencies within both
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the visible and near-infrared (NIR) spectra." When these metals
are utilized in the form of nanoparticles, a phenomenon known
as localized surface plasmon resonance (LSPR) is observed. This
LSPR can be effectively tuned by manipulating the size and
shape of the nanoparticles to suit specific applications. Such
tunability offers versatility in customizing their optical proper-
ties, thereby expanding their applicability
applications.”

When incorporated into hydrogels, these nanoparticles can
leverage their solid and tunable optical responses, enabling the
manipulation of photothermal effects upon external light
exposure. This combination has been particularly advantageous
for biomedical applications such as biosensing™ and photo-
thermal therapy.” The engagement of hydrogels and nano-
particles has led to the development of advanced
nanocomposite hybrid platforms, which benefit from both
hydrogels and nanoparticles, offering stimuli-responsive
features and expanding their range of applications.'*** Plas-
monic hydrogels can offer precise biosensing platforms, with
low detection limits due to their biorecognition efficiency.'®
Upon exposure to near-infrared (NIR) light, these nanoparticles
can rapidly heat up, leading to a localized temperature rise.
Combined with biocompatible and flexible hydrogels, these
materials can be used in a wide range of applications such as
photothermal therapy,” targeted drug delivery systems,'®
wound dressing," etc. However, as the majority of materials,
hydrogels present some limitations. One of the primary short-
comings of hydrogels is their relatively low mechanical prop-
erties in terms of modulus. While some hydrogels can be
engineered for specific mechanical strengths, many naturally
derived hydrogels lack the robustness and durability required
for certain bio-applications, especially in load-bearing tissues
like cartilage or bone.”® One of the effective procedures to
reinforce hydrogels from a mechanical point of view is proposed
to be the integration of fibers into a hydrogel network.>**

The electrospinning technique is a well-established method
for fabricating fibrous biomaterials and has been widely studied
by numerous research groups.” This process involves the use of
a high-voltage power supply to create nanofibers with a broad
range of diameters, from the micro-to nanoscale. Researchers
can optimize various processing parameters, such as voltage,
working distance, needle size, and flow rate, to tailor the
material's properties to specific needs.** Nanofibers have found
applications in various biomedical fields, including tissue
engineering,*?® drug delivery,” cell carriers,*® wound healing,*
biosensing,* etc. They offer a range of advantageous features,
including a large surface area, tuneable porosity, a possibility
for easy surface functionalization, and sufficient mechanical
properties. One of the notable advantages of nanofibers is their
ability to provide an ideal biocompatible substrate for culturing
many types of cells. This is due to their high interconnected
porosity, gas permeability, and capacity for fluid absorption.**
However, challenges arise regarding the infiltration of cells
within the matrix, mainly due to the two-dimensional nature of
electrospun mats, where there is a lack of cell-recognition sites
especially in synthetic polymers.

in various
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Moreover, tissues with lower mechanical strength, such as
brain tissue, pose unique challenges that electrospun fibers
alone may not adequately address.*” Incorporating nanofibers
into hydrogels has been investigated widely due to the rein-
forcement and enhancements the nanofibers introduce in
terms of mechanical properties. There are several techniques to
add these components, although the layering technique, where
the two layer are in direct contact, can remodel the structures of
tissues and develop adaptable platforms for different required
load bearings.**

Hydrogel/fiber composites represent a compelling fusion of
electrospun nanofibers and hydrogels, offering a platform that
benefits from both materials’ strengths while overcoming their
weaknesses. Nakielski et al. have introduced a layered nano-
composite inspired by the natural structure of mesoglea of
jellyfish bells for drug delivery purposes. This layered structure
consists of two layers of electrospun poly(i-lactide) nanofibers
loaded with Rhodamine B, and a layer of poly(N-iso-
propylacrylamide) (PNIPAAm)-based hydrogel with plasmonic
gold nanorods. The hydrogel layer has been placed between two
layers of nanofibers, allowing for controlled, rapid, and revers-
ible structural changes upon NIR light irradiation. The
mechanical contraction of the composite, triggered by temper-
ature increases from plasmonic hydrogel-light interactions, can
lead to rapid water expulsion, showing the importance of
having a solid interface keeping the platform in shape while
changing. This action, in conjunction with the temperature rise,
stimulates the release of molecules from the nanofibers,
making it an efficient platform for controlled drug delivery.** In
another work, Mohabatpour et al., have developed a novel
nanocomposite hydrogel scaffold by incorporating electrospun
PLA (poly-lactic acid) nanofibers within alginate-grafted-
hyaluronate (Alg-g-HA) hydrogel. The hydrogel scaffold
demonstrated enhanced mechanical properties and reduced
water uptake due to the embedded PLA nanofibers. Further-
more, the scaffold exhibited cytocompatibility, with chon-
drocytes maintaining their morphology and producing
cartilage-specific matrix components, suggesting its potential
application in cartilage tissue engineering.*

In this study, we have investigated a crucial aspect of these
composites: ensuring a robust attachment between the fibrous
mats and plasmonic hydrogel layers. In this work, poly-
caprolactone (PCL) was chosen as a representative biopolymer
with a wide range of bio-applications. The study explores the
influence of fibers' dimensions, alignment, and surface modi-
fications on the fabricated fibrous mats’ wettability, structural,
and mechanical aspects. Polyacrylamide-based hydrogels with
the incorporation of plasmonic gold nanorods have been
introduced as the hydrogel layer. From this point of view, the
effect of crosslinking density on integrating two layers was
studied.

Additionally, biocompatibility tests were conducted on the
developed platforms to assess the platforms' potential for
biomedical applications. This research contributes to the
evolving hydrogel/fiber composites field, offering valuable
insights into multi-layer biofabrication. Structural, chemical,
morphological, and mechanical enhancements in each layer
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and their impact on having a strong interface have been
investigated.

Materials and methods
Materials

To prepare the nanoplatforms, polycaprolactone (PCL, Mn 80
kDa), N,N-dimethylformamide (DMF), chloroform (99%), N,N-iso-
propylacrylamide (NIPAAm, 97%), N-isopropylomethacrylamide
(NIPMAAmM, 97%), N,N'-methylene bisacrylamide (BIS-AAm,
99.5%),  2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone
(Irgacure 2959, 98%), ammonium persulfate (APS, 98%),
N,N,N N -tetramethylethylenediamine (TEMED, 99%) were bought
from Sigma-Aldrich (Poland). Gold nanorods (AuNRs, A = 800 nm,
OD = 50, C = 0.88 mg mL ") from nanoComposix (USA) were used
as received.

To perform biocompatibility tests, L929 murine fibroblasts,
bovine serum albumin (BSA), phosphate buffer saline (PBS),
Triton X, and DAPI were obtained from Sigma-Aldrich (Poland).
Dulbecco's modified Eagle's medium (DMEM), fetal bovine
serum (FBS), penicillin-streptomycin (PS), and EDTA-trypsin
were bought from Gibco Invitrogen (USA). Alexa Fluor 488
Phalloidin, PrestoBlue reagent and live/dead cytotoxicity kit
assay were purchased from Thermo-Fisher Scientific (USA).

Electrospinning

Solutions containing PCL at concentrations of 10% and 14% w/v
were prepared in a solvent mixture comprising chloroform and
DMF (9: 1) for the electrospinning process. Through a series of
optimizations, nanofibers were successfully generated, with key
electrospinning parameters set as follows: a flow rate of 0.5 mL
h™', employment of a 26 G needle featuring an outer diameter
of 0.45 mm, and an applied voltage of 12.5 kV. In order to collect
the resulting nanofibers in either a random or aligned config-
uration, a flat collector and a drum collector with a rotating
speed of 2000 rpm were employed, positioned at a working
distance of 15 cm from the electrospinning needle, respectively.
Temperature of 20 °C, 40% relative humidity, and these opti-
mized parameters were thoughtfully chosen to yield the desired
nanofibers' morphology and alignment while ensuring the
effectiveness of the electrospinning process. Nanofibers with
10% aligned (PCL 10A) and random orientation (PCL 10R) and
14% aligned (PCL 14A) and random orientation (PCL 14R) were
fabricated and used for further studies.

Surface functionalization

Diener Zepto oxygen plasma generator machine was used for
surface modification of the nanofibrous layer. Nanofibers were
cut in the desired shapes as rectangles and placed in the
chamber for plasma treatment with a generator with
a frequency of 40 MHz and power of 100 W for 2 minutes.

Preparation of the hydrogel precursor solution

For the formulation of the hydrogel precursor solution with
a concentration of 4.8 wt%, a precise combination of compo-
nents was executed. This included the addition of 578.1 mg of
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NIPAAm, 15.6 mg of NIPMAAm, 31.2 mg of BIS-AAm, and
12.5 mg of Irgacure 2959. This composition was introduced into
10 mL of deionized water. This solution was used to prepare
hydrogels via photo-polymerization (Ph-P).

0.1 wt% APS solution and 0.04% v/v of TEMED were added to
the precursor solution to add the effect of chemical polymeri-
zation (Ph-P + C-P). To safeguard the solution from the effects of
light, the mixture was securely enveloped in aluminum foil and
subjected to continuous stirring overnight until complete
dissolution was achieved.

This careful preparation ensured the uniformity and stability
of the hydrogel precursor solution, setting the stage for subse-
quent experimental procedures.

Fabrication of the nanoplatforms

Nanofibers were carefully tailored to the 3 x 0.5 cm x cm and
were positioned into a mould with the dimension of 4 x 1 cm
x cm. A 2% w/v solution of gold nanorods was introduced into
each hydrogel precursor solution before the polymerization
process. To facilitate photo polymerization, argon gas was intro-
duced into the solution for a duration of 10 minutes, effectively
displacing oxygen. 200 pl of each type of hydrogel precursor
solution was then gently added over the nanofibers within the
mould. The mould was carefully immersed in an ice bath to
maintain the temperature at a controlled level below 15 °C during
the UV irradiation process. Following this step, the mould, was
exposed to UV light (Dymax lamp with 400 W capacity and a power
density of 225 mW cm™2). The exposure time to UV irradiation was
precisely adjusted, varying from 60 to 120 seconds, contingent
upon the quantity of hydrogel material present.

Table 1 shows the list of the materials tested, with their
acronyms.

Chemical and morphological analysis

Contact angle measurements were done using an OCA 15EC
goniometer. Droplets of 1 pl were placed on the surface of the
PCL nanofibers, and the contact angle of 10 drops was
measured and averaged using Image].

Fourier transform infrared (FT-IR) spectroscopy was used to
characterize the functional groups in each layer. FT-IR analyses
were conducted in attenuated total reflectance (ATR) mode with
a Bruker Vertex70 FT-IR spectrometer and carried out in the
wavenumber range of 400-4000 cm ' with a resolution of
2 em ™' and eight scans for each sample.

Molecular weights were determined at room temperature by
gel permeation chromatography (GPC) using CHCIl; solutions
on an Agilent PL-GPC 50 apparatus equipped with a mixed bed
column Waters Styragel HR 4E at a 1 mL min " flow rate.

Field emission scanning electron microscopy (FE-SEM) and
scanning electron microscopy (SEM) were performed with FEI
Nova NanoSEM 450 and JEOL JSM-6390LV microscopes,
respectively. Hydrogel disks and layered constructs were frozen
in liquid nitrogen before cross-sectional cutting and then
freeze-dried. Before imaging, samples were sputtered with an
approximately 8 nm thick gold layer using a SC7620 Polaron
mini sputter coater (Quorum Technologies Ltd, Ashford, UK).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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PCL concentration (%) Nanofibers orientation Plasma surface treatment Ph-P hydrogel Ph-P + C-P hydrogel
10A/Ph-P 10 Aligned No Yes No
10R/Ph-P 10 Random No Yes No
14A/Ph-P 14 Aligned No Yes No
14R/Ph-P 14 Random No Yes No
10A + plasma/Ph-P 10 Aligned Yes Yes No
10R + plasma/Ph-P 10 Random Yes Yes No
14A + plasma/Ph-P 14 Aligned Yes Yes No
14R + plasma/Ph-P 14 Random Yes Yes No
10A/Ph-P + C-P 10 Aligned No Yes Yes
10R/Ph-P + C-P 10 Random No Yes Yes
14A/Ph-P + C-P 14 Aligned No Yes Yes
14R/Ph-P + C-P 14 Random No Yes Yes
10A + plasma/Ph-P + C-P 10 Aligned Yes Yes Yes
10R + plasma/Ph-P + C-P 10 Random Yes Yes Yes
14A + plasma/Ph-P + C-P 14 Aligned Yes Yes Yes
14R + plasma/Ph-P + C-P 14 Random Yes Yes Yes

Fiber dimension distribution analysis was done using
Image] software, investigating 50 fiber diameters for each
condition. The same software was used to measure the contact
angle of the droplets, examining ten droplets per condition.

Mechanical tests

Both plasma-treated and untreated PCL specimens were tested
to measure tensile strength. Rectangular samples of electro-
spun nanofibers, measuring 4.0 cm by 1.0 cm, were crafted for
this purpose. These samples were secured within the clamps of
the tensile testing device using a CTX Texture Analyzer
(Brookfield Ametek), setting a gauge length of 10 mm. Data
acquisition occurred at a rate of 50 readings per second. The
actual testing commenced when the load reached 0.1 N.
Samples were stretched at a rate of 1 mm s~ ' until rupture in
triplicates for each scenario; force-displacement graphs were
plotted using the Texture Pro V1.0 Build 19 software. The results
were plotted as stress—strain graphs, considering stress as the
force-to-initial area ratio and strain as the relative change in
sample length. Subsequently, Young's modulus was determined
for each specimen, representing the stress-to-strain ratio in the
linear elasticity region (under 10% strain), indicating its
deformation response to external forces.

Compression tests were conducted on Ph-P and Ph-P + C-P
hydrogels using CTX Texture Analyzer from Brookfield Ametek
in compression mode. Disc-shaped hydrogels with a diameter
of 1 cm and a height of 1 cm were prepared and placed on a flat
surface. The load cell of 5 kg was used to apply the load with the
speed of 0.1 mm s~ . Data acquisition occurred at a rate of 50
readings per second. The actual testing commenced when the
load reached 0.1 N. Samples were compressed until destruction.
Force-displacement graphs were plotted in triplicate for each
scenario using the Texture Pro V1.0 Build 19 software.

Fiber pull-out tests were performed on the nanoplatforms of
hydrogel/fiber. To prepare samples suitable for this test, fibrous
mats cut in the dimensions of 5 cm by 0.5 cm were immersed in
the bulk of hydrogel in a way that 3 cm of the fibers remained

© 2024 The Author(s). Published by the Royal Society of Chemistry

out of the mould. To secure the position of fibers in the middle
of hydrogel, a layer of precursor solution with a volume of 3 mL
was first poured into the mould, followed by 30 seconds of UV
irradiation. Fibers were then placed on top of the hydrogel layer,
and 3 mL more of the precursor solution was poured gently over
the fibrous layer and finally irradiated by UV light for 90
seconds. 3D printing was used to fabricate a customized holder
to measure the adherence of the non-woven fabric to the
hydrogels. With the help of Autodesk Inventor software, a 12 x
7 mm? cubic container with a height of 20 mm was designed,
along with a matching lid with a 2 x 5 mm? rectangular hole in
the middle. The printer was a Zortrax Inventure printing with
PLA polymer and standard printing parameters (T = 200 °C,
printing speed 20 mm s~ ). Prepared platforms were placed
inside the holder and placed into the CTX Texture Analyzer
from Brookfield Ametek in tensile mode. The fibers were
secured within the top clamp of the tensile testing device,
setting a gauge length of 10 mm. Data acquisition occurred at
a rate of 50 readings per second. The actual testing commenced
when the load reached 0.10 N, and the samples were stretched
at a rate of 0.1 mm s~ until they were pulled entirely out of the
hydrogel bulk. Stress-strain and work graphs were plotted in
duplicate for each condition using the Texture Pro V1.0 Build 19
software and Origin Pro.

In vitro biological studies

Culture and seeding of L929 fibroblast cells. L929 murine
fibroblast cells were cultured in DMEM supplemented with 10%
FBS and 1% PS and placed in an incubator at 37 °C and 5% CO,.
The culture medium was refreshed every two days. Cell
passaging was performed when the confluence of cells reached
~80%. For seeding, cells were detached by adding 0.05% EDTA-
trypsin for 3 min and incubating the cells at 37 °C and 5% CO,.
Subsequently, cells were collected in a Falcon tube and centri-
fuged at 1200 rpm for 5 min. After centrifuging, a pellet of cells
was visible at the bottom of the tube. Cells were then resus-
pended in a 1 mL culture medium and counted. Finally, the cell
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suspension was further diluted in culture media to achieve
a convenient cell density for seeding the samples. For the
cytocompatibility indirect test, L929 fibroblast cells were seeded
in 96 well tissue culture plates and incubated for 24 hours in
modified DMEM at a density of 10 000 cells per well.

Sample sterilization and extract medium collection. Plasma-
treated and untreated 14% random PCL nanofibers layered with
both hydrogel types, and each side was sterilized for 30 minutes
under UV light. DMEM modified with 10% FBS and 1% PS
medium was added to each sample and incubated for 24 hours.
The medium collected from each sample was filtered using 0.22
um filters. Subsequently, the extracts were used to replace the
culture medium in contact with the seeded cells in the tissue
culture plates. The control condition was also tested by culturing
the cells in a fresh medium. Cells were cultured for up to 7 days.

Cell viability. The viability of cells was measured by Pres-
toBlue assay. Cells cultured with DMEM in contact with PCL
14R/PNIPAAm hydrogel samples and fresh DMEM were treated
with a solution of 10% (v/v) PrestoBlue reagent in culture
medium and incubated for one hour at 37 °C and 5% CO,.
Three replicates of each sample were analyzed at three selected
time points: 1, 3, and 7 days after contact with sample extract
mediums. After one hour of incubation, 100 uL aliquots of the
PrestoBlue solution were transferred to a 96-well plate and
analyzed at excitation 530 nm and emission at 620 nm by using
a fluorometer plate reader (Fluoroskan Ascent TM Microplate
Fluorometer, Thermo Scientific).

Cells were stained using a live/dead assay kit to investigate
the viability of 1L929 fibroblasts in contact with sample extract
mediums. On days 1 and 3 of culture, the samples were washed
with PBS and treated with the Live/Dead staining solution
composed of 0.5 uL of calcein (for staining the viable cells in
green color) and 2 pL of ethidium homodimer (for red staining
of dead cells) in 1 mL of PBS. Three replicates of each sample
were soaked in the staining solution and incubated for 10 min
at 37 °C and 5% CO,. Then, scaffolds were washed three times
in PBS and imaged using a confocal microscope (Leica).
Percentages of viable cells were counted using the Cell Counter
plugin of Image] (National Institute of Health, USA).

Cell morphology was evaluated by a confocal microscope.
Actin staining was performed on three replicates per each
condition at 3 and 7 days after contact with sample extract
mediums. Cell cytoskeleton and nuclei were stained by fixing
the samples in 4% paraformaldehyde for 15 min at room
temperature. Samples were then washed three times in PBS and
treated with a solution of 0.3% (v/v) Triton X-100 for 15 min.
After washing, a solution of 1% (w/v) BSA in PBS was added to
the samples for 30 min. The constructs were incubated in Alexa
Fluor 488 Phalloidin solution (1 : 40) and placed in the dark for
40 min. Lastly, the staining of nuclei was performed by adding
1:500 DAPI solution for 10 min. Samples were washed thrice in
PBS and imaged with a confocal microscope (Leica).

Statistical analysis

Data are reported in terms of mean + standard deviation. One-
way ANOVA test was assessed, and statistically significant
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differences are reported when p-value <0.05: *p < 0.05, **p <
0.01, ¥**p < 0.001, ****p < 0.0001.

Results and discussion
Electrospun nanofibrous layer and surface treatments

PCL stands as a prominent biomaterial frequently employed
across various applications. Recognized for its biocompatibility,
PCL's molecular weight exhibits significant versatility, making
it adaptable for specific uses. Its semi-crystalline and hydro-
phobic characteristics render it ideal for applications necessi-
tating a gradual degradation rate, complemented by its superior
mechanical attributes. However, its hydrophobicity can pose
challenges, leading to suboptimal wettability and hindered cell
adhesion. Given the high water content of hydrogels, it becomes
imperative to modify the fibers to enhance wettability in the
context of hydrogel/fiber composites to improve the hydrogel-
fiber bond, ensuring a cohesive and stable final product.*®
Modulating the fiber diameter size and alignment is a viable
approach to enhance the wettability of fibers and strengthen
their incorporation into the hydrogel structure.’” Factors in
electrospinning, such as solution concentration, flow rate,
solvent system varieties, working distance, and applied voltage,
influence fiber dimensions. Notably, solution concentration
predominantly dictates fiber size.*® While chloroform is
a popular solvent, it restricts dimensions to the microscale. We
opted for adding DMF to chloroform, facilitating the generation
of both nano- and micro-scale fibers.*® It is worth noting that
there is a threshold to solution concentration to ensure the
production of continuous, bead-free fibers. For this purpose,
solutions of 8%, 10%, 12%, and 14% pf PCL in the same solvent
system were tested, where SEM images of 8% and 12% nano-
fibers are shown in Fig. S1.T As it can be seen from the SEM
images, 8% of nanofibers are continuous, but a lot of beads and
imperfections can also be seen. By increasing the solution
concentration, the fibers diameter is also increasing and
beadless nanofibers are achieved. The average diameter size of
8% nanofibers was the smallest with 242 + 43 nm, where they
increased to 766 + 92 nm for 10%, 1084 + 140 nm for 12% and
1319 + 102 nm for 14%. To be able to compare the effects of
fiber diameter on wettability, we have selected nanofibers from
10% and 14% solutions for our study. Fig. 1a-d displays SEM
images of the fibers from 10% and 14% concentration, with
both random and aligned orientations, illustrating the distri-
bution of fibers in each image. The associated data from the
analysis is presented in Table 2. As evident from the SEM
images and corroborated by the calculations, PCL 10A nano-
fibers exhibit smaller dimensions, whereas PCL 14R exhibits the
biggest diameter size. As it can be seen, PCL10 nanofibers in
each orientation show smaller diameters compared to nano-
fibers of PCL14 in the same orientation. This variation high-
lights the influence of solution concentration on fiber size.
Aligned fibers, across both concentrations, possess reduced
dimensions attributed to fiber stretching during collection for
alignment. The pronounced disparity in diameter between
random and aligned fibers of identical concentration is
a consequence of the collector's elevated rotational speed. The
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Fig.1 Electrospun nanofibers characteristics. SEM and fiber diameter distribution of (a) PCL 10A with average diameter of 450 nm, (b) PCL 10R with
average diameter of 766 nm, (c) PCL 14A with average diameter of 809 nm, (d) PCL 14R with average diameter of 1319 nm, show in the increase of
average diameter with the increase in concentration of electrospinning solution. Random fibers in each concentration are greater in size in
comparison to aligned ones. Contact angle of fibers before plasma treatment and inset image of contact angle 60 minutes after plasma treatment
were also reported for (e) PCL 10A, (f) PCL 10R, (g) PCL 14A, (h) PCL 14R demonstrating the hydrophilicity of nanofibers after plasma treatment, where
the signs of hydrophilicity can again be seen after around 60 minutes. (i) GPC test of nanofibers before and after plasma shows no sign of destruction
in the chains of PCL. (j) FT-IR of PCL10 and PCL14 before and after plasma treatment showing changes in the absorption peaks as a result of the
introduction of functional groups. (k) Stress—strain graph of fibers before plasma treatment. The graph shows the enhanced yield stress for aligned
fibers and increased elongation at rate for random fibers, both values elevated in case of larger fiber dimensions. (1) Stress—strain graph of fibers post

plasma treatment, showing the reduced values in the mentioned conditions in comparison to pre-treatment samples.

Table 2 Fibers characterization before and after plasma treatment

10A 10R 14A 14R
Fiber diameter (nm) 449 + 100 766 + 92 809 + 105 1319 + 102
CA before plasma (°) 136.9 £ 3.2 128.6 £ 2.7 131.8 £ 1.3 126.2 £ 1.7
CA after plasma ¢t = 60 min =10 =10 =10 0

correlation between fiber diameter and wettability is depicted in
the contact angle visuals in Fig. le-h and Table 2. Larger
diameter fibers with random orientation (PCL14R) appear to
exhibit a tendency for hydrophilicity, potentially due to their
increased surface area facilitating more interactions with water
molecules. The influence of fiber alignment on dimensions and
wettability can be understood by considering both the SEM
visuals (Fig. 1a-d) and contact angle images (Fig. 1e-h). Contact
angle measurements in Table 2 indicate a slight alteration in
fiber wettability transitioning from aligned to random fibers,
though the variations are minimal and may not translate to
significant surface modifications.

Plasma treatment, a recognized technique for surface acti-
vation, can be executed by exposing materials to different gases
such as O,, N,, and inert gases. As a result of exposure, the
covalent bonds of the surface can break, actively reacting with

© 2024 The Author(s). Published by the Royal Society of Chemistry

the functional groups. Oxygen, in particular, is a common
approach to enhance interfacial adhesion in fibers, as high-
lighted in the literature.** Good adhesion is paramount in many
tissue engineering applications, as the functionality of the
device is mostly dependent on the stability of the interface of
the tissue under tension. This highlights the importance of
stable and strong anchorage in the multi-layer structures. Due
to our final goal of fabricating multi-layer nanostructures with
nanofibers and hydrogels, plasma treatment was selected as
one of the most efficient methods to improve the wettability of
nanofibers.*” Plasma treatment can graft different functional-
ities (e.g., NH,, OH, COOH) at the surface, making them more
hydrophilic.** To enhance the wettability of fibers, they were
subjected to plasma treatment for a duration of 2 minutes. The
chemical modification of the surface can fade quickly due to the
presence of air, necessitating prompt layering. The immediate
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Fig. 2 Fabrication steps of the platform and hydrogel characterization. (a) Scheme of the fabrication of the layered nanoplatform. Briefly, the
fabrication steps provide the addition of gold nanorods to the hydrogel precursor solution, argon bubbling prior to layering, addition of treated/
untreated PCL nanofibers and crosslinking via UV-irradiation. (b) TEM micrograph of AuNRs in the hydrogel matrix. (c) Cross-section FE-SEM
image of the platform, showing the incorporation of fibers into the hydrogel network. (d) FE-SEM images of the Ph-P hydrogel (e) FE-SEM of Ph-P
+ C-P hydrogel showing smaller pores. (f) FT-IR spectra of both hydrogels, confirming the increased crosslinking density of Ph-P + C-P hydrogel.
(g) Force-displacement curves of hydrogels, showing enhanced toughness of the Ph-P + C-P hydrogel in comparison to C-P hydrogel.

post-plasma treatment contact angle of the fibers, as presented
in the insets of Fig. 1e-h and Table 2, indicates a complete shift
toward hydrophilicity with no difference among the tested
conditions. This change remains stable for at least 60 minutes,
at which initial signs of minor hydrophobicity begin to appear
in samples. One of the important matters while fabrication is to
act fast enough and add the hydrogel layer in the time frame in
which the functional groups are present. Upon adding the
hydrogel layer with high water content, hydrogen bonds and
other polar interactions with the hydrogel matrix will form.
These covalent linkages, which are a result of interaction of
polymer chains of the hydrogel with the functional groups of
the nanofibers, are permanent and irreversible.*> While
executing plasma treatment, it is crucial to ensure that the
surface modification has not compromised the polymer chain
structure. The GPC test on samples, as visualized in Fig. 1i,

1252 | Nanoscale Adv, 2024, 6, 1246-1258

indicates neglectable changes in the molecular weight, sug-
gesting the polymer chain remains almost intact. FT-IR analyses
on varying PCL concentration samples pre- and post-plasma
revealed peak intensity changes, signifying new functional
group presence. Specific absorption peaks attributed to the
formation of O-H groups are introduced to the spectrum for the
samples after plasma treatment at the wavelength of 3400 cm ™.
The peak around 1720 cm™ ' have become broader due to the
interaction of carbonyl groups with the oxygen-contained
groups.® All these changes showing the formation of some
new bonds as a result of introduction of oxygen to the surface of
the nanofibers, although there are no changes in the chemical
backbone of the PCL nanofibers (Fig. 1j).

Mechanical testing on untreated and plasma-treated PCL
samples assessed their Young's modulus and elongation at
break. Fig. 1k presents typical stress-strain curves for pre-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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plasma samples. Aligned fibers, across both concentrations,
exhibited superior stress and Young's modulus values (Fig. S27),
while random fibers demonstrated enhanced strain rates.
Fiber alignment greatly affects the mechanical properties of
the nanofibers; this impact shows itself in the random fibers in
the elevated strain rates and in aligned fibers in enhanced
young modulus and yield stress. The superior strength of
aligned fibers is attributed to efficient load distribution along
fiber lengths, minimizing stress concentration points and
breakage susceptibility.** Consequently, the Young's modulus,
indicative of material deformation resistance, increases. In
random fibers, strain rates and the elongation at break are
affected via alignment, as the random orientation of the fibers
allows it to distribute the load unevenly between the fibers,
making them more load-bearing. Also, in the case of random
nanofibers, the breakage does not happen simultaneously, as
fibers not in the direction of the load need to reorient for load
bearing, where the voids between fibers will give them space.*
Fiber diameter also has an impact on the performance of the
nanofibers under tensile. In both aligned and random fibers,
PCL 14 shows elevated characteristics than PCL 10. In random
nanofibers, PCL 14R, offers longer elongation rates than PCL
10R, where PCL 14A exhibits larger shear strength in compar-
ison the PCL 10A. The reason lies in the fact that fibers with
lower diameters tend to have more imperfections in the
microstructure, which can lead to their faster breakage.*® Post-
plasma tensile property alterations are illustrated in Fig. 1l,
where all the samples show lower characteristics than pre-
plasma ones. Young modulus values associated with all condi-
tions are also reported in Fig. S2.f Young's modulus displayed
reductions in all samples, likely due to the introduction of
functional groups, which can weaken polymer chain intermo-
lecular forces, resulting in diminished tensile properties.*”

Plasmonic hydrogel layer

Hydrogels based on acrylamide have gained significant atten-
tion in the field of biomedical applications due to their unique
properties. These hydrogels are crosslinked polymeric networks
that possess the ability to swell and retain a significant fraction
of water within their structure without dissolving. This water
retention capability arises from the hydrophilic functional
groups attached to the polymeric backbone. The intrinsic
resistance to dissolution is attributed to crosslinks between
network chains. Such hydrogels can be responsive to external
stimuli like temperature, pH, or the ionic strength of the
surrounding medium, making them “smart hydrogels”. They
can undergo significant volume variations in response to minor
changes in environmental factors, which can be harnessed for
sensing applications. One of the notable acrylamide-based
hydrogels is the poly(N-isopropylacrylamide) or PNIPAAm-
based hydrogel. When crosslinked to form hydrogels, the
behaviour of these thermo-responsive polymers is significantly
influenced by the volume phase transition temperature (VPTT).
Above the VPTT, the polymer network shrinks, expelling the
water contained within the hydrogel. The Incorporation of the
plasmonic particles into the PNIPAAm-hydrogel network has

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

been studied to evaluate potential enhancement in thermo-
responsive properties of the material. The improved smart
properties of this materials have been used in many applica-
tions, such as biosensing applications’ and photothermal
therapy.*®

Fig. 2a illustrates the fabrication methodology of the fiber/
hydrogel nanoplatform using a layering technique. The hydro-
gel precursor solution was prepared and stirred overnight
before the integration of gold nanorods. Prior to layering, it is
required to bubble the precursor solution with argon to elimi-
nate oxygen. This step is needed due to the chain reaction for
polymerization which can be induced via Irgacure as photo-
initiator. Optionally, APS (as chemical initiator) and TEMED (as
catalyst) can be introduced to increase the hydrogel's cross-
linking density. APS, upon heating, liberates sulfate radicals
capable of breaking acrylamide's double bonds, thus creating
crosslinking sites. Concurrently, TEMED accelerates radical
formation even at reduced temperatures. Subsequently,
untreated/treated PCL nanofibers are positioned within a spec-
ified mould over which the precursor solution is poured. The
mould is then cooled in an ice bath to regulate temperature
during UV exposure, and the full hydrogel crosslinking is ach-
ieved within 90 seconds of UV irradiation. The composite's final
architecture is visually represented in the accompanying sche-
matic (Fig. 2a).

Gold nanorods' incorporation within the hydrogel matrix is
validated through FE-SEM analysis, as depicted in Fig. 2b. The
nanorods exhibit an average length of 55 + 18 nm and a thick-
ness of 15 + 5 nm. Fig. 2c presents FE-SEM images of the
composite's cross-section, revealing a stratified structure with
seamless integration of fibers within the hydrogel matrix. FE-
SEM images of the layered platform, showing the nanofibrous
layer between two layers of hydrogel is shown in Fig. S3.t1
Evidently, the precursor solution permeates the fiber layers,
resulting in a sturdy cross-section post-crosslinking. Fig. 2d
shows a hydrogel formed solely through photo-polymerization
(Ph-P) with an average pore size of 11.05 + 1.96 um. In
contrast, Fig. 2e highlights a hydrogel synthesized using photo-
polymerization and chemical polymerization (Ph-P + C-P) with
APS and TEMED where the pore sizes have an average dimen-
sion of 5.16 + 0.68 um. The influence of APS and TEMED on
hydrogels' degree of polymerization is discernible in these FE-
SEM images. Higher crosslinking density manifests as
reduced pore sizes, leading to a more rigid network.* This
densification is further corroborated by FT-IR analysis of
lyophilized samples, as shown in Fig. 2f. Peaks at 2900 and
2740 cm ™" correspond to asymmetrical and symmetrical C-H
stretching, respectively, while the peak at 1720 em ™" is attrib-
uted to the C=0 stretching vibration of the carboxyl group in
acrylic acid. The pronounced peak intensity at 1720 cm ™' is
indicative of elevated crosslinking. Mechanical properties,
assessed through compression tests on hydrogels with varying
crosslinking densities, are depicted in Fig. 2g. The curve's
gradient, representing the elastic modulus, is steeper for
hydrogels synthesized using Ph-P + C-P. Both the yield and
ultimate strengths are markedly higher for Ph-P + C-P.
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Mechanical pull-out test

A customized mechanical test, known as the fiber pull-out test,
was devised to assess the adhesion strength between a fiber
bundle (acting as the reinforcing material) and the encom-
passing matrix material, such as a hydrogel. This test serves as
a valuable tool for evaluating the interfacial bonding within the
layers. The test procedure involves partially embedding a fila-
ment or bundle of fibers within the hydrogel matrix and
subsequently applying a force to extract the fiber from the
matrix.>® The fiber pull-out test offers critical information into
the strength and integrity of the fiber-matrix interface and, by
extension, the overall performance of the composite material.
The level of adhesion between these two components provides
a practical indicator of the composite's load-bearing capacity
and deformation resistance, reflecting the effectiveness of their
integration.®*

To facilitate this test, a custom-made setup was designed, as
shown in Fig. 3a. Overcoming one of the primary challenges of
this test, such as securing the hydrogel within the tensile
machine, required innovative approach. To achieve this, a 3D-
printed holder was designed to distribute the pressure exerted
by the tensile grips without imposing stress on the hydrogel.

b 5

f

Stress (KPa)
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Additionally, the inherent tendency of the hydrogel to displace
along with the embedded fibers under tension necessitated to
address a few more requirements. A lid was created for the
holder, featuring a hole specifically designed to the size of the
fiber, as can be seen in Fig. 3a. The holder was then fixed into
the lower grip of the tensile machine while the upper grip
securely held the fiber bundle. The test proceeded until
a complete separation of the two materials was achieved.
Fig. 3b-e shows the stress-strain curves for all the samples in
different conditions, where Fig. 3f shows the work of adhesion,
needed for the fiber pull-out for each sample and group.
Parameters which can affect this investigation are the fiber
dimension, alignment and surface treatment, and toughness of
hydrogel. With a quick glance, it can be stated that samples
featuring Ph-P + C-P hydrogel, which is a stiffer hydrogel
compared to Ph-P hydrogel, exhibit a higher work of adhesion.
The results indicate that the force needed to pull the fibers is
not solely the force for separating fibers from the hydrogel but is
predominantly associated with the force required to fracture the
hydrogel network in close proximity to the interface. This
observation is supported by the fact that the fiber bundles
extracted from the hydrogel matrix consistently, retain traces of

10A/Ph-P C
10A + Plasma / Ph-P
10A/Ph-P + C-P

Py —— 10A + Plasma / Ph-P + C-P|

10R/ Ph-P

10R + Plasma / Ph-P

10R/Ph-P + C-P
——10R + Plasma / Ph-P + C-P

w -
Stress (KPa)
nN w >

Strain (%) e Strain (%)
14A/ Ph-P f 14R / Ph-P
14A + Plasma / Ph-P 6 14R + Plasma / Ph-P
al -14A/Ph-P + C-P A 14R/Ph-P + C-P
——14A + Plasma / Ph-P + C-P| | ——14R + Plasma / Ph-P + C-P
= | - /
g g
X 3 A X4
8 8 8
82 ‘ £e
12} @»
" 24/
\
1 \
\ 1
o . X N " ()
100 200 300 400 100 200 300 400
Strain (%) Strain (%)
7o [ PP

6.5 [ |Plasma/Ph-P
60 [ Ph-P+C-P
E 55 [ Plasma/Ph-P + C-P

10A

10R 14A 14R

Fig. 3 Fiber pull-out test. (a) Scheme of the customized 3D-printed holder for the nanoplatforms and the test steps. (b—e) Stress—strain curves
for (b) PCL10A, (c) PCL1OR, (d) PCL14A, (e) PCL14R paired with hydrogel in all the conditions. (f) Nanoplatforms' toughness, measured by
calculating the work per unit volume for each group set as an indicative value of the adhesion and incorporation of interfaces.
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hydrogel on their surfaces, showing the robust integration of
fibers into the hydrogel network (Fig. S4+).

While plasma treatment enhanced the wettability of the PCL
nanofiber surfaces, promoting an expected increased intra-layer
adhesion based on the previous results, the impact of plasma
treatment in the fiber pull-out test is much less than the
hydrogel part. Samples with plasma treatment in each group of

View Article Online
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aligned nanofibers show very small increase compared to the
not treated ones. This difference is shown to be much more in
the case of samples with randomly oriented nanofibers. This
can be because of the more exposed cites on random fibers in
the procedure of plasma treatment.* As discussed previously,
fiber diameter and orientation, as other parameters, have some
effects on the adhesion of nanocomposite. PCL 14R, with the

a - [ JPcuPhpP b
[ PCL +Plasma/ Ph-P 100 |
[ PCL +Plasmal/ Ph-P + C-P
50 - M TcP
S 80 F
o 40 g
: Z 60}
S 30} 3
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Fig. 4

In vitro biological response of L929 fibroblasts seeded on TCP and cultured with extracted medium of PCL14R nanofibers/hydrogel in

different conditions. (a) Increasing trend of cell viability up to 7 days of culture tested. (b) Percentage of cell viability calculated from live and dead
images, showing =97% cell viability at day 1 of culture. (c) Live and dead images showing live cells (green) and dead cells (red) at day 1 of the
culture. Scale bar: 50 um. (d) Confocal images of samples stained with Actin (green) and DAPI (blue), visualizing cell cytoskeleton and nuclei,

respectively. Scale bar: 50 um.
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most larger diameter size, has the greatest work of adhesion,
whereas PCL 10A has the lowest values in pre- and post-treated
samples. As mentioned before, PCL14, with a bigger fiber
diameter, offers more strong fibers and randomly aligned
nanofibers, offer more void and space for the precursor solution
to penetrate, which can provide a more robust interface.

In summary, the mechanical response of PCL nanofibers
within the composite system is profoundly influenced by the
crosslink density and toughness of the hydrogel in all situations.
Fiber diameter and orientation also play important roles as they
will offer more space for penetration of the hydrogel layer. Finally,
the plasma treatment, especially in randomly aligned nanofibers,
can influence the required force and, hence the work of adhesion.
The fiber pull-out test reveals that the force required for fiber
extraction is intrinsically tied to the resilience of the hydrogel
network near the interface, highlighting the importance of this
interfacial region in composite materials.

Biocompatibility of nanoplatforms

To evaluate the biological properties of the nanoplatforms and
verify their potential for biomedical applications, the material
interaction with 1929 fibroblast cells was investigated.*
According to the mechanical tests, PCL14R nanofibers showed
the most robust interface and hence were selected as a repre-
sentative to assess the biocompatibility of nanoplatforms.

The viability of 1929 cells seeded on TCP and cultured using
extracted medium was evaluated and compared to control
samples cultured with fresh medium. Linear cell growth is re-
ported in Fig. 4a, showing increasing signals at each time point
(1, 3, and 7 days) for all conditions. No significant difference
between the conditions was measured at any time, confirming
the indirect cytocompatibility of nanoplatforms, either with
plasma-treated nanofibers or having additional C-P reagents for
denser crosslinking.

Utilizing a Live/Dead assay Kkit, cells seeded on the culture
plate were stained, with live cells appearing green and dead cells
showing in red. This observation shows the predominant
presence of viable green cells cultured in the presence of sample
extracts, as shown in Fig. 4b and Table S1,t affirming the
employed materials’ indirect cytocompatibility. Illustrative Live/
Dead images from day 1 and day 3 of culture are reported in
Fig. 4c and S5, respectively. Across the evaluated conditions,
no significant variations were identified at any given time
interval.

Confocal microscopy images of samples stained with Actin/
DAPI showed the cell cytoskeleton and nuclei after 3 and 7
days of culture (Fig. 4d). The images allow the visualization of
the elongated morphology of L1929 fibroblasts, exhibiting
a characteristic spindle shape from the early phase and evident
cell proliferation and population at the later stage of culture,
with no significant difference between conditions.

Conclusions

In this work, we investigated factors that could potentially result
in a more robust interface between the plasmonic hydrogel

1256 | Nanoscale Adv.,, 2024, 6, 1246-1258
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layer and electrospun nanofibers in multi-layer nano-
composites. The nanofibrous mats of PCL were successfully
fabricated from 10% and 14% solutions, offering nanofibers
with an average diameter of below and above 1 um, respectively,
in random and aligned orientations. O, plasma treatment was
applied to the nanofibers' surface to enhance the materials’
hydrophilicity. Morphological and mechanical investigations
showed each parameter's impact on the nanofibers' wettability
and hydrophilicity, which can influence their interface for
further compositing steps. Fiber diameter and orientation have
a neglectable effect on the nanofibers' hydrophilicity while
applying plasma treatment makes them completely wettable for
at least 60 min. Orientation and fiber diameter influence the
mechanical tests, as random nanofibers offer more elongation
at break in tensile and aligned fibers can bear higher shear
stress. These mechanical values were significantly decreased
post-plasma treatment due to the presence of new functional
groups and reduced intramolecular forces. AuNRs were added
to PNIPAAm hydrogel precursors with Ph-P (Irgacure as a pho-
toinitiator) and Ph-P + C-P (Irgacure as photoinitiator and APS
and TEMED as chemical initiator and catalyst) polymerization
routes, then layered to nanofibrous layer to achieve a multi-layer
nanocomposite. Morphological illustrations confirm the pres-
ence and distribution of AuNRs in the hydrogel layer. FE-SEM
images and mechanical compression tests proved the
increased crosslinking density in the Ph-P + C-P hydrogel due to
smaller pore sizes and higher yield and toughness. A mechan-
ical pull-out test was performed on all the samples, as the
adhesion and robustness of the interface are crucial in layered
smart platforms to provide stable construct within all changes
and alterations. For this purpose, a custom-made 3D holder for
the samples was printed, and the work of adhesion was calcu-
lated for all the sample sets. Nanofibers with larger diameters
and random orientation had a more considerable work of
adhesion, and this work was reduced by decreasing the fiber
diameter and aligning. The impact of plasma treatment for
aligned fibers was neglectable, whereas in random fibers, there
is a noticeable increase in the adhesion of layers. The most
significant alterations were noticed with the increase of the
crosslinking density of the hydrogel, as the values increased for
all the sample sets. It can be concluded that the impact of
hydrogel stiffness is more significant, making it visible that the
adhesion energy is mainly attributed to the force to break the
hydrogel network near the fiber interface. Finally, cytocompat-
ibility indirect tests with L929 fibroblasts show cell viability and
proliferation in all conditions, proving that the nanoplatforms
can be an ideal candidate for biomedical applications.
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Figure S1. SEM images of PCL nanofiber. a) 8% concentration with an average diameter of 242 + 43 nm, beads in the nanofibers,
b) 12% concentration with an average diameter of 1084+0.14 nm, continuous nanofibers.
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Figure S3. FE-SEM images of nanocomposite cross-section, showing the layered structure of the platform, with a layer of nanofibers
between two layers of hydrogel.
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Figure S43. Image of the fiber bundle after pull-out test. The traces of the hydrogel remaining on the surface of the fibers, indicate the |
stable interface between the layers of the nanocomposite. This image also confirms the fact that the force required for the pill-out
test is mostly spent on the destruction of the hydrogel network very close to the interface with the fibrous layer.
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Figure S54. In vitro biological response of L929 fibroblasts seeded on TCP and cultured with the extracted medium of PCL14R
nanofibers/hydrogel platforms in the form of Live and dead images. Live cells (green) and dead cells (red) on day 3 of the culture. Scale
bars: 50um

PCL/Ph-P 97.96
PCL+Plasma/Ph-P 94.02
PCL+Plasma/ Ph-P + C-P 94.84
DMEM 98.45

Table S1. In vitro biological response of L929 fibroblasts seeded on TCP and cultured with the extracted medium of PCL14R
nanofibers/hydrogel platforms in the form of Live and dead image analysis on day 3 of culture.
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1 | INTRODUCTION
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Abstract

As scientists discovered that raw neurological signals could translate into bioelec-
tric information, brain-machine interfaces (BMI) for experimental and clinical
studies have experienced massive growth. Developing suitable materials for bio-
electronic devices to be used for real-time recording and data digitalizing has three
important necessitates which should be covered. Biocompatibility, electrical con-
ductivity, and having mechanical properties similar to soft brain tissue to decrease
mechanical mismatch should be adopted for all materials. In this review, inor-
ganic nanoparticles and intrinsically conducting polymers are discussed to impart
electrical conductivity to systems, where soft materials such as hydrogels can offer
reliable mechanical properties and a biocompatible substrate. Interpenetrating
hydrogel networks offer more mechanical stability and provide a path for incorpo-
rating polymers with desired properties into one strong network. Promising fabri-
cation methods, like electrospinning and additive manufacturing, allow scientists
to customize designs for each application and reach the maximum potential for
the system. In the near future, it is desired to fabricate biohybrid conducting
polymer-based interfaces loaded with cells, giving the opportunity for simulta-
neous stimulation and regeneration. Developing multi-modal BMIs, Using artifi-
cial intelligence and machine learning to design advanced materials are among
the future goals for this field.

This article is categorized under:
Therapeutic Approaches and Drug Discovery > Nanomedicine for Neurological
Disease

KEYWORDS

3D printing, brain—-machine interface, conductive hydrogels, electrospinning, neural
recording

Bioelectronic signals are among the principal activities of our body's routine function, including electrophysiological
and biochemical stimulation (Yao et al., 2020). In particular, electronic signals within the nervous system regulate
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several biological activities, from simple skeletal muscle movements to complex brain functions such as thinking and
remembering (Miller et al., 2020). Regular brain activities provide the coordinated transmission, oscillation, and syn-
chronization of neural signals, involving a considerable part of the nervous tissue. However, in the case of neurological
injuries, disorders, and degenerative processes, the neural population shows an insufficient capacity for self-repairing
and regeneration, leading to permanent brain dysfunctions (Rinoldi, Zargarian, et al., 2021). Neurological trauma cau-
sed by accidents can provoke injuries in the brain tissue, nerves, or spine and subsequently affect several body func-
tions, including vital organs, blood vessels, and musculoskeletal activities. Car, bike, and sports accidents, as well as
accidental falls, are the most common situations which lead to neurological damage (Pichiorri & Mattia, 2020). On the
other hand, neurological illness may occur in any person worldwide, regardless of gender, age, education, or wealth,
and it has been estimated as 1 billion cases yearly (World Health Organization, WHO; WHO report, 2007). The high
incidence results in several billions of Euros spent annually to sustain the costs related to neurological disease treat-
ments (Y Liu et al., 2021). For this reason, the effective detection of neural signals is crucial for obtaining bioelectronic
information about cognitive processes and pathways as well as diagnosing and treating related diseases
(e.g., schizophrenia, autism, epilepsy, Parkinson, and Alzheimer's; Mcglynn et al., 2021; Oldroyd & Malliaras, 2022).
Therefore, several electrically conductive devices have been lately researched and developed for the fabrication of bio-
electronic devices, including brain-machine interfaces (BMIs; S. M. Won et al., 2018; Zhao et al., 2022). These systems
are designed to serve as implantable interface electrodes to record and digitize the brain signals in real-time by directly
transferring them to a computer for final visualization and analysis (Song et al., 2020). Approaches for brain signal
recording can be divided into three main categories: (i) recording on the top of the scalp (i.e., electroencephalography,
EEG); (ii) recording under the skull, on the brain cortex surface (i.e., electrocorticography, ECoG); and (iii) intracortical
recording into the brain tissue (i.e., local field potential, LFP; Figure 1a; Alahi et al., 2021). According to the position of
the related electrodes, EEG, ECoG, and LFP differentiate for two main factors: the invasiveness and the amplitude of
acquired potentials (M. Lee et al., 2019; Sung et al., 2020). EEG is a noninvasive strategy and has—consequently—the
lowest acquired potentials (~1 pV) and spatial resolution. On the other hand, among the invasive approaches, ECoG
shows a high signal-to-noise ratio and good spatial resolution. Additionally, it is less invasive than LFP, but it registers
signal at lower amplitudes (~100 pV for ECoG vs. ~1 mV for LFP) (Figure 1b; Milin Zhang et al., 2020).

In this frame, recent advances are aimed at improving the efficiency and functionalities of BMIs in terms of record-
ing, monitoring, and stimulation of bioelectronic signals (Polikov et al., 2005; N. Wu et al., 2021). When designing an
ideal electronic device, one should consider inducing minimal traumas during implantation, along with avoiding micro-
motions by guaranteeing the possibility of deformation according to the native tissue movements (Choi et al., 2018).
However, nowadays, many of these proposed devices (e.g., metal- and silicon-based) have the limitation of mismatching
the mechanical properties with the brain tissue, which is particularly crucial for successful device implantation
(Yuk et al., 2019; Sunwoo et al., 2020). Indeed, the intrinsic difference between soft, high water-containing brain tissues
(1-100 kPa) and stiff, brittle and dry synthetic devices (with mechanical characteristics in the order of GPa) can result
in injuries and poor coupling and integration at the implantation site (Llerena Zambrano et al., 2021; Shur et al., 2020).
This may introduce chronic inflammation reactions and interfacing issues, resulting in an increase in impedance—due
to the formation of astrocytic scars and microglia populations—and a decrease in detection and stimulation
efficiency—because of delamination phenomena (Figure 1c; Dhawan & Cui, 2022; X. Wu & Peng, 2019). The ideal
material for BMI applications should observe three main requirements: (i) it should be highly biocompatible to mini-
mize the immunological and inflammatory response; (ii) it should be compatible at physical and chemical levels in
order not to induce any damage or injury to the brain tissue; and (iii) it should have high electric conductive character-
istics for improving the acquisition of signals (Khan et al., 2021; Shur et al., 2020).

For this reason, researchers are dedicating considerable efforts to designing a new generation of soft and compatible
devices at chemical, physical, and biological levels, investigating conducting polymer (CP)-based nanostructured sys-
tems (Cuttaz et al., 2021; Dalrymple et al., 2020; Y. Wu et al., 2020; Yuk et al., 2019). Biocompatible CPs are considered
great candidates for electronic devices such as BMIs, because of their suitable biological response as well as tunable
electrical, optical, and mechanical properties (Goding et al., 2019; S. Lee, Ozlu, et al., 2020; Y. Park et al., 2022; Yuk
et al., 2020). Indeed, compared to metal and silicon-based devices, CPs offer a large room for improvements in terms of
modification and optimization of the final system. For instance, they have the great ability to modulate their stiffness
by applying hierarchical nano-structuration and providing the use of soft hydrogel networks. Thus, CPs can potentially
resemble the brain tissue characteristics, avoiding mechanical mismatching while guaranteeing excellent electrical con-
ductivity for the efficient transduction of brain signals (Rylie Green, 2019; Goding et al., 2019; M. Wang et al., 2017).
The biocompatibility and adhesiveness of those systems can lead to a minimum gap between biological tissues and
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FIGURE 1 Characteristics and features of brain-machine interface. (a) Schematic representation of different brain signal recording
approaches, including ECoG, EEG, and LFP (intracortical microelectrode). Reprinted with permission from Alahi et al. (2021).

(b) Differences in acquired signal amplitude in the case of different recording strategies. Reprinted with permission from Milin Zhang et al.
(2020). (c) Schematic illustration of neuroinflammation occurring during the implantation of rigid metal electrodes. Reprinted with
permission from X. Wu et al. (2019).

electrodes, thus minimizing their relative movements and guaranteeing an intimate electrode-tissue contact (N. Wu
et al., 2021). Additionally, they have the great advantage of reducing the interfacial impedance, which is crucial in bio-
medical applications since biological signals are alternating currents transmitted (Parashar et al., 2020). All these great
properties have led CPs to be used to fabricate biocompatible devices and also as coatings for some BMIs, enhancing
their functionalities. Applied coating can increase the geometric surface area and electrochemical properties of the pro-
bes, lower the modulus of the surface, and, most importantly, integrate advanced therapeutic functions if required.
Coatings are also beneficial in the matter of custom-designing and specific applications, to achieve the desired proper-
ties in an easier and cost-effective manner (L. C. Wang et al., 2019; P. Yin et al., 2021).

This review presents and critically discusses the most recent scientific literature on CP-based nanostructured mate-
rials for BMIs. Our focus includes systems based on inorganic nanomaterials and composites—as carbon nanotubes,
graphene, graphene oxide, and reduced graphene oxide-, intrinsically CPs and blends—Ilike polyaniline, polypyrrole,
and polythiophene-, and conductive interpenetrating polymer hydrogel networks—such as semi-IPNs and IPNs. The
advantages and limitations of the reported devices have been highlighted, along with the challenges of fabrication and
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nanostructuration methods (including electrospinning and additive manufacturing). Finally, new trends and future per-
spectives of the BMI field have been discussed.

2 | INTRINSICALLY CPS AND BLENDS

The term “polymers” refers to molecules of high molecular weight (macromolecules) formed by chains of smaller mole-
cules called monomers, which therefore represent their structural units (Young & Lovell, 2011). When obtained by
chemical reaction, usually from petrochemical industry products, they have commonly named “plastics.” In general,
plastics are universally considered electrical insulating materials: in fact, they are widely used for surrounding metal
wires to prevent the passage of electricity to/from the environment (Brydson, 1999). However, in the late 1970s years,
scientists discovered that a synthetic polymer, polyacetylene (PA), when in its trans configuration and doped with bro-
mine or iodine vapors, achieved an electrical conductivity of 3000 S/m, a value slightly lower than that shown by com-
mon metals (Heeger, 2001). After the discovery of polyacetylene, an enormous number of scientific articles were
published related to the new conductive polymers since this family of macromolecules, which combines the properties
of organic polymers (structural versatility, lightness, flexibility, and low cost) with the electroconductivity typical of
metals, was undoubtedly very intriguing. A new term was even coined to describe these new materials: synthetic
metals.

The common feature of these polymers is the presence of unsaturated bonds in the main chain, which gives rise to
a delocalization of electrons due to conjugation. Indeed, they are also called indifferently conjugated polymers or CPs.

Irrespective of the method adopted for their synthesis, the main CPs (polyacetylene, polyaniline, polypyrrole, and
polythiophene) are not entirely soluble in common organic solvents, infusible, and generally intractable materials
(Quijada, 2020). Substituted analogs were then polymerized to obtain more processable polymers with side groups
linked to the conjugated backbone through flexible oligomethylenic side chains (Nalwa, 2000). Functionalized CPs have
been extensively studied during the last three decades and are always in the limelight owing to their high conductivity,
easy synthesis, structural versatility, good mechanical properties (this is particularly true for their composites with inor-
ganic materials), and effortless fabrication of final devices (Namsheer & Rout, 2021). They have also successfully been
employed in biomedical applications, including biomaterials and biosensors (Nezakati et al., 2018) and as electrodes
between biological tissues and electronic devices, being flexible and capable of both electronic and ionic conductions
(Ouyang, 2021).

2.1 | Polyaniline

Polyaniline (PANTI), also known as “aniline black,” has been known since the XIX century. It was first used as a dye for
the tissues of priests' cassocks and then was prepared with a procedure based on the oxidation of aniline using mineral
acids and oxidants like chlorate, dichromate, and persulfate (Cohen, 1887). PANI exists in different oxidation states:
reduced (leukoemeraldine), partially oxidized (emeraldine), and fully oxidized (pernigraniline). Emeraldine form has
an equal ratio of benzoid and quinoid repeating units and, when protonated, becomes conductive (emeraldine salt),
reaching a specific electrical conductivity of 10* S/cm (Boeva & Sergeyev, 2014). This kind of “protonic acid doping” is
a peculiarity of polyaniline, since no oxidation or reduction has to be made on emeraldine to make it conducting. High-
quality PANI can be prepared by chemical oxidation of aniline using an equimolar amount of hydrochloric or sulfuric
acid in the presence of ammonium peroxydisulfate (Blinova et al., 2007), or by electrochemical oxidation of aniline to
emeraldine. Interfacial polymerization is also used to prepare polyaniline: in this method, green nanofibers of PANI are
formed at the interface between an aqueous solution of HCl and NH,S,05 and an organic phase composed by a solution
of the aniline monomer in CHCl; (Abdolahi et al., 2012). Electrospun hollow-core PANI nanofibers with high conduc-
tivity and solubility have recently been prepared with the same reagents used for interfacial polymerization.

Garrudu et al. investigated the fabrication of poly (caprolactone) (PCL) electrospun nanofibers with PANI for neural
stem cell growth and electrical stimulation. By optimizing the doping mechanism and solvent system, fibers diameter,
conductivity, and softness of the electrode were possible to be tuned. Cell adhesion was enhanced, and cell differentia-
tion was successful, while electrical stimulation using AC improved neural expression (Garrudo et al., 2021). In another
study, an EEG dry electrode from stainless steel was covered with PANI, showing a significant reduction in impedance
compared to the metal electrode (Figure 2a). This reduction occurred because of the porous structure of the PANI,
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while the intrinsic electrical conductivity allowed for efficient charge transfer. The structure of the PANI coating show-
ing the porous network was investigated in the work of Aghazadeh et al. (2021).

Another system was designed by Manouchehri et al. (2019) to investigate the effect of oligoaniline load on reducing
the impedance for brain signal recording. A conductive coating for neural electrodes was introduced based on chitosan-
oligoaniline hydrogel, which was later epoxidized. By incorporating oligoaniline into the system, the conductivity was
increased to the range of 10 2-10* which is adequate for cellular activity. Also, a decrease in the impedance at the fre-
quency of 1 kHz was seen in the system, which is essential for the neuronal action potentials.

2.2 | Polypyrrole

Polypyrrole (PPy) is a CP that can be easily synthesized by oxidative polymerization of the corresponding monomer
(pyrrole) in organic solvents or aqueous systems (water and mineral acids) in the presence of FeCls. Although some
other synthesis methods, such as electropolymerization, ultrasonic irradiation-assisted polymerization, vapor-phase
polymerization, and photopolymerization have been recently proposed, chemical oxidative polymerization is the pre-
ferred system for industrial applications. The reason can be its cost-effectiveness and the possibility of obtaining the
final polymer in highly conductive (oxidized) form (Pang et al., 2020). Acting on the preparation method, conducting
PPy has been obtained in many different forms: bulk, films, nanoparticles, nanotubes, wires used to prepare light-
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FIGURE 2 Use of intrinsically conducting polymers for BMI application. (a) Digital image of PANI@SS used for brain signal recording.
Reprinted with permission from Aghazadeh et al. (2021). (b) Schematic of the electrochemical copolymerization (PDA/PPY) of dopamine

electrode

and pyrrole and the use of PDA/PPY as a high-performance biomaterial for highly sensitive bioelectrode. Reprinted with permission from

S. Kim et al. (2018). (c) Bare electrode, neural cells on the bare electrode, PEDOT-coated electrode, neural cells embedded in PEDOT matrix,
and neural cell-templated PEDOT. Reprinted with permission from Richardson-Burns, Hendricks, Foster, et al. (2007) (d) Diagram
representing the process of polymerizing PEDOT directly into brain tissue from a neural electrode device to bypass the surrounding glial
scar. Reprinted with permission from Richardson-Burns, Hendricks, & Martin (2007).
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emitting diode (LED), supercapacitors, diodes, transistors, and chemical sensors. For example, recently electrochromic
pH and CO, sensors have been designed using conducting PPy thin films on indiumtinoxide (ITO) glass (Ratautaite
et al., 2019). PPy, in combination with Bi,WOg as a catalyst, has been used for the photocatalytic reduction of CO, to
CH;0H and CH3;CH,OH in the water, while PPy-CdS composites have revealed great activity in the photocatalytic pro-
duction of hydrogen starting from water solutions of sodium sulfite (Shanmugam et al., 2022). PPy nanocomposites
have been successfully employed for tissue engineering scaffolds, drug delivery systems, and photo-thermal therapy
(PTT) (Pierini et al., 2018; Zare et al., 2021) thanks to their biological properties due to the excellent cell adhesion and
growth properties on their surface.

PPy as a coating for neural interfaces was investigated in the work done by George et al., in this case with different
dopants like polystyrene-sulfonate (PSS) and dodecylbenzenesulfonate (NaDBS). Using PPy with different dopants can
benefit many applications, from neural substrates to electrode coatings. Their study has shown that the biocompatibility
of the electrodes has been increased compared with Teflon implants, and positive surface interactions have been
noticed in the interface (George et al., 2005). A combination of SWCNT with PPy composite films was designed and
used as electrode materials by Xiao et al. the pore size of the structure was tuned by controlling the concentration of
the metal ions, and the PPy ultrathin layer was obtained by pulsed electropolymerization. Using this technique,
SWCNTs are immobilized on the electrode surface; hence the adhesion was improved while the larger electrode-
electrolyte interface was also obtained; therefore, the ion transfer can happen faster within the bulk film. The system's
impedance showed a significant decrease; at the same time, the new electrodes showed excellent biocompatibility for
neural cells for long-term applications (H. Xiao et al., 2015).

Polydopamine (PDA) has been used in many applications to promote the adhesion of the substrates and can be used
with other materials as robust coatings for biomedical applications. According to the previous studies, coatings prepared
from PDA/PPy are adhesive and conductive; in vivo and in vitro studies were also done on the electrodes to check fur-
ther potentials (Figure 2b). Culturing myoblasts and PC12 neuronal cells showed that these electrodes can significantly
encourage the growth and differentiation of neuronal cells. At the same time, electrical stimulation showed the neurite
outgrowth of the PC12 cells. Even with the thick layers of the coating, good electrochemical properties were seen, and
by in vivo experiments, EMG signals with high sensitivity were recorded (S. Kim et al., 2018).

2.3 | Polythiophene

The preparation of conductive polythiophene (PT) started at the beginning of the 1980s, and since then, it has progres-
sively gained a prominent place in the CP field thanks to its structural versatility, high conductivity, and thermal and
environmental stability. The literature on PT and its derivatives is very extensive, with a tremendous increase in the
number of articles published in the last few years. Indeed, they can show a dramatic color shift in response to changes
in solvent (solvatochromism), temperature (thermochromism), applied potential (electrochromism), presence of other
molecules (affinochromism), or ions (ionochromism), paving the way for the production of high-speed and inexpensive
chromic sensors (Kaloni et al., 2017).

Moreover, the electronic structure (and then the color) of polythiophene is also influenced by the steric repulsion
between substituents or, when directly linked to the thiophene ring, by their electron-withdrawing or donating
effects, making chromism widely tunable. Bulk heterojunction (BHJ) solar cells based on photoactive layers of
polythiophene derivatives as electron-donors have reached power conversion efficiencies up to 10% (Guo
et al., 2013) and PT-based organic light emitting diodes (OLED) have shown high intensity of emission and tunable
colors by simply varying substituents employed on the thiophene unit (Grimsdale et al., 2009). One of the most
important PT derivatives is undoubtedly the poly(3,4-ethylenedioxythiophene) (PEDOT) thanks to its high conduc-
tivity, thermal stability and easy processability when doped with PSS. PEDOT has high electroconductivity (around
500 S/cm), sufficient to allow the production of organic LEDs, electrochromic devices and polymeric solar cells
and is well soluble in water. It can be easily obtained with spontaneous solid-state polymerization of 5-bromo-2,-
3-dihydro-thieno[3,4-b][1,4]dioxine by simple heating (Y. Yin et al., 2013). PEDOT is currently considered as neu-
ral interface for the communication between neurons and machines, including neuroprosthetic devices, cochlear
implants, cardiac pacemakers, and vision prostheses (R Green & Abidian, 2015). In a work done by Richardson-
Burns et al., a novel biomaterial based on PEDOT has been designed for cell-templated neural probe coating. This
material can also be used as a CP-live neural cell electrode. PEDOT has been electrochemically deposited around
neurons cultured on electrodes, where cells embedded within the polymer matrix remain viable for 120 h after

35U SUOILIOD dAIREa.D a(ceal|dde a3 Aq pausenob ae SajoNe YO ‘88N JO S3|NJ 10} ARiqI] 3UIUQ AB|IAN UO (SUO T IPUOD-PpUR-SWLB)ID A3 | 1M Aleld 1)Ul uo//Sd1y) SUORIPUOD pue SWB | UY 89S *[7202/70/2T] Uo ArelqiauliuQ AJIM ‘NVd PIUyde L mows|qoid YoAMomespod 1mAsU| Aq Ge8T UeUM/ZO0T ‘0T/I0p/Wod A8 1M Azeiq 1 pu U0 Sl 1my/sdny Wwoij papeojumod ‘S ‘€202 ‘T#006E6T



ZIAI ET AL. WIREs _Wl L EY 7 of 33

a) L3 N b
@ (b)
{ wl,
Cross link
“._PVA Chain
" g 3:;\?’7/4\:"-
= { -
...0. Onm‘ Vi
\ Cross link | \ Nanoplete \‘é&\\\\_‘q\&\\ ). )
\_____Aiginate Chain / \_ N—
Cross linked Hybrid of cross- Hydrogen bonding
PVA and m) linked PVA and mms) between Gr and
Alginate Alginate polymers
(c) (d)

oozt [ e [ e
FIGURE 3 Hydrogels as soft materials for BMI applications. (a) Schematic illustration of the formation of PVA:SA interpenetrating
network, via physical crosslinking of PVA by heat treatment and chemical crosslinking of Alginate by CaCl, solution. Hydrogen bonding
between Gr nanosheets and polymer matrix is also shown, leading to significantly promoted mechanical properties. Reprinted with
permission from Golafshan et al. (2017). (b) TEM image of alginate/PCNT hydrogel. Reprinted with permission from Kun Wang et al. (2018)
copyright (www.tandfonline.com). (c) Scheme of ideal hybrid configuration (left) and photo comparison of hybrid material created by using
a bound dopant, compared to stratified composite produced by using a free dopant (right). Both material samples are hydrated. Reprinted
with permission from Green et al. (2012). (d) Tip of optrode array with the light on when optical stimulation and electrical recording using
optrode array implanted in freely moving animal is happening. Reproduced with permission from Lu et al. (2012).

polymerization (Figure 3c; Richardson-Burns, Hendricks, Foster, et al., 2007). Indeed, due to the soft nature of this
polymer, a conductive layer of PEDOT on a metallic substrate can lower the mechanical mismatch between the
electrode and the tissue, thus reducing the risk of gliosis or inflammation. PEDOT can be also directly polymerized
within the brain tissue, leading to a conductive network of polymeric chains as it can be seen in Figure 2d
(Richardson-Burns, Hendricks, Foster, et al., 2007). Self-assembled monolayering (SAM) is an alternative fabrica-
tion method that can overcome the problems of electrodeposition. SAMs containing conductive polymers can offer
high conductivity and can be customized by different functional groups. This characteristic is of great importance,
as it can allow to have the self-assembly on metals, thus improving the effective surface and lowering the imped-
ance. This opportunity was investigated in the work of Widge et al., where they have designed pTh-based SAMs.
Neural stimulating and recording through electrodes has been improved and the biocompatibility of the electrodes
tested to be successful (Widge et al., 2007).

To summarize, CPs and especially PEDOT are among the most effective categories of materials exploited to gain
high quality signal recordings and electrical stimulation. CPs have high mechanical flexibility which allows fabricating
adjustable constructs, at the same time, they have low cost. Addition of CPs into the substrate of the polymers can
enhance their electrochemical properties and biocompatibility (Ouyang, 2021). There are challenges regarding the use
of these materials in neural interfaces, such as designing a long-term effective implant. Researches show that although
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using CPs can increase surface area and roughness of the electrode, but poor electroactive stability can affect their
application (R. A. Green et al., 2008; Rossetti et al., 2021).

3 | CONDUCTIVE INTERPENETRATING POLYMER HYDROGEL

Development of materials which can cover the three required criteria for the BMI application has been the purpose of the
research for many scientists in this field. Designing a material which has mechanical properties similar to soft tissues, as
well as conductivity, has been very challenging. The majority of conventional electrode materials (e.g., silicon, gold, plati-
num, titanium nitride, iridium, tungsten, and tin) exhibit very high Young's moduli over 1 GPa, which are several orders
of magnitude higher than that of neural tissues. In the last decade, a number of novel materials and laboratory-level
devices have been developed to minimize the biomechanical dissimilarities between electronics and biology. For example,
polymeric materials such as plastics (e.g., polycarbonate, polyimide [PI], and parylene C) and elastomers (e.g., epoxy,
PDMS, and polyurethane [PU]) have been adopted to reduce the modulus gap. However, their Young's moduli (typically
1 MPa to 1 GPa) are still much higher than those of neural tissues (E ~10 kPa) and not sufficient to provide truly mechan-
ically matching interfaces. While numerous materials as mentioned in previous sections have been studied for BMI tech-
nology in the past, innovative nanomaterials with low modulus and low electrical impedance are developed vastly.
Hydrogels as three-dimensional (3D) polymeric networks can meet the requirements of this area and have been widely
used in recent years due to their highly tailorable structures. Their characteristics make them perfect candidates to be used
in biomedical applications such as biosensing (Ziai et al., 2022), drug delivery (Nakielski et al., 2020), tissue engineering
(Quint et al., 2022; Rinoldi et al., 2019), wearable electronic (Deng et al., 2020), and BMI (X. Wang et al., 2022).

These hydrophilic networks with extremely high water intake have perfect resemblance to the mechanical properties
of the extracellular matrix (ECM; Hoffman, 2001). As a result, they endow a promising route to ameliorating the biome-
chanical mismatch at tissue-electrode interfaces. Unlike other dry electrode materials, the water- and ion-rich hydrogels
have the potential to offer unconventional but improved stimulation/recording performance via integrative use of both
electronic and ionic activities (Yuk et al., 2019). Hydrogels have lattice-like intra-structure, with interconnected pores,
which not only can retain high water content, but also, other materials can be incorporated in their structure. As a result,
they can also be used for other purposes in neural bioelectronics, like drug delivery and active electrode coatings. Using
CPs to form hydrogels as well as the incorporation of conducting molecules, polymeric chains, and nanomaterials into the
hydrogel matrix are popular approaches toward the goal of having conducting hydrogels (Deng et al., 2021). These mate-
rials have been investigated to have specific characterizations such as self-healing and stimuli-responsiveness. Tailoring
these properties make it possible to use them in many applications especially wearable electronics devices (Deng
et al., 2018, 2019). Meanwhile, pure hydrogels—as single network materials with weak mechanical properties—are very
difficult to handle practically as the sole material to be used for the final application. In order to enhance the mechanical
properties, stability, and other aspects of hydrogel networks, blended structures were introduced.

Polymers can be blended in systems using mechanical blends and graft copolymers. In mechanical blends there is no
chemical bonding between the components, while primary bonds can be seen between the components in graft copolymers
(Zoratto & Matricardi, 2018). Interpenetrating polymer networks, known as IPNs, are networks consisting of two polymers
polymerized in the presence of each other, while there are no chemical bonds between different components. According to
the presence and type of crosslinking of the polymeric chains, they are classified into subclasses such as block copolymers,
semi-IPNs and full IPNs (Zoratto & Matricardi, 2018). By having an interpenetrated network of more than one polymer,
enhanced mechanical stability can be developed, and no phase separation will occur under tensile or shear stress. Moreover,
using combinations of natural and synthetic polymers in one system offers tailorable chemical properties, where synergetic
properties of both polymers can be acquired. This combination is of key importance in BMI application, where a CP can be
introduced into the devices, with preserved conductivity along with properties of the hydrogel structure.

3.1 | Semi-IPNs

Semi-IPNs are defined as systems where there is one fully crosslinked network along with one or more linear or
branched polymeric macromolecules interpenetrated inside the first network. There are two main crosslinking path-
ways of semi-IPN networks: in situ and sequential. In none of these cases, bonds between the different components of
the system are present.
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In the in-situ approach, all of the reagents needed to polymerize the first polymer, will be added at the same time
with the already polymerized chains of the other components. Crosslinking of the first polymer will take place in the
presence of other polymers. Conversely, in the sequential method, the first polymer will be polymerized and then
impregnated with the chains of the second polymer (Chikh et al., 2011). Using intrinsically CPs as an additive in the
network of hydrogels is one of the main strategies for providing electrical conductivity to BMI platforms.

In the work of Golafshan et al. a semi-IPN hydrogel based on alginate and poly(vinyl alcohol) (PVA) was investi-
gated for neural applications. The hydrogel network was incorporated with graphene to develop electrical conductivity,
and then optimized to obtain fibrous scaffolds using the electrospinning technique (Figure 3a) (Golafshan et al., 2017).
As a result of this fabrication design, considerable improvements in the electrical and mechanical properties of the sys-
tem were reported. Adding Gr nanosheets not only introduced conductivity to the system, but also enhanced the
strength and toughness of the device.

Siddhanta et al. introduced linear polyaniline (PAn) into the nanostructured gel network of poly (2-acrylamido-
2-methyl propane sulphonic acid) (PAMPS). While the in-situ polymerization of the polyaniline chains took place, a
semi-IPN hydrogel with suitable electrical properties was achieved (Siddhanta & Gangopadhyay, 2005). The electrical
conductivity of the system was increased from <10~> S/cm for pure PAMPS to ~0.21 S/cm for the system loaded with
PAn. Studies on the systems confirmed that all the conductivity gained by the system is attributed to the electrical con-
ductivity caused by PAn, as the ionic conductivity is negligible. Chitosan, a biocompatible polysaccharide, was also used
alongside with conductive PAn and then crosslinked in the presence of agarose to form a semi-IPN hydrogel to form a
conductive material for neural applications. The electrical conductivity of the samples was measured ~10 * S/cm,
which lies in the proper range for biological signal detection. The use of PAn in this structure was also important to
microstructurization of the system by changing it from honeycomb to aligned. Aligned structure not only shows better
mechanical properties, but also enhances cell activities. Release of dexamethasone (DX) was also studied and effect of
PAn was studied. Due to the interaction of PAn with DX, drug release was decreased in the beginning, but by electrical
stimulation, an on-demand controlled release was achieved (Bagheri et al., 2019).

Another system of a semi-IPN hydrogel was designed by Rinoldi et al. where poly(N-isopropylacrylamide-co-N-
isopropylmethacrylamide) (P(NIPAm-co-NIPMAm)) was used as the hydrogel network. In contrast, sodium poly
[6-(3-thienyl) hexanesulfonate] (P3HT6S) was added as a conductive polymer to provide the system with good electrical
properties. Electrical tests were performed on the construct, demonstrating the notable decrease in the impedance of
the semi-IPN platform compared to the pristine hydrogel. The culture of neural progenitor cells (NPCs) onto the hydro-
gels showed the platform's suitability to support the survival and neural differentiation of the central nervous system
cell line (Rinoldi, Lanzi, et al., 2021).

Hydrophobic poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) formed a semi-IPN with hydrophilic PVA,
where PPy was added as a conductive nanoparticle incorporated into the matrix. Preparing the network with a ratio of
70/30 provided structural reinforcement while preserving the hydrogel properties; thus, the system could be quickly
introduced and function in aqueous environments. Improved electrical properties were measured as a result of embed-
ding PPy nanoparticles, revealing the system's potential for BMI application (Aparicio-Collado et al., 2020).

3.2 | IPNs

A simple definition of the IPN is a polymer network consisting of two or more structures interlaced with no covalent
bonds. There is no possibility of separating them unless breaking the chemical bonds of each system. In other words,
IPNs are a combination of at least two polymer networks, each in the lattice form, where each lattice is crosslinked in
the immediate presence of the other. No covalent bonds present between them (Soman et al., 2015). They can also be
described as alloys of crosslinked polymers (Dragan, 2014). Like the semi-IPNs, IPNs can be synthesized through two
main pathways. In the in-situ pathway, all the reactants of all polymers are mixed before crosslinking, although they
may or may not start simultaneously. Sequential synthesis, also known as impregnation synthesis, on the other hand, is
a process where the first polymeric network will be synthesized. Then all the reagents needed for polymerizing the sec-
ond network will be added to the system. Morphological properties of the first system are controlled by both polymers
simultaneously and can be manipulated by altering the proportions, the order, and the rate of polymerization. How-
ever, latterly, morphology is mainly determined by the properties of the first network (Chikh et al., 2011). The presence
of hydrogels at the tissue-electrode interfaces can potentially compromise electrical performance despite enhanced bio-
mechanical interactions. Introducing improved electrical properties (e.g., lower interfacial impedance and higher
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charge injection capacity) without compromising their desirable biomechanical features (e.g., low mechanical modulus
and biocompatibility) can provide opportunities to improve tissue-electrode further interfaces. One of the most popular
ways of modifying the properties is to use CPs such as PEDOT and PPy. Using these materials not only improves the
final material's electrical conductivity but can also further facilitate tissue integration by immobilizing biomolecules.
Use of the CPs can be solemnly or by combining them in the network of the hydrogel. As a result of its soft mechanical
properties, it was proposed that the hydrogel can reduce the mechanical mismatch between the tissue and the electrode
material and can act to stabilize the otherwise brittle CP. The hydrogel can also serve as an anti-biofouling surface,
preventing unwanted adhesion of proteins or inflammatory cells.

There are significant advancements in the use of hydrogel-based IPNs for different applications. Physical phase sep-
aration cannot occur between the components due to the infinite zero-viscosity of the hydrogel, resulting in consider-
ably higher stability of the system. Also, due to the fact that at least two crosslinked networks are entangled in the
system, the mechanical properties of the final network are enhanced remarkably (Soman et al., 2015).

There are three main approaches to fabricating conductive hydrogel networks; the most common is electrochemi-
cally depositing the CP within the hydrogel network (B. C. Kim et al., 2000; Lira & Cérdoba De Torresi, 2005). Other
approaches include chemical crosslinking of the CP in an already polymerized hydrogel network or simultaneous poly-
merization of all the components (Dai et al., 2009, 2010).

PEDOT:PSS was treated with CNTs and evenly dispersed in an alginate solution to be electrodeposited on a neural
electrode. This specific structure was investigated by Wang et al. and was used to record in vivo signals and noise floor,
TEM image shown in Figure 3b. Improved electroconductivity and charge capacity of the IPN hydrogels were studied,
and mechanical characterizations also showed that the material has enough stiffness to penetrate the brain in the dry
state without inflammation after swelling (Kun Wang et al., 2018).

Kleber et al. synthesized an IPN system composed of P(DMAA-co-5%MABP-co-2,5%SSNa) (PDMAAp) hydrogel,
with PEDOT conductive chains propagating inside the hydrogel network, making a full IPN as a matrix. PEDOT was
successfully integrated into the already patterned hydrogel matrix through a combination of electropolymerization and
the establishment of ionic interactions between the negative charges of the sulfonate in the hydrogel and the positive
charges of PEDOT. This kind of promising design addressed the requirement for making possible a homogeneous coat-
ing on the electrode substrate. Significant higher stability and impedance reduction confirmed the beneficial effect of
PEDOT in hydrogel matrix (Kleber et al., 2017). Abidian et al. designed a hybrid interface for neural electrodes with the
capability of controlling drug release. The construct consisted of a layer of nanofibers for regulating the drug release,
topped with a hydrogel platform embedding conducting nanotubes, acting as a mechanical buffer in the interface
between probe and tissue. PEDOT was polymerized on the electrode sites and inside the hydrogel, making an IPN. In
order to minimize the damage during implantation, the electrodes were used in a dry state and were rehydrated inside
the brain. Electrodes proved to improve the electrical conductivity of the metal electrode (Abidian & Martin, 2009).

A conducting IPN hydrogel was fabricated using PEDOT as CP crosslinked in the network of an anionic hydrogel of
PVA and heparin (Figure 3c). Mechanical properties of the system were improved vs. pure hydrogel, and at the same
time, their electroactivity was significantly raised from metal electrodes (R. A. Green et al., 2012). Poly(vinyl alcohol)/
poly(acrylic acid) IPNs were prepared by Lu et al. (2009), showing that the ionic conductivity was maintained for
electrode-neural interfaces. Excellent stability was observed after 6 weeks of implantation, as well as a homogenous
coating. The same system was also used to improve the interface and stability after chronic implantation, as shown in
Figure 3d. PEDOT:PSS was electrochemically deposited into the network as the conductive component. The higher
capacitance and lower impedance due to the presence of the conductive material were observed, where higher mechan-
ical properties due to the IPN network were obtained compared to the polymer films. Chronically optogenetic modula-
tion and electrophysiology recordings were performed, showing stable and improved outcomes compared to bare
electrodes, making the system a promising candidate for BMI applications (Lu et al., 2012).

Summary of studied systems in the shape of semi-IPN and IPN hydrogel systems, marking their components and
special features has been presented in Table 1.

4 | INORGANIC NANOMATERIALS AND THEIR COMPOSITES

The most common devices implanted in the brain are electrodes (Jia & Rolandi, 2020). Several inorganic materials have
been considered, studied, and used as structural materials for these electrodes (Scaini & Ballerini, 2018; N. Wu
et al., 2021; Yang et al., 2010). Among them, noble metal particles have been explored extensively due to their excellent
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electrical conductivity, chemical stability, and good biocompatibility (S. M. Won et al., 2018). For instance, gold
nanoparticles (Au NPs) have gained large popularity because of their capability to be easily bio-conjugated with various
biomolecules and create biomimetic architectures (Wellman et al., 2018).

To mimic the topographical cues of the brain, electrode fabrication using metallic materials with nanoscale geome-
tries has evolved (Aurand et al., 2018). In this frame, carbon nanotubes (CNTs) and graphene were introduced into this
arena, showing improved stability and longevity as new microfabrication technologies emerged (John et al., 2015).

Notwithstanding the high electrical conductivity and ease of surface modification of CNTs and graphene, using
these nanomaterials in direct contact with human tissue has faced many challenges (Saleemi et al., 2021; Z. Wang
et al., 2021). By reviewing the experimental endeavors, it can be deduced that the reduction in the probe functionality
over time and the appearance of glial scarring in the implanted tissue are the most cited problems (Dong et al., 2021;
Spencer et al., 2017; Zou et al., 2021). In other words, an inflammatory response coupled with the degradation of the
probe properties happens during the extended utilization of the rigid probes comprised of inorganic nanomaterials
(Pavone et al., 2020). This observation magnifies the importance of electrode biocompatibility for BMI.

The gap in the literature between 2012 and 2017 vividly shows the period of rethinking and redesigning the strate-
gies for implementing CNTs in biological applications (Web of Science). The same trend can be observed for pristine
graphene (PG), graphene oxide (GO), and reduced graphene oxide (rGO) (Wen et al., 2015).

An evolving promising solution is to restrain the inorganic materials inside a polymeric substrate (Kozai et al., 2012;
Woods et al., 2020). The polymeric composites fabricated from different nanostructures of metals or carbon allotropes
bring about the functional properties of both components and overcome the performance limits by increasing the lon-
gevity and stability of the neural interface. Furthermore, the presence of a polymeric material in a neural probe's sub-
strate adds flexibility to the structure and compliance with the surrounding bio environment (Kozai et al., 2012). The
match between the mechanical properties of the brain tissue and the neural probes are considered the second prompt
of the vast utilization of inorganic nanomaterials in BMI application. In turn, the compatibility between the inorganic
materials and polymeric matrix plays a vital role in the coating's final mechanical, thermal, and electrical properties
(Pumera, 2013; Smith et al., 2019).

Studies on brain tissue disruption during the chronic implantation of BMI devices comprised of inorganic
nanomaterials are still at an early stage. Nevertheless, the excellent properties of these nanomaterials justify deeper and
more dedicated investigations, which can provide a way out of the current uncertainties.

41 | Carbon nanotubes

Carbon nanotubes (CNTs) are 2D carbon sheets rolled into a cylinder with a hollow interior, constituting a carbon
nanotube. Their excellent physical properties and electrical conductivity favor the foundation of desired electrical set-
tings (Feng et al., 2021; Pavone et al., 2020). Combined with their unique structural properties, CNTs have become
promising in many scientific fields, including energy storage, wearable electrodes, and neuroscience (Y. Wu et al., 2020;
Q. Zhang et al., 2013). The single-walled (SW) and multiwalled (MW) forms of CNTs have different thermal properties,
conductivity, and electrical percolation thresholds (Moisala et al., 2006; Sandler et al., 2003). These hollow cylinders of
carbon layers were introduced to the traditional transition metals utilized in fabricating microelectrode arrays to lower
their impedance and unfavorable electrochemical reactions. For instance, the advantages of SWCNTSs over platinum for
prolonged chronic use of electrocorticographic electrodes have been evaluated (Pavone et al., 2020). With some reserva-
tion, platinum's biostability is low as delamination occurs on the explanted arrays (Grabiec et al., 2013; Vomero
et al., 2017). On the contrary, it can be deduced that the biocompatibility and biostability of SWCNTSs are higher than
platinum since limited delamination and degeneration of neurons were observed for the arrays coated with these
nanotubes.

The proper distribution and restraining of CNTs inside a polymeric substrate have the potential to diminish their
coincidental accumulation inside living tissue. In this context, incorporating CNTs into a polymeric substrate may sup-
port the formation of neurons’ functional networks and guides axonal growth. It was shown that the presence of
MWCNTs in a polydimethylsiloxane (PDMS) elastomeric construct reconnects the segregated explants and guides the
regeneration of axons (Aurand et al., 2018). Tissue integration of the interface was also highlighted in this study. The
pure polymeric substrates had limited interaction with the surrounding brain tissue, and as a result, the integration of
these substrates failed. This was in contrast to the implantation results of PDMS/MWCNTs brain interface where neu-
rons infiltrated into the probe construct.
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FIGURE 4 Brain-machine interfaces based on inorganic nanomaterials and their composites. (a—d) Tunnel-like electrode coating
comprising of CNTs and PEDOT for highly sensitive neural recording: (a,b) SEM images of PEDOT-CNT nanotunnel deposited on the
electrode site at different magnifications; scale bar for (a) is 10 m, and for (b) is 1 m; (c) impedance of the electrodes coated with PEDOT-
CNT nanotunnel and PEDOT-CNT in saline and after implantation during acute signal recording from the rat's peripheral nerve. Statistical
significance is indicated using *** for p < 0.001; (d) image related to the immunostaining of rat's neurons and glial cells cultured on PEDOT-
CNT nanotunnel substrate. Cells were isolated for the staining on the fourth day of the in vitro studies. The green represents the neurons,
while the red represents the glial cells. Reprinted with permission from N. Chen et al. (2020) Copyright 2020, American Chemical Society.
(e) Durable microelectrodes comprised of graphene fibers coated with platinum and parylene-C: schematic illustration of graphene
microelectrode fabrication and its application as a recording interface during intracortical implantation. Platinum sputter coating on one
side of the microfibers was performed to increase the conductivity of the interface and reduce the adverse effect of the length on the electric
resistance of graphene fibers. The coating of the final polymeric layer served to increase the dielectric property, flexibility, and
biocompatibility of the graphene-based electrode. Reprinted with permission from Kezhong Wang et al. (2019). Reproduced with permission.
Copyright 2019, Wiley-VCH. (f,g) Neural interfacing construct based on pristine graphene and collagen: (f) collagen/pristine graphene (CpG)
composite was used to fabricate a 5 x 5 microneedle array set via dry cast method. The height of the needles was 2.5 mm narrowing at the
tip with a diameter of 40-80 pm. The array set under the SEM showed the sharp bore and tips for each needle. (g) The composite was then
modified to serve as a printable bio-ink. A controllable 3D printing process was optimized to create complex geometries. An LED was
powered through a printed circuit to demonstrate the composite conductivity. Reprinted with permission from Maughan et al. (2022).
Copyright 2022, Elsevier. (h) Hydrogel-nanoparticle composite fabrication and application scheme. The hydrogel was formed based on
acrylamide using a photoinitiator in deionized water. AgNCs were added to the hydrogel precursor before UV cross-linking. For in vivo
study, six hydrogels were placed into dedicated holes punched through layers of soft skin adhesive and PDMS. The final system was placed
on the mouse skull with stereotactically drilled holes through which hydrogel could reach the brain cortex and permit a specific ECoG signal
acquisition. Reprinted with permission from Rinoldi et al. (2022). Copyright 2022, American Chemical Society.

In another work authored by Chen et al., CNTs in combination with poly(3,4-ethylene dioxythiophene) (PEDOT)
were electrodeposited on sacrificial polymeric nanofibers (N. Chen et al., 2020). The achieved structure was in the form
of nanotunnels (Figure 4a,b) and used as an electrode coating for neural recordings. The authors reported improved
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adhesion of the coating after the incorporation of CNTs into the structure. Moreover, the topology of the CNTs-PEDOT
composite played a significant role in decreasing the impedance of the electrode (Figure 4c) and increasing its electrical
fidelity. As CNTs were well anchored in the PEDOT substrate, the diffusion of CNTs into the tissue was reported to be
negligible in this study, and with that, the inflammation risk was minimized (Figure 4d). The mentioned advantages of
these nanotubes persuaded Ding et al. to develop a biocompatible hydrogel comprising functionalized CNTs as a neural
electrode (Ding et al., 2022). In their work, CNTs were used to compensate for the polymeric hydrogels' low conductiv-
ity and high impedance. Furthermore, to enhance the dispersion and the affinity of CNTs toward the hyaluronic acid
and silk fibroin hydrogel, tyramine monomers were chemically grafted onto the surface of CNTs. This modification
allowed the formation of a percolation network with high conductivity and low impedance.

Summarizing, it is difficult to reach a solid conclusion on the safety of CNTs. There is inconsistency in the practiced
methods and evaluated biological systems. Their toxicity is an open-ended subject, the mechanism behind it is still
being debated, and the suppression methodologies are still being investigated (Mohanta et al., 2019; Saleemi
et al., 2021). However, considering the low impedance, high conductivity, flexibility, and surface compliance of CNTs,
the arrays comprised of these nanotubes can still pass the basic requirements for BMI chronic implantation when
mixed into a polymeric substrate.

4.2 | Graphene

The unique arrangement of carbon atoms in a two-dimensional (2D) honeycomb structure of graphene turns it into
one of the most exciting allotropes of carbon (Jie Li et al., 2021; Smith et al., 2019). This nanomaterial exhibits excellent
thermal conductivity, possesses great electron transport capability, and has a high surface area. These 2D carbon sheets
have excellent flexibility and can be used in polymeric conformal coatings (Y. Zhang et al., 2022).

The undisruptive functionalization of PG has been recently explored. Such functionalization includes
microfabrication (Jie Li et al.,, 2021), complexation with biomolecules (Maughan et al., 2022), and structural
repatterning (M. Xiao et al., 2020). PG shielding using a polymeric layer can potentially decrease the adverse effect
related to tissue compatibility. For instance, a microelectrode array bearing a PG fiber core was constructed to serve as
a recording device (Kezhong Wang et al., 2019). The surface of these fibers was coated with a layer of platinum, and the
whole construct was protected further with a sheet of Parylene-C (Figure 4e). The latter was proven to have good bio-
compatibility and electrical properties. Although the polymeric sheet prohibited direct contact between the brain tissue
and PG, the chronic studies showed the delamination of Parylene-C, exposure of the core material to the implanted
region, and, ultimately, the device failure. Recently, a nanostructured biocomposite was fabricated from collagen and
PG (Maughan et al., 2022). Type-I collagen used in this study prevented direct cellular contact with PG and enhanced
the biocompatibility of the construct. The electrical conductivity of PG severely diminished but stayed at physiologically
required electrical properties. A microneedle array was fabricated to establish the processability of the mentioned nano-
structured material in electrocorticography (Figure 4f). Moreover, a circuit was printed using the PG-chitosan, demon-
strating the ability of the nanomaterial to be used as a printable bio-ink (Figure 4g). The first report of a conductive
bioink comprised of graphene was also achieved through complexation with a hyperbranched polymer (Cheng
et al., 2018). This bioink showed excellent electrical properties and was suspendable and processable in an aqueous
solution. In another study, M. Xiao et al. (2020) developed a free-standing ordered graphene network. It was shown that
the nanopatterned surface of graphene could encode geometrical cues for the neuronal ordered growth and alignment.
The wrinkles and ripples in this 3D structure favored astrocytes, bipolar neurons, and neuronal network activity.
Another approach was also practiced to benefit from the patterned graphene. A single-layer PG (SLPG) was deposited
on a copper foil via the chemical vapor deposition (CVD) process and was further moved on a glass cover using a two-
step growth procedure (Zummo et al., 2021). Although this single layer had previously been shown to support neural
activity (Pampaloni et al., 2018), it was further revealed that the synapses on SLPG can maintain their structural func-
tionality while boosting the neuronal activity of the tissue residing in proximity. Interestingly, the authors showed that
upon the functionalization of SLPG with phenylacetic acid, the cell stiffness and focal adhesion severely changed, and
the electrical activity decreased. Their findings show the extent of unknowns for a chemically functionalized PG utilized
for BML

Benefiting from their abundant functional groups, GO and rGO can maintain or improve the mechanical property
of a polymeric composite (Phiri et al., 2018). However, the structural distortion of the PG after the modification process
and the formation of surface oxides severely hampers the conductivity of GO and, to a lesser extent, rGO, making them
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unattractive for BMI. The PG's high electrical and thermal properties on the one hand, and the excellent mechanical
properties and biocompatibility of its modified forms, on the other, complicated the selection procedure for the BMI
applications.

4.3 | Metal nanoparticles

The veteran structural material for electrodes is noble metals. This group is vast, including Au (Zhang et al.), Ag
(Krukiewicz et al.), and Pt (Minev et al.), to name a few. The nano structuration of noble metals has been extensively
studied and developed for BMI. Several groups developed different methods of obtaining electrodes with Au NPs to
study the cellular response to electrical stimuli. To observe nerve cell response in vitro, J. S. Park et al. (2009) used
20 nm Au NPs adsorbed to the positively charged cover glass coated with polyethyleneimine (PEI). The PC12 cells
extended neurites with a mean length of 98.5 pm on the Au NPs in the presence of electrical stimulation (250 mV for
1 h). In contrast, the neurite outgrowth length without electrical stimulation was approximately 10-20 pm. Studies with
libraries of nanoporous gold coatings showed that small (~30 nm) features reduce astrocytic surface coverage by
inhibiting focal adhesion formation (Chapman et al., 2017).

More advanced works confirmed that nanoparticles could be applied in neural tissue engineering to develop neural
prosthetic devices and bioelectronic interfaces. One of the methods of using nanoparticles is to form a coating layer over
the electrode, which can increase the electrochemical surface area (ESA). Nanostructuration of the electrode surface
significantly improves the electrochemical properties of the microelectrodes while the geometric surface area (GSA)
remains constant. Due to the introduction of nanoscale features, the roughness and porosity of the surface increase
charge transfer with a surrounding electrolyte and decrease the impedance.

One of the methods used for nanoporous surface preparation is a selective de-alloying procedure of silver-gold
(Ag-Au) (Y. H. Kim et al., 2015; Seker et al., 2010). Such nanoporous arrays can tune cell adhesion and provide a high
spatial resolution of electrical recording and stimulation. Besides porous nanosphere-like structures, nanoclusters
(Shah et al., 2013), or nanorods (Ganji et al., 2018; Jang et al., 2022) can further increase the electrode surface area.
Zhou et al. show that the Au nanorods layer (70 nm in diameter and 500 nm in length) on a flexible PI has approxi-
mately 25 times lower interface impedance than conventional planar electrodes (1.85 vs. 50 kQ at 1 kHz), which corre-
sponds well with the increase in surface area (Hong-Bo Zhou et al., 2009).

Another approach involves the electrochemical or layer-by-layer deposition of Au, Ag, or IrOx to create
nanoparticles (Bao et al., 2019; Chan et al., 2021; D. Lee et al., 2018; H. Zhang et al., 2012) or nanograins (R. Kim
et al.,, 2013) on the electrode surface. Zhang et al. used a layer-by-layer technique to deposit CNTs or Au NPs in
poly(diallyl dimethylammonium chloride) (PDDA) on the electrode (H. Zhang et al., 2012). The impedance values were
about one order of magnitude lower for the electrodes of pure nanoporous Au. Compared with CNT films, AuNPs films
showed increased charge storage capacity (1.32 vs. 0.173 mC/cm?), lower impedance (2.68 vs. 9.65 kQ), and comparable
electrochemical stability.

Metallic neural electrodes have certain limitations due to the mismatch between rigid metals and soft neural tissues.
The softer electrically conductive electrodes could promote chronic device function. For this purpose, composite mate-
rials combining Au NPs and polymers could improve their electrochemical properties for neural stimulation and
recording. One of the examples includes the formation of percolating networks in soft polymer matrices. Minev et al.
(2015) formed PDMS loaded with platinum (Pt) nanoparticles (0.5-1.2 pm diameter), resulting in low impedances
(~4 kQ at 1 kHz). Moreover, the electrochemical and electromechanical responses were robust and stable when sub-
jected to tensile stretching. Krukiewicz et al. (2018) compared the electrical percolation threshold for CNTs, silver nano-
wires, and poly(hydroxymethyl 3,4-ethylenedioxythiophene) microspheres (MSP) in poly(e-decalactone) (EDL) matrix.
These soft and conducting composites exhibited favorable electrochemical characteristics: EDL/CNT—the lowest resis-
tance (1.2 + 0.3 kQ) and EDL/AgNW—the highest charge storage capacity (10.7 + 0.3 mC/cm?). During in vitro study,
all the films reduced the presence of reactive astrocytes relative to control electrodes. The electrical properties of such
systems can be improved by replacing PDMS or EDL with a conductive polymer such as PEDOT (S. Chen et al., 2013).
After electrochemical conditioning, a multilayered PEDOT/Au electrode made by combinational sputter and spin-
coating formed fractal-like assemblies of gold particles. Finally, the electrical impedance was 30 + 2 Q at 1 kHz. Elec-
trodes formed by electrodeposition of PEDOT mixed with MWCNTSs resulted in 8 mC/cm? of charge injection limit and
impedance of ~10 kQ at 1 kHz.
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The percolating neural interfaces formed with hydrogels further improve the mechanical matching between the
electrode and the brain. Due to their high water content, ionic transfer through hydrogel allows for fast ionic conduc-
tion. Rinoldi et al. developed a soft and flexible neural interface from polyacrylamide (PA) loaded with silver nanocubes
(Figure 2h; Rinoldi et al., 2022). The mechanical parameters of the hydrogel-nanoparticle composite were chosen to
minimize the mismatch between the nerve tissue and the biomaterial (Young's modulus <10 kPa). The electrically con-
ductive hydrogel composite had a low electrical impedance (100 Q at 1 kHz). Moreover, the soft and flexible electrodes
were placed directly on the mouse's cortical surfaces enabling a stable long-term neural recording.

In summary, neural interfaces utilizing nanoparticles have been observed to induce advantageous effects on neu-
rons' outgrowth, alignment, and orientation in vitro. However, consideration of type, size, concentration, and capping
agents is necessary since released nanoparticles can cause frustrated phagocytosis and apoptosis (Wellman et al., 2018).

5 | FABRICATION AND NANOSTRUCTION

Choosing the materials needed for a specific application is followed by the next step, which is to single out the best fab-
rication method which can provide all the aspects of the final device. Ideal BMI devices should be able to reach out to
neurons and successfully sense and transmit the signals throughout the system. The device's feature size, shape, and
dimension can vary depending on the application. For instance, deep brain stimulation electrodes have a size of
4-8 mm; on the other hand, in the case of neural recording, the size is reduced to 10-100 pm. In some cases, multi-
electrode arrays would be the best option, but their specific shape and design need to be appropriately implemented
(Lebedev & Nicolelis, 2006). Electrospinning and 3D printing are considered two of the most promising fabrication
methods to obtain the desired nanostructures.

Electrospinning is known as a technique that can provide materials in the form of nanofibers with tunable proper-
ties and can be applied to a variety of polymers. One of the essential features of this technique for biomedical applica-
tions, especially BMI, is that the fibers produced with this technique have a high surface-to-volume ratio (Liguori
et al., 2022). This property makes them perfect candidates for neural interfaces by enhancing the quality of the record
of neural signals and promoting cell integration (Sampson et al., 2014). Many studies have shown that using nanofibers
can induce cell growth and proliferation in the desired way. Low prices and easy processing are the other aspects of this
technique that have gained more and more attention.

Additive manufacturing has been applied in many applications since its invention, as it allows the creation of com-
plex geometries, which cannot be obtained via conventional fabrication techniques. The use of 3D printing methods for
BMI application has been prompted by the possibility of developing biomimetic tissue constructs, soft robots, and cus-
tomized drug delivery systems with extremely high precision (S. M. Won et al., 2018).

5.1 | Electrospinning

In the past couple of decades, electrospinning (Nayak et al., 2012) has become a popular technique for the fabrication
of materials and biomaterials for a range of applications such as drug delivery (Pawtowska et al., 2020), tissue engineer-
ing (Rinoldi et al., 2018), cell carriers (Nakielski et al., 2022), wound healing (Rieger et al., 2013), and so on. The
electrospinning technique produces continuous nanoscale fibers with diameters in the sub-micrometer to nanometer
range using a high-voltage power supply (Zargarian et al., 2019). This leads to materials with high surface area and
potential for alignment, giving rise to a range of applications such as filtration and thermal insulation and in the manu-
facture of protective clothing, sensors, conducting devices and a range of biomedical applications. Electrospun
nanofibers can be tailored by selecting processing parameters such as flow rate of the solution flowing through the nee-
dle, inner diameter of the needle, voltage and working distance. Additionally, the effect of environmental conditions is
not negligible. The ability of depositing nanofibers on a flat or rotating drum collector also offers great opportunities to
obtain aligned or random nanofibers, which are impactful on the structural properties of the nanofibers. Further appli-
cations, specially cell growth and proliferation are dependent on these properties (Stachewicz et al., 2015). The capabil-
ity of the technique to use different types of natural (collagen, chitosan, alginate, etc.) and synthetic (PLA, PCL, PLGA,
PVA, PAAm) polymers, is another recognizable advantage of electrospinning. Each material category offers certain ben-
efits to the system as natural polymers have outstanding biocompatibility properties, while synthetic polymers out-
performed in miming mechanical properties of ECM and processability. Electrospinning make it possible to process
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and enhance the base-materials to reach desired properties for target purpose (Amini et al.,, 2021; Krysiak &
Stachewicz, 2023). A review published 15 years ago focusing on the electrospinning technique to fabricate materials for
biomedical applications from a range of nonconducting natural, and synthetic polymers showed a few types of fiber
morphologies (Agarwal et al., 2008). Nowadays, the electrospinning technique can produce nanofibers with a range of
different morphologies and microstructures (X. X. Wang et al., 2021) from conducting and nonCPs.

CP-based nanostructured materials can be fabricated using different variants of electrospinning techniques. Con-
ductive polymers (CPs) are promising organic semiconductors for many essential applications because of their tunable
physical/chemical properties, mechanical flexibility, low weight, reversible doping, good biocompatibility, and scalable
production.

Direct or neat electrospinning of CPs is difficult to achieve as they tend to have rigid backbones, low molecular
weights, and low degrees of chain entanglement, which make them unsuitable for electrospinning purposes. There have
been limited reports of successful electrospinning and nanofiber formation from pure CP solutions.

One of the earliest direct electrospinning of a CP was published in 2006 using poly-pyrrole (Chronakis et al., 2006)
as the CP to produce pure poly-pyrrole conductive nanofibers by electrospinning organic solvent soluble poly-pyrrole
using the functional doping agent di(2-ethylhexyl) sulfosuccinate sodium salt. The authors reported that the electrical
conductivity of the nanofiber web was about 2.7 x 10~% S/cm but did not demonstrate an application. In a more recent
article, direct electrospinning of polyaniline has been shown via doped polyaniline solutions in common organic sol-
vents, which were processed into nanofibers using a convenient single-nozzle electrospinning technique (Spiers
et al., 2021) with nanofibrous membranes generated substrates subsequently employed in colorimetric gas sensing for
ammonia. These substrates demonstrated response linearity upon exposure to 50-5500 ppm ammonia at ambient (50
+ 10% RH) and high (80% RH) humidity. These limitations are the main reasons why CPs have not achieved their
expected application potential in conventional processing forms. Due to the drawbacks of CPs, novel strategies are nec-
essary to fabricate nanostructured materials. Different electrospinning approaches, including direct or neat
electrospinning of CPs into fibers, co-electrospinning with a carrier polymer to give blended fibers, co-axial
electrospinning, and coating of electrospun fiber, have been developed.

Co-electrospinning with a carrier polymer has been a common approach to overcoming the spinnability of CPs.
Numerous publications are using this approach to produce blended electrospun fibrous materials. The research group
of Nobel Prize winner Alan MacDiarmid conducted some of the early investigations into electrospun CPs utilizing car-
rier polymers. They electrospun blends of doped PANI with PEO (Norris et al., 2000) and found that the fiber diameter
varied with the concentration and nature of the carrier polymer. In a separate article by the same group, PS was used as
a carrier polymer (MacDiarmid et al., 2001). However, a clear disadvantage of employing the co-electrospinning
approach is that it causes significant reductions in the electrical conductivity of the final materials.

Coaxial electrospinning (Yoon et al., 2018) or electrospinning with a two-capillary spinneret (Yu et al., 2004) is
another approach that can be used to fabricate continuous core-shell CP composite fibers and pure CP nanotubes. To
overcome problems associated with electrospinning PANI, Zhang and Rutledge (2012) utilized coaxial electrospinning
to generate PANI/PMMA nanofibers, using emeraldine base PANI dissolved in chloroform for the inner core and poly
(methyl methacrylate) dissolved in N,N-dimethylformamide as the outer shell. Smooth and continuous PANI/PMMA
nanofibers were obtained with diameters of 1.44 pm. The PMMA outer shell could be removed via immersion in an iso-
propanol solution for 1 h to yield neat PANI nanofibers with decreased diameters of ca. 620 nm and conductivities of
50 S/cm .

Another approach to producing CP-based nanostructured materials is coating the CP onto a substrate. Electrospun
nanofibers can be used as a template substrate for fabricating coaxial CP fibers. Both organic or inorganic electrospun
fibers can provide a robust and stable template during the growth of one-dimensional (1D) nanostructures of various
CPs. Remarkably, the nanofiber template can be removed during or after the polymerization process of CPs. Presently,
two methods are used to grow CPs on electrospun fiber templates: solution-deposition polymerization and vapor depo-
sition polymerization. Dip coating has been demonstrated to produce conductive polymeric materials by Ding et al. for
a textile application. They coated electrospun PU with PEDOT:PSS. The conductivity of the PU nonwovens increased
relative to the number of dip coatings applied. The samples, which were dip-coated three times, yielded a conductivity
of 2 S/cm.

In another interesting example that uses the coating approach, electrically conductive biomaterial was produced in
two stages (J. Y. Lee et al., 2009). The authors first electrospun poly(lactic-co-glycolic acid) (PLGA) and then coated the
PLGA meshes with poly-pyrrole. They found that electrical stimulation of PC12 cells on these conductive fibers
improved neurite outgrowth compared to nonstimulated cells.
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FIGURE 5 Electrospinning technique for BMI application. (a) Illustration of the structure of soft electrodes after in vivo implantation,
(b) concept design and the image of the fabricated electrode. Reprinted with permission from Heo et al. (2017) (Heo et al., 2017).

(c) Schematic of electrodes PEDOT NTs and cloudy PEDOT embedded inside the alginate hydrogel on the electrodes covered previously
with PLGA nanofibers, (d) optical micrograph of the described electrode from the top view. Reprinted with permission from Abidian and
Martin (2009).

It is possible to produce CP-based nanostructured materials by overcoming the barriers of CP electrospinning using
different approaches. These CP electrospun materials find applications in many other areas, including the biomedical
field, where the high surface areas of electrospun nanofibers often prove advantageous. Two of the approaches, co-axial
electrospinning, and coating postelectrospinning, may prove to be challenging when large volumes of materials are
needed for the applications such as filtration media or textiles. The volume required for biomedical purposes is much
smaller than other industrial applications, and current electrospinning approaches should provide sufficient material.
In another study by Kim et al., a highly aligned electrospun material was designed to coat a nerve conduit. As shown in
Figure 5a, external and internal layers of random-aligned fibers are rolled to form the coating. This is because the inter-
nal part with growth factor embedded aligned fibers is expected to improve nerve regeneration. In contrast, the external
layer of random fibers increases mechanical strength (J. I. Kim et al., 2016). PCL was also combined with conductive
copolymer PAT which is a mixture of aniline tetramer (AT), dopamine (DOPA), and polyethylene glycol (PEG), used
for electrospinning as shown in Figure 5b. The effects of nanofiber structure on the proliferation and differentiation of
neural stem cells were studied by Yan et al. (2020).

In order to reduce neural tissue damage and more stable neural communication, Heo et al. (2017) investigated soft
materials such as PI for neural electrodes. Electrospun fibers of the PI can offer more mechanical match compared to
other polymers, where conductive polymers can be embedded inside the polymer. Also, these electrospun nanofibers
have more surface contact area, which increases neural compression. In this context, AgNPs were used as an electronic
connection pad, and PEDOT:PSS was layered to ensure conductivity. Patterned flexible electrode cuffing around the
nerves and a detailed structure of the whole structure is shown in Figure 5a,b. After implanting the electrodes in vivo,
long-term biocompatibility was seen, where neural signals were recorded for an extended period.

Electrospun fibers can also be used as coatings on neural electrodes to contain anti-inflammatory drugs such as
dexamethasone (DX). However, these drugs cannot be incorporated into the continuous coatings as they are insulators
and will affect the electrode's functionality. PLGA nanofibers are good candidates for releasing such drugs in a con-
trolled manner. Abidian et al. fabricated a multi-step construct to be used potentially as the neural interface for any
BMI application. Silicon-based microelectrodes were coated with DX-incorporated PLGA nanofibers in the first step.
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The diameter of these fibers was in a range of 50-100 nm with porous structures. An alginate hydrogel layer was
crosslinked onto the probe and covered the entire shank of microelectrodes. PEDOT was also electropolymerized to
induce electrical conductivity. An illustration of this platform can be seen in Figure 5c, while in Figure 5d, a detailed
SEM image of the tip of the electrode is demonstrated. The electrical conductivity of the electrodes was increased signif-
icantly, alongside a decrease of about two orders of magnitude in the impedance at 1 kHZ. PLGA NFs controlled the
drug release of DX with the help of the hydrogel layer. This multilayered structure provides all the requirements for fur-
ther use for BMI application (Abidian & Martin, 2009).

5.2 | Additive manufacturing

According to the standard ISO-ISO/ASTM 52900 (2015), additive manufacturing (AM), commonly known as 3D print-
ing, is the “process of joining materials to make parts from 3D model data, usually layer upon layer”. This synthetic def-
inition conveys the fundamental idea that starting from a digital model, which can be a computer-aided design (CAD)
file or a 3D scan of a physical sample, AM builds up the targeted object by means of the progressive addition of mate-
rial. AM also known as 3D printing or rapid prototyping, have distinctive techniques such as stereo lithography (SLA),
digital light processing (DLP), electron beam melting (EBM), selective laser sintering (SLS), fusion deposition modeling
(FDM), and multi-jet 3D printing and laminated object manufacturing (LOM). In all the techniques, variety of materials
as plastics, metals, powder, liquids or even living cells are utilized in similar principles to form the target in a layer by
layer manner (Kumar et al., 2021). This is in stark contrast to conventional fabrication methods, which either change
the shape of the bulk of material through melting and casting or through solid-state plastic deformation (formative
methods), or rely on the progressive removal of material where it is not needed (subtractive methods) (Onuh &
Yusuf, 1999).

AM is gradually progressing from being a rapid prototyping tool to playing a fundamental role in the Industry 4.0
revolution. The adoption of AM offers key advantages, especially in the biomedical field. If body scans are fed in as the
digital model, implants can be fabricated to reproduce the anatomy of the patient exactly. Moreover, since AM is a
moldless technology, the printed geometry can be easily changed job by job without incurring additional costs. This
ultimately enables the timely and cost-effective obtainment of biomedical devices that conform to the patient's physical
structure and physiology (Shidid et al., 2016). Faithful reproductions of organs and anatomical details can also be help-
ful in presurgical planning and training (Bibb et al., 2009). The selective deposition of material where it is needed
according to a computer-controlled toolpath opens the way for fabricating extremely complicated architectures, includ-
ing lattices and topologically optimized structures. 3D models that reproduce the intricacy of natural constructs are cru-
cial in tissue engineering. They create a biomimetic environment for cell growth and tissue regeneration in vitro and
in vivo (Chandrasekaran et al., 2017). AM is also poised to be a game-changer in the production of implantable sensors,
including optogenetic probes, as 3D printing does not necessarily require expensive materials, long processing times,
and special cleanroom machines as often seen with conventional microfabrication procedures (Parker et al., 2022).

Historically, research in AM has been focused on structural materials, with the final target being the optimization
(i.e., the maximization) of the mechanical stiffness and strength of the printed object. Driven by the increasing need for
appropriate interfaces with neural tissue, it has only been very recently that attention has also been paid to extra-soft
and compliant printable materials (Shur et al., 2020). However, some AM technologies are intrinsically unsuitable for
processing extra-soft and compliant materials because of their very functioning mechanism. In fused filament fabrica-
tion (FFF), for example, the feedstock, which is typically a thermoplastic material, cannot be printed if the ratio
between (compressive) modulus and molten viscosity is lower than a critical value in the range of 3 x 10°-5 x 10° s !
(considering a print nozzle of 508 pm; Venkataraman et al., 2000) and this explains why thermoplastic elastomers hav-
ing a stiffness in the order of several MPa (10°-10° Pa) are currently the “softest” materials printable by FFF
(Awasthi & Banerjee, 2021). Even provided that extra-soft and compliant materials can be printed, they are likely to col-
lapse. For this reason, extra-soft and compliant materials are often 3D printed with the structural support of a stiffer
material to avoid sagging (Pati et al., 2014) or processed in a hydrogel- or granular gel-based bath that counteracts the
force of gravity (“embedded printing”) (Kajtez et al., 2022). Bi-dimensional electrode coatings can be directly screen-
printed on stretchable substrates such as polydimethylsiloxane (PDMS) (Shur et al., 2020).

Another obstacle is represented by the printing temperature. Many AM methods require heating the feedstock
material to induce inter-layer bonding, a precondition for fabricating a solid object (Sola, 2022). The input of thermal
energy, either through direct heating or through interaction with a high-power laser or electron beam, is incompatible
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FIGURE 6 Additive manufacturing of flexible structures by vat photopolymerization (VPP) of extra-soft and conductive hydrogels:

(a) Schematic representation of the manufacturing workflow. Reproduced with permission from Rinoldi, Lanzi, et al. (2021), (b-f) additive
manufacturing of conducting polymer devices by material extrusion (MEX) of PEDOT:PSS-based inks: (b) high throughput fabrication of
high-density flexible electronic circuit patterns (scale bar: 5 mm); (c,d) 3D-printed soft neural probe with 9-channels as seen at (c) low
magnification and (d) high magnification (scale bars: 1 mm); (e,f) in vivo testing of the probe in a mouse model, showing (e) the craniotomy
site (scale bar: 2 mm) and (f) a freely moving mouse with the implanted probe. Reproduced with permission from Yuk et al. (2020).

with cell-laden bioprinting. Consequently, cells must be seeded on the part's surface after printing, as opposed to being
co-printed and thus spatially distributed within the scaffold's architecture, as would be the case with living tissues
(Jipeng Li et al., 2016). While relatively uninfluential when printing neural probes, the ability to co-print living cells
becomes very important for neural tissue engineering. Moreover, the melt-to-solid transition is typically accompanied
by a substantial increase in stiffness, which may undermine the mechanical compatibility with neural tissue.

Presently, few AM techniques exist that are able to cope with these obstacles. 3D printing of soft materials compati-
ble with neural tissue has been mainly accomplished either via vat photopolymerization (VPP: light-based approach) or
via material extrusion (MEX: ink-based approach) (Y. Park et al., 2022). For example, as for VPP methods, Rinoldi et al.
combined a soft and biocompatible hydrogel based on poly(N-isopropylacrylamide-co-N-isopropylmethacrylamide) with
polythiophene, an intrinsically conductive polymer (ICP), to obtain a printable semi-IPN with good electrical proper-
ties. In vitro tests proved that the new hybrid hydrogel was highly compatible with neurons and astrocytes and could
even promote the differentiation of neural cells. Figure 6a illustrates the printing workflow, where scaffolds could be
successfully built up with feature sizes as small as 3 pm via UV light-based stereolithography (SLA) (Rinoldi, Lanzi,
et al., 2021).

Since AM affords on-the-fly design customization, Lee et al. developed scalable optogenetic probes based on SLA
substrates whose size and layout could be easily adapted to mammalian brain models with different sizes (J. Lee
et al., 2020). After printing, the substrates, whose surface was micro-grooved, received a silver paste coating to build the
interconnects and a microscale inorganic light-emitting diode. Finally, the shanks were coated with a PDMS/parylene
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C bilayer to impart biocompatibility, chemical inertness, and waterproofing. Owing to the high print accuracy enabled
by SLA, the substrates were just 60 pm thick, which is comparable to the thickness of a human hair. This enhanced the
flexibility of the probes for biomechanical compatibility with soft brain tissue. Meanwhile, the probes were stiff enough
to penetrate phantom brain tissue without bending. In a mice model, the bare probes without parylene coating pro-
duced significantly larger lesions than conventional probes. However, parylene coating reduced the inflammatory
response to levels comparable to fiber implants. Moreover, the new probes are suitable for implementing wireless func-
tionality, which allows neural activity to be monitored in freely behaving animals (Parker et al., 2022).

Even if the spatial resolution is lower concerning VPP, MEX-based AM is a viable option for printing probes and
electrodes for neural interfaces owing to its compatibility with a wide range of materials, high throughput (example in
Figure 6b), and multi-material printing capability (Y. Park et al., 2022). For instance, Yuk et al. formulated a conductive
polymer ink based on PEDOT:PSS. In order to achieve appropriate rheological properties for 3D printing, an aqueous
solution of PEDOT:PSS was freeze-dried in a cryogenic condition and then redispersed in water and dimethyl sulfoxide
(DMSO) mixture (Yuk et al., 2022). After printing, the free-standing PEDOT:PSS structures needed drying and
annealing to remove the solvents and facilitate the establishment of a conductive percolation pathway. The resultant
dry parts could be easily converted into a pure PEDOT:PSS hydrogel (equilibrium water content ~87%; Young's modu-
lus below 1.1 MPa) by swelling in a wet environment, as shown in Figure 6¢,d. PEDOT:PSS hydrogel electronic circuits
were co-printed with PDMS ink for insulating encapsulation. In this way, a flexible neural probe could be readily fabri-
cated in less than 20 min in a single-step process. As illustrated in Figure 6e,f, in vivo tests demonstrated the capability
of the probe to record continuous neural activity in a freely moving mouse.
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FIGURE 7 New trends in conducting polymer-based systems for brain-machine interfaces. (a) Electrical conducting hydrogels

consisting of cell-laden collagen-PPy NPs hybrid hydrogels having the shape of a microfiber for promoting cell alignment and electrical

conductivity. Reprinted with permission from Wu et al. (2019). (b) Lithographically micropatterned electrically conductive hydrogels with

high resistance to mechanical tensile stretching (up to 20% strain). Reprinted with permission from Liu et al. (2019). (c) Schematic

representation of neural probes made of PDMS/PEG-coated AuNPs-embedded fiber. Reprinted with permission from Won et al. (2022).
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6 | NEW TRENDS

Nowadays, novel strategies and approaches for designing more efficient, reliable, and functional BMIs have been
explored. In order to guarantee stable contact and long-term communication with the neural tissue, the improvement
of biocompatibility, the enhancement of electrical properties, and the decrease of mechanical characteristics are consid-
ered the most crucial aspects in the new generation of neural interfaces (Choi et al., 2018). Indeed, properly tuning each
of these key properties might result in higher fidelity and quality of signal transmission between the brain and
machines.

Current progress includes developing biomimetic interfaces which can enhance cell adhesion and induce specific
cell spreading. In this frame, efforts in designing CP materials that can be loaded with cells are crucial to increase the
biocompatibility of the proposed devices. The housing cultured cells have the function of promoting the integration of
the implant in the host tissue, thus improving the quality, fidelity, and long-term stability of the brain tissue-electrode
interface (Rochford et al., 2020). Wu et al. produced a biomimetic extracellular matrix for neurogenesis composed of
electroconductive polypyrrole (PPy) nanoparticles embedded in collagen hydrogel microfibers loaded with PC12 cells
(Figure 7a; C. Wu et al., 2019). The particles were modified to obtain higher hydrophilicity, thus achieving a uniform
dispersion into the hydrogel network. The final system was created by using microfluidic technology, resulting in a con-
ductive, biocompatible, and highly-oriented 3D structure that can mimic the neural microenvironment and transfer
electrical signals. In another work, a tissue-inspired CP multinetwork hydrogel was developed to reproduce the native
extracellular matrix properties. Intrinsically conducting PEDOT was polymerized in situ with PA hydrogel loaded with
nanoclay Laponite (Tondera et al., 2019). The hydrogel was then coated with a layer of adhesive peptide and polysac-
charide dextran sulfate to improve the biocompatibility and suitability of the system for human induced pluripotent
stem cell attachment and differentiation. Additionally, the resulting neural electrode showed adequate electrical con-
ductivity (i.e., 26 S/m)—thanks to the presence of PEDOT doped with Laponite-, stretchability (i.e., 800%), and elastic
modulus comparable with the one of native tissue (i.e., 15 kPa)—imparted by the PA hydrogel-, revealing its potential
as tissue-mimetic BMI.

Biomedical fields—and more specifically neural and BMI application—can benefit significantly from well-defined
structures and precise designs, which cannot be fully achieved in nanofibrous materials using conventional
electrospinning methods. Techniques such as draw spinning can offer exceptional mechanical properties and align-
ments, which can be useful for cell differentiation. The high specific surface ratio leads to rapid evaporation of the sol-
vent and yet, formation of solid fibers (A. Liu et al., 2018). Microfluidic spinning considered one of the new approaches
to obtain fibers with more homogeneous structure in mild pressure and temperature, better mimicking the human tis-
sue (Wei et al., 2023; Mengfan Zhang et al., 2022). For instance, conductive hollow fibers of sodium .':11g,rinate/Ca2+
(SC) and PA were fabricated and conducting PPy was added to induce electrical conductivity to the system. The electri-
cal conductivity of ~3 x 10> S/cm provided requirements for both drug loading into sciatic nerves and also bioelectri-
cal signal transduction (Jiao et al., 2021).

Several efforts in reducing the mechanical characteristics of BMIs have been made in order to narrow the mechani-
cal mismatch with the brain tissue and prevent severe neuroinflammatory reactions (Osmani et al., 2020). For this pur-
pose, the choice of using CP-based nanostructured hydrogels as materials for producing BMIs has become more and
more popular in recent years due to their unique softness and flexibility, which can induce minimal stress on the brain
tissue and stability of the implants in the long-term (Yuk et al., 2022). In this frame, Wang et al. have developed a bio-
adhesive ultrasoft interface composed of dopamine methacrylate-hybridized PEDOT nanoparticles embedded in a
hydrogel structure. The system showed comparable modulus with the brain tissue and negligible host immune
response, permitting an efficient and long-term acquisition of biosignals (X. Wang et al., 2022). By targeting the same
goal, Liu et al. developed a conductive hydrogel-based electrode with high stretchability (20%) and Young's modulus
values similar to the native tissue (in the order of kPa). A final thin-film “elastronic” electrode array was produced
using the micropatterning technique by photopatterning a micropatterned electrically conductive PEDOT:PSS hydrogel
with two elastomeric external layers of dimethacrylate-functionalized perfluoropolyether, resulting in a promising sys-
tem for soft tissue-like BMI (Figure 7b) (Yuxin Liu et al., 2019). On the other hand, recent studies have demonstrated
that matching the viscoelastic properties might also be beneficial for improving the functionality, long-term stability,
and biocompatibility of BMIs. Xiong et al. fabricated a conductive multilayered graphene hydrogel membrane, showing
the role of viscoelasticity in decreasing nerve compression during implantation while inducing only a mild inflamma-
tory response in the long-term (i.e., 8 weeks; Xiong et al., 2022).
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Besides, it is worth underlining how crucial it is to overcome the trade-off between mechanical and electrical char-
acteristics of materials and identify a proper balance of the mechanoelectrical properties. This is probably the biggest
challenge in the field and has recently motivated researchers to explore and propose new solutions (P. Wang
et al., 2020). Won et al. designed a novel neural probe with a core-shell fiber structure, where the core is made of Au-
embedded PU-based filament and a shell of PDMS and PEG polymers (Figure 7c) (C. Won et al., 2022). The resulting
fiber showed excellent electrical conductivity of 7.68 x 10* S/m and impedance of 2.88 x 103 Q at a physiologically rel-
evant frequency (i.e., 1 Hz), while the mechanical properties were comparable to the brain tissue characteristics (in the
order of kPa; i.e., 170 kPa). The system was implanted in vivo in a mouse model, reporting stable long-term signal
acquisition for up to 4 months (both spontaneous and evoked potentials) with minimal immune response. Similarly,
Krukiewicz et al. proposed a few BMI core-shell systems composed of soft poly(e-decalactone) filled with
conductive particles such as CNTs, Ag nanowires (AgNWs) or microspheres made of poly(hydroxymethyl
3,4-ethylenedioxythiophene, P(EDOT-OH)) (Krukiewicz et al., 2021). Data showed that: (i) the addition of CNTs led to
lower resistance (1.2 + 0.3 kQ); (ii) the presence of AgNWs resulted in the highest charge storage capacity (10.7
+ 0.3 mC cm ™ ?); and (iii) the composite with P(EDOT-OH) microspheres possessed the highest interphase capacitance
(1478.4 + 92.4 uF cm™?). Authors reported in vitro data to demonstrate the cytocompatibility of the systems, revealing
the potential of the proposed materials as BMIs.

Finally, researchers have recently dedicated increasing efforts to developing advanced CP-based materials for pro-
ducing shape memory and stimuli-responsive BMI systems. Indeed, shape memory materials can be tuned to have 2D
geometry and stiff characteristics for easier implantation, while recovering in a 3D shape with softer mechanical fea-
tures after being implanted in the human body at 37°C (Sadeghi et al., 2023). On the other hand, stimuli-responsive
materials possess outstanding characteristics as they can intelligently respond to different stimuli, including electrical,
optical, mechanical, ultrasonic, and magnetic stimuli. This trend has the potential to achieve wireless, direct, and recip-
rocal interactions with the nervous system, avoiding invasive wiring and the implantation of energy sources (Sadeghi
et al., 2023).

6.1 | Conclusion and future perspectives

Current progress and advancements in neuroscience and neurotechnology have been strongly related to the growing
interest in researching novel and more efficient BMI systems. The promising potential of BMIs has been explored to
acquire and study brain signals, stimulate brain tissue, and develop strategies for neurological disease treatments. Up to
date, CPs are considered among the best candidates as materials for BMI fabrication since they have the unique advan-
tage of being easily tuned and optimized to obtain desired and convenient characteristics. For this reason, CPs-based
BMIs can simultaneously offer sufficient electrical properties, mechanical features similar to native tissue, and excellent
biocompatibility, highlighting their extraordinary potential for this application. Thanks to these outstanding features,
those systems are able to maintain stable and intimate contact at the electrode-tissue interface and reduce the foreign
body response in terms of scarring and neuroinflammation, enabling an efficient recording of high-quality neural sig-
nals in the long term. The field has grown enormously in recent years, providing devices with ameliorated electrical
and mechanical properties while improving their biocompatibility. Nowadays, several different CP-based nanostruc-
tured systems have been reported in the literature, including BMIs formed from (i) inorganic nanomaterials and com-
posites (e.g., CNTs, graphene, GO, and rGO); (ii) intrinsically CPs (i.e., polyaniline, polypyrrole, polythiophene);
(iii) conductive interpenetrating polymer hydrogels (i.e., semi-IPNs and IPNs). Different production and fabrication
methods to obtain BMIs have also been deeply explored (e.g., electrospinning and additive manufacturing). In this
frame, intrinsically CPs evidence higher potential than polymers embedded with conductive nanofillers, showing
enhanced electrical and mechanical properties. Designing BMIs with balanced mechano-electrical properties seems to
be, nowadays, the direction of this research area, while high-resolution miniaturizing of devices is considered the most
probable future perspective for enhancing the spatial resolution. Besides, the possibility of loading and releasing anti-
inflammatory drugs from BMIs in a controlled manner holds a high potential to suppress the foreign body response.
Furthermore, the development of smart CP-based materials (e.g., thermo-responsive and shape memory materials)
looks promising for BMI applications. Shape memory materials will provide easy-to-handle systems during the implan-
tation procedure. Advanced thermo-responsive materials will play as a wireless neural transducer, preventing the use
of invasive wires and the implantation of energy sources. The development and design of more diverse materials with
suitable properties for specific applications in BMIs is a growing field. Piezoelectric surfaces have been found to be
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responsible for surface charges leading to generating electrical signals, miming physiological micro-environments
(Ura & Stachewicz, 2022). Cellular interactions and cell adhesion can be enhanced by changing the type of charges
accumulated on the surface by alternating polarity using techniques like electrospinning (Polak et al., 2023).Electrical
stimulation caused by triboelectric materials has proven to be helpful in cell differentiation and proliferation
(Khandelwal et al., 2020; Pan et al., 2018).

We believe that the future of the field may also include high-resolution integrated technologies and nanotechnol-
ogies to develop multi-modal high-performing BMIs with the ability to detect electrical and optical signals simulta-
neously. Additionally, it is foreseen that artificial intelligence and machine learning will also assist in the modeling and
designing of novel advanced materials for BMI fabrication with outstanding properties in the near future (Sadeghi
et al., 2023).

Finally, we believe that the next generation of neural interfaces will provide the combination of CP-based BMI with
cell transplantation to restore and repair neurological function in the most effective manner. Indeed, it is well known
that both approaches are of crucial importance for successful clinical translational neuromodulation therapies. This
might pave the way for novel treatment opportunities by recording/stimulating signals while regenerating the damaged
neural tissue. Thus, we expect that the concept of biohybrid CP-based interfaces will take over the field in the near
future, offering conductive implantable interfaces loaded with cells that will be integrated into the host tissue. This will
result in highly promising systems that would be able to detect or stimulate signals while promoting the regeneration of
the tissue, thus controlling and restoring neural functions.
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