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nanomaterials with particular attention to chemical design, assembly, and structure-
function relations. The major interaction mechanisms, such as covalent bonding,
electrostatic interaction, m—m stacking, hydrogen bonding, and metal ligand
coordination, are discussed, where they can play a role in the stability as well as
functionality of the interface. Different types of biomolecules (proteins, nucleic
acids, peptides and polysaccharides) are studied, and the key nanomaterial
platforms are met (metal nanoparticles, carbon-based nanomaterials, semiconductor
quantum dots and metal-organic frameworks). The review also addresses interface
engineering strategies based on functionalizing surfaces, bio-templating, self-
assembling, and stimulus-responsive design. Such complex methods of
characterization to investigate nano-bio interfaces and explain their structural and
electronic characteristics are also mentioned. Notably, the interface
structure/functional performance spectrum of the application is studied in
biosensing and nanozyme catalysis, as well as targeted drug delivery and
environmental or energy technologies. Lastly, the issues of the complexity of
interface, stability, reproducibility, and scalability are considered, and an outlook
of the issues in the future is provided with a focus on the role of computational
modelling and artificial intelligence to support rational design of the next generation
biomolecule-nanomaterial systems.
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1. Introduction

Nanotechnology, chemistry, and molecular biology have now joined forces and established biomolecule-
nanomaterial interfaces an exciting new field of research with numerous emerging applications in biotechnology,
nanomedicine, catalysis, environmental science and advanced materials [1,2]. The hybrid combination of the
molecular recognition, catalytic activity and structural specificity of biomolecules and the exceptional optical,
electronic, catalytic and physicochemical properties of nanomaterials lead to systems with properties that are not
possible with the biomolecules themselves or with the nanomaterials alone [3—5]. These interfaces have led to the
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creation of highly sensitive biosensors, efficient nanozymes, targeted drug delivery systems, bioelectronic devices,
and multifunctional nanoplatforms for environmental and energy applications [6—8].

The chemical interactions between biomolecules and nanomaterials at the interphase are crucial for the
performance of biomolecule—nanomaterial hybrid systems [9-11]. Covalent conjugation, electrostatic
interactions, hydrogen bonding, n—mn stacking, hydrophobic interactions, and metal-ligand coordination are all
critical for the biomolecular adsorption, orientation, conformational stability, electron transfer, and biological
recognition at the nano-bio interface [12—17]. Therefore, rational control of these interactions is essential to
develop high stability, selectivity, reproducibility and functional performance interfaces.

The ability to design well-defined and programmable nano—bio interfaces has been greatly enhanced by the
recent developments in nanomaterial synthesis, surface engineering, supramolecular chemistry and biomolecular
self-assembly [18-20]. Meanwhile, new characterization methods, computational modelling, and the use of
artificial intelligence (AI) in materials design have provided unprecedented insights into interfacial interactions
and enabled the prediction and optimization of hybrid systems [21-24]. While these accomplishments are
remarkable, there are issues like heterogeneity at the interface, dynamic formation of protein corona, preservation
of biomolecular activity, reproducibility in biological systems, scalability, and translation of laboratory studies
into real-world applications [5,25-28].

There have been numerous reviews on each component of the protein corona, biosensing, nanozymes, or drug
delivery, but few reviews have integrated the fundamental chemistry of interfacing formation, assembly mechanisms,
structure-function relationships, advanced characterization and emerging computational strategies in an integrated
way [18,21,28]. The limited understanding restricts the ability to elucidate the effect of the interface engineering on
the molecular level in different application domains on the performance of biomolecule/nanomaterial systems [5,24].

In this context, the present review aims to provide a comprehensive and critical overview of the chemical
principles of biomolecule-nanomaterial interfaces. It includes the fundamental interaction mechanisms, the classes
of biomolecules, the most important nanomaterial platforms, approaches to interface engineering, and advanced
characterization methods, before examining the various applications of nanomaterials in biosensing, catalysis,
nanomedicine, environmental remediation and energy devices. Finally, the current challenges and future directions
are discussed with a focus on the rational development of next-generation biomolecule-nanomaterial hybrid
systems by predictive computational modelling, machine learning and Al-assisted interface engineering.

1.1. Significance of Biomolecule—Nanomaterial Interfaces in Nanochemistry

Interfaces between biomolecules and nanomaterials occupy a central role in nanochemistry because they
enable the integration of biological functionality and engineered nanostructures. Biomolecules are identified as
recognition components, catalytic components or structural templates in this interface and physical support and
enhanced physicochemical properties are present in nanomaterials. These hybrid systems exhibit properties and
functions that neither component can achieve independently.

The significance of these interfaces is associated with the special size adaptation between the nanomaterials and
the biological macromolecules. Nanomaterials with dimensions comparable to those of enzymes, strands of DNA or
protein complexes exhibit highly selective interactions, and provide the opportunity to develop hierarchical
assemblies of nanoscale [1,29-31]. Such structural compatibility enables precise control over biological functions,
and also influencing cellular pathways, and facilitating the targeted delivery of therapeutic molecules.

In addition to this, the incorporation of biomolecules into nanostructured materials has led to the development
of bioinspired nanomaterials that replicate the functionality of the biological system and also provide system
strength, as in the synthetic systems. Nanozyme system nanomaterials with an enzyme-like catalytic activity are,
as an example, illustrations of how inorganic nanostructures can mimic the action of biological catalysts, as well
as while being more stable and easier to manipulate [32—37]. These technologies demonstrate how nano-bio
interfaces are becoming a revolution in the advancement of modern nanochemistry.

1.2. From Bioinspiration to Chemical Engineering of Interfaces

Since the development of such materials began, biological systems have been used to inspire advanced
materials, molecular self-assembly, phase separation, and biomolecular recognition. For examples: Molecular self-
assembly, phase separation, and biomolecular recognition are natural processes that provide blueprints for the
fabrication of functional nanomaterials with a precise structural organization. An example is that non-covalent
(e.g., hydrogen bonding, hydrophobic interactions, electrostatic forces) biomolecular self-assembly can be employed
to form biologically highly ordered structures like lipid bilayers or protein complexes spontaneously [38—41].
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Researchers have developed chemical engineering strategies to precisely control the formation and function
of biomolecule—nanomaterial interfaces. A surface property of nanomaterials is readily manipulable and therefore,
selective surface biomolecule binding and orienting is possible via surface functionalization, ligand engineering
and molecular templating techniques. In addition, more innovative concepts such as liquid-liquid phase separation
(LLPS) provide new insights into how biomolecules assemble to form dynamic condensates that can be employed
in conjunction with nanoparticles to generate responsive nanomaterials [42—47].

Such bioinspired engineering processes have significantly expanded the scope of nanotechnology in such a
way that adaptable materials that can respond to environmental stimuli may be prepared. These strategies have
enabled the development of drug delivery systems, responsive hydrogel, catalytic nanostructures and
programmable nanodevices.

1.3. Scope and Structure of the Review

The research in the field of nano-bio interfaces has accelerated, creating need for an integrated design
framework to connect the chemical design, assembly mechanisms and functional performance [9]. This review is
centred on this need, covering the basics of the chemistry of biomolecule-nanomaterial interfaces, the covalent
and noncovalent bonding, coordination chemistry, as well as the functionalization of surfaces and biomolecule-
directed assembly strategies [5,24,38]. The review does not aim to provide a comprehensive overview of just one
application field, but rather, provides a common basis around which to tie together the principles of interfacial
design with the behaviour and performance of hybrid systems in biosensing, catalysis, nanomedicine, and
environmental technologies.

It is important to note that in comparison with the previous reviews, which concentrated only on specific aspects
of interface engineering-such as the formation of protein corona, the development of nanozymes, biosensors or drug
delivery-this work is relevant to a wide range of areas related to the control of catalytic activity, charge transfer,
optical properties, biorecognition and structural stability [9,11,38]. The review also critically overviews the current
limitations such as interface heterogeneity, reproducibility, toxicity and challenges related to transfer of laboratory-
based discoveries to the practical application. Furthermore, future directions of the rational design of new hybrid
materials like predictive computational modelling, interface engineering with adaptive nano—bio architectures and
the use of artificial intelligence (Al) are highlighted [17,31,47].

The review is organized so as to provide a logical flow beginning with the fundamental chemistry of
biomolecule-nanomaterial interactions, then moving from biomolecular building blocks to nanomaterial platforms,
interface engineering, advanced characterization methods and to the illustrative applications. The final sections of
the review look forward to the current issues and future directions, provide a meaningful connection between the
molecular-level design of interfaces and functional performance, and lead the reader to the design of stable,
selective, and application-specific biomolecule-nanomaterial systems.

1.4. Review Methodology

This review is based on a structured literature survey of peer-reviewed publications on biomolecule—
nanomaterial interfaces. Major scientific databases such as Web of Science, Scopus, PubMed and Google Scholar
were mainly used for literature search. Common search terms included nanomaterial-biomolecule interfaces,
nanomaterial-biomolecule interactions, surface functionalization, protein corona, nanomaterial catalysis by
enzymes, biosensing, drug delivery, MOFs (Metal-organic frameworks)/COFs (Covalent organic frameworks)
biointerfaces, and the use of Al in nanomaterial design. The focus was on influential foundational studies and
recent publications, primarily from the past 10—15 years, that made significant advances in understanding the
mechanics, and strategies for interface engineering, characterization techniques, and novel uses. Articles were
selected based on the following criteria: peer review, scientific rigor, conceptual relevance, and citation impact,
within the field of nanochemistry, materials science and biointerface engineering. This is a critical narrative review
not a systematic review, so the goal was to represent key developments to key challenges and future directions,
rather than to provide an exhaustive literature listing [13,31,38].

2. Fundamental Chemistry of Biomolecule—-Nanomaterial Interactions

The nature of chemical interactions between biomolecules and nanomaterials at their interface is the core
determinants of the functionality as well as the stability of hybrids. These responses characterize the process of
biomolecular binding to surfaces of nanomaterials, structural orientation, and eventually the control of
physicochemical and biological properties of the assemblies formed. At the nano-scale interfaces are governed by
a mixture of covalent bonding, coordination chemistry, electrostatic attraction, hydrogen bonding, n—x stacking,
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hydrophobic interactions and van der Waals forces, all of which are jointly involved in the formation of stable
nano-bio conjugates [48].

The high surface-to-volume ratio and tunable surface chemistry of nanomaterials enable precise engineering
of nano-bio interfaces through interactions with biomolecules. The nano-bio interfaces resulting are not only able
to regulate the biomolecular conformation and functionality of the nano-material but also control the nanomaterial
properties such as catalytic efficiency, optical response and biocompatibility [9—12,49]. The basic chemistry of
such interactions is therefore essential in the rational design of nanomaterials that can be used in biosensing,
nanomedicine, catalysis, and environmental technology.

2.1. Covalent and Noncovalent Binding Mechanisms

Biomolecules can react with nanomaterial surfaces through covalent or noncovalent bonding mechanism, and
the advantages of each approach differ depending on the intended use. Covalent conjugation involves the formation
of chemical bonds between functional groups on biomolecules and the reactive moieties on the surfaces of
nanomaterials, resulting in stable biomolecule-nanomaterial conjugates. They include these common methods, which
are amide coupling, thiol-gold bonding, click chemistry and carbodiimide-mediated reactions. The techniques enable
the stable immobilization of biomolecules while preserving their structural orientation and biological function. In
particular, covalent modification may be particularly useful in biosensors, catalysts, and nanomedicine systems in
cases when long-term stability and resistance to changes in the environment are required [50].

In comparison, noncovalent modification gives reversible and dynamic binding of biomolecules with
nanomaterials. Such interactions are mediated by weaker intermolecular forces that include electrostatic attraction,
hydrophobic, hydrogen bonding and n-n stacking. Noncovalent assembly is common in nature and is commonly
used to make biomolecule-nanomaterial hybrids by using self-assembly. These kinds of interactions allow the
creation of responsive systems that are able to adjust to the changes in the environment, at the same time, without
functional breakdown [38—40,51]. The appropriateness of a particular interaction mode depends greatly on the
goal of the function and the environment it’s used in. In biosensing platforms, catalytic systems, and therapeutic
formulations with long operational stability, resistance to desorption and molecular orientation, covalent
conjugation is generally preferred. Irreversible attachment can, however, hinder the biomolecular flexibility, or
even biological activity. The n—n assembly, on the other hand, is beneficial for reversible, stimulus-responsive,
and self-assembled systems, but its efficiency may decrease under changing ionic strength or pH values that disrupt
the n—n interactions. Electrostatic and hydrogen-bond-mediated assemblies are even more useful for systems that
are reversible, stimulus-responsive, and self-assembled, but in which the performance may suffer under changing
ionic strength or pH conditions that break the electrostatic or hydrogen bond interactions. The differences illustrate
how interface chemistry can affect binding ability, responsiveness, stability, electronic communication and even
functionality [1,5,31,48].

Notably, the noncovalent interactions in biological systems tend to prevail in the development of
biomolecular coronas around nanoparticles, and noncovalent interactions are common in this environment [52].
The presence of adsorbed proteins, nucleic acids, and other biomolecules that dynamically bind to the nanomaterial
surfaces constitute the biomolecular corona, and they change their biological identity as well as cellular
interactions and biodistribution [32,53,54].

While both covalent and noncovalent strategies have been extensively exploited in biomolecule—
nanomaterial interface engineering, the former or the latter perform better in different applications depending on
the nanomaterials involved. This is because covalent conjugation offers better interfacial stability, controlled
immobilization and resistance to environmental changes, which is beneficial for the applications of long-term
biosensing, catalysis, and therapeutic systems. But irreversible coupling can cause changes in biomolecules
conformation or can decrease biological activity. Noncovalent assembly, on the other hand, can maintain native
biomolecular structures more faithfully and can achieve stimuli responsive behavior in the system, although its
binding may be weaker, making it more susceptible to desorption, and is less reproducible under physiological
conditions. This trade-off is one of the key challenges in interface engineering and hybrid approaches based on
reversible molecular recognition seem to be attractive solutions [5,9,42,53].

The major interaction mechanisms governing biomolecule—nanomaterial interfaces are schematically
illustrated in Figure 1.
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Figure 1. Mechanisms of biomolecule—nanomaterial interactions with covalent bonding, electrostatic attractions,
hydrogen bonding, n—r stacking and coordination chemistry. The scheme also emphasizes parameters of interface
design, such as biomolecule orientation, linker length, surface charge, nanomaterial curvature, and organization of
the hydration layer, as well as their influence on the stability of the binding, electron transfer, catalytic accessibility,
response to biosensing, and therapeutic efficacy.

2.2. Coordination Chemistry and Metal-Ligand Interactions

In several biomolecule-nanomaterial interfaces, coordination chemistry is a significant factor, especially
when metal-metallic nanomaterials, such as gold, silver, platinum, or metal oxides, are used. The systems allow
metal to have coordination bonds with metal atoms on the nanomaterial surface and functional groups on the
biomolecules, such as thiols, amines, imidazoles, and carboxylates.

The notable example is that of a strong affinity between thiols and the nanoparticles of the noble metals, used
particularly on gold nanoparticles. It is possible to use Au—S bonding to immobilize proteins, peptides and DNA strands
onto gold nanostructures to generate biosensors, imaging probes and drug delivery systems. The nanomaterials based
on noble metals are particularly useful because the surface of the materials can be created with a high level of precision
and yet remain chemically stable and have either a great optical or a great catalytic property [9,55-59]. Enzyme-
nanoparticle hybrids and the nanozyme systems, where the metal ion or metal surface is a ligand of biomolecules, also
play an important role in controlling catalysis. These coordination interactions determine electron transfer pathways, the
surface reactivity and accessibility to substrates, which enhances the functionality of hybrid catalytic systems.

2.3. Electrostatic, n—r, and Hydrogen-Bonding Interactions

Besides covalent and coordination interactions, there are several noncovalent forces that play an important role in
the formation and stability of biomolecule-nanomaterial interfaces. Electrostatic interactions are the result of attraction
between oppositely charged species, like the positively charged surface of nanoparticles and the negatively charged
biomolecules, e.g., proteins or DNA. These forces play significant roles, especially in aqueous biological systems where
ionic strength and pH have a role in modifying the surface charge of both biomolecules and nanomaterials. Electrostatic
adsorption is commonly the first force behind biomolecule binding to the nanomaterial surfaces.

n-1 stacking interactions take place when aromatic biomolecules react with nanomaterials that contain
conjugated carbon frameworks, e.g., graphene, carbon nanotubes and other carbon-based nanomaterials. The
aromatic rings of the nucleic acids, peptides and small biomolecules can planarize with the delocalized systems of
the m-electron of the materials, thus providing strong adsorption as well as efficient electronic coupling. These are
the interactions that are prolifically used in biosensing, electronic nanodevices, and carbon nanomaterial [60—-66].

Biomolecule-nanomaterial assemblies’ stability is also due to hydrogen bonding. The biomolecules and
functional groups on the surfaces of nanomaterials are hydrogen-bonded between the donor and acceptor groups
and take part in the molecular recognition and structuring. With Hydrogen bonding interactions being weaker on
an individual basis than covalent bonds, they provide a significant degree of stabilization and specificity to many
nano-bio systems. The following tables summarize not only representative systems and applications, but also
comparative performance data such as interaction reversibility, environmental sensitivity, stability,
characterization approaches, limitations and translational relevance. With these various interface chemistries
having different strengths, reversibility, sensitivity to environment, and functional consequences, an overview is
provided in Table 1.
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All electrostatic interactions, T— interactions and hydrogen bonding interactions are widely used in nano—
bio interfaces, but are not functionally equivalent. Electrostatic interactions are often used for fast biomolecule
adsorption and gene-delivery systems due to their tight dependence on surface charge; however, ionic screening
effects and environmental conditions make them sensitive and cause destabilisation [5,24-26]. Hydrogen bonding
gives molecular specificity and plays a significant role in self-assembly and organization of molecules, but is not
usually strong enough for use in extreme operational environments. Conversely, 7—n interactions can be very
beneficial in graphene and carbon nanotube interfaces where the strong aromatic coupling can facilitate charge
transfer and signal amplification in bioelectronic interfaces. Thus, the choice of interaction strategy depends on the
sort of stability, reversibility, specificity and electronic functionality desired for a particular application [9,48,55].

2.4. Thermodynamics and Kinetics of Interface Formation

The interfaces between biomolecules and nanomaterials are predetermined, that is, they occur by
thermodynamic as well as kinetic reasons. Minimization of the free energy is the thermodynamic basis of an
assembly process because of the positive enthalpic terms of the chemical bonding of the molecules and
intermolecular interactions versus entropic penalties of the molecular order. Surface properties, including particle
dimension, shape, surface charge and chemical functionalization, are major factors leading to adsorption and
assembly on the nanoscale. The minor variations in the size of the nanomaterials or the surface chemistry lead to
the interaction energy that could differ significantly and therefore lead to different biological reactions
[55,57,59,67]. Thermodynamics of biomolecule—nanomaterial association can be assessed based on changes in
Gibbs free energy, which indicates the spontaneity of the formation of the interface:

AG = AH — TAS

where AG is Gibbs free energy change, AH is enthalpic contribution due to bonding, electrostatic interactions, or
the process of surface adsorption, 7 is temperature and AS is the entropy change due to the organization of solvent
molecules, conformational change, or the process of adsorption. Usually, AG values are negative for
thermodynamically favourable interface formations [1,5,31]. Binding affinity between biomolecules and
nanomaterials is frequently related to the equilibrium constant K through:

AG = —RTInK

where R is the gas constant and T is absolute temperature. Larger binding constants correspond to stronger and
more stable nano-bio interactions. Surface adsorption of biomolecules on the interface of nanomaterials is
frequently modeled by Langmuir adsorption model in which the biomolecules are assumed to be adsorbed as a

monolayer onto a finite number of binding sites:

— qmaxKLCe

Qe =71K,C,
The terms ¢g. (equilibrium adsorption capacity), gma (maximum adsorption capacity), Ki (Langmuir affinity
constant), and C, (equilibrium concentration) are used. These models can be employed to study protein adsorption,
enzyme immobilization and ligand-binding processes at nano-bio interfaces. Pseudo-first-order kinetic models are

often used to describe adsorption and immobilization kinetics especially for the initial stages of adsorption
[4,14,31].

In(ge — q;) =1nq, — kqt

where: g, = equilibrium adsorption capacity (mg g or equivalent units), g, = adsorption capacity at time t,
k, = pseudo-first-order rate constant (min'), ¢t = adsorption/contact time

The pseudo-second-order kinetic is often used to describe chemisorption-dominated nano—bio interactions,
such as electron sharing, covalent coupling or coordination processes, involving 75%.

t 1 + t
a k202 qe
where: g, = adsorption capacity at time t, q, = equilibrium adsorption capacity, k, = pseudo-second-order rate
constant (g mg~' min™! or corresponding units), ¢ = adsorption time
Mechanistic problems which have not yet been solved are related to dynamic evolution of biomolecular

coronas in complex biological environment. Though early studies focused mainly on protein corona formation as
a passive adsorption process, recent findings indicate that protein corona formation is a very dynamic and
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competitive exchange between biomolecules, surface ligands and environmental elements. This time-dependent
evolution can significantly impact on the identity, biodistribution, immune recognition and catalytic properties of
nanoparticles. Importantly, however, certain differences between these simplified in vitro experiments and
biologically complex in vivo systems remain that make understanding the interactions between nanoparticles and
living cells difficult and therefore make it important that the experiments are all done using the same design and
in vivo characterization methods are available in real time [15-17,31].

The mechanism of the nano-bio interface formation may be subdivided into a sequence of kinetically distinct
biological diffusion, surface adsorption, conformational rearrangement, and structural stabilization. These are highly
dynamic processes in biological systems, often resulting in complex and evolving protein coronas or multilayer
biomolecular assemblies. The balance of composition, structure and functionality of the interface ultimately is defined
by the stability in thermodynamics and the accessibility in kinetics. Surface-engineering decisions have a strong
influence on surface stability and biological identity. For instance, PEGylation is extensively used to create steric
stabilization and the formation of hydration-layer for the prevention of nonspecific protein adsorption, thus decreasing
the uncontrolled development of protein-corona and increasing the stability of the colloidal system in biological
systems. Nevertheless, the target recognition, cellular uptake or catalytic accessibility can be decreased in case of too
much surface shielding. The trade-offs demonstrate the direct influence of intentional modification of the surface
chemistry on the biological interactions and function [1,9,38,55].

This knowledge of these thermodynamic and kinetic principles allows one to be able to engineer rationally
nano-bio interfaces with custom properties. Researchers can rationally engineer biomolecule-nanomaterial
interfaces by controlling surface chemistry, assembly pathways, and environmental conditions to find applications
in nanomedicine and catalysis, as well as environmental remediation and biosensing. Table 1. Summary of
fundamental chemical interactions governing biomolecule—nanomaterial interfaces, including covalent bonding,
coordination chemistry, electrostatic interactions, m—mn stacking, and hydrogen bonding. The table outlines the
underlying chemical principles, typical biomolecule-nanomaterial systems, and their relevance to functional
applications. The use of thermodynamic, kinetic, adsorption, catalytic and charge-transfer models is common in the
quantitative interpretation of biomolecule-nanomaterial interactions. These equations are complementary to
information on the spontaneity of binding, the adsorption behaviour, the catalytic performance, and the electron-
transfer reaction processes at the interfaces of interest for nano-bio system design and characterization [5,31,32]. A
variety of representative equations are often used in nano-bio interface analysis, which are described in Table 2.

Table 2. Representative equations used in biomolecule—nanomaterial thermodynamic and kinetic analysis.

Equation Application Information Obtained References
AG = AH — TAS Thermodynamics Spontanelty and energetic dr_1v1gg forces of [1,531]
biomolecule-nanomaterial binding

AG =—-RT InK Binding affinity Equilibrium binding strength and interaction stability ~ [1,9,57]
. . . Surface adsorption capacity, monolayer binding

Langmuir isotherm Adsorption analysis behaviour, and affinity constants [4,51,59]

Pseudo-second-order kinetic Adsorption kinetics Adsorptlon rate mechanism and chemisorption [4,13,57]

model behaviour

Michaelis—Menten equation (v Catalytic efficiency, substrate affinity (Km), and

= Vimax[S]/(Km + [S])) Nanozymes maximum reaction velocity (Vmax) [6,48,56]

Kproce Bioelectronics Distance-dependent charge-transfer and electron [18.20]

tunneling behavior at bio—nano interfaces

3. Classes of Biomolecules for Interface Engineering

The development of functional biomolecule nanomaterial interfaces depends on the choice of suitable
biomolecular components that can be easily coupled with nanomaterial surfaces. Biomolecules have a variety of
chemical functionalities, structures, and recognition of their own that can be utilized as building blocks, templates,
stabilizing agents, and functional components in nano-bio hybrid systems. These molecules are able to regulate
the assembly of nanomaterials, surface chemistry and incorporate biological functionality, including catalysis,
molecular recognition, and signal transduction.

Proteins, nucleic acids, peptides, polysaccharides, and other small biomolecules are some of the most popular
biological components to be used as interfaces on different surfaces. Each of these classes has distinct
physicochemical features, allowing a certain form of interaction with nanomaterials. Biomolecular functionality
coupled to nanomaterial physicochemical properties can be combined to create hybrid materials with increased
stability, selectivity and performance in biosensing, catalysis, nanomedicine and environmental technologies
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applications [5,6,68—74]. Biomolecule-nanomaterial interfaces can be broadly classified based on the nature of
biomolecular components and nanomaterial platforms, as illustrated in Figure 2.

A Interaction-Platform-Function Relationships B Mechanistic Panel
Biological Components Biomolecule Preferred Applications
Biomolecules Interaction
-t/ n-n/
DNA ﬁ electrostatic/ O % —> DNA  electrostatic (C./ﬁ/ @
covalent AuNPs / Graphene /QDs / covalent Biosensing / Gene Delivery
Proteins l l
] ' coordination / Y 4
Nanomaterial electrostatic/ @ @ Q — Protelns Preferred b%o a
Platforms corona formation MOFs/MetaI Oxides / AUNPs : Interaction Nanozymes / Catalysis / Imaging
| - —— |
Peptides ~ H-bonding / Q @ g % ? o
o MM self-assembly/ _, Peptldes Prefclerr?d ((Q))
O electrostatic CNTs / AuNPs / MOFs ; Nanoplatform g ascembly/ therapeutics / Biosensing
l ¢ ; o |
V Polysaccharides H-bonding / @ 3 i v % =
Fur;ptiqnal coordinatign/ . ‘ ; Functional ) == @
gt > RS i | Mors/ caton OO Ao et et

Figure 2. Biomolecule-Nanomaterial interfaces classification framework showing the relationship between
biomolecule class, nanomaterial platform, dominant interaction mechanism and representative functional outcomes
in biosensing, catalysis, drug delivery, and bioengineering.

3.1. Proteins and Enzymes

Among the most versatile biomolecules in nanomaterial interface engineering are proteins and enzymes,
which have complex three-dimensional structures, catalytic activity, and molecular recognition properties.
Proteins have diverse functional groups such as amines, carboxylates, thiols and aromatic residues, which enable
them to interact with nanomaterial surfaces with a high level of covalent bonding, electrostatic attraction, hydrogen
bonding, and hydrophobic forces [75-77].

Enzymes immobilized on nanomaterial surfaces can retain or even improve their catalytic activity and are
therefore of much interest in biosensor and, bio fuel cell applications, and also in catalytic nanoreactors [78].
Nanomaterials are commonly used in the form of supports that enhance the stability of enzymes, electron transfer,
and increase the effective surface area on which substrates react with enzymes. Especially, metal nanoparticles
and carbon-based nanomaterials have been extensively applied for enzyme immobilization in electrochemical
sensing and catalytic studies [5-7,71,72].

In addition to adsorption, the orientation, conformational stability, and accessibility of protein active-sites on
nanomaterials are significant factors that determine functional performance of the protein—nanomaterial interfaces.
When proteins are randomly adsorbed, the surface population is often heterogeneous, with catalytic sites being
partially blocked or with structural unfolding that decreases the biological activity of the surface population.
Conversely, controlled immobilization approaches like site specific conjugation with engineered cysteine residues,
affinity tags or selective functional handles can retain native orientation and enzymatic accessibility. Thus, the
compromise between the strong bond and structural maintenance are major design concern in biosensors,
nanozymes and therapeutic nanoplatforms. Additionally, protein—nanomaterial interactions are regulated by
surface modification strategies including PEGylation and linker engineering, which are also critical for this
research work. PEGylation can enhance colloidal stability, decrease non-specific adsorption, and block immune
recognition; however, extensive shielding can result in decreased accessibility to the substrate and/or electron
transfer efficiency. Similarly, the length of the spacer/linker molecule also affects the steric accessibility, flexibility
of the molecule, and communication between interfaces. Short rigid linkers are better for electronic coupling but
may be detrimental for biomolecule mobility; the longer the flexible spacer the better the biomolecule is shielded
from the surroundings but the lower the transfer efficiency may be. Optimization of the linker architecture is thus
still very system specific [5,9,38,55].

Structural changes in protein conformation may also take place, however, during interactions between
proteins and nanomaterials. Protein adsorption onto nanoparticle surfaces at the nano-bio interface can cause
protein unfolding, reorientation or aggregation. The effects are frequently linked to the creation of protein coronas,
which have a significant impact on the stability of nanoparticles, their internalization in cells, and biological
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reactions [1,4,29-31]. These interactions thus need to be understood to create functional and stable protein-
nanomaterial hybrids.

3.2. Nucleic Acids (DNA and RNA)

Nucleic acids, such as DNA and RNA, are extensively used in interface engineering of nanomaterials due to
their programmable structures, sequence-specific recognition and predictable hybridization properties. DNA
molecules may be used as molecular templates, structural scaffolds or recognition elements that direct the self-
assembly of nanomaterials in highly ordered structures.

Base-pairing is one of the strongest properties of nucleic acids that allows accurate molecular recognition
and self-organization. DNA-guided assembly has been widely applied to assemble nanoparticles into ordered
nanostructures, make nanoscale circuits, and develop programmable materials [79]. The functionality of nucleic
acid-nanomaterial interfaces has also been extended by DNA origami and aptamer-based systems, enabling the
generation of extremely complex nanoscale structures. Nucleic acids may also be utilized as biosensing units in
addition to the structural functions, which allow them to sense the presence of certain biomolecules, metal ions or
pathogens. High specificity and sensitivity of DNA-functionalized nanoparticles have largely been utilized in
colorimetric assays, fluorescence sensing, and electrochemical detection platforms because of their excellent
molecular recognition capability [5,7,70,72-74]. At interfaces between nucleic acids and nanomaterials,
orientation, surface density and the attachment chemistry of the materials are factors that are critical to successful
hybridization and signal generation. Favourable conformations, steric crowding or decreased target accessibility
may be obtained by random adsorption of DNA strands. Therefore, controlled immobilization strategies, like
sequence-directed orientation control, spacer-assisted tethering and thiolated DNA attachment, are often used to
ensure high recognition efficiency and reproducibility. Spacer molecules are especially useful for electrochemical
and fluorescence biosensors as steric interference can be minimized and the hybridization performance may be
maintained by proper separation between the surface of the nanomaterial and the spacer molecule [21,68,72].

3.3. Peptides and Peptidomimetics

Peptides are highly versatile biomolecules for nanomaterial interface engineering in that they provide both
the diversity of functionality found in proteins, as well as the simplicity of structure and synthetic flexibility of
small molecules. The short peptide sequences can be designed to identify specific surfaces of nanomaterials that
enables specific control of nanoparticle synthesis, stabilization and assembly. Peptides have found particular use
in biomimetic nanotechnology, where peptides can be used to recapitulate interactions in nature, but provide
significantly increased control over chemical composition and structure. Nanomaterial surfaces can interact with
specific amino acid residues through an electrostatic interaction, hydrogen bonding, or coordination chemistry.
One example is peptides containing cysteine residues that can strongly bind to metal nanoparticles via the thiol-
metal interactions. Peptide-nanomaterial systems also illustrate the significance of site-selective binding and
conformational control in interface engineering. The spatial arrangement and localization of the amino acid residues
have a significant effect on the adsorption geometry, surface affinity and the self-assembly properties. Random
peptide adsorption can help to speed up assembly, but can also create poorly-controlled interfaces with varying
biological activity. Rational peptide engineering, ranging from sequence modification to terminal functionalization
and the use of linkers for immobilization, can be used to create controlled orientation, modified recognition properties,
as well as enhanced structural stability in catalytic, sensing, and regenerative applications [41,56,67].

Moreover, it is possible to design peptide-based molecules so that they can self-assemble as nanostructures,
nanofibers, nanotubes, or hydrogels and include nanomaterials in their structures. There has been interest in these
hybrid materials in the medical fields, especially in tissue engineering, drug delivery, and regenerative medicine.
The synthetic molecules, which are peptidomimetics, are created to mimic peptide structures, and also have the
added benefit of increased stability, enzymatic degradation resistance and increased tunability. This attributes to
their potential to be valuable in designing stable biomolecule-nanomaterial interfaces.

3.4. Polysaccharides and Small Biomolecules

Polysaccharides and other small biomolecules also play important roles in biomolecule-nanomaterial
interface engineering. Natural polysaccharides include chitosan, cellulose, alginate, and dextran, which contain
abundant hydroxyl, amino, and carboxyl functional groups that interact intensively with the surface of
nanomaterials. Through these interactions, polysaccharides can be used as stabilizing agents, surface modifiers or
scaffolds of structural assemblies of nanoparticles during synthesis and assembly. Polysaccharides offer certain
advantages in biomedical use, including biocompatibility, biodegradability and low toxicity, which makes them
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especially appealing. They have been extensively applied in drug delivery to nanoparticles, enhancing
nanoparticles’ stability in biorealms, and enhancing cell and tissue interactions. Also, nanomaterials
polysaccharide-functionalized have been examined in their environmental remediation, catalysis, and biosensing
applications. Polysaccharide-functionalized systems are not only chemically controlled by the composition of the
functional group, but also by the polymer architecture, hydration properties and surface presentation. The steric
stabilization, access to biomolecules and interaction with cell environments can be modulated by the controlled
grafting density and linker design. Polysaccharides are, in general, biocompatible and colloidally stable, but if they
cover too much surface area, they could either hinder the accessibility of the catalytic sites or decrease the transport
of analytes or therapeutic molecules. These considerations highlight the need for an operational performance for
the protective functionality in designing nano—bio interfaces [9,62,63].

Nano-biomolecules like amino acids, polyphenols, and metabolites also play a role in the creation of nano-
bio interfaces. Such molecules are capable of either coordinating or reducing metal ions or stabilizing surfaces,
which allows green synthesis pathways to nanomaterials and improves the performance of hybrid systems. The
wide range of functional group natural biomolecules is a good base to design biointerfaces with desired chemical
and biological characteristics [80—88]. Table 3. Representative biomolecule-nanomaterial interface systems
illustrating the interaction between different classes of biomolecules (proteins, nucleic acids, peptides, and
polysaccharides) and nanomaterial platforms. The table summarizes the dominant interaction mechanisms,
including covalent and noncovalent binding, and highlights their corresponding functional applications in
biosensing, catalysis, drug delivery, and bioengineering.

One of the common problems for all biomolecules is the difference between random adsorption and controlled
immobilization in the nano—bio interface engineering. Spontaneous adsorption strategies are experimentally simple
and are widely employed, but they tend to produce interfaces with varying orientations, conformational perturbations,
and decreased functional reproducibility. In contrast, controlled immobilization approaches yield more predictable
interface architectures and improve the retention of activity and operational stability via site-specific conjugations,
linker engineering, and selective surface chemistries. The knowledge of these design principles is crucial to convert
biomolecule-nanomaterial assemblies from conceptual platforms to functional and stable systems. Regardless of the
biomolecule class, a set of common immobilization and interfacial design parameters that directly impact
functionality, stability and reproducibility is required for successful nano-bio interface engineering [1,4,9,68-74].
The molecular orientation, conformational preservation, structure of the linker, the surface density and the
adsorption strategy are some of the most important aspects compared in Table 4.
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Table 3. Comparative representative biomolecule—nanomaterial interface systems and functional characteristics.

. Binding Typical . . . N
Biomolecule Nanomaterial Interact!on Characteristics/Sta  Characterization Major Functional Key Limitation/Risk Rep re ser}tatlve Ap pll.catmn Ref.
Mechanism f Advantage Application Readiness
bility Method
Enzymes (e.g., . Covalent (thiol—- High stab!llt)./; FTIR, SPR, Efficient .electron Possible active-site El ectroc-hemlcal .
. Gold nanoparticles . covalent binding . transfer, improved . . . biosensing, High [5,18]
glucose oxidase) Au), electrostatic ; . electrochemistry, XPS . blocking/orientation effects | .
often irreversible enzyme retention bioelectrodes
Protein corona . . . .
) Gold ) formation, Dynamic, partially ~ DLS, proteomics, zeta Blologlcal targeting, Uncogtrolled corona Drug delivery, High—
Proteins nanoparticles/meta . . . adaptive surface evolution; possible photothermal [10,29]
hydrophobic + reversible potential, CD . . ; Moderate
I NPs . identity denaturation therapy
electrostatic
o _ . . o
E(iiztlre(;lsttanc Moderate-High UV-Vis, SPR, ?lf(ilifl';ec?to smiten Salt/pH sensitivity for DNA sensing, gene
DNA/RNA Gold nanoparticles - stability; tunable fluorescence, gel P Y, P . y . &8 High [1,7]
(thiolated DNA— A h programmable electrostatic assembly delivery
Au) reversibility electrophoresis assembly
Graphene/carbon T stacqug, Moderate; generally Raman, AFM, Excellent charge Possible 90nformat10pal Biosensing, Moderate—
DNA - hydrophobic . fluorescence transfer and surface perturbation; desorption . R [26,60]
nanomaterials . . reversible . . nanoelectronics High
interactions spectroscopy adsorption risk
n-n stacking, Moderate stability; Biomimetic assembly,  Orientation control Tissue engineering
Peptides CNTs/graphene hydrogen . > Raman, FTIR, AFM R e . . > Moderate [38,80]
bonding reversible conductive interfacing  challenges bioelectronics
. ic + —High; i L .
. Metal oxide Electrp static Moderate High; XPS, ITC, DLS, Catalytic enhancement, Ion release/toxicity; Nanozyme catalysis, .
Enzymes/proteins . coordination environmentally S nanozyme . L - . High [32,33]
nanoparticles - . o activity assays oo possible activity loss biosensing
interactions sensitive compatibility
Hydrogen .
Polysaccharides Metal/polymer bonding, Moderate; pH/ionic- FTIR, zeta potential, E.X cellent o Lower stru.ctural Drl.lg fiehvc_:ry, .
; . . . . biocompatibility, film  robustness; antimicrobial High [62,75]
(chitosan, alginate)  nanoparticles electrostatic strength sensitive SEM . . . .
interactions formation swelling/degradation coatings
. Fluorescence Strong fluorescence . .
+ — ; —
DNA (aptamers) Quantum dots Covalent . Mo@qrate High spectroscopy, TEM, response and target Potential QD. toxicity; F‘luores_cencg . Moderate [25,55]
electrostatic stability L photobleaching concerns biosensing, imaging High
SPR selectivity
. Coorfimatlon High stability, . XRD, BET, FTIR, Enhanc_ed cenzyme Diffusion limitation; Catalysis, drug Moderate—
Proteins/enzymes MOFs/COFs bonding, confinement-assisted .. protection and o . R [86,87]
. . activity assays . scalability challenges delivery High
encapsulation protection recyclability
Peptides/biomolecul Hybrid Self-assembly, Variable; often AFM, TEM, Multifunctionality and  Design complexity; Smart materials, Emerging/
. noncovalent tunable and . . o . [39,42]
es nanomaterials interactions reversible spectroscopy adaptive behavior reproducibility issues nanomedicine Moderate

12 of 44



Savita et al. Adv. Appl. Biomater. Biocompos. 2026, 1(1), 6

Table 4. Design considerations for biomolecule immobilization at nano—bio interfaces.

Parameter Impact on Function Design Strategy References
Orientation Active-site exposure Site-specific conjugation [5,31,71,80]
Conformational stability Activity retention PEGylation/mild immobilization [1,9,10,57]
Linker length Electron transfer vs flexibility Spacer engineering [18,22,71]
Surface density Accessibility/steric crowding Controlled grafting [4,17,49]
Adsorption mode Reproducibility and binding behaviour Controlled immobilization [1,13,31,59]

4. Nanomaterial Platforms for Bio-Interfacing

The high surface area, tunable physicochemical properties and nanoscale dimensions of nanomaterials make
them versatile platforms on which biomolecule nanomaterial interfaces can be constructed. These groups allow
effective immobilization of biomolecules and allow them to effectively interact to modify biological activity,
catalytic activity and signal transduction. Different types of nanomaterials have been investigated as scaffolds for
bio-interface in the last twenty years, including metal and metal oxide nanoparticles, carbon-based nanomaterials,
semiconductor nanocrystals, and porous framework materials.

Each nanomaterial platform has its own advantages and disadvantages when applied to bio-interfacing
applications. However, metal nanoparticles exhibit excellent plasmonic, catalytic and electronic characteristics,
but can be a source of concerns about the release of ions, long-term toxicity and colloidal instability. Although
high surface area and mechanical strength, and generally good conductivity are achieved with carbon-based
nanomaterials, the heterogeneity in surface chemistry and the difficulty to obtain reproducible functionalization
are not yet solved. MOFs and COFs are structurally highly tunable and modular platforms with controlled pore
architectures and biomolecule loading and interface engineering, compared to these conventional platforms.
However, they are currently still being studied for their hydrolytic stability, scaling up and biological compatibility
in physiological conditions. These differences emphasize the fact that there is no universal nanoplatform available
and application-specific requirements must be taken into account when selecting a platform [9,11,38,55,82].

The nanomaterial platform has a great impact on the nano-bio interface structure and functionality. The
essential parameters that control the adsorption, orientation and interaction of the biomolecules on the
nanomaterial surface are the size, surface charge, morphology, and chemical functionalization of the biomolecules.
As a result, nanomaterial platforms need to be carefully picked and engineered in order to maximize the stability
and functionality of hybrid bio-nanostructures in the context of biosensing, catalysis, diagnostics and therapeutic
applications [9,11,12,49,89,90].

4.1. Metal and Metal Oxide Nanomaterials

One of the most common platforms on which biomolecule interfacing has been done is metal and metal oxide
nanomaterials, which possess unique optical, electronic, and catalytic characteristics. Noble metal nanoparticles like
gold, silver, and platinum are highly stable in their chemistry and exhibit strong surface plasmon resonance, which
makes them suitable in biosensing, imaging and delivery of drugs [91]. Gold nanoparticles, in particular, have found
extensive use in immobilization of biomolecules owing to their high affinity for thiol functional groups (including
thiolated strands of DNA and cysteine residues). The reason behind this is that the Au-S bonds of the kind that are
formed are precisely stable to enable biomolecules to be engendered in the precise manner that they are biologically
pertinent. These attributes have enabled the development of a wide range of biosensing systems, which are:
colorimetric, fluorescence sensors and surface-enhanced raman spectroscopy (SERS) sensors [55-58,67,92].

Another valuable platform to be used in bio-interfacing is metal oxide nanomaterials, which include iron
oxide, titanium dioxide and zinc oxide nanoparticles. Iron oxide nanoparticles have been actively applied in
magnetic targeting and biomedical imaging because of their magnetic properties, which are superparamagnetic.
On the same note, metal oxide nanostructures are also applicable as catalytic surfaces on which enzymes can be
immobilized and used in nanozyme uses. Nonetheless, surface chemistry should be controlled with utmost care to
achieve biocompatibility and eliminate possible toxicity due to the release of metal ions. Metal and metal oxide
nanomaterials are not universally interchangeable, and their suitability depends strongly on the intended
application. Gold nanoparticles (AuNPs) have several desirable characteristics for plasmonic biosensing: They
exhibit a high surface plasmon resonance, they can be easily functionalized with surface chemistry, and they have
a well-developed thiol-gold conjugation chemistry for controlled immobilization of biomolecules. Silver
nanoparticles tend to have higher plasmonic enhancement and better SERS performance; however, chemically
they are not as robust and are more prone to oxidation. These have great potential in catalytic systems, magnetic
targeting and applications of nanozyme due to their catalytic activity, semiconducting behavior and magnetic
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properties, respectively, among which metal oxide nanomaterials are particularly attractive, such as Fe;Os, TiO,
and ZnO. Ion release, surface instability and biocompatibility are, however, important limitation and care must be
taken to surface engineer it [12,16,49,88,89].

4.2. Carbon-Based Nanomaterials

Another significant group of platforms of interfaces of biomolecules and nanomaterials is carbon-based
nanomaterials that exhibit high electrical conductivity, chemical stability, and surface area. Representative
examples include graphene, graphene oxide, carbon nanotubes, carbon dots and nanoporous carbon materials.

Graphene and carbon nanotubes have m-electron systems that are extended and facilitate the strong m—mn
stacking interactions with aromatic biomolecules, including nucleic acids and some proteins. The interactions also
lead to a successful immobilization of biomolecules without the need a covalent modification. Moreover, carbon
nanomaterials are conductive to a high degree of electricity, and they enable the conduction of electrons, which
are particularly beneficial in electrochemical biosensors and bioelectronic devices [60—63,65,66,93]. Carbon-
based nanomaterials are especially useful when a rapid charge transfer and efficient electronic communication is
needed. The electrical conductivity, high porosity, and long n-electron networks of graphene and carbon nanotubes
(CNTs) ensure excellent electron transfer properties and high n—m interactions with aromatic biomolecules. Thus,
these materials are extensively used in electrochemical biosensors, bioelectronics and catalytic interfaces.
However, the challenges of surface heterogeneity, aggregation, reproducible functionalization and long-term
biological compatibility have yet to be overcome for wider translation. Carbon nanomaterials have often been
found to be superior in conductivity-driven applications, but may offer less convenient biomolecule conjugation
chemistry, when compared with noble metal platforms [22,55,68,72,85,88].

Carbon nanomaterials have been found to be of high potential in the medical field in terms of biosensing,
bioimaging and drug delivery [94]. Their surface area is large and can accommodate several biomolecules,
therefore presenting multifunctional platforms that can simultaneously be used to sense, target and treat. Also,
biomimetic engineering has been able to assist in developing carbon-based nanozymes that mimic the natural
enzymatic activity without affecting the stability and catalytic activity.

4.3. Semiconductor Nanocrystals and Quantum Dots

Semiconductor nanocrystals, also known as quantum dots (QDs), are optical and electronic nanomaterials
whose properties are determined by their size. The materials possess unique fluorescence characteristics, such as
narrow emission, broad absorption, and high photostability, and thus are highly popular in biological imaging and
sensing. Biomolecules such as antibodies, peptides, or nucleic acids can be conjugated to quantum dots, creating
highly sensitive detection platforms. Multiple biomolecules can be detected simultaneously in a single system
because the optical properties of particles can be tuned by manipulating particle size. Thus, QDs have found a
wide range of applications in the areas of fluorescence biosensing, cellular imaging, and intracellular processes
monitoring applications [5,6,8,71,72].

Other uses of semiconductor nanocrystals include photocatalysis and optoelectronic devices in contact with
biological systems, although optical applications are also known to exist. Nevertheless, other concerns, like
possible toxicity of heavy metal elements and surface instability, are also critical issues to consider when using
them in biomedicine. Passivation and encapsulation of the surfaces is thus a common strategy used to improve
their biocompatibility and stability. The distinctive features of quantum dots, such as adjustable optical properties,
narrow emission spectra and high photostability make them unique among platforms of nanomaterials. The unique
properties of quantum dots are especially attractive for fluorescence biosensing, multiplex detection and
bioimaging. However, they still have some restrictions in their biomedical applications due to potential toxicity,
long-term biocompatibility concerns, and surface degradation. In order to achieve better translational viability,
surface passivation, less toxic quantum-dot compositions, and quantum-dot encapsulation continue to be areas of
active research [2,55,82,88,89].

4.4. Metal-Organic Frameworks (MOFs) and Covalent Organic Frameworks (COF's)

Metal-organic frameworks (MOFs) and covalent organic frameworks (COFs) constitute a very fast-emerging
category of porous nanomaterials, with significant potential for biomolecule interface engineering. The materials
are periodic networks of metal nodes or organic linkers and thus have highly porous structures with tuned pore
size, surface chemistry and structural functionality. MOFs have attracted considerable interest in biotechnology
and medicine because they can capture biomolecules in their porous structures. Enzymes, drugs, nucleic acids and
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other biomolecules can be easily loaded through the high surface area and tunable pore architecture. This has
resulted in MOF-based drug delivery systems, catalytic nanoreactors and biosensing systems.

Similarly, COFs also offer highly ordered organic frameworks that have outstanding chemical stability and
functionality versatility. Their distinct pore structures and large groupings of functional groups are what allow
them to interact well with biomolecules and can be assembled at the nano bio interface in a controlled manner.
MOFs and COFs are also beginning to be used in the enzyme immobilization, catalytic, and biomedical fields,
with their porous structures having the potential to preserve biomolecules and keep them accessible to substrate
interactions. All these properties render them as having a bright future as the next generation of hybrid nano-
biomaterial platforms. MOFs and COFs have distinctive advantages over conventional nanoparticle platforms due
to their well-ordered porous nature and internal chemistry. These materials are especially suited to the application
of biomolecule encapsulation, enzyme stabilization, controlled cargo loading, and catalytic confinement in which
the biomolecular functionality must be preserved. MOFs are also seen to have great potential in enzyme
immobilization and protected nano-reactor systems, as they create porous framework that can protect the
biomolecules from denaturation and can allow access to the substrate into the framework. But, problems of
hydrolytic stability, framework degradation, scale up, and physiological compatibility pose challenges. However,
MOFs/COFs offer functionalities that are very different from metal or carbon platforms, but are not as ready to
use [38,55,86,88]. Table 5. Overview of major nanomaterial platforms used for biomolecule interfacing, including
metal and metal oxide nanoparticles, carbon-based nanomaterials, semiconductor quantum dots, and porous
frameworks such as MOFs and COFs. Key physicochemical properties, biomolecule integration strategies, and
representative applications are summarized.

Ultimately, the choice of an appropriate nanomaterial platform will depend on the dominant functional
requirement in the targeted application. Gold nanoparticles, graphene and carbon nanotubes, quantum dots, MOFs
and COFs, and polymeric nanoparticles each possess distinct properties that make them attractive for specific
biomedical applications. The comparative evaluation would illustrate the importance of considering a combination
of optical, catalytic, electronic, structural, and biological design requirements rather than a single best material
system to be used as the platform for the device. No single nanomaterial platform is appropriate for every
application of biomolecules with nanomaterials, so the selection of the platform must consider the surface
chemistry, charge-transfer capability, optical properties, catalytic behavior, biocompatibility, scalability and the
suitability of the platform for translation into applications [9,11,86—-89]. A comparative summary of the major
strengths, limitations and preferred application fields of the main classes of nanomaterials is presented in Table 6.
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. Typical . Typical . Lo
Nanomaterial Key Properties Biomolecule Inter.a.ctlon . ... Characterization Major Advantages Main Limitations/Risk Best S ult.ed Apph.catlon Ref.
Type . Stability/Reversibility Applications Readiness
Integration Method
Surface plasmon Proteins, DNA, Strong plasmonics, facile Biosensin
Metal nanoparticles  resonance, catalytic ~ peptides (thiol, High stability; Au— UV-Vis, TEM, SPR,  biofunctionalization, Aggregation, cost, possible .~ """ & .
y & Y sereg imaging, dru, High [10,55]
Au, Ag, Pt activity, high electrostatic, thiol often irreversible ~XPS excellent sensin, cytotoxicity (Ag/Pt 1ging, drug g ’
g y, hig g Y Y (A delivery
conductivity covalent coupling) compatibility
Metal oxide Magnetic, catalytic, . Moderate—High; XRD, TEM, zeta Magnetic recovery, A Nanozymes,
. > . Enzymes, proteins, . . L . . Ton release, oxidative stress, . . .
nanoparticles semiconducting olvsaccharides environmentally potential, activity catalytic versatility, toxicity concerns imaging, High—Moderate [12,33]
(Fe304, TiO,, ZnO)  behavior poly sensitive assays nanozyme compatibility y biosensors
Carbon-based DNA, peptides,
nanomaterials High conductivity, proteins (m—m Moderate: often Raman, AFM, Exceptional charge Functionalization Bioelectronics,
(graphene, CNTs large surface area, m-  stacking, reversible’ electrochemistry, transfer, high loading complexity, dispersion sensing, drug High—Moderate [60,88]
grap ? > electron system hydrophobic fluorescence capacit challenges delive:
Y ydrop! pacity g Ty
carbon dots) adsorption)
. Size-tunable o . Fluorescence Bright fluorescence, L. Bioimaging,
Sz::::uommgl(;tsor fluorescence, Drlj;:i’nzmlb()dles’ ls\:[;)(}leirtatelegh spectroscopy, TEM, multiplexed detection Ht?;t‘;}l:l?aectﬁirfotlig(ty’ fluorescence Moderate-High [25,94]
1 photostability p y DLS capability p = biosensing
. . Enzymes, proteins, . e . .
Metal-organic High porosity, drugs High stability; . XRD, BET, FTIR, Enzyme protect.lon, cargo Diffusion limitations, Drug d§11very, .
tunable structure, . confinement-assisted . loading, catalytic . N catalysis, Moderate-High [86,87]
frameworks (MOFs) (encapsulation, . activity assays moisture/scalability issues . N
large surface area coordination) protection enhancement biosensing
Covalent organic Ordered porous . Biomolecules . High; tunable XRD, FTIR, SEM, Structural precision, Limited aqueous . Catalysis, sensing, .
framework, chemical through adsorption o . . . processability, synthetic energy Moderate/Emerging [81,86]
frameworks (COFs) o R reversibility adsorption studies chemical robustness . R
stability or functional groups complexity applications
. Biocompatibility, . o Excellent .. .
Polymen'c flexibility, controlled Prote1'ns, Qrugs, Moderat? High; DLS, SEM/TEM, biocompatibility, tunable LO\?ver. gonductlvﬁy, batch  Drug dellyery, High 2]
nanoparticles nucleic acids formulation-dependent release assays . variability therapeutics
release release kinetics
. Multimodal . . .
Hybrid Comb medA Proteins, peptides, ~ Variable; design- characterization Multifunctionality, Design Cf)n-"q:)lexny,- Integrateq Sensing, .
. multifunctional .. reproducibility/scaling nanomedicine, Moderate/Emerging [9,61]
nanomaterials . DNA dependent (TEM, spectroscopy,  synergistic performance .
properties X challenges theranostics
electrochemistry)

16 of 44



Savita et al. Adv. Appl. Biomater. Biocompos. 2026, 1(1), 6

Table 6. Comparative suitability of nanomaterial platforms for biomolecule-nanomaterial applications.

Platform Major Strength Main Limitation Best-Suited Applications References
Gold nanoparticles Plasmonics, thiol chemistry Cost, aggregation Biosensing, imaging [5,29,30]
Metal oxides Catalysis, magnetism Ion release, toxicity Nanozymes, imaging [21,33,56]
Graphene/CNTs Conductivity, charge transfer ~ Functionalization complexity Electrochemical sensing [22,55,88]
Quantum dots Fluorescence Toxicity concerns aBglgo;}r]r;aglng, fluorescence [1,15,82,94]
MOFs/COFs Encapsulation, protection Stability/scalability g;?;;nr; immobilization, drug [86,87,95]
Polymeric nanoparticles ]rBeE(ézts);npatlblhty, controlled Lower conductivity Drug delivery [2,3,66]
Hybrid nanomaterials Multifunctionality Design complexity Integrated sensing/therapy [6,38,55]

5. Chemical Design Strategies for Interface Formation

The successful development of stable and functional biomolecule—nanomaterial interfaces requires the
application of rational chemical design strategies that controls the biomolecular interaction of the nanomaterial
surfaces. With these close interdependencies of the nano—bio interactions with the surface chemistry, molecular
orientation and the environmental conditions, the rational design of such interfaces is fundamental to the
achievement of predictable functionality in the biosensing, catalysis, nanomedicine and environmental application.

The contemporary interface engineering methods are based on various complementary approaches such as
surface functionalization, biomolecule-directed synthesis, self-assembly processes, and stimuli-responsive
interface design. These methods permit close control of molecular interactions at the nanoscale and permit the
construction of hybrid systems with structures and behaviour of interest. Through a hybrid set of chemical
modification and biomolecular recognition processes, scientists can fabricate interfaces that represent a biological
system with the advantage of exploiting the physicochemical characteristics of nanomaterials [9,11,12,49,90].

5.1. Surface Functionalization and Ligand Chemistry

One of the most commonly used methods of biomolecule-nanomaterial interface engineering is surface
functionalization. This approach involves modifying nanomaterial surfaces with organic ligands, polymers, or
biomolecules to introduce specific functional groups to facilitate specific interactions with biological molecules.
Ligand chemistry is instrumental in regulating the stability and solubility, as well as the connection with
biomolecules in nanoparticles. For example, gold nanoparticles have been functionalized with ligands that have
thiol groups because of the good Au—S bond that allows proteins, peptides, and nucleic acids to be fixed onto the
surface in a stable manner. Equally, carboxyl, amine, and hydroxyl residues created using surface ligands can
undergo covalent coupling reactions with biomolecules and thus incorporation of stable nano-bioconjugates.

Surface functionalization allows a finer controllability of surface charge, hydrophobicity and steric properties
too, which have a strong effect on biomolecular adsorption and orientation. Nanomaterials can also be utilized to
enhance the workings of a nanomaterial-based system and therapeutic apparatus by appropriately modifying the
surface to decrease the non-specific adsorption and promote biocompatibility [9,55-59,95]. Furthermore,
nanoparticles may be coated with polymers such as polyethylene glycol (PEG) to enhance their stability and reduce
undesired biological interactions. These methods have been particularly applied in biomedical applications where
the circulation time of nanoparticles, immune responses and cellular uptake are important.

5.2. Bio-Templated and Bio-Directed Synthesis

Bio-templated synthesis is a powerful approach in which biomolecules and biomolecular assemblies serve as
directing agents for nanomaterial formation. In this method, the nucleation, growth and organization of
nanomaterials are directed by biomolecules, which can be proteins, DNA, peptides or polysaccharides, and thereby
enabling the formation of highly ordered structures under mild conditions [96]. As an example, nucleic acids may
serve as programmable scaffolds by which nanoparticles can be assembled to form desired spatial structures by
controlling hybridizations with sequences. Likewise, proteins and peptides are able to selectively bind to the
specific crystal faces of nanomaterials, affecting the morphology and size of nanoparticles in synthesis.

This approach is inspired by biological biomineralization processes that are found in natural systems, in which
biomolecules are used by organisms to regulate the development of mineral structures with very high levels of accuracy.
Bio-directed synthesis has thus allowed eco-friendly and best controlled pathways to synthesise nanomaterials with
complicated structures. These biomolecule-based methods have been extensively utilized in the preparation of metal
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nanoparticles, semiconductor nanocrystals and hybrid nanocomposites, and offer useful devices in the development of
functional nano- bio interfaces with desired chemical and structural characteristics [5,68-71,73,74].

5.3. Self-Assembly and Hierarchical Organization

Self-assembly is a process in which molecules are directed to form periodic structures by means of
thermodynamically favourable interactions. Self-assembly in biomolecule nanomaterials can take place via
noncovalent forces including electrostatic, hydrogen bonding, hydrophobic interaction, and n—r stacking. It is
these interactions that allow the nanoscale building blocks to self-assemble into complex structures. Self-assembly
is particularly important for the organization of biomolecule-functionalized nanoparticles, nanowires and
hierarchical nanostructures.

Molecular self-assembly is also common at biomolecular interfaces (like the adsorption of proteins onto
nanoparticles surfaces) and in lipid and lipid bilayer formation and in organizing biomolecular condensates. Using
these natural processes, scientists are able to develop nanostructures that can replicate biological processes but
which can be produced with controllable characteristics. By incorporating several degrees of internal
sophistication, hierarchical organization also extends the self-assembly process. In this type of system, nanoscale
parts can be combined to create larger structures with emergent properties absent in the individual building blocks.
The hierarchical assemblies may be particularly handy as the biosensing, nanomedicine, and catalytic nanoreactor
applications [38,39,41,97]. Bio-templated synthesis and self-assembly processes play a crucial role in the
formation of ordered nano-bio structures, as illustrated in Figure 3.
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Figure 3. Schematic illustration of bio-templated and self-assembly mechanisms at biomolecule—nanomaterial
interfaces, showing biomolecule-directed nucleation and growth alongside spontaneous organization of building
blocks into ordered nanostructures.

5.4. Stimuli-Responsive and Dynamic Interfaces

An emerging field of nano-bi interface design involves the fabrication of stimuli-responsive and
programmable interfaces that respond to changes in the environmental conditions. These systems are set to react
to the outside stimuli like pH, temperature, light, magnetic fields or chemical signals. Stimuli-responsive
nanomaterials are capable of changing their structure, surface characteristics, or the affinity of biomolecules for
their surroundings. For example, a thermoresponsive polymer attached to nanoparticle surfaces can regulate
biomolecule interactions by having a reversible conformational change. Similarly, photo responsive molecules can
be used to allow light controlled stimulation of catalytic or sensing activities.

Dynamic nano bio interfaces are also naturally present in biological systems, where biomolecules are constantly
interacting with nanomaterials forming dynamic biomolecular structures known as protein coronas. These dynamic
interactions may also have a profound effect on the behaviour of nanoparticles within biological systems, including
cellular uptake, biodistribution and immune recognition. The responsive interface design therefore has the potential
to produce adaptive nanomaterials capable of performing complex functions, i.e., controlled drug delivery, targeted
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diagnosis and responsive catalytic reaction. Such systems are expected to advance the development of smart
nanomaterials capable of dynamically interacting with biological environments [32,35,37,53].

6. Structural and Spectroscopic Characterization of Interfaces

A comprehensive understanding of biomolecule—nanomaterial interfaces require the presence of advanced
analytical tools, which may be employed to investigate structural organization, chemical structure and molecular-
interaction processes on a nanoscale. Since such interfaces are frequently complicated and dynamic systems of
interactions between inorganic substances and natural biomacromolecules, a combination of microscopic,
spectroscopic, and in vivo analytical techniques is often necessary to clarify their characteristics.

One of the most important parameters that can be studied by the researchers using characterization methods
is the size of nanoparticles, morphology, surface chemistry, the orientation of biomolecules, and their
conformational changes during adsorption. These methods also provide insights into the development of
biomolecular coronas, binding, and stability of nano-bio assemblies. Proper characterization is thus critical in
learning effects of nano-bio interfaces on biological reaction, catalysis and device functionality [1,4,31,98,99].
Recent progress in nanoscale characterization has greatly enhanced the capability of real time and biologically
relevant observation and analysis of nano bio interactions. A combination of complementary methods will result
in a better comprehension of the physical and chemical mechanisms that regulate the formation and functioning
of these interfaces.

6.1. Microscopic and Surface Analytical Techniques

Microscopy is important in revealing the structure of biomolecule-nanomaterial interfaces. Transmission
electron microscopy (TEM) and scanning electron microscopy (SEM) are high-resolution imaging methods that
are commonly used to observe the structure of nanoparticles, size distribution, and surface architecture. TEM,
specifically, offers atomic level resolution which allows direct examination of the structure of nanoparticles and
biomolecular assemblies in the nanoscale. The other highly effective method used to examine the nano— bio
interfaces is the atomic force microscopy (AFM) which enables the examination of the surfaces in the near
physiological conditions. Other mechanical properties that can be determined by AFM include roughness of
surfaces, adhesion forces, and molecular interactions between biomolecules and the surfaces of nanomaterials.

Other than imaging methods, a number of surface analytical methods provide information about the chemical
composition and elemental distribution at the interface. It is often necessary to use other physicochemical
characterisation methods to gain a fuller picture of the nano—bio interfaces. Dynamic light scattering (DLS) and
zeta potential analysis are commonly used to assess the hydrodynamic size and the aggregation behaviour as well
as the changes in the surface charge after biomolecule adsorption. Changes in particle diameter or zeta potential
although indicative of successful surface modification or corona formation, do not provide any information to
distinguish between covalent conjugation, non-specific adsorption or multilayer assembly [4,10,14,59]. Similarly,
SEM and TEM can offer insight into nanoscale organization and aggregation state and into particle morphology,
but it is not usually possible to make direct conclusions about conformational integrity and biomolecule orientation
or binding mechanisms. Under more physiologically relevant conditions, advanced structural approaches such as
cryo-TEM and small-angle X-ray/neutron scattering (SAXS/SANS) provide further insight into nano-bio-
organization. Cryo-TEM allows the imaging of hydrated systems without drying artifacts that are typical for
conventional electron microscopy. SAXS and SANS are especially well suited to investigate the structural
organization, shell thickness and the architecture of the interfaces in solution on the nanoscale. These methods,
however, generally yield only average structural data and are often combined with spectroscopic or biochemical
data for a fuller characterization of molecular organization [1,14,31,47,55]. As an example, XPS can be used to
determine the chemical state of surface atoms and identify functional groups involved in biomolecular binding.
Equally, elemental mapping of hybrid nanostructures may be done by energy-dispersive X-ray spectroscopy (EDS)
and scanning transmission electron microscopy (STEM). Together, these methods provide a comprehensive
understanding of nanomaterial surfaces and biomolecular adsorption mechanisms underlying the formation of
nano-bio interfaces.

6.2. Spectroscopic Probes of Binding and Conformation

The spectroscopic methods are commonly used to examine chemical events and structural dynamics at the
interfaces between biomolecules and nanomaterials. The techniques can give data on molecular bonding,
conformational alteration of biomolecules and electronics of nanomaterials with biological components. The
determination of functional groups and the modification in the secondary structure of proteins after adsorption on
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the surface of nanomaterials are usually performed by Fourier-transform infrared spectroscopy (FTIR). Changes
in characteristic vibrational bands can indicate interactions between biomolecules and nanomaterials such as
hydrogen bonding or coordination bonding.

The SERS and Raman spectroscopy are potent on investigations of molecular interactions at the nano-bio
interfaces. Raman signals can be strongly enhanced by metal nanoparticles with high plasmonic scattering and
thus biomolecules can be detected at a very sensitive level and can give specific details on the orientation and
chemical bonding of the molecules. The spectroscopic characterization of nano-bio interfaces should be
interpreted carefully because none of the existing techniques are able to provide unambiguous information about
all aspects of interface structure and function. FTIR spectroscopy may be used to identify characteristic vibrational
signatures, and to infer changes in chemical environments and/or changes in secondary structure, but it generally
cannot directly confirm site-specific attachment and/or controlled biomolecule orientation. In the same way,
Raman spectroscopy and SERS can give extremely sensitive molecular fingerprints and information about nearby
bonding environment, but quantification can be challenging because of signal enhancement and spectral
complexity. Thus, binding mechanisms and orientation are in general only conclusively demonstrated with
complementary analysis techniques [1,14,31,47,55]. Another significant methodology for investigating nano—bio
interactions is the fluorescence spectroscopy. The effects of fluorescence quenching or enhancement may be used
to give information about the binding events, and the energy transfer of biomolecules with nanomaterials.
Semiconductor nanocrystals and quantum dots are also of great benefit in the fluorescence-based detection systems
as they have strong and tunable optical characteristics [5—8,71,72]. Circular dichroism (CD) spectroscopy can also
be used extensively to study observed alterations in the secondary structure of biomolecules, especially in proteins
and peptides that interact with nanomaterial surfaces. These spectroscopic techniques are useful in establishing
whether biomolecules retain their functional conformations following adsorption.

6.3. In Situ and Operando Characterization Approaches

The sample preparation procedures of traditional characterization methods usually change the natural
structure of nano—bio interfaces. In order to surmount those constraints, in situ and operando characterization
techniques have been established to trace nano-bio interactions in natural environmental circumstances.
Cooperative biomolecule binding behaviour at nano—bio interfaces can also be modelled as Hill-type models to
gain insight into binding cooperativity and multivalent interactions [1,5,31,40,55].

Nk
~Kg+[L]"

where: 6 = fraction of occupied binding sites, [L] = ligand concentration, K; = dissociation constant describing
binding affinity, n = Hill coefficient indicating degree of cooperativity

Among several analytical methods, certain ones are of special significance to quantifying binding behaviour
and molecular dynamics at interfaces. Surface plasmon resonance (SPR) and quartz crystal microbalance with
dissipation monitoring (QCM-D) allow the real-time monitoring of adsorption kinetics, mass accumulation and
viscoelastic changes during interface formation. Isothermal Titration Calorimetry (ITC) delivers thermodynamic
parameters such as binding affinity, enthalpic parameters, and stoichiometry, thereby providing insight into the
mechanisms of biomolecule—nanomaterial interactions. Nuclear Magnetic Resonance (NMR) may be able to
provide information about the molecular structure as well as local chemical environments and conformational
changes, but can be experimentally challenging for larger-scale nanoparticle systems. These methods are used in
addition to microscopy and spectroscopy to give quantitative information on interaction energetics and the
evolution of the interfaces during the interaction [1,14,31,47,55]. In situ methods enable real-time monitoring of
the formation of interfaces and structural variations during a chemical reaction, biomolecular adsorption, or the
assembly of nanomaterials. To illustrate, dynamic processes, e.g., nanoparticle growth, formation of biomolecular
corona, and structural changes of the interface can be observed through in situ spectroscopy and electron microscopy.

Operando characterization methods go a step further and measure structural changes and functional
performance of the system as it operates. Such methods are especially useful in catalytic systems, biosensors, and
nanozyme systems where interface dynamics has a direct impact on the performance of the device. The
characterization of dynamic nano—bio interfaces are increasingly dependent on techniques that are able to follow
biomolecule exchange, corona evolution and nanoparticles behaviour in complex environments. Proteomics-based
analytical workflows, such as identification of proteins by mass spectrometry (MS), have proven to be powerful
tools for understanding the composition of coronas, competitive adsorption processes and temporal evolution of
biomolecular layers. Single-particle tracking methods also provide the possibility of following the motion of
nanoparticles, cell uptake and heterogeneity in nanoparticle interactions at the single particle level, which can be
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hidden in ensemble averaged measurements. These methods are very useful to differentiate between transient
adsorption events and stable interface architectures [10,14,52,57,59]. Advances in analytical instrumentation have
enabled methods that can probe nano- bio interfaces at high spatial and temporal scales. Indicatively, real-time
spectroscopic imaging of nanozyme systems has demonstrated that interactions of bio-molecules influence
catalysing activity and stability of nanozyme systems in complicated biological systems [32-36,100]. A
combination of in situ and operando characterization methods offers important information on the dynamic
character of nano bio interfaces, provides a better understanding of how molecular interactions change with time,
and in functional conditions.

One important point in considering nano-bio characterization is the type and the certainty of evidence
provided by a technique. The main techniques used to identify the structural organization are morphological
methods; chemical environment is revealed by the use of spectroscopic methods; interaction energetics is
quantified by calorimetric and kinetic methods; and biological complexity and temporal dynamics are emphasized
by proteomic and single particle methods. Therefore, it is generally necessary to perform multimodal analysis of
biomolecule—nanomaterial interfaces in order to avoid overinterpretation when using a single technique for
adsorption, orientation, conjugation, or functional response. The diversity in the information that can be obtained
from different characterization techniques dictates that generally, the interpretation of biomolecule-nanomaterial
interfaces is best achieved through multimodal analysis rather than by relying on any single characterization
technique [1,14,31,47,55]. Various approaches explore complementary facets like morphology, surface chemistry,
adsorption kinetics and thermodynamics, conformational behavior, composition of the corona and dynamics of the
evolution of the interface. The principal characterization tools are reviewed here briefly, along with their strengths
and interpretational shortcomings, and presented in a tabular format in Table 7.

Table 7. Comparative characterization tools for biomolecule—nanomaterial interfaces.

Technique What it Measures Strength Limitation/Cannot Prove References
TEM/SEM Morphology, particle size High-resolution imaging Cann(_)t confirm binding [4,14,78,91]
chemistry
AFM "fl;:;;c)(e)sgraphy, interaction Surface mapping Limited chemical specificity [43,73,96,97]
DLS Hydrodynamic size Fast solution analysis tC}I]e:)r;not distinguish adsorption [4,14,57,59]
Zeta potential Surface charge Dete_c ts sgrface Can_not co nfirm covalent [4,9,17,57]
modification conjugation

Cannot prove molecular

FTIR Functional groups Chemical signatures . h [13,32,56,80]
orientation

. . s Complex quantitative
Raman/SERS Molecular fingerprints High sensitivity interpretation [44,98]
SPR Binding kinetics Real-time monitoring Limited structural detail [1,31,57]
ITC Thermodynamics Binding energetics Requires careful model fitting  [1,5,31,40]
NMR Structure/conformation Molecular-level insight glhsz:él;r;gmg for complex [1,5,31,38]
Cryo-TEM Hydrated morphology Native-state imaging Limited direct chemistry [47,78,86,95]
SAXS/SANS Solution structure Ensemble architecture Indirect structural inference [5,47,52,57]
Proteomics Protein corona composition Biological specificity Requires advanced analysis [10,14,52,59]
Single-particle tracking  Particle dynamics Resolves heterogeneity Technically demanding [17,52]

7. Structure-Function Relationships at Bio-Nano Interfaces

The structural order and molecular interactions at the nano- bio interface inherently determine the
functionality of biomolecule- nanomaterial systems. The geometry, chemical bonding and electronic interactions
between biomolecules and nanomaterials that occur at this interface dictate the physicochemical behaviour of the
hybrid system. Knowledge of these structure-function relationships is needed to rationally design nanomaterials
that can be utilized to effectively interact with biological systems and carry out defined tasks including sensing,
catalysis or energy conversion.

An overarching principle that has emerged from biomolecule-nanomaterial engineering is that the chemistry
of the interfaces is directly related to the functional output. The catalytic efficiency, the sensitivity towards the
target, the drug release rate, and the biological compatibility of the molecule depends significantly on the binding
mode, the surface coverage, the orientation and the electronic coupling of the molecule. Thus, the same
nanomaterial platform can show quite different properties depending on the prevailing interaction in the interface.
Hence, the understanding of these chemistry—function relationships is crucial to rational selection and optimization
of bio—nano interface strategies [1,5,9,55,82].

Nanomaterials are materials with size-dependent behaviour that is typically quite different than that of bulk
materials, such as enhanced optical absorption, altered electronic structure, or modified catalytic activity. When
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nanomaterial surfaces are bound to biomolecules, these properties can be altered through biomolecule control of
surface states, charge distribution and interfacial energy landscapes. Therefore, the behaviour of bio-nano hybrid
systems is very sensitive to the structural properties of the interface, such as direction of biomolecules on the
surface, coverage, and chemical interactions between the biomolecule and the surface [23,25,29-31].

More often than not, biomolecule adsorption can induce conformational changes that will influence
biological activity, and nanomaterial surfaces can promote electron- or energy-transfer processes that will increase
system performance. Thus, one of the primary goals in designing advanced nano—bio systems are to elucidate the
correlation between interface structure and functional performance. The relationship between interface chemistry,
structural organization, and functional performance in biomolecule-nanomaterial systems is schematically
illustrated in Figure 4.

SECTION 1 ( SECTION 2 ( SECTION 3 c SECTION 4 . SECTION 5
Interface Chemistry Structural Variables / »Structural Organization » Functional Properties / Applications
Structural Parameters | Functional Performance
Chemical determinants of Nanoscale physicochemical Chemistry and structural variables isti i Real-world ies enabled
interface formation nanoscale organization. || generate organized nanoarchitectures arising from nano-bio organization by bio—nano interfaces
Biomolecular components Molecular Orientation | Eio;‘nolecu[e:l.':luated Electronic Conductivity Biosensors & Diagnostics
aligned random anoparticles = e Biomarker 4 Signal
4@“ W e G | e = R SESESD Ly E L
DNA  Globular  Peptide Polysascharide %‘% : E'“"‘“’RJ‘ Y f
protein chain g Linker Flexibility o \ Optical Properties Pt
gd ﬂexri‘ble Surface Functionalization P
tet "
3 — =8 LG | DNA-Linked Nanoparticle @ — Nanozymes & Catalysis
Covalent interacti | Assemblies N Substrate Drug
bonding +|nfrac e Surface Density | \ 3 ) % o Po
R sparse crowded P Catalytic Activity \J'
: : LT G o P Ty
- i ", Hydrogen ‘ ¢> Self-Assembly Substrate (= Product
stacking\. 13 _/ bonding Hydration Shell | R Il Therapeutic Delivery
i % Targeted cell
Metal-ligand ~ / % 5 Metal-ligand water layer > . Nanomaterials Charge / Energy Transfer F % =, TmEEe
coordination .. coordination = 3 e O N K NS
Ty : T
o0—N, / Nanoparticle Curvature ' -
o / AN flat surface > COETD Bio-templated Synthesis e T b
N— —— oar]
] Peptide Self-Assembled EeriopmarcelMetics
] i % @ 2 Corona Dynamics Nanostructures f > ? / @
g 4 < dynamic protein = " i
§ \ ¢ adsoplon 2= corona iy e e e oy
S AUNP  Graphene QuantumDot MOF o Sxhenge I igecy Pollutant .
“Chemical determinants of interface formation” | S"ucr::r"aolsdceatli""'"a"‘s°.°"'5°"'"gJ Hierarchical Nanostructures Emerge{::(gﬁrafg;rggr:jcce‘zugrzxerned by degradation ! Energy device
Arrows & Mechanistic Requirements ——Pp- adsorption dynamics —p electron transfer ———- drug release kinetics ¢

; . . . Performance <> Interface Optimization
Primary workflow arrows » Structural tuning * catalytic rescny » Catalytic pans » Rational interface engineering

Figure 4. Extended structure—function framework to show how the interfacial chemistry dictates structural
organization by means of molecular orientation, linker structure, surface charge, hydration effects, and corona
evolution, all of which dictate the efficiency of the sensing, catalytic, charge transport, therapeutic delivery, and
biological compatibility.

7.1. Interface-Driven Electronic and Optical Properties

Interaction of biomolecules and nanomaterials has some of the most significant implications because it results
in the alteration of both electronic and optical properties at the interface. Biomolecules have the ability to change
the electronic environment of the nanomaterial upon contact with the surface, affecting charge distribution, surface
plasmon resonance, and optical absorption characteristics [101-103]. Nanoparticles in metals, especially gold and
silver have a significant surface plasmon resonance (SPR) that is very sensitive to the local dielectric environment.
Compassion of the biomolecules to the nanoparticle surface can cause quantifiable changes in the plasmonic
resonance wavelengths, which is the foundation of most biosensing systems. These plasmonic responses allow
biomolecules to be detected in a label-free and real-time molecular interactions to be monitored. Subtle changes
in the interfaces and their design can significantly impact the sensing performance as demonstrated in practical
examples. Sensitization of gold nanoparticles with controlled thiol-mediated immobilization of antibodies often
increases the biomolecular orientation and increases accessibility of the targets when compared with random
adsorption strategies and yields stronger plasmonic responses and lower detection limits. In a similar fashion,
DNA-functionalized quantum dots have shown to become more fluorescently sensitive as a result of the optimum
spacer architecture, which ensures that the quantum dots are not undergoing fluorescence quenching yet remain
accessible for hybridization. Carbon-based bioelectronic systems can be improved by the incorporation of suitable
biomolecular linkers into the graphene structure in order to reduce the steric constraints and facilitate the formation
of optimal electronic coupling at the interface [18-22,60,67,85].

Likewise, semiconductor nanocrystals e.g., quantum dots exhibit unusual optical properties, which are a
function of particle size and surface chemistry. Biomolecule functionalization can be used to affect fluorescence
emission either via energy transfer, fluorescence quenching or via alteration of the surface state. Biosensors and
bioimaging systems have greatly utilized these effects in fluorescence-based systems [5-8,71,72]. Interfaces
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Selective carbon-based nanomaterials display electronic behaviour at the interface, as well. The approach of
aromatic biomolecules to the m-electron systems of graphene or carbon nanotubes can have a substantial impact
on electrical conductivity and charge transport and pave the way to highly sensitive electrochemical biosensors
and bioelectronic devices [60,61,65,66,93]. Biomolecule—nanomaterial interfaces are well controlled by a variety
of interfacial descriptors that include biomolecule orientation, linker architecture, surface charge, nanoscale
curvature, organization of the hydration layers, and dynamics of the exchange of the corona. They play a role in
different nano-bio applications, such as accessibility to the active site, efficiency of electron transfer, Colloidal
stability, Adsorption behavior, and Biological identity of the nano-bio system [1,18-22,52,55,57].

7.2. Catalytic and Enzyme-Like Activities

The nano bio interface is also able to play important catalytic role especially the hybrid system that uses the
enzymes or enzyme mimicking nanomaterials. The interface of immobilized enzymes on the surface of
nanomaterials can be used to catalyse substances because of better accessibility of substrates, stabilization of
enzyme structures and pathways of electron transfer. Another new class of materials that resembles natural
enzymatic action is represented by nanomaterials exhibiting inherent catalytic properties, also known as
nanozymes. These systems contribute the stability of the inorganic nanomaterials together with the activity of the
biocatalysts. Most nanozymes have enzyme-like functions, including peroxidase, oxidase or catalase functionality,
and they can be used in biosensing, environmental cleanup, and biomedical diagnostics [32-37,104]. The
Michaelis—Menten kinetics approach is often used to assess the catalytic activity of enzyme—nanomaterial and
nanozyme systems:

Kin +[S]

The equation is v = Vmax [S)/(K., + [S]). The equation is: v = Vmax [S]/(K, + [S]). These parameters allow
quantitative estimation of the catalytic efficiency, affinity to the substrate and changes in the functional state after
immobilization or nanozyme formation [6,32,58,67,83].

Another challenge in Nanozyme technology is translating its activity from laboratory tests to real-world
operating conditions. In many cases, catalytic activity is assessed by simpler chromogenic or fluorogenic model
substrates using carefully controlled experimental conditions, which may not necessarily reflect the activity in a
complex biological fluid, environmental matrix or multi-component catalytic environment. Furthermore,
variations in nanoparticle synthesis and surface modification, as well as dispersion stability, can introduce batch-
to-batch variability and reproducibility issues, hindering comparability across studies and wider practical
application. Although the nanozymes are very stable and can be synthetically tuned, they have several significant
drawbacks compared to natural enzymes [32,65,83]. One of the common issues is the ability to express reduced
substrate specificity, where the catalytic activity of many nanozyme systems is broad against model substrates, but
it is less selective in recognizing different substrates compared to that of biological enzymes. Moreover, the exact
nature of catalytic active sites can sometimes be poorly defined, especially in heterogeneous nanoparticle systems,
in which the catalytic activity can vary with particle size, crystallographic facets, oxidation state, surface ligands
or defect structure. This lack of mechanism makes the optimization and comparison between studies a bit
complicated. The catalytic performance has been shown to be strongly dependent on the interface design, and not
just on the nanomaterial composition, in numerous studies. The site-controlled immobilization of enzymes on
nanostructured supports, for instance, often results in greater catalytic retention and operational stability than
nonspecific adsorption, mainly because the optimum orientation of the enzyme allows to maintain the accessibility
of the active site [6,48,55,67,71]. The immobilized enzyme systems attached to gold nanoparticle, carbon
nanomaterials, or MOF frameworks have often shown long enzyme half-life, enhanced substrate diffusion, and
high resistance to thermal and/or chemical degradation. The catalytic turnovers of nanozyme systems can be
strongly affected by surface functionalization, which affects the adsorption of substrates, the local electron density,
and exposure of the active site. This highlights that measurable changes in the catalytic activity are obtained when
architecture of the interface is controlled. Another example of porous framework materials involves structure—
function coupling. Enzymes are typically better protected from pH, protein and heat degradation in MOF based
enzyme capsules and retain substrate accessibility as the pores in the MOF are controlled. In comparison to enzyme
systems that are free in solution, enzyme systems that are encapsulated have often shown increased operational
durability and increased catalytic recyclability. The examples highlight various parameters like confinement
environment, linker chemistry, and accessibility at the interface that directly dictate their functional catalytic
behaviour [6,9,48,55,67,86].
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The interfacial interaction between the nanozyme systems and the biomolecules and the biological
environment greatly contribute to the catalytic behaviour of the nanozyme systems. Surface functionalization,
particle size, and biomolecular corona formation are factors that can be used to control catalytic activity by
changing active sites and reaction pathways. Also, biomolecule-nanomaterial hybrids may be used as artificial
catalytic system that will be able to undergo a complicated biochemical reaction. Such systems frequently couple
immobilization of enzymes to catalytic sites on nanomaterials to form multifunctional platforms giving biologic
specificity with greater chemical stability. The catalytic mechanism of nanozymes at biomolecule-nanomaterial
interfaces, including substrate adsorption, electron transfer, and product formation, is illustrated in Figure 5.
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Figure 5. Schematic representation of the nanozyme catalytic mechanism showing substrate adsorption, catalytic

transformation via electron transfer, and product formation at active sites of nanomaterials.

7.3. Charge Transfer and Energy Conversion Processes

The charge transfer processes of biomolecule-nanomaterial interfaces are essential in most bioelectronic and
energy related industrial applications. Molecular orientation, electronic coupling, and distance between the donor
and acceptor species are some of the factors that determine electron transfer between biomolecules and
nanomaterials at the molecular level. Nanomaterials may serve as conductive channels that allow straightforward
transfer of electrons among a biomolecule and an external electrode. The separation distance between donor and
acceptor is often a critical factor in determining electron transfer rates in bioelectronic and catalytic systems:

kgr o e P4

It is the product of electron-transfer rate (kgr), transfer distance (d) and attenuation coefficient (f). This
relationship is shown to be a consequence of the important role of linker length, biomolecule orientation, and
interface organization in charge-transfer performance [6,22,31,80,81].

The charge transfer is especially dependent on the orientation and the linker architecture at the nano-bio
interface. The short conductive linking molecules and enzyme orientation control can significantly enhance
electron transfer efficiency in electrochemical biosensors by minimizing donor—acceptor distance between the
redox centres and conductive nanomaterial surfaces. Biointerfaces made of graphene- and carbon nanotube
materials often rely on m—m and conductive pathways over the surface for fast charge transport and enhanced
electrochemical response. On the other hand, if the biomolecule is attached but the electron is not transferred due
to excessive polymer coating or improper biomolecule adsorption, the electron transfer will not be true. However,
if the biomolecule is attached with the electron transfer not happening due to excess polymer coating or improper
adsorption of biomolecule, the electron transfer will not be true. The examples above show that it is not just
attachment but also the organization of the interfaces that decides on the bioelectronic functionality [1,9,67,80,81].
Metallic nanoparticles and carbon nanostructures are also exemplary in terms of their application as an
electrochemical or electrochemical biosensor and biofuel cell through the electrochemical connection of redox
enzymes with electrodes [5-7,71,72].

Though the molecular orientation, distance from biomolecule to nanomaterials and the strength of electronic
coupling still play a critical role on the charge transfer efficiency at biomolecule-nanomaterial interfaces. While
electron transport pathways can be improved with the use of metallic nanoparticles and carbon nanostructures, the
efficiencies have been reported as widely varying as between different studies, likely because of variations in
surface chemistry, immobilization strategies and environmental conditions. The discrepancies suggest that the
prediction of interfacial electron transfer is still incomplete. More of this computational simulation relying on
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spectroscopy might then be crucial to understanding charge transport mechanisms and to rationally design
bioelectronic properties [1,5,14,82].

Photoelectrochemical devices and catalytic nanoreactors are also energy conversion systems in which charge
transfer occurs. Biomolecules could also be used as light-gathering units, catalysts, or electron-transfer
components in such systems. The structural configuration and electronic interface at the nano-bio interface is very
critical in determining the efficiency of these processes. However, nanoscale interfaces may also support energy
transfer processes, such as Forster resonance energy transfer (FRET) and the plasmon-enhanced energy transfer.
The utilization of these mechanisms has been extensively utilized in fluorescence-based biosensing and imaging
technologies. In general, understanding charge transfer and energy conversion at biomolecule—nanomaterial
interfaces can provide valuable insights for designing advanced nanomaterials to be applied in biosensing,
catalysis, bioelectronics, and renewable energy technologies. The structure-function relationships are also vital in
the therapeutic nano-bio systems. The drug-loading behaviour, circulation stability and cytocompatibility can be
greatly influenced by the surface modification strategies including PEGylation, ligand targeting and biomolecule
encapsulation. For instance, the use of PEGylated nanocarriers generally has a lower nonspecific protein
adsorption and improved colloidal stability, but a high density of surface shielding can also decrease cellular uptake
or targeting efficiency. Similarly, porous nanostructures with designed surface functionality can not only improve
drug-loading efficiency but also enable controlled drug release. The examples illustrate the direct impact of
intentional interface design on therapeutic efficacy and biological results. It is often true of biomolecule—
nanomaterial systems that the functional enhancements are not the result of material composition, but of careful
control of the architecture of the interfaces. These factors range from the biomolecule orientation, the length of the
linker, the surface density, electronic coupling, the confinement effects to the corona dynamics and can affect
measurable performance indicators including the sensing sensitivity, catalytic efficiency, biomolecular stability,
charge-transfer kinetics and therapeutic efficacy. Depending upon the material composition and their interface
architectures, the performance of biomolecule—nanomaterial systems could be measured. Various functions like
charge-transfer behaviour, sensing sensitivity, catalytic efficiency and therapeutic functionality are collectively
controlled by linker design, orientation/alignment, hydration behaviour and surface charge of biomolecules. The
Figure 6 provides a detailed interface—function relationships as follows.
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Figure 6. Interface parameters governing functional performance in biomolecule—nanomaterial systems.

Hence, it is still a challenge to develop quantitative correlations between the structure of the interface and the
functional output in next generation nano—bio engineering. The applicability of these mechanistic principles is
explored in the various application fields examined in next section, with particular attention to the practical
realization, performance figures and implications for the translation of these principles. All these examples above
illustrate the general idea that observed measurable functional performance of biomolecule—nanomaterial systems
is not a result of composition alone, but rather is a consequence of intentional control of the architecture of the
interfaces [9—11,38,55,80,81]. Changes in orientation, immobilization, linker design, surface functionalization,
and confinement can bring about measurable enhancements in the ability to sense, catalyze, bioelectronics, and
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therapeutic systems. Some representative examples of the relationship between interface modification and
functional outcome are outlined in Table §.

Table 8. Representative examples linking interface modification to functional improvement.

Interface Modification System Functional Consequence Representative Metric  References
Controlled antibody orientation ~ AuNP biosensor Higher target accessibility Lower detection limit [72,98]
.Slte-spe.:c.lﬁc. enzyme Enzyme-MOF system Better catalytic retention ~ Longer enzyme half-life  [6,34,71,86]
immobilization

PEGylation Drug nanocarrier Reduced protein fouling ~ Lower cytotoxicity [2,3,10,57]
Linker optimization Graphene bioelectrode i?;ﬁzgz;d electron Faster charge transfer [18,22]
MOF encapsulation Nanozyme/enzyme hybrid Improved protection Greater recyclability [34,48,86]

8. Functional Applications Enabled by Biomolecule-Nanomaterial Interfaces

Although, the previous section deals with the fundamental connections between the chemistry of interfaces,
structural organization, and functional behavior, the present section explores the translation of these principles to
application-oriented biomolecule—nanomaterial technologies with relevance to sensing, catalysis, medicine,
environmental remediation, and energy systems.

Interface chemistry plays an important role in the functional performance of biomolecule—nanomaterial
systems, in addition to composition. While stable covalent interfaces are often preferred for long-term sensing or
therapeutic applications, reversible noncovalent interactions are preferred in adaptive, stimuli-responsive, or self-
healing systems. Likewise, coordination chemistry can be very important in catalytic nanozyme systems in
controlling the accessibility of the active site and the electron transfer pathways. These chemistry—function
relationships create a more predictive framework to understand why certain interface strategies are more effective
than others in certain application domains [1,9-11,31,38,53].

Combination of biomolecules with nanomaterials has given way to the consideration of improved hybrid
systems that can perform numerous functions in the fields of biotechnology, medicine, environmental science and
energy studies. The bio-nano interface is the centre of these systems, and the complementary features of
nanomaterials and biomolecules will be used to produce materials of high performance and new functions [105].

Biomolecules offer targeted molecular recognition, catalytic activity and biological compatibility and
nanomaterials provide adjustable optical, electronic and catalytic properties in addition to high surface area and
architecture [106,107]. The combination of these elements facilitates the creation of multifunctional platforms, which
can sense, catalyze, deliver therapeutic agent and remediation of the environment. This has rendered biomolecule
nanomaterial to be the focus of many of the new nano scientific and nanomedical innovations [9,11,12,49,90]. One
of the merits of the biomolecule-nanomaterial hybrid systems is the incorporation of the physicochemical
functionality of the nanomaterials with the selectivity, catalytic activity and adaptability of biomolecules. Hybrid
systems often show measurable advantages over traditional material-based systems in terms of sensing sensitivity,
catalytic stability, charge transfer efficiency, therapeutic activity and environmental functionality [6,82,84,87,95].
Table 9 shows some representative comparisons between conventional and hybrid systems.

Table 9. Representative performance comparison between conventional and biomolecule-nanomaterial hybrid systems.

Application Conventional System Hybrid System Representative Improvement Reference(s)

Biosensing Bare AuNP sensor Antibody—AuNP sensor Isug:::;rvcii::;ectlon limit/higher [68,72,98]

Catalysis Free enzyme Enzyme-MOF hybrid Higher stability/recyclability [6,34,48,86]

Bioelectronics Graphene electrode DNA-—graphene interface Enhanced charge transfer [18,22,26]

Drug delivery Unmodified nanoparticle PEGylat;d targeted Reduced nonspecific adsorption [2,3,57,87]
nanocarrier

Remediation Conventional catalyst I}:I;kr)lr(i)(ziyme—blomolecule Improved substrate specificity [33,56,65]

8.1. Biosensing and Bioanalytical Systems

One of the most developed and investigated applications of biomolecule-nanomaterial interfaces is
biosensing. In biosensor devices, biomolecules like enzymes, antibodies, nucleic acids or aptamers are recognition
elements whereas nanomaterials are signal transducers or amplification platforms [108]. The biomolecule—
nanomaterial hybrid systems often achieve better performance than conventional nanomaterial sensors, thanks to
the increased selectivity offered by the biomolecular recognition elements, and the signal amplification and
enhanced transduction efficiency of the nanomaterials. For instance, biosensors based on enzyme- or antibody-
functionalized gold nanoparticles can have significantly lower detection limits than unmodified nanoparticle-based
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biosensors because of the capability to boost and improve the target specificity of the biosensors. Similarly, DNA—
graphene hybrid sensors have been shown to have higher electrochemical sensitivity and quicker signal response
compared to graphene-based sensors alone due to the fact that they offer increased molecular recognition and
charge transfer coupling. The above examples are examples of how Hybrid interface Engineering translates into
measurable Analytical gains [1,5,9,38,55,82].

Nanomaterials are effective to improve the biosensor in a number of ways, such as, improved biomolecule
immobilization on surfaces, improved efficacy in electron transfer and increased optical response. Indicatively,
those noble metal nanoparticles are a strong plasmonic material that can be used in colorimetric identification as
well as SERS. These properties facilitate extremely sensitive detection of the biomolecules, the pathogens, and the
contaminants of the environment. Graphene and carbon nanotubes are carbon-based nanomaterials that have found
specific applications in electrochemical biosensors due to their high electrical conductivity as well as great electron
transferability. With the addition of biomolecules, these materials can be used to detect some of the most sensitive
biomolecules, including glucose, neurotransmitters, and nucleic acids.

In the same manner semiconductor nanocrystals and quantum dots have been widely used in fluorescence-based
biosensing because of their size tunable optical behaviour as well as high photostability. These substances allow
concurrent detection of biological targets in addition to real-time observation of cellular activities [5-8,71,72]. The
latest development of nano-enabled biosensors has led to development of ultra-sensitive diagnostic tools which
are capable of detecting disease biomarkers in minute percentages. They are quite promising technologies in the
sphere of early diagnostics of diseases and individual health care [109,110].

8.2. Catalysis and Nanozyme Design

The biomolecule nanomaterial interfaces have supported the expansion of hybrid catalytic systems with a
biological selectivity and the power of inorganic nanomaterials. One of the most important types of material that
are coming out of this direction is the nanozymes; these are nanomaterials that are able to mimic the catalytic
action of the natural enzymes. Nanozymes have quite a few benefits over natural enzymes, which include a greater
stability even at extreme conditions, the possibility of controlling their catalytic activity, their price of production.
The materials can contain such performances of enzymes as peroxidase, oxidase and catalase and super oxide
dismutase performance, which can enable its use in biosensing, environmental remediation and biomedical
diagnostics. Even when comparing conventional nanomaterials with biomolecule-nanomaterial hybrid catalysts,
how the interface can be engineered is of great importance. Although conventional inorganic catalysts in general
offer high catalytic activity, they are less selective towards substrates or less compatible with biological
environment. In contrast, enzyme-nanomaterial hybrids and nanozyme platforms can exploit the stability of
nanomaterials as well as biomolecular recognition and catalytic specificity. The immobilization of enzymes on
porous nanomaterials or conductive nanostructures has often led to greater operational stability, longer catalytic
lifespan, and greater access to substrates compared to free enzymes or non-functionalized nanomaterial catalysts.
The benefits of using nanozymes over natural enzymes cannot be overlooked, such as thermal stability, storage
strength and low production costs, but must be balanced by practical limitations. Nanozymes often, however, have
lower catalytic selectivity and weaker substrate discrimination compared to biological enzymes and this could
make them less effective in highly specific sensing and/or therapeutic applications. Furthermore, the factors
associated with nanoparticles, including their release of ions, persistence over time, surface reactivity, and
unfortunate biological interactions, present toxicity and biocompatibility concerns, especially for biomedical
application [6,9,48,55,67,86]. To overcome these challenges, further knowledge about structure—activity
relationships, standardizing activity assessment procedures, and designing more application-specific and safer
nanozyme platforms are necessary. The following representative literature studies demonstrate the importance of
hybrid nano—bio engineering. Enzymes attached to conductive nanomaterials, for example, have been investigated
with the aim of controlling the immobilization of the enzyme and optimizing the linker architecture in order to
achieve catalytic retention, electron transfer efficiency and operational stability simultaneously better than for
conventional adsorption approaches. Likewise, investigations using MOF based biomolecule encapsulation have
shown better resistance to thermal and chemical stresses than the biomolecules in free solution. The examples
highlight the significance of interface architecture to measurable functional outcomes [1,5,9-11,80,81].

Nanozymes also have a high catalytic capacity that is enhanced by the structure and chemistry of the nano-
bio interface. Biomolecules adsorbed on the surface of nanomaterial may influence a catalytic activity through the
modification of the active site, through the modification of substrate binding or through the transfer of electrons.
Catalytic behaviour and reaction kinetics can also be affected in a biological environment when attempts are made
to assemble biomolecular coronas about nanoparticles [32-37,100,104]. Nano-based enzyme immobilization
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Hybrid systems, in which the enzymes are attached on the supports produced by nanomaterials are also desired.
These systems increase the stability of enzymes, the catalytic activity as well as enabling the creation of
multifunctional catalytic platforms capable of conducting complex biochemical reactions.

8.3. Drug Delivery and Therapeutic Platforms

The second important area in which biomolecule-nanomaterial interfaces have been applicable is drug
delivery and therapeutic systems. Nanomaterials have the advantage of multipurpose carriers, which can be
employed to deliver therapeutic agents to biological targets as opposed to biomolecules with their ability to target
and be biologically compatible [111]. There are several advantages of the drug delivery systems produced through
nanoparticles in comparison to the traditional therapy delivery approaches. These include, enhanced solubility of
the drugs, controlled drug release system, and selective delivery of drugs to diseased tissues with minimum side
effects. Biomolecules (antibodies, peptides or nucleic acids) may be regarded as being surface functionalized and
targeted to the cellular receptors [112,113]. In addition, hybrid biomolecule-nanomaterial drug delivery systems
are shown to offer benefits compared to traditional nanocarriers. Ligand targeted nanoparticles and biomolecule
coated nanoplatforms may have better targeting efficiency and less non-specific interactions than non-
functionalized nanoparticles, and may have greater therapeutic selectivity. The PEGylated or protein-
functionalized carriers, for instance, have exhibited extensive colloidal stability and minimal protein fouling in
comparison with traditional nanoparticle formulations without biomolecular surface engineering. These
differences highlight the critical role of interface chemistry in controlling biological performance and translational
potential [1,9-12,87-89,99].

Although considerable advances have been made in the development of nanomedicines for therapeutics, it is
crucial to differentiate between proof-of-concept systems developed in the pre-clinical setting, those that have been
investigated in patients, and those that have established regulatory approval. Many biomolecule-nanomaterial drug-
delivery systems are still in their laboratory or animal-study stages, and their potential targeting and slow-release
capabilities, along with their therapeutic effects, have been successfully tested under laboratory conditions. In
contrast, the number of nanomedicine platforms that have progressed to clinical trials or regulatory approval is
smaller. Thus, functional performance is only a part of the criteria for a successful translation-reproducibility,
manufacturability, pharmacokinetics, safety, and regulatory compliance are additional requirements [31,82,87-89].
This translational spectrum is illustrated by representative clinically established nanomedicine platforms. One type
of approved nanotherapeutics is PEGylated liposomal formulations, including Doxil®/Caelyx® (liposomal
doxorubicin), which have an increased circulation time and lower systemic toxicity than normal chemotherapy.
Biomolecule-assisted delivery is a feature of albumin-bound nanoparticle systems like Abraxane® (nab-paclitaxel)
where the biomolecule is used to improve the transport and accumulation of the drug in tumors. By contrast, a large
number of nanoparticle systems with targeted ligands, protein-functionalized carriers, inorganic nanomaterials and
responsive biointerfaces remain under investigation, primarily in preclinical or early clinical trials, where persistent
issues of long-term safety, biodistribution control and scalable manufacturing remain challenges. Hence, caution is
needed when translating the results of nano—bio therapeutic studies. Beneficial results seen in cell or animal models
do not guarantee clinical efficacy as there are many potential differences between biological complexity, immune
interaction, pharmacokinetics, and regulatory issues that could significantly impact clinical outcomes. When talking
about advanced interface engineered nanocarriers, the distinction is especially relevant since the preclinical results
are very promising, while only moderate clinical validation has been achieved [87-89,95,99,112].

Nanomaterials include liposomes, polymeric nanoparticles, and inorganic nanostructures, which have to an
extent been utilized in the treatment of diseases. Many of these systems are in or have already been in clinical trials
or clinical use. In this instance, nanomedicine platforms can be used to deliver chemoperative drugs to tumor
tissues, thereby improving the therapeutic effect and reducing treatment systemic toxicity [9,11,89,90,114,115].
In addition to drug delivery, biomolecule-nanomaterial hybrids are also under consideration in the newer treatment
methods such as photothermal therapy, photodynamic therapy, gene delivery and immunotherapy [116]. In such
approaches, external stimuli, such as lighting or magnetic fields, can be induced to cause some type of response to
nanomaterials to apply localized therapeutic effects to a biological system. Therapeutic nanoplatforms have
varying translation characteristics. Currently, lipid and polymer-based carriers have the most clinical maturity due
to their favorable biocompatibility, scalability of manufacturing, and proven regulatory experience. In contrast to
the optical, magnetic, and catalytic function, inorganic nanomaterials also present other challenges, such as
biodegradation, accumulation over time, and toxicity testing. These differences emphasize the need to take into
account the translation readiness in addition to the functional performance of nano—bio therapeutic systems. Since
there is a broad variation in translational maturity around biomolecule-nanomaterial therapeutic systems, it is
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crucial to differentiate the biomolecule-nanomaterial systems approved by regulators, those currently under
clinical investigation and those that are mainly based on preclinical platforms [87-89,95,99,112,113]. Table 10
summarizes the key features of typical examples of composition, interface strategy, therapeutic application and
state of translation of clinically relevant nano-bio systems.

Table 10. Representative clinically approved or clinically evaluated nano—bio therapeutic systems.

System Nano-Bio Composition Therapeutic Area  Interface Strategy Translational Status  References

Doxil®/Caelyx® PEGylated liposomal Cancer therapy PEGylation/lipid FDA-approved [2,3,82]
doxorubicin encapsulation

Abraxanc® Albumm.—bound paclitaxel Oncology Blor'nolecu'le—assmted FDA-approved [2.3.11]
nanoparticles carrier design

Onp'at.tro Lipid nanoparticle-siRNA Hered{tary' ATTR  Nucleic aC}d FDA-approved [2,3,53]

(Patisiran) system amyloidosis encapsulation

mRNA lipid .

nanoparticle g\ig’s-encapsulated nucleic Infectious disease ~ Nucleic acid delivery Approved clinical use  [2,3,52,111]

vaccines

Targeted ligand- Protein/peptide-modified Oncology/precision Clinical/preclinical

functionalized . - Active targeting . [11,55,87,114]

nanoparticles carriers medicine evaluation

Inorganic o . Mostly

nanoparticle Gold, Slhc?’ magnetic Imaging/therapy S}lrface . L preclinical/selected [3,12,55,99]

. nanomaterials biofunctionalization . .
therapeutics clinical evaluation

8.4. Environmental and Energy-Related Applications

In addition to biomedical and sensing applications, biomolecule—nanomaterial interfaces are now being
investigated for environmental remediation, environmental monitoring, catalysis and sustainable energy
technologies. In such systems, biomolecules can provide molecular recognition and catalytic selectivity, whereas
nanomaterials can enhance catalytic activity and have a tunable electronic structure and high surface area. The
detection and degradation of pollutants, development of biofuel cells, photocatalysis, artificial photosynthesis and
renewable energy conversion are therefore a growing interest of hybrid Nano—Bio interfaces [82,84,88,108,116].
In addition to biomedical use, it has been seen that biomolecule-nanomaterial interfaces have application in
environmental remediation and energy technologies. The catalytic and adsorption characteristics of nanomaterials
are unique, which makes them ideal in the elimination of pollutants, breakdown of poisonous chemicals, and
detection of contaminants in the environment [117]. Nanozyme-based catalytic systems have been recognized in
degrading organic contaminants, detoxification of environmental pollutants and biosensing of toxic substances.
Nanomaterials can also become biomolecule-functionalized and become more selective in pollutant detection and
removal. Hybrid systems offer significant benefits over traditional materials in environmental and energy
applications when combined with catalytic functionality and biomolecular selectivity or adaptive response. The
performance of the biofunctionalized photocatalysts, enzyme—electrode assemblies, and nanozyme-based
remediation systems have often been improved compared to the same systems without biofunctionalization in
terms of efficiency of pollutant transformation, charge-transfer performance, and/or substrate specificity.
However, the benefits need to be weighed against the extra challenge of biomolecule stability, catalyst recovery
and production price [82,84,88,117].

Biomolecule—nanomaterial systems have demonstrated excellent potential in the field of pollutant
degradation and environmental sensing, including contaminants removal and sensing such as heavy metals, dyes,
pharmaceuticals, pesticides, and emerging pollutants. Enzyme—nanoparticle hybrids and nanozyme systems are
capable of catalysing oxidation, reduction or degradation pathways under relatively mild conditions of operation.
Similarly, the use of functionalized carbon nanomaterials and porous frameworks for adsorption enhanced
remediation and catalytic transformation of pollutants has been studied [65,82,84,108,116]. Many of the reported
systems, however, are tested in simplified laboratory media, and they often are found to exhibit a lower catalytic
efficiency and selectivity in actual wastewater media where other ions, organics, pH variations, and complex
mixtures of contaminants may compete with the catalyst and diminish its activity. The implementation of the
practical nano—bio remediation technologies also needs to be considered, such as catalyst recovery, fouling
resistance, long term stability and process reusability. The nanocatalysts that are dispersed in water can have very
high activity and are hard to be efficiently recovered after treatment. Immobilization strategies, magnetic supports
and porous host architectures have thus been examined to enable the catalyst to be recycled and to minimize the
risks of secondary contamination. However, fouling, biomolecular degradation and progressive loss of catalytic
activity are still significant challenges to continuous operation [32,48,56,65,117].

Biomolecule-nanomaterial hybrids have found applications in energy-related technologies, including biofuel
cells, photocatalytic and renewable energy technologies. Immobilized enzymes on conductive nanomaterials
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would support effective transfer of electrons in biofuel cells and therefore biochemical energy can be converted
into electrical energy. Biomolecule-nanomaterial interfaces have been broadly studied in the energy sector in
biofuel cells, photoelectrochemical systems and platforms for artificial photosynthesis. Bioelectrochemical
devices can be improved by using conductive nanomaterials (such as graphene, carbon nanotubes, and metallic
nanostructures) functionalized with enzymes and proteins to increase charge transfer, catalytic turnover, and/or
electrode stability. Likewise, the use of semiconductor nanomaterials coupled to biomolecular catalysts has been
of interest in the context of photo assisted redox reactions and solar-assisted production of fuels from these.
Biological selectivity, coupled with the ability to transport electrons with the aid of nanomaterials, opens the door
to more effective systems for renewable energy. While there is promising progress, there are still some challenges
that impede translation of nano—bio energy technologies [65,82,84,88,116]. Long-term stability, biomolecular
deactivation, inefficient electron-transfer coupling and loss of catalytic activity on device operation are common
problems that affect device performance. The ability to keep enzymes active and to ensure good electrical
communication at the electrode interface is a recurring problem in biofuel cells. Likewise, to make widespread use
of artificial photosynthesis systems viable, problems of catalyst durability, quantum efficiency, and scaling up
reactor design need to be overcome. Broader evaluation of economic feasibility, lifecycle sustainability and
manufacturing scalability is also necessary in environmental and energy applications. A number of laboratories
have developed nano—bio systems with good laboratory-scale performance, but various factors such as synthesis
complexity, high raw costs, high energy consumption for fabrication, and unpredictable end-of-life behaviour can
make large-scale deployment more difficult. Lifecycle assessment approaches are thus an important new tool to
help assess the environmental impact, resource consumption, and sustainability impacts of nano-enabled
technologies. The integration of green synthesis approaches, catalyst architectures that are easy to recycle and
scalable manufacturing processes will probably play significant roles for future practical use [53,82,84,88].
Moreover, nanomaterials that have been templated by biomolecules have been considered in artificial
photosynthesis systems and catalytic nanoreactors to generate sustainable energy. These systems act as analogous
to natural biological processes to transform solar energy to chemical fuels or electric power. Biological
functionality combined with nanoscale material integration thus offers good prospects of coming up with
sustainable technologies in both environmental and energy concerns. Table 11 summary of functional applications
enabled by biomolecule-nanomaterial interfaces, highlighting representative systems, working principles, and
advantages across key areas such as biosensing, nanozyme catalysis, drug delivery, bioelectronics, and
environmental remediation.

Environmental and energy-oriented biomolecule-nanomaterial systems have great functional potential, but
have significant practical challenges in terms of operational stability, catalyst recovery, fouling resistance,
performance in real environments, scalability and economic viability [32,48,108]. Table 12 provides a comparative
summary of representative systems, their strengths, weaknesses and translation issues.
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Table 11. Comparative functional applications of biomolecule—nanomaterial interfaces.

. . . . Key Representative N
Application Area Representative W(_)rk.mg Typical o sy Major Limitation/Translational Performance App ll.CﬁtIOIl Ref.
Interface System Principle Characterization/Validation Advantages . Readiness
Challenge Indicator
Optical (SPR,
DNA/antibody— fluorescence) and . High sensitivity, Biofouling, nonspecific Lower detection . .
Biosensing & Diagnostics AuNPs, graphene electrochemical SPR, electrochemistry, multiplexing, rapid adsorption, matrix limits, improved High/Commercially [20,21,98]
) . fluorescence spectroscopy . . . mature
bioelectrodes signal detection interference selectivity
transduction
Enzyme—
nanomaterial Enhanced electron Cyclic voltammet Real-time Electrode fouling, enzyme Ezggfi;dr:ilizgrel;e
Electrochemical Bioanalysis  electrodes, transfer and signal . Y R monitoring, high . o & enzy . . ’ High-Moderate [18,23,109]
. . impedance spectroscopy . instability higher signal
MZXene/graphene amplification selectivity
. response
interfaces
Metal/metal oxide ~ Ln2yme-like ) o Lower substrate
nanozymes catalysis Michaelis—Menten kinetics High stability, specificity, unclear active Enhanced
Nanozymes & Catalysis . ’ (peroxidase, h > lower cost, tunable . PR catalytic turnover, Moderate—High [32,35,100]
biomolecule- . activity assays, spectroscopy .. sites, reproducibility o
. oxidase, catalase activity recyclability
modified catalysts . concerns
mimicry)
Polymer/lipid . .
. nanoparticles Targeted delivery, Ir.nproyed - Scale-up Drug-loadlng .
Drug Delivery & . ? controlled release, Drug release assays, DLS, bioavailability, T efficiency, High (several clinical
. protein- . ; . pharmacokinetics, [2,111,113]
Therapeutics . . receptor-mediated  cellular uptake studies reduced systemic reduced systems)
functionalized - regulatory challenges .
K uptake toxicity cytotoxicity
nanocarriers
Gold Tumor
Cancer Therapy nanostruct_u_res, Light-triggered Cell Ylablhty assays, Tgrget spegﬁmty, Light penctration depth,  suppression Moderat_e—_
. | photosensitizer- heat or ROS imaging, photothermal minimally invasive . High/Clinical [29,114,115]
(Photothermal/Photodynamic) . . off-target effects efficiency, ROS . S
loaded generation analysis therapy ield investigation
nanomaterials Y
. . Qraphene Charge transfer S ngh conductivity, .. Faster electron
Bioelectronics & Neural bioelectrodes, . Electrochemical impedance,  flexible Long-term stability, ; .
. . and electrical A . . . : transfer, improved Moderate/Emerging [22,110]
Interfaces flexible nano—bio . . conductivity measurements interfacing, interface degradation . -
. signal modulation . . signal fidelity
devices biocompatibility
Enzyme— . . Higher
. L nanomaterial Catalytlg pollutant Catalytic assays, pollutant High efficiency, Fouling, catalyst degradation
Environmental Remediation degradation and . o recovery, real wastewater . Moderate [13,33]
catalysts, nanozyme . analysis, recyclability tests catalyst reuse efficiency,
adsorption performance b
systems recyclability
Biofuel cells, Biocatalytic . . . Renewable energy . - Power density,
L energy conversion Electrochemical testing, . Enzyme instability, . .
Energy Applications enzyme—electrode . . generation, e e e operational Moderate/Experimental [11,58]
. and electron power-density analysis . . .. scalability limitations o
interfaces catalytic selectivity lifetime

transfer
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Table 12. Environmental and energy applications of biomolecule-nanomaterial interfaces: opportunities and

challenges.
N . . RN Translational
Application Representative System Major Strength Key Limitation Challenge References
Pollutant degradation Nanozyn_le/enzyme— Cata!ytlc Fouling/recovery Real wastewater [33,48,56]
nanoparticle systems efficiency performance
Environmental sensing  Functionalized biosensors High sensitivity Mamx Field deployment [19,20,56,100]
interference

Enzyme-—graphene/CNT

Biofuel cells Charge transfer =~ Enzyme instability Long-term operation [18,22,71,110]

electrodes
Photocatalysis Semiconductor—bio hybrids  Light harvesting g:;;}ésatﬁon Scalability [34,82,84,85]
Artificial Bio—semiconductor Solar fuel . . .
photosynthesis interfaces generation Low efficiency Reactor engineering [5,38,82,84]

9. Stability, Biocompatibility, and Environmental Considerations

Even though the interface of biomolecules and nanomaterials can be useful in an array of both technological
and biomedical applications, their possible use must be supported by the special attention to the aspects of stability,
biocompatibility, and environmental. In such systems, nanomaterials tend to exhibit complex reactions with the
surrounding biomolecules, ions, and the environment that have an influence on their behaviour. These interactions
can alter the physicochemical properties of nanomaterials, their behaviour, functionality and long term behaviour.

Although tremendous progress has been made, there are still some basic challenges that hinder the translation
of biomolecule—nanomaterial systems towards real-world applications. Reproducibility is one challenge that is
frequently encountered: small differences in the size, morphology, surface chemistry and biomolecule loading of
the nanoparticles often result in significant differences in interfacial behavior. The heterogeneity of interfaces
makes the mechanistic interpretation and comparison between studies even more intricate. Additionally, there is a
lack of a thorough and standardized approach to nanotoxicity assessment, and the results of in vitro and in vivo
studies are still not correlated. These limitations will need to be overcome through standardized characterization
procedures, better reporting practices and systematic structure—activity relationships analysis. One of the major
themes that arose from the development of nano-bio interface engineering is that the behaviour of a bio and
environmental system is greatly influenced by the design of the interface, and not only the material. These parameters
include sustainability-oriented synthesis approaches, as well as surface functionalization, charge tuning, adsorption
properties, dissolution properties and toxicity, which can all affect performance, toxicity, environmental fate and
translational viability [2,3,12,82,84,88,89]. The following Table 13 summarizes representative relationships between
the various design decisions made for the interface and the biological/environmental effects.

Table 13. Relationship between interface design parameters and biological/environmental outcomes.

Biological/Environmental

Design Parameter Intended Benefit Potential Trade-Off References
Consequence
PEGylation Reduce fop ling, . Reduced protein adsorption Lower cellular uptake [2,3,10,57]
improve circulation
.. Improve cellular Increased membrane Reduced
Positive surface charge uptake interaction/toxicity biocompatibility [9,12,16,49]
Hydrophobic surfaces Strong adsorption Enhanced protein corona formation Aggregation risk [10,29,57,59]
Metal nanoparticle Catalytic activity Ton release/altered toxicity Stability loss [12,15]

dissolution
Controlled biodegradation  Clearance Reduced persistence Reduced durability [2,87,112]
Green synthesis/LCA- Possible performance [13,84]

. . inabilit L i 1 fi i
informed design Sustainability ower environmental footprint trade-offs

Conformational changes or dynamic exchange processes that effect the stability and biological identity of
nanoparticles can also be applied to biomolecules that adsorb onto the surfaces of nanomaterials at nano bio
interface. The products of these processes might often involve the formation of biomolecular coronas and have the
ability to influence nanoparticle bio-distribution, uptake within whole cells and immune reaction [1-3,29,99,118].
Hence, stability and conversion of nano-bio interfaces can be known to ensure that the use of the interfaces in
medicine, environment technologies and industrial processes is safe and efficient. Another important factor for
biocompatibility and toxicity is surface charge. The enhanced interaction with negatively charged cellular
membranes is often the result of positively charged nanomaterials, as this can lead to amplified uptake but also to
higher membrane disruption, oxidative stress, and cytotoxicity. However, neutral or slightly negative surfaces may
exhibit less nonspecific biological interactions and better circulation behaviour. Therefore, depending on the
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application context, it is necessary to optimize the charge characteristics in order to get a good delivery efficiency,
a good colloidal stability and a good safety level [10—12,38,55,89,95]. Dissolution, degradation and environmental
transformation processes also influence the behaviour of nanomaterials. Bioactive metal species released from
partial dissolution of metallic or metal oxide nanoparticles may change their catalytic activity and toxicity profile,
as well as their ionic composition. Similarly, during biological or environmental exposure, the chemistry of
interfaces can significantly change as a result of oxidation, aggregation, surface restructuring and exchange of
biomolecules. These dynamic changes can alter the bio—nano interactions, catalytic behaviour, biodistribution, and
environmental persistence of nanorobots, and thus warrant consideration of the nano—bio interfaces beyond their
original synthesized state. Nano-materials can form eco-coronas in environmental systems that consist of natural
organic matter, proteins, polysaccharides, humic substances or environmental metabolites. Eco-corona formation,
like biological protein coronas, alters the surface chemistry, aggregation behaviour, transport properties, and
biological interactions. Most importantly, the composition of the eco-corona depends strongly on the
characteristics of the interface (hydrophobicity, surface functionalisation, charge state). These relationships can
help inform rational design of nanomaterials that are more environmentally compatible and have fewer unintended
ecological effects [53,82,84,88].

In addition, the nanomaterials that have been moved to the biological or ecology system may be chemically
transformed, aggregated or degraded and this influences its ecological impact. Interdisciplinary approaches, which
are founded on the combination of nanochemistry, toxicology, environmental science, and life-cycle assessment,
are used as the scientific method of the evaluation of these processes. Upon exposure to biological environments,
nanomaterials interact with surrounding biomolecules, leading to the formation of a protein corona that defines
their biological identity, as illustrated in Figure 7.
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Figure 7. Competitive adsorption, soft/hard corona transition, protein exchange process, hydration effect, and
environment modulation effect are shown in the dynamic model of protein corona formation at biomolecule—nanomaterial
interfaces. The scheme also highlights the impact of corona remodelling on the identity, biodistribution, immune
interactions, catalytic accessibility, biosensing performance, and drug delivery behaviour of a nanoparticle.

A recurring theme in both stability and environmental issues is that safety and functionality are not independent
design parameters, but rather interrelated outcomes of interface chemistry. Surface functionalization, type of linker
used, charge tuning, biomolecule coating, nanomaterial composition, cellular interactions, environmental persistence,
and biomedical viability are all affected by decisions made during the surface functionalization of nanoparticles, all
of which influence catalytic performance, biomolecular stability, protein/eco-corona formation, and cellular
interactions. It is therefore crucial to implement these relationships in the design of interfaces for the development of
safer, more efficient and more sustainable nano—bio systems [31,53,64,82,84,88].

9.1. Chemical and Structural Stability of Interfaces

Biomolecule nanomaterials intermolecular interactions define the stability of the biomolecule nanomaterial
interface, the environmental conditions and surface chemistry of the nanomaterial. The covalent bonds and
coordination interactions usually are more stable compared to noncovalent interactions, such as electrostatic
attraction and hydrogen bonding. Interactions by creating noncovalent interactions can provide dynamic and
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reversible binding also which may be useful in certain biological applications. Conditions that can substantially
affect interface stability include environmental conditions like pH, ionic strength, temperature as well as the
presence of competing biomolecules. Within the biological fluids, nanoparticles tend to come in contact with
complicated mixtures of proteins, lipids and metabolites that can rival surface binding sites. This could result in
the development of dynamic protein coronas that could displace originally bound biomolecules and modify the
behaviour of nanoparticles.

Surface functionalization of nanomaterials is an important nano-biological interface stabilizer. Physiological
aggregation can be prevented by protecting the agglutination of the colloidal particle using protective coatings
e.g., polymers, biomolecules or inorganic shells. These approaches are especially necessary in biomedical uses
where a nanoparticle has to be stable in complicated biological conditions. Besides, the catalytic activity, electronic
properties and the biomolecule functionality can be affected by structural stability at the nano- bio interface.
Indicatively, adsorption of proteins can cause changes in protein conformation that can inhibit the action of the
enzyme, or modify biomolecular recognition properties. So, the creation of constant interfaces that do not destroy
the structure of biomolecules is one of the key challenges in nano- bio engineering.

9.2. Biocompatibility and Toxicological Aspects

The use of nanomaterials on biological systems is one area where biocompatibility is a critical issue. Most
nanomaterials have potential biomedical benefits, but they can also have undesirable biological consequences,
especially when not carefully engineered, when interacting with cells and tissues. Nanomaterials are toxic materials
whose toxicity depends on various factors such as the size of the particles, the charges of the surface of the particle,
the chemical composition or surface functionalization. Smaller nanoparticles are often more reactive and are able to
penetrate biological membranes with greater ease, which could result in greater cellular uptake and cellular toxicity.
In the same way, surface charge contributes significantly to cell membrane and protein interactions.

Some nanomaterials also could produce reactive oxygen species (ROS) or leech metal ions which could cause
oxidative stress, inflammation, or damage to cells. For example, metal oxide nanoparticles can go through
dissolution mechanisms releasing metal ions that can interact with biological molecules [119]. Strategies to modify
the surface of nanoparticles can greatly enhance the biocompatibility of nanoparticles. Nonspecific interactions
with biological components can be minimized by functionalization with biocompatible molecules, e.g., polymers,
peptides, polysaccharides, etc. to minimize immune responses. Moreover, biomolecule coating can assist in
replication of natural biological settings, hence enhancing nanoparticle bio-compatibility with living organisms
[18,21,22,120,121]. To guarantee safe uses of biomolecule-nanomaterial hybrids in medicine, diagnostics and
biotechnology, understanding of the toxicological behavior of these hybrids is therefore necessary.

9.3. Degradation, Transformation, and Lifecycle Analysis

Nanomaterials do not often exist in a chemical form after being incorporated into a biological or
environmental system. Rather, they usually experience chemical conversion, disintegration, aggregation, or
dissolution that changes their characteristics and determines their behaviour in the long term. Here are examples
of effects that can occur owing to interaction with biomolecules or environmental components: nanoparticle
surface chemistry or structural integrity can change. Metal nanoparticles can be oxidized or dissolved, whereas
nanomaterials made of polymers can be degraded by hydrolysis or enzyme actions. Such changes may change the
toxicity, mobility and persistence of nanoparticles in the environment.

Nanomaterials can also react with natural organic matter, microorganisms and mineral surfaces in the
environment. These interactions can cause the creation of so-called eco-coronas, similar to protein coronas in
biology, and they can have a strong impact on the fate and transport of nanoparticles in the environment
[13,15,122—124]. Lifecycle analysis (LCA) offers a valuable model of assessing the environmental effects of
nanomaterials in their manufacturing and use, to their disposal or degradation. After evaluating the environmental
impact of the production and use of nanomaterials, scientists can determine the risks involved and come up with a
more environmentally friendly solution in nanotechnology. This means that the pathways of degradation and
lifecycle dynamics are important in the design of nanomaterials that can be considered as functional and as well
as environmentally responsible. Besides the enhancement of catalytic efficiency, future development of nanozyme
technologies will rely on the ability to overcome a number of major limitations, such as specificity, mechanistic
understanding, reproducibility, and translational value. The identification of the real catalytic active sites and the
development of quantitative structure—activity relationships and benchmarking with natural enzyme systems in
realistic operational conditions are needed. Combining advanced characterization, computational modelling, and
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Al-driven catalyst optimization could open up new avenues that address current limitations and predict nanozyme
design [47,53,64,82,83].

10. Challenges and Current Limitations

Although impressive progress has been achieved in the construction of interfaces between biomolecules and
nanomaterials, there are a number of scientific and technological implications, which restrict the application of
these interfaces to more practical use. The main problems are associated with the complexity of nano- bio systems,
with the dynamical interaction of biological macromolecules with engineered nanomaterials in changing
environmental conditions. The ability to control interfacial structure on a very fine scale, to reproducibly fabricate
systems, and the ability to describe these complex systems accurately are still challenges.

A key challenge is the dynamism and heterogeneity of nano- bio interfaces in which biomolecules can change
their structure or exchange with the surrounding biomolecular species. These types of processes may modify the
functional behaviour of nanomaterials and provide variability in the performance of these materials across various
experimental conditions [1,4,31,99]. These limitations can be met by further insights into the mechanics of
molecular interactions at the nano-bio interface and by creating new powerful characterization methods which can
probe these systems in realistic biological conditions.

10.1. Control over Orientation and Density of Biomolecules

The ability to control accurately the orientation and surface density of biomolecules on nanomaterial surfaces
is one of the primary challenges to nano- bio interface engineering. The spatial orientation and accessibility of
biomolecules at the interface is often essential to the functional performance of biomolecule -nanomaterial
systems. In one example, enzymes immobilized on nanomaterial surfaces need to have an orientation that does not
block access to their catalytic active sites. Proteins can be adsorbed randomly onto the surface of nanoparticles
resulting in unfavourable orientations or conformational alterations that decrease catalytic reactivity or alter
molecular recognition properties. Likewise, the antibody-functionalized nanoparticles to be used as biosensors
must be oriented correctly with regard to the antigen-binding sites in order to be used effectively. The strategies
most commonly used to control the orientation of biomolecules include site-specific conjugation, affinity based
immobilization or the design of molecular linkers. But, the strategies are usually constrained by the complexity of
biomolecular structures and the number of nanomaterial surface chemistries. Attaining consistent and uncontrolled
biomolecule coverage on nanoparticle surfaces thus continues to be a major field of study.

10.2. Reproducibility and Scalability

A second critical issue in the biomolecule-nanomaterial interface engineering is the challenge of reproducing
and scaling fabrication methods. Nano-bio hybrid systems are being developed in large numbers today under
tightly controlled conditions in the laboratory and might not eagerly be shifted to industrial scale manufacture. The
synthesis of nanoparticles, their functionalization of surfaces, and immobilization of biomolecules can be variable,
which makes nanoparticles, surface, and functionality erratic. Minor differences in the size of nanomaterials or
their surface characteristics may lead to huge biological reaction and catalysis differences [55,57,59,67]. There are
also technical difficulties associated with scaling up the fabrication of nano- bio interfaces. Mass production should
provide quality, stability and safety with cost effective production processes. This is especially critical in the use
of nanomaterials in nanomedicine where stringent regulations are applied in the development of therapeutic
nanomaterials. The progress in automated synthesis, microfluidic fabrication technologies and standardized
characterization protocols can be used to enhance reproducibility and scalability in nano- bio interface engineering.

10.3. Interface Complexity and Characterization Gaps

The nano bio interface is a very complicated system with several interacting components, such as nano
material surface, biomolecules, solvent molecules and the biological environments surrounding them. This is very
complicated such that one can hardly understand and predict the behaviour of these systems. The development of
biomolecular coronas that involve the dynamic adsorption of proteins and other biomolecules on the surfaces of
nanoparticles is one of the most significant challenges in biological conditions. Such coronas have the potential to
dramatically manipulate nanoparticles to affect cellular uptake, biodistribution and immune responses.
Nevertheless, it is still hard to describe the structure and the dynamics of these coronas because of their non-
persistent and non-homogenous character [32,53,54].
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The other constraint is the existence of analytical methods that can investigate nano- bio interfaces at the
required spatial and temporal resolution. Although microscopy and spectroscopy techniques can give useful
information, the sample preparation procedures used in many methods can modify the natural structure of the
interface. The emerging characterization gaps will be filled by developing advanced in-situ characterization
techniques, computational characterization techniques and multiscale characterization techniques. Such tools will
empower the researchers to gain a bigger understanding of the dynamics in the process occurring at the nano- bio
interfaces and develop the rational design of more dependable and operative hybrid systems. Real-world validation,
operational stability, and techno-economic evaluations must be emphasized in the future development of
environmental and energy-related biomolecule—nanomaterial systems. More focus should be given to performance
evaluation in realistic environmental matrices, to catalyst recovery strategies, and to performance in the long term
and scale up compatibility. The inclusion of sustainability metrics, life cycle analysis and circular design
considerations could help in the creation of environmentally-friendly nano-bio technologies [84,88,122—124].
Lifecycle analysis (LCA) is a new tool that increasingly is being used to help inform the development of safer and
more sustainable nanomaterials. Lifecycle approaches are not only based on performance but also take into account
raw-material sourcing, synthesis requirements, operational stability, environmental release, degradation behavior,
recyclability and end-of-life management. These evaluations can help inform the material-selection process, by
establishing trade-offs between functional efficiency, toxicity risk, economic costs, and environmental footprint.
The integration of lifecycle thinking with interface engineering can then be used to help design a more responsible
next generation biomolecule—nanomaterial system [31,53,88,122—124].

11. Future Perspectives and Emerging Directions

The rapid growth of the interface engineering of biomolecules with the nanomaterials created the
opportunities connected with the design of the hybrid materials with new functions. However to transform these
improvements into practical technologies, several scientific and technological challenges are to be overcome. The
future studies in this area will hopefully deal with rational interface design, predictive modelling, combination of
computational and artificial intelligence applications, and large scale application of nano bio systems. Nano-bio
interaction complexity, together with the dynamic behaviour of a biological environment, requires a more detailed
mechano-level perspective of molecular interactions at the interface. The development of materials science,
computational science and interdisciplinary teamwork will be significant in informing the future generation of
biomolecule-nanomaterials platforms to be used in healthcare, energy and environmental technologies.

11.1. Rational Interface Design and Predictive Models

The approach of creating rational design strategies that would allow controlling interfacial structure and
functionality is one of the most important avenues of biomolecule-nanomaterial interface research in the future.
Conventional methods usually make use of experimental trial and error to determine appropriate biomolecule and
nanomaterial combinations. Nevertheless, these methods are time consuming and may not be able to properly
represent the dynamics that take place within the nano-bio interface.

The future studies are anticipated to be on predictive models which can be developed by integrating
physicochemical principles with experimental data to direct the development of functional nano-bio systems.
These models are useful to predict the interaction of biomolecules with the surface of nanomaterials, the effects of
adsorption processes on biomolecular conformation, and the effects of interfaces on catalysis or electronics.

The ability to appreciate the effects of parameters like nanoparticle size, surface charge, ligand chemistry and
environmental conditions will enable the researchers to develop interfaces that optimize functional activity whilst
staying stable and being biocompatible. The models will also find their application in optimization of nanozyme
catalysts, biosensor platforms and nano-particles of therapy.

11.2. Computational and Al-Assisted Interface Engineering

Computational chemistry and artificial intelligence will probably make a breakthrough in interface
engineering with biomolecules and nanomaterials. The interactions between molecules at the nano- bio interfaces
can also be studied at the level of computational tools such as molecular dynamics simulations, density functional
theory (DFT) and multiscale modelling. Such simulations may give information regarding the binding of
biomolecules on the nanomaterial’s surface, disclose conformational alterations of biomolecules in adsorption,
and forecast the effects of surface functionalization on electronic and catalytic functions. These kinds of
computational methods are used to supplement experimental research by providing atomistic-level insights into
interface development.
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These simulations may assist in understanding the binding mechanism of biomolecules on the nanomaterial
surfaces, the conformational variations of biomolecules upon adsorption, and determine the effect of surface
functionalization on electronic and catalytic characteristics. These methods of computation are used to complement
experimental research to provide atomic-level insight into the formation of interfaces. Machine learning and
artificial intelligence are also becoming potent solutions to accelerate the materials discovery and interface
optimization. Through statistical methods of examining big data sets of experimental and computer-based research,
Al algorithms can communicate trends and determine the best combinations of nanomaterials, ligands, and
biomolecules to utilize in certain applications. The ability to predict the structure, energetics, and functional
characteristics of interfacial structure and behaviour before synthesis is becoming possible with computational
modelling, which is increasingly appearing as a powerful complement to experimental nano—bio interface
engineering. Molecular dynamics (MD) simulations can be used to investigate biomolecule adsorption pathways,
conformational stability, organization of water molecules in the hydration layer, evolution of the protein corona
and the orientation of enzymes on the surface of nanomaterials under realistic environmental conditions. In smaller
spatial and electronic dimensions, density functional theory (DFT) calculations could be employed to develop
mechanistic understanding of the binding energetics, charge redistribution, catalytic active sites, and changes in
surface reactivity upon biomolecule attachment. These strategies provide molecular-level understanding of the
role of interface chemistry on function [1,55,62—64,82]. Coarse-grained and multiscale simulation methods are
becoming more significant in bridging the atomistic detail and the experimentally-relevant complexity that is
common to biomolecule-nanomaterial systems. Employing coarse-grained models, long timescale adsorption
dynamics, corona evolution, and aggregation of nanoparticles, which are currently beyond the simulation range of
fully atomistic models, can be simulated. These are especially effective for the study of competitive adsorption
processes, restructuring of interfaces, and collective nano—bio behaviours in crowded biological environments.
The use of machine learning (ML) and data-driven materials discovery frameworks for enhancing the rational
design of nano-bio interfaces is growing in popularity. The establishment of relationships between the surface
chemistry, physicochemical descriptors, biomolecular properties and experimentally determined performance
metrics enables ML models to help predict binding affinity, adsorption propensity, toxicity profile, catalytic
activity, and colloidal stability. These strategies can significantly decrease the number of empirical screens and
help to identify the best material-biomolecule combinations in vast design spaces. Emerging graph neural network
(GNN) approaches provide further possibilities to represent complex nano-bio systems as these can naturally
encode molecular connectivity, surface topology and interaction networks. By combining structural and
physicochemical information into predictive learning architectures, GNN-based frameworks could help to predict
biomolecule—surface binding behavior, protein corona composition, adsorption selectivity, enzyme orientation,
and the toxicity at the interface. While still in its infancy, these kinds of methods could be useful in the inverse
design of application-specific biomolecule-nanomaterial interfaces [53,62—64,82].

Computational tools are now becoming a more important means for the rational design of the biomolecule—
nanomaterial interface. The opportunities to correlate surface chemistry, biomolecular structure and functional
performance through the use of machine learning, molecular dynamics simulations and data-driven predictive
modelling are endless, with the ability to span complex multidimensional datasets. Al-powered methods can be used
to speed up prediction of binding affinity, interface stability, toxicity profile, and catalytic behaviour and minimize
trial-and-error experiments. Nevertheless, there are still barriers that need to be overcome for widespread adoption,
such as the quality of available high-quality datasets, model transferability and interpretability [31,53,62—-64,82].

Such methods can facilitate the construction of knowledge-based design models that can quickly discover
high-performance nano- bio structures in the use of biosensing, nanomedicine, and catalytic technologies [125].
Closed loop interface design workflows with the integration of simulation, machine learning and experimental
validation are promising directions. For instance, DFT calculations can be used to identify binding motifs which
are energetically favourable, MD simulations can be used to assess the conformational stability and the dynamics
of adsorption, and machine-learning algorithms can then optimize candidate materials based on experimental-
performance datasets. These hybrid approaches may enable a predictive design of nano—bio systems with specific
properties such as controlled orientation of biomolecules, minimization of non-specific adsorption, increased
catalytic activity and improved safety profiles [53,55,62—-64,82,88].

11.3. Toward Real-World and Industrial Implementation

Although several biomolecule-nanomaterial systems have been shown to perform well in laboratory, their
implementation in practical conditions needs to consider some practical concerns. These are large scale production,
long term consistency, government regulation and environmental protection. The nano- bio technologies
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implemented in industrial practice will entail a means of scaling the synthesis, consistent fabrication, and a uniform
quality control procedure. Improvement in methods of synthesizing nanomaterials through continuous-flow
reactors and automated systems of nanofabrication can be employed to bring consistency to the production of high
quality nanomaterials. Moreover, the regulatory frameworks should focus on the safety and environmental effects of
nanomaterials in use in biomedical and industrial use. To be able to develop nano-enabled technologies in a responsible
way, risk assessment, nano-enabled technologies lifecycle analysis and sustainable design will be required.

The translation of biomolecule-nanomaterial interfaces to practical devices will probably result in the creation
of new products in such domains as personalized medicine, environmental systems, renewable energy systems,
and smart materials. Interdisciplinary interactions will continue to intensify and improve next generation nano-
bio systems with additional interactions between nanotechnology, biotechnology, computational science and
engineering. Table 14. Recent advances and emerging trends in biomolecule-nanomaterial interface research,
summarizing representative studies with respect to nanomaterial type, biomolecule integration, key innovations,
and application domains. The table highlights current progress and future directions in the field.

Table 14. Recent advances and emerging trends in biomolecule-nanomaterial interfaces.

Year Nanomaterial Biomolecule Key Innovation Application Reference
. . Understanding protein corona Nanomedicine, drug
2022  Metal nanoparticles Proteins (corona systems) dynamics and bioidentity delivery [10]

Engineering nano-bio interfaces

2022 Nanomaterials (general) Multiple biomolecules for functional nanomedicine Biomedical applications [9]

2023 Carbon—ba‘sed Biomolecules (general) Blon_nmetlc design str‘ategles for Biosensing, theranostics [60]
nanomaterials sensing and therapeutics
Self-assembled Interfacial colloidal self-

2023 . Proteins, peptides assembly for functional Smart materials [39]
nanomaterials R

materials
. . Advanced electrical stimulation . .
2024  Graphene-based systems Proteins (bioelectrodes) . Bioelectronics [22]
and biointerface control

2024 MOFs/porous Biomolecules Tunable porous nano-bio Drug delivery, catalysis [86,87]
frameworks interfaces

2025 DNA—dlregted DNA Prograr_nmable assembly of Diagnostics, therapeutics [25,79]
nanomaterials photonic nanostructures

2025 Nanozymes Proteins/biomolecular Advanced na.rlozyfnefblo Catalysis, biomedical [32.35]

corona interface engineering therapy

2025 Liquid-liquid phase Proteins, biomolecular LLPS-inspired nanomaterials Drug delivery, smart [42,46]
separation systems condensates and adaptive systems materials ’
Bio-inspired Biomolecular Adaptive nano—bio materials Next-generation

2026 : . . . [42]
nanomaterials condensates from biomolecular assemblies nanomaterials

Computational methods also provide valuable possibilities for predictive nanotoxicology. Modelling,
molecular simulations, and quantitative structure—activity relationship (QSAR)-type approaches may be able to
predict biological response, immune interactions, environmental toxicity and other properties based on the surface
charge, dissolution properties, size, surface functionalization, and composition of the corona. These predictive
capabilities can guide the development of nanomaterials to be safer and minimize the need for extensive
experimental screening. For biomolecule-nanomaterial systems, that covers a range of spatial, temporal and
physicochemical scales, there is no single computational approach that will be able to predict the behavior of the
interface. Rather, atomistic simulations and machine learning-driven predictive models are becoming more
interwoven to model adsorption dynamics, corona formation, binding energetics, toxicity and interface
optimization in complementary ways [53,62—64,82,88]. Table 15 summarizes a comparative overview of the major
computational tools that are relevant to predictive biomolecule-nanomaterial engineering.

Table 15. Computational tools for predictive biomolecule-nanomaterial engineering.

Method Primary Capability Example Application Major Limitation Reference(s)
MD (Molecular Dynamics) Adsorption dynamics lgsfrt;:;?i:;lentanon/corona Computational cost [5,10,31,57]
?E;)E}l]))ensny Functional Electronic structure Binding energetics/catalysis Small system size [5,31,32,48]
Coarse-grained simulation Large-scale dynamics aA:igS%rr;%iagLon/long—tlmescale Reduced molecular detail  [5,10,31,38]

. . L .. . L Dataset quality
ML (Machine Learning) Property prediction Toxicity/affinity prediction dependence [12,27,53,64]
GNN (Graph Neural Structure-aware . . S
Networks) prediction Corona composition/adsorption Data availability [27,53,64,91]
Data-driven discovery Material screening Interface optimization Model interpretability [9,12,55,82]
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12. Conclusions

Biomolecule—nanomaterial interfaces are an emerging field of research at the crossroads of chemistry,
materials science, biotechnology and nanomedicine. Yet, the systems must not only combine biomolecules and
nanomaterials, but also control the architecture and chemistry of the interfaces. The biomolecule orientation,
surface density, linker design, charge characteristics and properties of the hydration state, as well as dynamic
protein/eco-corona formation, plays a significant role in the sensing performance, catalysis efficiency, charge-
transfer behavior, therapeutic efficacy, environment response, and operational stability of the biosensors, as
highlighted throughout this review.

The desire to achieve functional improvements, combined with robustness, biocompatibility and the
feasibility of translation towards the clinic, is a recurring challenge in all biomolecule classes, nanomaterial
platforms and applications. However, several challenges remain that limit the widespread use of nano-bio
technologies, such as controlling the evolution of the corona, loss of biomolecular activity upon adsorption,
toxicity, transformation of nano—materials, batch-to-batch variation, limitations of reproducibility and scalability.
Decisions on these issues must be made beyond simple selection of materials, and requires a shift toward rational
interface engineering based on chemistry—structure—function relationships.

Advanced multi-modal characterization strategies, which can co-resolve the organization, dynamics, and
biological complexity at the interface across multiple length and time scales are going to be important to future
advances. Computational modelling, molecular simulation, machine learning, graph neural networks, and data-
driven materials discovery are anticipated to become more important approaches for predicting biomolecule
adsorption, binding affinity, enzyme orientation, corona behavior, surface reactivity, and safety profiles.

In the future, the next generation of biomolecule—nanomaterial systems will likely be a product of integrated
design systems, which incorporate controlled interface chemistry, predictive modelling, sustainability, and safer-
by-design principles. The application of such strategies is very promising for the development of biomolecule—
nanomaterial interfaces from their laboratory-scale innovations toward robust, scalable, and application-ready
technologies in sensing, catalysis, medicine, environmental remediation and energy systems. “Instead, the future
of biomolecule—nanomaterial engineering is in predictive, quantitatively-guided control of dynamic nano-bio
interfaces in complex real-world settings”.
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