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Abstract Review Article

Engineered nanomaterials and hybrid molecular systems have emerged as transformative platforms uniting advanced
therapeutics with sustainable energy storage technologies. In biomedical applications, functional nanostructures—
ranging from polymer—inorganic hybrids to bioinspired core—shell architectures—enable targeted drug delivery, tunable
release kinetics, improved biocompatibility, and real-time bioimaging. Hybrid molecular systems such as lipid—polymer
conjugates, peptide-functionalized metal-organic frameworks, and graphene—biopolymer composites achieve
multifunctionality critical for navigating complex pathological microenvironments. Recent therapeutic breakthroughs
report particle size control within 50—150 nm for optimal tumor accumulation, and drug encapsulation efficiencies
exceeding 90%, enabling precise and efficient treatment modalities. In sustainable energy storage, nanostructured
hybrids incorporating conductive polymers, carbon allotropes, and transition metal compounds demonstrate high
specific capacitance (>400 F g™'), rapid charge—discharge rates, and extended cycle stability (>10,000 cycles). Dual-
function nanoplatforms now integrate photothermal therapy with photovoltaic energy harvesting, while bio-derived
hybrids offer concurrent therapeutic delivery and supercapacitor performance. Notably, bio-inspired design principles
enable cost-effective synthesis and resource-efficient scalability, aligning with circular economy goals. This review
critically examines design strategies, synthesis methodologies, and performance metrics governing these multifunctional
materials, with emphasis on their cross-domain adaptability. The synergistic integration of therapeutic and energy
storage functionalities is anticipated to catalyze a new class of high-performance, resource-conscious technologies,
bridging healthcare innovation and sustainable energy solutions.
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1. INTRODUCTION occurring nanostructures, ENMs are deliberately
1.1 Scientific  Foundations of  Engineered designed at the atomic and molecular level to exhibit
Nanomaterials precise physicochemical properties tailored for specific

Engineered nanomaterials (ENMs) have functions. These properties include particle size,
emerged as a cornerstone of contemporary morphology, surface chemistry, crystallinity, and
nanotechnology, bridging the gap between fundamental mechanical stability. [1] Control over these parameters
materials science and advanced applications in enables highly specialized interactions with biological
biomedicine and energy storage. Unlike naturally systems, such as targeted cell uptake, receptor-mediated
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endocytosis, and controlled intracellular release, as well
as with electrochemical systems where enhanced charge
transfer, ionic mobility, and structural stability are
critical. Historically, the journey of ENMs began with
the study of colloidal metal suspensions in the late 19th
century, followed by the discovery of quantum dots,
carbon nanotubes, and metal oxide nanoparticles in the
20th century. Over the last two decades, research has
witnessed an exponential surge in publications focusing
on multifunctional ENMs, highlighting their versatility

in addressing complex challenges in both healthcare and
energy domains. For example, gold nanoparticles
(AuNPs) have been extensively explored for
photothermal therapy, biosensing, and drug delivery due
to their plasmonic resonance and biocompatibility.
Similarly, transition metal oxides such as TiO, and
MnO,, are widely investigated as electrode materials due
to their redox activity and high surface area [2,3].
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Figure 1: Historical timeline and publication trends illustrating the evolution of hybrid nanomaterials from early
concepts to modern nanosystems

Figure 1 presents a comprehensive timeline
tracing the development of hybrid nanomaterials, from
early uses of the term “hybrid” in the 1600s to
contemporary multifunctional nanosystems. It highlights
pivotal milestones such as Mendel’s genetic studies
(1865), gold nanoparticle hybrids for nucleic acid
detection (1997), and mesoporous silica-polymer
nanospheres (1998). The figure also charts the
exponential increase in publications on “hybrid
nanoparticles” since 2000, reflecting their growing
biomedical and energy applications. By linking historical
developments with research trends, this schematic
provides context for understanding the evolution of
multifunctional engineered nanomaterials and hybrid
systems. ENMs can be fabricated using diverse
techniques, [4-10] including bottom-up approaches like

sol-gel synthesis, chemical reduction, and self-
assembly, as well as top-down strategies such as
lithography and milling. Recent innovations, such as
microwave-assisted synthesis and template-directed
growth, have further enhanced reproducibility and
scalability. The high surface area-to-volume ratio of
these nanostructures facilitates greater drug loading,
improved catalytic activity, and faster electron/ion
transport, making them ideal candidates for targeted drug
delivery, imaging, photothermal therapy, and high-
performance electrodes. Additionally, surface
functionalization—through ~ PEGylation,  antibody
conjugation, or ligand engineering enables precise
modulation of pharmacokinetics, biodistribution, and
immunocompatibility [11-17].
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Table 1: Comparative characteristics of engineered nanomaterials and hybrid molecular systems in biomedical
and energy applications

Parameter Engineered Nanomaterials Hybrid Molecular Systems

Composition Single-phase nano-engineered Organic—inorganic integrated frameworks
structuresa

Key Features High surface area, tunable size, Synergistic functionalities, structural flexibility
controlled morphology

Biomedical Role Targeted drug delivery, imaging, Controlled release, multi-modal therapy
biosensing

Energy Role High conductivity, fast ion transport Flexible electrodes, hybrid supercapacitors

Challenges Scalability, long-term stability Interface compatibility, synthesis complexity

Representative Literature | AuNPs for photothermal therapy; TiO, | MOF-polymer hybrids for drug delivery; CNT-

Examples electrodes for batteries polymer supercapacitors

Table 1 underscores the complementary
strengths of ENMs and HMSs. While ENMs provide
precise control over individual material parameters,
HMSs exploit cooperative effects for expanded
functional capabilities. This comparison highlights the
strategic importance of hybridization for designing
multifunctional nanostructures capable of addressing
complex biomedical and energy challenges. From an
energy storage perspective, nanoscale confinement
improves electrochemical kinetics and reduces
polarization losses. Graphene derivatives, carbon
nanotubes, doped metal oxides, and conductive polymer
composites are particularly effective in enhancing
conductivity, cycle stability, and charge capacity. These
dual-domain applications underscore the technological
convergence of ENMs, where insights from biomedicine
inform energy design strategies, and vice versa,
emphasizing multifunctionality as a key design principle
[18-23].

1.2 Hybrid Molecular and Their
Multifunctionality

Hybrid molecular systems (HMSs) integrate
organic and inorganic components into cohesive
frameworks, leveraging synergistic interactions for
multifunctional performance. Organic constituents
polymers, lipids, peptides provide biocompatibility,
responsiveness, and structural flexibility, while
inorganic elements metal nanoparticles, metal—organic
frameworks (MOFs), and mesoporous silica—impart
stability, catalytic activity, and conductive pathways. In
therapeutic applications, HMSs facilitate controlled drug
release, imaging, and theranostics, whereas in energy
storage, they enhance ionic diffusion, electronic
conductivity, and mechanical resilience. This dual-
domain utility positions HMSs as pivotal platforms for
next-generation multifunctional devices [24-28].
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Figure 2: Engineered nanomaterials enabling dual functionality in therapeutic delivery and energy storage applications

This schematic highlights the versatility of
engineered nanomaterials (ENMs) in simultaneously
addressing biomedical and energy-related challenges.
On the therapeutic side, ENMs can be functionalized
with targeting ligands, drugs, or imaging agents,
enabling site-specific delivery, controlled release, and
enhanced diagnostic capabilities. For energy storage, the
same nanostructures provide high surface area, tunable

porosity, and efficient electron/ion transport, improving
battery and supercapacitor performance. By integrating
structural design and surface chemistry, these materials
achieve multifunctionality, bridging the gap between
healthcare and sustainable energy technologies. This
figure underscores the cross-domain potential of ENMs
as versatile, application-driven platforms.
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2. Foundations and Multi functionality of Engineered
Nanomaterials and Hybrid Molecular Systems [29-
32]
2.1 Engineered Nanomaterials (ENMs): Scientific
Foundations

Engineered nanomaterials (ENMs) are
precisely designed at the nanoscale to achieve specific
functional properties in biomedical and energy storage
applications. Unlike naturally occurring nanostructures,
ENMs are synthesized using top-down lithography,

bottom-up self-assembly, sol-gel processes, or other
hybrid fabrication methods. These approaches allow
controlled manipulation of size, morphology, surface
chemistry, and crystallinity. High surface area-to-
volume ratios enhance their reactivity and payload
capacity, which is crucial for drug delivery, imaging, and
catalysis. In energy storage systems, ENMs provide
superior electron conduction, rapid ion transport, and
structural integrity, enabling high-efficiency batteries,
super capacitors, and hybrid devices [33-38].
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Figure 3: Representative schematic of inorganic, organic, and accessory building blocks used in the design of engineered
nanomaterials and hybrid nanosystems for biomedical and energy applications

Figure 3 illustrates the diverse components that
form engineered nanomaterials and hybrid nanosystems.
Inorganic  building  blocks, including  metal
nanostructures, mesoporous materials, and carbon-based
frameworks, provide structural and functional stability.
Organic building blocks, such as polymers, dendrimers,
lipids, and cell membranes, enhance biocompatibility
and enable functional integration. Accessory
components, including polymers, targeting ligands, and
stimuli-responsive moieties, further refine delivery
efficiency, targeting specificity, and environmental
responsiveness. The strategic combination of these
elements enables the creation of multifunctional systems
with tailored physicochemical properties, facilitating
advanced applications in drug delivery, diagnostics,
imaging, and sustainable energy storage devices [39-44].

ENMs have revolutionized targeted
therapeutics. Functionalization with ligands, antibodies,
or aptamers allows specific tissue targeting, minimizing
systemic side effects. Gold nanoparticles (AuNPs), for
example, are widely studied for photothermal therapy,
drug delivery, and imaging. Their plasmonic properties
enable near-infrared (NIR)-triggered therapeutic action,
while surface chemistry modifications improve stability
and biocompatibility. In parallel, metal oxides such as
TiO,, ZnO, and Fe;0, offer catalytic activity, imaging
contrast, and magnetically guided delivery. Carbon-
based materials, including graphene and carbon
nanotubes, provide high conductivity, large surface
areas, and structural versatility for drug loading and
electrochemical applications [45-52].
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Figure 4: Schematic overview of gold nanostructures, their unique plasmonic and self-therapeutic properties, functionalization
strategies, and synthesis routes for biomedical applications

This multi-panel schematic illustrates the
structural diversity, functional attributes, and synthesis
strategies of nanoscale gold-based materials. Panel A
depicts different morphologies, including nanoparticles,
nanoclusters, nanorods, and nanoshells, each with
distinct physicochemical properties. Panel B outlines the
plasmonic behavior under incident light, highlighting
localized surface plasmon resonance (LSPR) and its
roles in photothermal therapy, NIR-responsive drug
release, photodynamic therapy, and bioimaging. Panel C
demonstrates the self-therapeutic potential of AuNPs in
inhibiting tumor cell cross-talk. Panel D showcases
functionalization approaches, enabling targeted delivery
and enhanced biocompatibility. Panel E presents
synthesis methods (top-down and bottom-up) alongside
common characterization techniques for precise material
assessment [53-57].

2.2 Expanding ENM Applications — Beyond Gold

While gold nanostructures illustrate the
therapeutic potential of ENMs, broader classes of
nanoparticles ~ enable = multifunctionality =~ across
biomedical and energy domains. Metal oxides, such as
titanium dioxide (TiO3), zinc oxide (ZnO), and iron
oxide (Fe3O,), exhibit size- and shape-dependent
optical, magnetic, and catalytic properties. These allow
their use in imaging, biosensing, targeted therapy, and as
electrodes for energy storage devices. Transition metal
oxides improve charge storage in Dbatteries and
supercapacitors, while maintaining structural stability
during cycling. Carbon-based nanomaterials—including
graphene derivatives, carbon nanotubes, and carbon
quantum dots—offer high conductivity, mechanical
strength, and tunable surface chemistry, enhancing both
electrochemical  performance and  drug-loading
efficiency [58-63].
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Table 2: Comparative Characteristics of ENMs

Parameter ENMs in Therapeutics ENMs in Energy Storage
Composition Metals, Metal Oxides, Carbon, Polymers | Metals, Metal Oxides, Carbon Allotropes
Key Features High surface area, tunable morphology | High conductivity, ionic mobility

Functional Role

Targeted drug delivery, imaging

High-rate charge/discharge, electrode stability

Surface Engineering | Ligand attachment, PEGylation

Doping, functional coatings

Challenges Biostability, immunogenicity

Scalability, cycling degradation

Table 2 summarizes the distinctive features and
functional roles of engineered nanomaterials (ENMs) in
therapeutic and energy storage applications. In
biomedical contexts, ENMs such as metallic, metal
oxide, carbon-based, and polymeric nanoparticles are
designed for targeted drug delivery, bioimaging, and
diagnostic purposes, with high surface area and tunable
morphology enabling efficient interaction with
biological targets. Surface modifications like ligand
attachment and PEGylation enhance biocompatibility
and circulation time. In energy storage, ENMs
comprising metals, metal oxides, and carbon allotropes
provide high electrical conductivity, ionic mobility, and
structural stability, enabling rapid charge—discharge
cycles and long-term electrode performance. The table
also highlights challenges in both domains, including
immunogenicity and biostability in therapeutics, and
scalability and cycling degradation in energy
applications. Overall, it emphasizes the multifunctional
design considerations necessary for optimizing ENMs
across different applications. [64]

Polymeric  nanocarriers, composed  of
biodegradable or stimuli-responsive polymers, extend

the versatility of ENMs. They provide controlled drug
release, improved biocompatibility, and the ability to
integrate  multiple therapeutic agents.  Surface
engineering, including  PEGylation, antibody
conjugation, or ligand attachment, further enhances
targeting precision, circulation time, and immune
evasion. These features are critical for translating ENMs
into clinically relevant therapeutic and diagnostic
platforms.

2.3 Hybrid Molecular Systems (HMSs): Integration
of Organic and Inorganic Components

Hybrid molecular systems (HMSs) integrate
organic moieties (polymers, lipids, peptides) with
inorganic cores (metal nanoparticles, MOFs, silica) to
exploit synergistic functionalities. In therapeutics, HMSs
enable stimuli-responsive drug release, enhanced
imaging, and multi-modal therapy. For instance, pH-
sensitive polymer coatings combined with inorganic
nanoparticles  allow drug release in  tumor
microenvironments while providing contrast for imaging
modalities. Biomimetic coatings, such as cell
membranes, improve immune evasion and tissue
targeting [65-72].

Table 3: Comparative Characteristics of Hybrid Molecular Systems

Parameter Biomedical Applications Energy Storage Applications
Composition Organic—inorganic frameworks Conductive polymers + inorganic cores
Key Features Structural flexibility, stimuli-responsive | Synergistic conductivity, porosity

Functional Role

Controlled drug release, imaging

Flexible electrodes, supercapacitors

Design Strategies | Core—shell, surface functionalization

Hierarchical porosity, polymer integration

Challenges

Synthesis complexity, interface stability | Scalability, long-term performance

Table 3 outlines the comparative characteristics
of hybrid molecular systems (HMSs) in biomedical and
energy storage applications. In therapeutic contexts,
HMSs are composed of organic—inorganic frameworks,
which provide structural flexibility and stimuli-
responsive behavior for controlled drug release,
bioimaging, and multi-modal therapy. Design strategies
such as core—shell architectures and surface
functionalization optimize targeting, stability, and
functional integration. For energy storage, HMSs often
combine conductive polymers with inorganic cores,
creating  hierarchical porosity and synergistic
conductivity that enhance the performance of
supercapacitors and flexible electrodes. Challenges
include complex synthesis routes and interface stability
in biomedical applications, and scalability and long-term

operational stability in energy devices. Overall, the table
highlights the multifunctional design considerations
critical for tailoring HMSs to diverse applications. [73-
78]

In energy storage, HMSs merge conductive
inorganic frameworks with ion-permeable organic
scaffolds, enhancing charge transport, mechanical
flexibility, and cycling stability. Conductive polymers in
MOFs, for example, create lightweight, flexible
electrodes suitable for wearable devices. These hybrid
architectures bridge soft biological chemistries with
robust electrochemical performance, highlighting their
multifunctionality across biomedical and energy
applications.
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Figure 5: Comprehensive schematic summarizing the synthesis routes, characterization methods, and multifunctional
properties of inorganic nanoparticles for therapeutic and energy applications

This schematic (Figure 5) outlines the major
synthesis approaches for inorganic nanoparticles,
categorized into chemical, physical, and biological
methods. It highlights a wide range of nanomaterials,
including gold (AuNPs), iron oxide (IONPs), silver
(AgNPs), platinum (PtNPs), copper (CuNPs), zinc oxide
(ZONPs), calcium phosphate (CPNPs), mesoporous
silica (MSNs), metal organic frameworks (MOFs),
nanoclays, graphene quantum dots (GQDs), and carbon
nanotubes  (CNTs).  Common  characterization
techniques, such as DLS, electron microscopy, UV-Vis
spectroscopy, ICP-MS, FTIR, XRD, DSC, BET
isotherms, NMR, and TGA, are depicted. The figure also
captures key functional attributes anticancer,
antibacterial, catalytic, photoluminescent, magnetic,
mesoporous, conductive, pH-responsive, and plasmonic
enabling multifunctional applications. [70-83]

3. Therapeutic Applications and Hybrid Molecular

Systems
3.1 Engineered Nanomaterials in Therapeutic
Applications

Engineered nanomaterials (ENMs) have

demonstrated exceptional promise in targeted drug
delivery, imaging, and therapy. Surface engineering
allows these nanoparticles to recognize specific cellular
receptors or tissue microenvironments, improving
therapeutic precision while minimizing systemic
toxicity. Metallic nanoparticles such as gold (AuNPs),
silver (AgNPs), and platinum (PtNPs) exhibit intrinsic
bioactivity and unique optical properties, enabling
photothermal and photodynamic therapies. Metal oxides
like TiO,, ZnO, and FesO, provide contrast
enhancement for imaging and magnetic guidance for
targeted delivery. Carbon-based materials, including
graphene, graphene oxide, and carbon nanotubes, serve
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as versatile platforms for drug encapsulation,
photothermal therapy, and electrochemical biosensing.

Beyond simple particle design,
functionalization strategies—ligand attachment,
PEGylation, antibody conjugation, and stimuli-

responsive coatings—enhance circulation time, immune
evasion, and targeting accuracy. These modifications
enable ENMs to selectively release payloads in response
to pH changes, redox conditions, or external triggers
such as light and magnetic fields. Moreover,
combination therapies integrating multiple modalities
(chemotherapy, photothermal therapy, gene delivery)
leverage ENMs’ multifunctionality to overcome
complex disease pathways and drug resistance
mechanisms. [84-86]

3.2 Hybrid Molecular Systems for Targeted Therapy
Hybrid molecular systems (HMSs) integrate
inorganic nanoparticle cores with organic coatings,

enabling multifunctional therapeutic action. Core—shell
architectures combine metallic or metal oxide cores with
polymer, lipid, or peptide shells. This design provides
controlled drug release, stimuli-responsiveness, and
enhanced stability. Hybrid systems facilitate co-delivery
of chemotherapeutics, nucleic acids, and imaging agents
within a single platform, creating theranostic
capabilities. Biomimetic strategies, such as cell
membrane coatings, further improve immune evasion
and selective uptake, essential for in vivo therapeutic
efficiency.

In addition to drug delivery, HMSs support
imaging-guided therapy. Fluorescent quantum dots,
metal-organic frameworks (MOFs), and mesoporous
silica nanoparticles serve as imaging reporters or contrast
agents. Integration of photothermal or photosensitizing
agents enables precise spatiotemporal control of
therapeutic action, improving tumor ablation while
preserving healthy tissue [87-92].
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Figure 6: Schematic illustration of diverse organic nanocarrier platforms—polymers, lipids, dendrimers, and cell membranes
along with accessory targeting and stabilizing components for advanced therapeutic delivery
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This  schematic  categorizes  polymeric
nanoparticles, lipid-based assemblies (liposomes,
niosomes), dendrimers, and biomimetic cell membrane
coatings. It highlights typical synthesis pathways, such
as block copolymerization, lipid film hydration,
dendrimer  convergent/divergent  synthesis, and
membrane isolation via ultracentrifugation.
Characterization tools include DLS, TEM/SEM,

UV-Vis spectroscopy, FTIR, NMR, and HPLC.
Accessory components like antibodies, hyaluronic acid,
folate, RGD peptides, and PEG enhance active targeting,
stability, and biocompatibility. This figure emphasizes
the versatility of organic carriers in precise delivery,
therapeutic ~ efficacy, and compatibility  with
multifunctional hybrid nanosystems.

Table 4: Therapeutic Applications of Engineered Nanomaterials

Nanomaterial Therapeutic Role Functionalization Key Advantages Limitations
Type
Gold nanoparticles | Photothermal therapy, | PEGylation, Plasmonic heating, Cytotoxicity at high
(AuNPs) drug delivery antibody biocompatibility doses
conjugation

Metal oxides
(TiO,, ZnO)

Imaging, catalysis,
magnetic guidance

Surface coatings,
ligand attachment

Imaging contrast,
stability

Agglomeration, limited
biodegradability

Carbon-based Drug delivery, Polymer/PEG High surface area, In vivo clearance,
(Graphene, CNTs) | photothermal therapy | coatings conductivity potential toxicity
Polymeric Controlled release, Functional groups, Biodegradable, Limited
nanoparticles multi-drug delivery stimuli-responsive tunable release structural strength

3.3 Functional Architectures and Loading Strategies

Figure 7 emphasizes the

integration of

in Hybrid Systems

HMSs achieve multifunctionality through
advanced loading strategies. Core—shell-surface designs
allow simultaneous incorporation of drugs, nucleic acids,
targeting ligands, polymers, and photosensitizers. Metal
or metal oxide cores provide structural integrity, while
organic shells offer biocompatibility and responsive
release. Surface modification with ligands or antibodies
ensures targeted delivery, while co-loading of imaging
agents enables theranostic capabilities. These strategies
create versatile platforms that can address multifactorial
diseases, combine multiple therapeutic modalities, and
be adapted for hybrid energy storage applications,
demonstrating the translational potential of HMSs
beyond biomedicine.

Modular design enables stimuli-responsive
release, co-delivery of multiple therapeutic agents, and
imaging-guided therapy. Core—shell architectures
optimize stability, payload capacity, and targeting
specificity.

inorganic and organic components for therapeutic
precision, biocompatibility, and multifunctionality,
showcasing HMSs as versatile platforms for next-
generation nanomedicine [93-99].

This schematic illustrates the versatility of core
shell surface loading strategies for multifunctional
nanocarriers. Different nanoparticle cores such as gold
nanoparticles (AuNPs, AuNRs, AuNCs), iron oxide
nanoparticles (IONPs), mesoporous silica nanoparticles
(MSNs), quantum dots (QDs), metal-organic
frameworks (MOFs), dendrimers, and liposomes serve as
central platforms. These cores are surrounded by shells
or surface layers containing targeting antibodies,
DNA/RNA, hydrophilic polymers, and photo-
sensitizers. The modular arrangement enables
simultaneous drug delivery, imaging, targeting, and
stimuli-responsiveness (e.g., NIR-triggered release).
This design paradigm enhances therapeutic precision and
offers tunable functionalities, making it suitable for
biomedical as well as hybrid energy-related applications
[100].

Table 5: Comparative Features of Hybrid Molecular Systems

Feature Biomedical Design Impact Advantages Challenges
Applications
Core Material AuNP, IONP, MSN, Structural integrity, Stability, Cytotoxicity,
MOF imaging capability multifunctionality synthesis complexity
Shell Material Polymers, lipids, Biocompatibility, Controlled release, Shell uniformity,
peptides stimuli responsiveness | immune evasion scalability
Surface Ligands, antibodies, Targeting, Precision delivery, Complexity,
Functionalization PEG, photosensitizers | stabilization multifunctionality regulatory hurdles
Loading Strategy Drugs, nucleic acids, | Therapeutic Theranostics, co- Payload optimization,
imaging agents combination delivery release kinetics
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Figure 7: Schematic representation of diverse core—shell-surface architectures in hybrid nanocarriers, highlighting integration
of drugs, nucleic acids, targeting ligands, polymers, and photo-sensitizers across various nanoparticle platforms

Table 5 presents a comparative overview of
hybrid molecular systems, emphasizing their structural
components, biomedical functions, and design
implications. Core materials, including AuNPs, IONPs,
MSNs, and MOFs, provide structural integrity and
imaging capabilities, contributing to stability and
multifunctionality, though potential cytotoxicity and
synthesis complexity remain challenges. Shell materials
such as polymers, lipids, and peptides enhance
biocompatibility and enable stimuli-responsive
behaviors, facilitating controlled drug release and
immune evasion, while uniform shell formation and

scalability are limiting factors. Surface functionalization
with ligands, antibodies, PEG, and photosensitizers
allows  precise targeting and  multifunctional
applications, yet adds design complexity and regulatory
considerations. Loading strategies integrating drugs,
nucleic acids, and imaging agents enable theranostics
and co-delivery, but require careful optimization of
payload and release kinetics. Overall, these hybrid
systems offer versatile platforms for advanced
biomedical applications, balancing multifunctionality
with practical implementation challenges [102-105].
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4. Sustainable Energy Storage and Dual-Function
Platforms
4.1 Nanomaterials in Energy Storage Devices
Engineered nanomaterials have transformed the
landscape of sustainable energy storage by enabling
enhanced electrochemical performance, higher energy
density, and longer cycle life. Electrode materials
derived from carbon allotropes, transition metal oxides,
and conductive polymers offer high surface area, tunable
porosity, and excellent graphene, carbon nanotubes
(CNTs), and activated carbon, provide robust

frameworks for rapid charge conductivity. Carbon-based
materials, including transfer and ion diffusion. Transition
metal oxides/sulfides, such as MnQO,, Fe;04, NiC0,0,,
and MoS,, exhibit high theoretical capacitance, redox
activity, and structural stability. Conductive polymers,
including polyaniline (PANI) and polypyrrole (PPy),
contribute flexibility and high pseudocapacitance,
making them suitable for hybrid supercapacitors and
flexible batteries [106].

Energy Storage Systems

Electrochemica|

Hydrogen Electric

NICd Batteries B Capacitors
ZnMN Vanadwum Super-
NaS ZnCl capacitors
Lead acid ZnBr
PbSb liquid PsBr
Li-on

Electromagnetic

Super-
conductor

Magnetic Kinetic Thermal fluid storage
Ceramic thermal
Pumped-
Fiyanesis Hydro storage
SMES Compressed Hot water storage

Mechanical

Air

Figure 8: Overview of energy storage systems categorized by mechanism and technology type

Figure 8 classifies energy storage systems into
electrochemical, electromagnetic, mechanical, kinetic,
and thermal categories, with representative technologies
listed under each. It highlights the diversity of storage
approaches, from batteries and fuel cells to flywheels,
pumped hydro, and thermal storage, enabling tailored
solutions for specific energy applications.

Batteries (chemical), supercapacitors
(electrochemical), flywheels (kinetic), pumped hydro

(mechanical), and thermal storage (sensible and latent
heat) are highlighted with representative examples. The
schematic emphasizes how different mechanisms suit
specific applications—high energy density, rapid
charge/discharge, or long-term stability.  This
classification provides a conceptual foundation for
understanding the role of engineered nanomaterials in
enhancing device performance.

Table 6: Common Electrode Materials and Properties

Material Type Specific Energy Density | Cycle Life Key Advantages
Capacitance (F/g) (Wh/kg) (Cycles)
Activated Carbon | 100-250 5-10 >10,000 High surface area, stable
Graphene 200-350 10-20 5,000-10,000 Conductive, lightweight
MnO, 250400 15-25 1,000-5,000 High redox activity, cheap
PANI /PPy 400-600 20-30 500-1,000 Flexible, high pseudocapacitance

Table 6 compares the electrochemical
performance of common electrode materials used in
supercapacitors and hybrid energy storage devices.
Activated carbon offers a high surface area with
excellent stability and long cycle life exceeding 10,000
cycles, though its energy density is modest. Graphene
combines good conductivity and lightweight
characteristics with intermediate capacitance and
moderate cycle life. MnO, delivers high redox activity
and decent energy density at a low cost, but with shorter

cycle life. Conductive polymers like PANI and PPy
exhibit high pseudocapacitance and flexibility, enabling
superior charge storage; however, their limited cycle
stability (500-1,000 cycles) is a key limitation. This
comparative insight assists in selecting appropriate
electrode materials for specific energy storage
applications [107-115].

4.2  Hybrid
Performance

Nanostructures for Enhanced
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Hierarchical nanostructures combining multiple
materials maximize synergistic effects. Porous carbon
frameworks decorated with metal oxides enhance surface
area, conductivity, and ion transport. Composite
electrodes with conductive polymers and metal oxides
balance flexibility, stability, and capacitance. Such
hybrid designs optimize charge storage, cycling stability,
and energy density, enabling practical applications in
supercapacitors, lithium-ion batteries, and hybrid
devices that couple energy harvesting and storage.
Integration of nanostructured electrodes with functional
coatings improves corrosion resistance, mechanical
robustness, and interfacial charge transfer, critical for
long-term device reliability.

4.3 Cross-Domain Integration: Dual-Function
Systems

Recent advances integrate energy storage with
biomedical functionalities. Hybrid platforms that
combine photovoltaic energy harvesting with therapeutic
delivery demonstrate multifunctionality harvesting
energy while enabling controlled drug release or sensing.
Bio-derived electrodes, such as carbonized cell
membranes or conductive biopolymers, can function as
energy storage electrodes while being biocompatible for
implantable devices. Such dual-function systems
highlight the convergence of nanomedicine and
sustainable energy technologies, enabling self-powered
therapeutic devices and smart implants.

(a)
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Nickel primary
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Zinc-mercury
battery

Zinc-manganese
battery

Alkaline manganese
battery

Chemical
Secondary battery
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battery Thermoelectric
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Lead acid
bt Solar battery

(b) Supercapacitors
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Figure 9: Key classifications of batteries (a) and supercapacitors (b) based on storage mechanisms and materials
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Figure 10: Representative electrochemical profiles of batteries and supercapacitors used to evaluate energy
storage performance

(Figure 9) Panel (a) categorizes batteries into
chemical primary, chemical secondary, and physical
types, detailing examples such as lithium-ion, lead—acid,
zinc—manganese, and thermoelectric batteries. Panel (b)
outlines supercapacitor types—electric double-layer
capacitors, pseudocapacitors, and hybrids—along with
associated electrode materials like activated carbon,
carbon nanotubes, graphene, conducting polymers, and
redox metal oxides. Together, these classifications
provide a foundation for understanding electrochemical
energy storage technologies and their material bases.

(Figure 10) This schematic representation
summarizes the typical -electrochemical behaviors
observed in batteries and supercapacitors, such as
charge—discharge patterns, redox peaks, and resistance
characteristics. In the context of this review, it serves to
illustrate how engineered nanomaterials and hybrid
molecular systems influence these parameters, thereby
enhancing sustainable energy storage technologies [116-
123].

Table 7: Electrochemical Performance Benchmarks

Device Type Specific Energy Density | Power Density | Cycle Stability (%)
Capacitance (F/g) | (Wh/kg) (kW/kg)

Electric Double-Layer 100-300 5-10 5-10 >95% after 10,000 cycles
Capacitor
Pseudocapacitor 300-600 15-25 3-5 80-90% after 5,000 cycles
Hybrid Capacitor 400-700 20-30 4-8 85-95% after 5,000 cycles
Lithium-Ilon Battery 150-250 100-250 0.5-1 >90% after 1,000 cycles

This table 7  presents  benchmark capacitance, energy density, and good cycle stability.

electrochemical performance metrics for various energy
storage devices. Electric double-layer capacitors
(EDLCs) offer excellent cycle stability with moderate
capacitance and energy density. Pseudocapacitors
provide higher capacitance and energy density but
moderate cycle life. Hybrid capacitors combine features
of EDLCs and pseudocapacitors, offering enhanced

Lithium-ion batteries deliver high energy density
suitable for long-term energy storage, though their power
density is lower and cycle life shorter relative to
supercapacitors. These benchmarks guide material and
device selection for tailored energy storage applications
[124-129].
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Table 8: Summary of Dual-Function Hybrid Platforms

Material Platform | Biomedical Function | Energy Storage Role | Key Advantages Challenges
Bio-derived carbon | Implantable sensors, Supercapacitor/battery | Biocompatible, Fabrication
electrodes drug delivery electrode conductive scalability
Core—shell HMSs Theranostics, Pseudocapacitor Multifunctional, Complex synthesis,
controlled release electrode stimuli-responsive | regulatory hurdles

Conductive Flexible implants,
polymer tissue engineering
composites

Hybrid supercapacitors | Flexibility, high

Long-term stability
capacitance

This table 8 summarizes multifunctional hybrid
platforms that integrate biomedical and energy storage
functionalities. Bio-derived carbon electrodes are
suitable for implantable sensors and drug delivery while
serving as conductive electrodes in supercapacitors and
batteries. Core—shell hybrid molecular systems (HMSs)
enable theranostic applications and controlled drug
release, while simultaneously functioning as
pseudocapacitor electrodes. Conductive  polymer
composites offer flexibility for implants and tissue
engineering, with high capacitance in hybrid
supercapacitor applications. Key advantages include
biocompatibility, multifunctionality, and structural
flexibility, while challenges involve synthesis
complexity, regulatory compliance, and scalability for
practical deployment.

Hybrid molecular systems have emerged as a
pivotal class of advanced materials, integrating organic
and inorganic constituents to harness multifunctional
properties for both biomedical and energy storage
applications. These systems leverage complementary
chemical and structural motifs, allowing precise control
over physicochemical characteristics, which is essential
for achieving targeted performance outcomes. In the
biomedical domain, hybrid materials serve as platforms
for controlled drug delivery, imaging, and theranostics,
with surface functionalization strategies enabling
targeted interaction with specific cells or tissues,
enhanced biocompatibility, and reduced
immunogenicity. Organic components such as polymers,
lipids, and peptides impart flexibility, responsiveness,
and  biological  affinity, = whereas  inorganic
counterparts—including metallic nanoparticles, metal
oxides, and mesoporous frameworks—provide structural
stability, = magnetic,  plasmonic, or  catalytic
functionalities.

In energy storage applications, these hybrid
architectures offer synergistic advantages, where
conductive networks, hierarchical porosity, and redox-
active centers enhance charge transport, electrode
stability, and energy density. The interplay between
organic flexibility and inorganic robustness enables the
design of multifunctional electrodes suitable for
supercapacitors, batteries, and hybrid energy devices.
Critical to the performance of these systems is
understanding the nature of intercomponent interactions,
ranging from weak physical forces such as hydrogen
bonding and van der Waals interactions to strong

covalent or ionic-covalent bonds. Such interactions
govern assembly, structural integrity, and functional
outcomes, influencing both therapeutic efficacy and
electrochemical performance. [130-134]

The following figure 11 presents a
comprehensive  schematic ~of hybrid material
classification and synthesis pathways, illustrating how
bonding strength and structural assembly guide the
design of multifunctional platforms. By elucidating the
correlation between molecular architecture and
application-driven  functionality, this framework
highlights strategies for optimizing hybrid systems for
next-generation biomedical and energy storage solutions
[135-139].

This schematic illustrates how hybrid materials
are categorized by the nature of their intercomponent
bonding (weak physical interactions versus strong
chemical bonds) and by their structural assembly routes,
such as sol—gel synthesis, self-assembly of nanobuilding
blocks, and use of organic templates. These
classifications are directly relevant to the design of
engineered nanomaterials for applications in both
therapeutic delivery and advanced energy storage, as the
bonding type and synthesis route significantly influence
the resulting material's  mechanical stability,
biocompatibility, and electrochemical performance
[140-144].

5. Challenges in Translation and Scalability

Despite remarkable laboratory-scale
performance, engineered nanomaterials and hybrid
molecular systems face multiple challenges in clinical
and industrial translation. Scalability of synthesis
methods remains a key bottleneck, especially for multi-
step functionalization and hybrid integration. Cost-
intensive fabrication and purification protocols hinder
large-scale production, particularly for metallic
nanoparticles and bio-derived hybrid systems.
Biocompatibility and immunogenicity of hybrid
nanocarriers require rigorous evaluation; unexpected
immune responses or cytotoxicity can compromise
therapeutic safety. Environmental impact is another
consideration: production and disposal of nanomaterials
may introduce heavy metals, organic solvents, or
persistent  polymer residues into  ecosystems.
Comprehensive life-cycle assessment and green
chemistry approaches are essential to mitigate these
concerns [145-148].
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Figure 11: Classification and synthesis pathways of hybrid materials based on bonding strength and structural
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5.1 Emerging Fabrication and Functionalization
Techniques

Recent advances in fabrication have opened
avenues for more efficient and sustainable production.
3D printing and additive manufacturing enable precise
deposition of hybrid nanomaterials for customized
energy storage and biomedical devices. Green synthesis
approaches, using plant extracts or microbial systems,
reduce chemical waste and improve biocompatibility.
Layer-by-layer self-assembly and microfluidic platforms
allow high-throughput, reproducible construction of
multifunctional nanocarriers. Integration of stimuli-
responsive moieties—pH, temperature, light, or
magnetic  field—further enhances control over
therapeutic release or energy storage performance. These
innovations collectively improve reliability, scalability,
and functional precision of nanomaterial-based
platforms [149,150].

Future Perspectives

The integration of engineered nanomaterials
(ENMs) and hybrid molecular systems (HMSs) across
biomedical and energy domains heralds a new era of

multifunctional technologies. Future research is
expected to focus on self-powered therapeutic devices,
implantable biosensors, and smart energy-harvesting
implants that can monitor physiological states while
simultaneously delivering targeted therapies. In energy
storage, hybrid electrodes combining organic and
inorganic components can enable next-generation
supercapacitors and batteries with higher energy and
power density, enhanced cycle life, and mechanical
flexibility for wearable electronics. Interdisciplinary
collaboration between material scientists, bioengineers,
chemists, and computational modelers will accelerate
innovation and help translate laboratory-scale advances
into scalable, commercially viable products. Regulatory
frameworks, standardized characterization, and life-
cycle assessments will be essential to ensure safety,
reproducibility, and environmental sustainability.

Emerging Al-guided design and high-
throughput synthesis strategies will allow predictive
optimization of particle size, surface chemistry, and
hybrid composition. Computational modeling will
simulate  pharmacokinetics, biodegradation, and
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electrochemical performance, reduce experimental costs
and accelerating discovery. The convergence of
healthcare and energy research creates a paradigm where
multifunctional nanomaterials serve dual purposes, such
as powering bioimplants while delivering localized
therapy, reducing device redundancy and improving
patient outcomes. Future work will likely explore
responsive systems that adapt to environmental or
physiological stimuli, enabling precision medicine and
smart energy solutions simultaneously.

6. CONCLUSION

Engineered nanomaterials and hybrid molecular
systems have demonstrated transformative potential in
both therapeutic applications and sustainable energy
storage. Their ability to integrate inorganic, organic, and
accessory components enables multifunctionality,
bridging traditionally separate domains. ENMs provide
precise control over size, surface chemistry, and
electronic properties, while HMSs offer synergistic
combinations that enhance biocompatibility, stimuli-
responsiveness, and mechanical flexibility. Together,
these systems pave the way for dual-function platforms
capable of delivering therapeutics and harvesting energy
concurrently.

Despite their promise, challenges remain in
scalability, cost-effective manufacturing, long-term
biostability, and environmental safety. The adoption of
green synthesis techniques, advanced fabrication
methods, and Al-guided design will be crucial in
overcoming these barriers. Strategic interdisciplinary
collaboration, adherence to regulatory standards, and
sustainability-focused research will enable translation
from prototype to practical application. In summary,
multifunctional ENM/HMS platforms exemplify the
next generation of integrated nanotechnologies, with the
potential to transform healthcare delivery and energy
systems while aligning with global sustainability goals.
Their continued development promises a future where
therapy, diagnostics, and energy storage converge in a
single, efficient, and safe nanomaterial platform.
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