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Abstract: Recent advancements in Cu2MX4 (CMX)-based nanocomposites have garnered significant attention in the biomedical field 
due to their exceptional structural, optical, electrical, and catalytic properties. In this review, recent developments regarding the 
synthesis, properties, and applications of CMX nanostructures in biomedicine, along with their high versatility and functionality, are 
discussed in detail. The various synthesis techniques, such as hydrothermal, solvothermal, and chemical vapour deposition methods 
and their influence on the properties of nanomaterials for therapeutic and diagnostic applications are also discussed. CMX-based 
nanocomposites cover highly important biomedical applications, including drug delivery, photothermal and photodynamic therapies, 
bioimaging, and antimicrobial activity. For the applications in targeted and controlled drug delivery, CMX, therefore, provides an 
efficient pathway to improve therapeutic efficiency while reducing adverse effects. The high photothermal conversion efficiency also 
makes this material beneficial for cancer therapies. The inherent fluorescence and magnetic properties of these agents may be 
beneficial in advanced bioimaging techniques. The good antimicrobial efficacy of CMX materials opens new avenues for combating 
microbial resistance. Mechanistic insights into cellular interactions, oxidative stress induction, and catalytic activities help provide a 
deeper understanding of the functions of these nanostructures in biological systems. Along with many future awaiting applications, 
toxicity, scalability, physico-stability, and regulatory issues are critical hurdles that need to be addressed for clinical translation to occur 
with CMX-based nanocomposite. The future aspects of enhancing the synthesis route, biocompatibility, and leveraging interdisci
plinary approaches to optimize these materials for biomedical applications are also discussed. The unique multifunctionality of 
Cu2MX4 positions it as a next-generation nanomaterial, and this review provides timely insights to accelerate its translation from 
laboratory research to real-world biomedical applications.
Keywords: Cu2MX4, drug delivery systems, photothermal therapy, biocompatibility

Introduction
Over the past few years, nanotechnology studies have made significant progress, not just contributing to material science 
and electronics but also to biomedicine. Nanomaterials have transformed the healthcare domain by providing superior 
nanoscale properties along with distinctive optical, chemical, and biological properties that can be employed in various 
therapeutic and diagnostic purposes.1 To this end, copper chalcogenide compounds of the type Cu2MX4, where M is a 
transition metal such as Fe, Co, Ni, or Zn and X represents the presence of a chalcogen like S, Se, or Te, have been 
widely sought after. The Cu2MX4 compounds consist of very versatile structural as well as functional properties, hence 
emerging as a potent class of nanomaterials, especially intriguing for biomedical research.2 Cu2MX4 compounds were 
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first of interest in applications in energy storage, catalysis, and optoelectronics. The compounds have striking electronic 
structures, high surface area, and tunable conductivity, which serve as benefits.3 Nevertheless, as scientists delved deeper 
into the possibility of these compounds, they were able to find areas of application in biomedicine. Advancements in 
synthetic chemistry and nanofabrication methods have made it possible to have a precise level of control over their 
properties, and these materials are poised as strong contenders for uses in drug delivery, photothermal therapy, 
photodynamic therapy, and bioimaging.4 These materials have superior photothermal and photoluminescent properties 
and can be seen as potential contenders for targeted cancer treatment and imaging applications. Their catalytic ability 
facilitates the construction of novel strategies for antimicrobial interventions and biosensing technology.5 Figure 1 shows 
the overview of Cu2MX4 (CMX)-based nanocomposites. Such responses are a reflection of the philosophy of nano 
architectonics, which is defined as a converging methodology combining nanotechnology, supramolecular chemistry, and 
material science aimed at designing and structuring functional materials at the nanoscale for biomedical and other high- 
tech applications.

The structure of Cu2MX4 compounds is a complex network of crystalline frameworks in which transition metals and 
chalcogens are accommodated, coordinating with copper ions. Flexibility within the choice of “M” and “X” elements 
allows fine-tuning of the physical and chemical properties of compounds with adaptability that extends to various 
biomedical uses. The magnetic or catalytic properties are provided by transition metal atoms like Fe, Co and Zn, whereas 
optical and electronic properties are provided by chalcogen atoms such as S, Se, and Te.6 This kind of compositional 
flexibility allows the preparation of Cu2MX4 nanomaterials with a specific electronic bandgap and minimal variation, 
which is important for applications in which a particular optical response is necessary, such as bioimaging or photo
thermal therapy. The typical crystalline structure of Cu2MX4 compounds is usually tetragonal or cubic, allowing for 
efficient electron or phonon transfer across the material, which is beneficial for biomedical applications.7 Copper atoms 
are generally in a +1 oxidation state, whereas the oxidation state of the transition metal may vary, balancing the 
compound’s overall charge and enhancing its stability and reactivity. Also, surface properties can be tailored by 
functionalizing them with organic molecules, polymers, or biomolecules.8 Thus, their application range can be further 

Figure 1 Biomedical applications of Cu2MX4.
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expanded in biomedicine. Because functionalization results in selective interactions with cell types or molecules present 
within the body, such materials can be used in specific applications, such as drug delivery and biosensing.9 The structure 
of the CMX nanomaterial is presented in Figure 2. Figure 2 depicts (A, B) the chemical structure of CMX architectures 
in side and top views, and (C) the layered structure of ternary Cu2MX4, where the P-phase and I-phase are along the a, b, 
and c axes. The I-phase (intermediate tetragonal) and P-phase (kesterite/polyhedral) differ in atomic arrangements and 
stability, influencing optical/electronic properties. The green ball represents the M site atom in the Cu2MX4 lattice.

Cu2MX4 compounds possess several features that make them excellent candidates for therapeutic and diagnostic 
applications. One of their most compelling characteristics is their ability to convert photonic energy into heat, which 
forms the basis for photothermal therapy (PTT) for cancer treatment.10 This photothermal efficiency, particularly at 
longer wavelengths, can be tuned by adjusting the particle size, morphology, and composition of Cu2MX4 nanomaterials, 
enabling absorption to extend into the near-infrared (NIR) range. In PTT, nanoparticles made from the Cu2MX4 are 
administered directly to the cancerous tissue, followed by exposure to specific wavelengths of light. These particles 
absorb and convert light into localized heat, killing cancer cells without affecting the surrounding healthy tissue. The 
targeted nature of this treatment has shown promise in experimental cancer models, leading to growing interest in 
optimizing Cu2MX4 compounds for even more efficient photothermal responses.11 In addition to photothermal therapy, 
Cu2MX4 compounds are utilized in photodynamic therapy (PDT), which selectively induces oxidative damage to cancer 
cells through the generation of reactive oxygen species (ROS). PDT can occur through two mechanisms: Type I, electron 
transfer to produce radical species (superoxide, hydroxyl radicals) regardless of oxygen concentration, and Type II, 
energy transfer to molecular oxygen to produce singlet oxygen (¹O2). Cu2MX4 primarily occurs through Type II oxygen- 
dependent pathways; however, methods like co-delivery of oxygen carriers or with oxygen-evolving systems can 
increase the efficacy of PDT under hypoxia. Notably, in contrast to most organic photosensitizers, Cu2MX4 shows 
very little aggregation-induced quenching (AIQ) as a result of its stable inorganic lattice structure, which maintains 
photoluminescence and ROS formation even at high concentration of particles. Some compositions of Cu2MX4 

nanomaterials have high photosensitivity and generate ROS upon exposure to light. Targeted ROS generation can 
cause damage or destruction of cancer cells without damaging adjacent healthy tissue. The advantage of PDT with 

Figure 2 Schematics showing the (A and B) chemical structure of CMX architectures, with side view and top view. (C) The layered structure of ternary Cu2MX4 with 
P-phase and I-phase form a, b and c-axis.
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Cu2MX4 nanomaterials is that, in addition to reducing systemic toxicity, it provides a noninvasive alternative treatment 
with fewer side effects compared to traditional treatments.12

Cu2MX4 nanostructures also offer significant potential for bioimaging, serving as fluorescent probes or magnetic 
resonance imaging (MRI) agents. This is because of their exceptional optical qualities, which can guarantee bright image 
quality and accurate diagnosis of medical diseases.13 Some Cu2MX4 compounds emit near-infrared fluorescence that 
penetrates deeper into the tissue while producing clearer images for diagnostic purposes. In addition, since Cu2MX4 

materials are metallic, they can be used as MRI contrast agents through magnetic interactions. Therefore, these materials 
can be used in both diagnostic and therapeutic fields. One of the most important biomedical applications of Cu2MX4 

compounds is their potential use in antimicrobial treatment.14,15 These nanomaterials are very effective antimicrobial 
agents; thus, they can be used for the development of novel infection treatments or as a basis for the development of 
antimicrobial-coated devices for medical purposes. The Cu2MX4-based nanoparticles exhibit strong antibacterial proper
ties, including effectiveness against drug-resistant bacteria, by disrupting cell walls or generating ROS to eliminate 
pathogens.15 This property is highly relevant to the healthcare field because of global antimicrobial resistance; the 
Cu2MX4 compounds may represent assets against difficult-to-treat infections. Several distinct properties confer biome
dical value to the Cu2MX4 compounds and clearly distinguish them from other nanomaterials. It makes it possible to 
adjust the composition to fine-tune properties such as the bandgap, magnetic susceptibility and photothermal efficiency 
for specific biomedical needs. Moreover, Cu2MX4 materials are typically nontoxic and exhibit suitable biocompatibility, 
especially compared with metallic nanoparticles. Copper is an essential trace element in the human body. Consequently, 
due to variations in size, surface characteristics and dosage adjustments in the size of nanoparticles, Cu2MX4 nanoma
terials are capable of delivering therapeutic benefits without much negative impact. The potential synthesis of nanoforms 
such as nanoparticles, nanorods and nanosheets of Cu2MX4 compounds, the application of these materials will further 
increase versatility. Such diversification allows for an extensive range of potential applications, from injectable formula
tions to local applications and even coatings for medical devices. In addition, surface modification makes Cu2MX4 

nanomaterials suitable for specific biomedical applications, such as targeting certain cell types or therapeutic agent 
delivery in response to changes in the environment, pH and temperature. In drug delivery, nanoparticles of Cu2MX4 may 
be functionalized to be selectively adsorbed by cancer cells, which allows local release of the drug and thus reduces side 
effects.16 The multifunctionality of Cu2MX4 nanomaterials, combining photothermal, photodynamic and imaging 
modalities within one particle, makes them especially promising candidates as theranostics: platforms that integrate 
therapeutic and diagnostic functions. This property aligns particularly well with the goals of personalized medicine, in 
which integrated diagnostics and targeted therapies streamline care, reduce costs and improve patient outcomes. In 
addition, the combined potential of photothermal and photodynamic therapies can be used to treat cancer, which is a 
complicated disease.

Thus, Nanoarchitectures based on Cu2MX4 show promise for biomedical applications. Their essence is to represent 
tunable physical properties, multifunctionality and adaptation through surface modification. These features make them 
highly promising for biomedical applications, such as treating cancer, treating multiresistant microbes and bioimaging. 
The problems associated with biocompatibility, stability and large-scale clinical practice are not posed by these 
compounds. In future, continued developments in nanotechnology and materials science may provide potential applica
tions in surgery, where such compounds are expected to play an enormously significant role in future innovations. This 
review captures the trend of the past year for Cu2MX4 based nanocomposite concerning their synthesis, properties and 
applications, as well as challenges in current times and directions into the future with biomedical applications.

History of Biomedical Applications of CMX-Based Nanocomposite
Early investigations in the first half of the 2010s investigated the specific optical, electronic and structural characteristics 
of Cu2MX4 compounds and identified their possible biomedical applications. In the mid-2010s, scientists began to 
consider PTT and PDT applications while also considering their biocompatibility and antimicrobial potential. The 
materials soon found application in multifunctional theranostic in which imaging and the therapeutic aspects of treatment 
converge at a targeted site. In the near past, there has been a vast advancement in the improvement of photothermal 
efficiency. This allows them to be used in combination therapies and targeted drug delivery. They are now in their best 
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stages of optimizing synthesis for scalability and initiating preclinical trials, thus moving closer to clinical implementa
tion in cancer therapy and antimicrobial applications. Table 1 summarizes the history of biomedical applications of 
CMX-based nanocomposite. The biomedical applications of CMX-based nanocomposite are presented in Figure 3.

Properties of Cu2MX4
Nanostructures of Cu2MX4, where M is a variable metal element and X refers to a chalcogen: sulfur, selenium and 
tellurium. These nanostructures have shown high interest in biomedical applications because of their unique electronic, 
optical and catalytic properties.14 These nanostructures exhibit excellent electronic, optical and catalytic properties, 
making them versatile materials for applications in bioimaging, drug delivery and biosensing. Their morphologies are 
also easily tunable in addition to their high surface area, which enhances their interaction with biological systems; 
therefore, they can be efficiently functionalized and targeted toward specific tissues or cellular components. Cu2MX4 

nanostructures have outstanding photothermal and photodynamic activity, making them suitable candidates for non- 
invasive therapeutic applications, especially PTT and PDT.

Biocompatibility and degradability also significantly contribute to their biocompatibility, as they can notably reduce 
long-term risks related to toxicity, an important parameter for ensuring safe integration into biomedical applications. 
Moreover, the intrinsic conductivity and electron transfer properties of the Cu2MX4 compounds are likely to render them 
suitable for their controlled drug release and responsive behaviour in therapeutic systems. The stability of the Cu2MX4 

compound in biological environments also recommends its use for longer periods and safety.14 In summary, the 
multifunctional properties of the nanostructures of Cu2MX4 and their amenability to surface modification make them 
excellent candidates for advanced, personalized medical applications. Table 2 highlights the structural, optical and 

Table 1 History of Biomedical Applications of CMX-Based Nanocomposite

Year Research Milestone Description Ref

2010 First explorations of Cu2MX4 

nanoparticles
Initial studies explored the synthesis of Cu2MX4 nanomaterials, mainly for their optical and electronic 
properties in fields such as optoelectronics and catalysis, setting a foundation for biomedical interest.

[8]

2012 Biocompatibility investigation Preliminary studies will investigate the biocompatibility of Cu2MX4 compounds, focusing on the safety profiles 
and cytotoxicity of copper-based nanomaterials. Early signs indicate the potential for biosafe applications with 
appropriate surface modification.

[2]

2014 Introduction to Photothermal 
Therapy (PTT)

Research begins examining Cu2MX4’s photothermal properties for cancer treatment, as studies demonstrated 
that these materials can effectively convert light to heat, marking early PTT applications.

[17]

2016 Cu2MX4 in Photodynamic 
Therapy (PDT)

Initial studies show Cu2MX4 nanomaterials’ ability to generate reactive oxygen species (ROS), opening new 
possibilities for their use in photodynamic therapy to selectively destroy cancer cells.

[16]

2018 Development of bioimaging 
applications

Cu2MX4 compounds are used in bioimaging as contrast agents because of their optical properties, especially in 
near-infrared (NIR) imaging, which allows for deeper tissue penetration and clearer diagnostics.

[18]

2019 Antimicrobial Applications The antimicrobial efficacy of Cu2MX4 compounds is reported, with studies showing that these materials can 
disrupt bacterial cell walls or generate ROS for effective microbial inactivation.

[7]

2020 Advances in multifunctional 
theranostic platforms

Cu2MX4-based nanoarchitectures are integrated into multifunctional theranostic platforms, combining 
therapeutic and diagnostic functions for personalized medicine approaches.

[7]

2021 Refinement of targeted drug 
delivery systems

Cu2MX4 nanoparticles with surface modifications demonstrate targeted drug delivery capabilities, enabling 
controlled release under physiological conditions like pH changes.

[5]

2022 Enhanced photothermal- 
conversion efficiency

Advances in synthesis have led to enhanced photothermal conversion efficiency, optimizing Cu2MX4 for PTT 
and improving its effectiveness in cancer treatment.

[9]

2023 Combination therapy research Studies on combination therapies using Cu2MX4 in both PTT and PDT have shown increased efficacy, 
suggesting a synergistic effect for more comprehensive cancer treatment.

[19]

2024 Scaling up synthesis for clinical 
applications

Research has focused on scalable synthesis methods for Cu2MX4 compounds, aiming to bridge the gap 
between laboratory research and clinical translation.

[14]

2025 Preclinical and regulatory 
studies

Cu2MX4-based nanoarchitectures undergo preclinical trials, assessing their safety, efficacy and potential 
approval pathways for use in biomedical applications, such as cancer therapy and antimicrobial treatments.

[14]
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chemical properties of Cu2MX4 nanostructures, along with their relevance to biomedical applications of Cu2MX4 

nanostructures.

Comparison of Cu2MX4 Nanoarchitectures with Other Nanomaterials
CMX-based nanoarchitectures have proven to be excellent candidates for biomedical applications owing to their high 
antibacterial, anticancer and photothermal capabilities. In contrast to conventional nanomaterials like gold nanoparticles 
(AuNPs), MXenes and carbon-based nanomaterials, Cu2MX4 exhibits high therapeutic efficacy mainly because of its 
copper-ion-mediated reactive oxygen species (ROS) production.15 This property renders it especially potent against 
bacterial infections and cancer cells, with 80–95% killing of tumour cells and 90–99% inhibition of bacteria in studies. 
Despite this, biocompatibility issues persist due to cytotoxicity, as Cu ion release can trigger oxidative stress in normal 
tissues. Biocompatibility-wise, AuNPs are superior to Cu2MX4 because of their established safety record and FDA- 
approved products with cell viability >90% at therapeutic levels.16 MXenes are moderately biocompatible, with surface 
terminations and oxidation affecting their toxicity. Carbon nanomaterials, including graphene and CNTs, are variable in 
biocompatibility, where pristine materials tend to be toxic but functionalized derivatives have 85–95% cell viability.31

One of the primary strengths of Cu2MX4 compared to conventional organic photosensitizers (like porphyrins or 
phthalocyanines) is that there is minimal aggregation-induced quenching (AIQ) as a result of the stable inorganic lattice, 
guaranteeing reliable photoluminescence and ROS generation even at concentrated levels.19 Furthermore, Cu2MX4 has 
higher photothermal conversion efficiency, wider absorption in the near-infrared (NIR) window by bandgap tuning, and 
higher catalytic activity, while most organic agents have limited absorption windows, poor stability, and decreased 
effectiveness under hypoxic tumour conditions. Such inherent advantages render Cu2MX4 more dependable and multi
functional for long-term therapeutic use.

Figure 3 CMX properties and bio functional attributes of various CMX-based nanocomposite.
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Table 2 The Structural, Optical and Chemical Properties of Cu2MX4 Nanostructures

Property Description Biomedical Relevance Potential 
Applications

Challenges Future Directions Ref

Photothermal Conversion Ability to convert light into heat Photothermal therapy (PTT) for cancer 
treatment

Cancer therapy Control of heat generation Enhancing conversion efficiency for 
targeted treatments

[20]

Biocompatibility Compatibility with biological 
systems

Reduces cytotoxicity, enhancing the 
safety of in vivoapplications

Drug delivery, imaging, Biocompatibility between various cell 
types

Development of biocompatible 
coatings

[21]

Optical Absorption Strong absorption in the near- 
infrared (NIR) range

Deep tissue imaging and therapy Bioimaging, PTT High absorption while minimizing side 
effects

Optimizing absorption for enhanced 
imaging and PTT

[14]

Chemical Stability Resistance to degradation under 
physiological conditions

Improve longevity in biological 
environments

Drug delivery and 
diagnostics

Balancing stability with biodegradability Stabilization strategies for prolonged 
effectiveness

[22]

Size Tunability Control of the nanoparticle size Tailored for cellular uptake and 
circulation time

Targeted therapy Consistent size control during the 
synthesis

Optimized size for specific 
applications

[23]

Surface Functionalization Ability to modify surfaces with 
various molecules

Enhance targeting specificity and 
functionality

Targeted drug delivery Ensuring consistent and stable 
functionalization

Development of responsive and 
multifunctional surfaces

[21]

Antibacterial Properties Ability to inhibit bacterial growth Useful for treating infections and 
preventing biofilm formation

Antimicrobial coatings Maintaining efficacy without human cell 
toxicity

Enhancing selectivity for pathogens [15]

Reactive Oxygen Species 
(ROS) Generation

ROS generation under light 
exposure

Photodynamic therapy (PDT) for 
cancer

Cancer therapy Control of ROS levels Tailoring ROS generation for precise 
PDT

[16]

High Surface Area Increased surface area-to-volume 
ratio

Allows for high drug loading Drug delivery Drug retention on the surface in 
biological environments

Optimizing the surface area for 
maximum drug load

[14]

pH Sensitivity Response to body pH changes Facilitates targeted drug release in 
acidic tumour environments

Drug delivery in cancer Controlling the pH response for 
effective release

Designing pH-sensitive carriers for 
tumour targeting

[16]

Electrical Conductivity Conductivity enhances the 
photothermal efficiency

Improved photothermal therapy 
performance

PTT Maintaining conductivity under 
biological conditions

Development of conductive 
composites

[24]

Magnetism (for specific M 
components)

Magnetic properties of certain 
compositions

Magnetic targeting and imaging MRI imaging and 
magnetic targeting

Achieving desired magnetism without 
cytotoxicity

Optimizing the magnetic properties 
of imaging and therapy

[14,15]

Crystallinity Ordered crystal structure Effects on optical and electronic 
properties

Imaging, PTT Reproducibility of crystalline structures Exploring crystallinity’s effect on 
biomedical applications

[25]

Morphology Shapes like spherical, rod-like, or 
core-shell

Determines drug loading and cellular 
interactions

Drug delivery and 
bioimaging

Control of morphology during 
synthesis

Designing specific shapes for 
targeted applications

[24]

Biodegradability Breakdown of biological systems Reduces long-term accumulation in 
tissues

Drug delivery and 
diagnostics

Degradation rates for specific 
applications

Predictable biodegradability for safer 
applications

[22]

Drug Loading Capacity High potential for drug loading Effective delivery of therapeutics Drug delivery Preventing premature drug release Optimizing drug payload 
optimization

[14]

(Continued)
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Table 2 (Continued). 

Property Description Biomedical Relevance Potential 
Applications

Challenges Future Directions Ref

pH-Triggered Release Release in response to acidic 
environments

Provides targeted release in tumours 
and infected tissues

Targeted therapy Maintain stability until reaching the 
target site

Enhance sensitivity to pH variations [16]

Solubility Control Controllable solubility under 
physiological conditions

Enables precise localization Drug delivery and 
diagnostics

Achieving a balance between solubility 
and stability

Development of formulations with 
optimized solubility

[26]

Enhanced Tumor 
Accumulation

Preferential accumulation in 
tumour tissues

Improved efficacy of cancer treatments Cancer therapy Ensuring accumulation without toxicity 
in normal tissues

Refinement of tumor-targeting 
capabilities

[27]

Fluorescence Fluorescence properties for 
tracking and imaging

Useful in bioimaging Fluorescent imaging Stability and visibility in biological 
environments

Enhancing fluorescence for deeper 
tissue imaging

[14]

Multifunctional Coating 
Compatibility

Compatible with multiple 
functional coatings

Integrating targeting, imaging and 
therapeutic agents

Theranostics and drug 
delivery

Complexity of multifunctional synthesis Simplified synthesis for 
multifunctional applications

[28]

Durability under 
Irradiation

Stability following exposure to 
therapeutic radiation

Essential for repeated treatments like 
PTT

PTT, PDT Preventing degradation during 
irradiation

Improving the durability to ensure 
consistent performance

[29]

Immune Evasion Avoid detection by the immune 
system

Extends the circulation time Drug delivery Preventing immune responses without 
altering biocompatibility

Surface modification to improve 
immune evasion

[27]

Binding Affinity to 
Biomolecules

Selective binding to specific 
biomolecules

Enhances targeting specificity Targeted drug delivery 
and diagnostics

Maintaining affinity in complex 
biological environments

Engineering targeted binding to 
improve delivery

[8]

Cost-effective Synthesis Low-cost, scalable synthesis 
techniques

Increase accessibility to medical 
applications

All applications Balancing cost between quality and 
reproducibility

Developing low-cost methods for 
large-scale synthesis

[30]

Customizable Release 
Kinetics

Controlled release profiles for 
therapeutic applications

Optimize therapeutic dosing Drug delivery and 
targeted therapy

Reproducibility of release kinetics Engineering materials with tailored 
release profiles

[14]
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Scalability is also an important consideration in nanomaterial development. AuNPs and carbon nanomaterials both 
have large-scale synthesis routes and are thus very scalable.32 Cu2MX4, however, has moderate scalability issues because 
of cost-expensive synthesis pathways and reproducibility issues, like MXenes, which are plagued by stability problems in 
large-scale production. Regulatory issues are also a major challenge for Cu2MX4 nanoarchitectures. AuNPs have 
moderate regulatory issues, with some FDA-approved products on the market, whereas Cu2MX4, MXenes and carbon- 
based nanomaterials have greater regulatory issues owing to sparse clinical data and toxicity issues.33 The Cu2MX4 

nanoarchitectures hold strong therapeutic promise, anticancer applications, but need to be studied more in terms of 
biocompatibility, scalability and regulatory acceptance before reaching the clinic. Their biomedical applicability can be 
further optimized by surface modifications and the mitigation of toxicity through future research studies. Table 3 shows a 
comparison of Cu2MX4 nanoarchitectures with other nanomaterials for biocompatibility, scalability and therapeutic 
efficacy, scalability and therapeutic efficacy.

Synthesis and Fabrication of Cu2MX4 (CMX)-Based Nanocomposite
CMX-based nanocomposite is known to hold great promise for applications in a wide range of fields, including drug 
delivery, biosensing and phototherapy and their synthesis and fabrication have attracted considerable interest. The unique 
structural, electronic and catalytic features can be identified and engineered through specific synthesis and fabrication 
methods. This would be very challenging because the final nanoarchitectures of CMX materials are highly sensitive to 
their structures and properties.31 Precise control over morphology, particle size distribution, stability and functionaliza
tion are essential for optimizing the performance of these materials in biomedical and environmental applications. Precise 
control of the structural and functional properties of the CMX nanostructures was achieved by different synthesis 
techniques, such as the use of a combination of solvothermal/hydrothermal processes, chemical vapour deposition 
(CVD), electrochemical deposition and the sol-gel methods.19 These materials are particularly useful for template- 
assisted synthesis, molecular layer deposition (MLD) and atomic layer deposition (ALD), which prove to be advanta
geous for structures that offer layered or composite structures in developing the material’s performance and its range of 
applications. Other techniques, such as sonochemical and microwave-assisted synthesis, are very rapid and energy-saving 
and produce products that may have higher surface areas and active sites.32

Each synthesis technique has its advantages and limitations, and the choice of method depends on the specific 
application. Cost, scalability, environmental compatibility and facility determine the easy functionalization of the chosen 
method.33 Ongoing innovations in CMX synthesis methods have focused on improving the uniformity, scalability and 
stability of these nanoarchitectures. These advances open them to various biomedical and technological fields. Here, the 
most commonly applied synthesis and fabrication methods for creating CMX nanoarchitectures are discussed, summar
izing their mechanisms, advantages and suitability for biological applications.

Solvothermal and Hydrothermal Synthesis
In the last decade, solvothermal and hydrothermal synthesis methods is the common method, and have gained increasing 
popularity in the synthesis of nanoarchitectures based on CMX, which control the size, morphology and crystallinity of 
the particles. The reactions used in solvothermal and hydrothermal synthesis occur in sealed high-pressure vessels at very 
high temperatures, usually with water as a medium (hydrothermal) or with other solvents (solvothermal).25 High pressure 
and temperature favour fast nucleation and growth, allowing precise control over nanostructure formation. These 
approaches are advantageous for the preparation of uniform and stable CMX nanostructures, which are critical for 
biomedical applications. However, these methods often require long reaction times and are not scalable to produce large 
quantities.

Increased research interest has been paid to the synthesis of CMX-based nanocomposite for the distinctive and 
versatile applications of copper-based nanomaterials. Early investigations of copper oxide nanomaterials have revealed 
some promising properties; CuO is a monoclinic p-type semiconductor. The remarkable thermal conductivity, photo
voltaic properties and antimicrobial properties of CuO trigger its use in catalysis, gas sensing and conversion of solar 
energy.17 Other environmentally friendly syntheses have been explored for the synthesis of copper-based chalcogenide 
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Table 3 A Comparison of Cu2MX4 Nanoarchitectures with Other for Biocompatibility, Scalability and Therapeutic Efficacy. Nanomaterials

Parameter Cu2MX4 Nanoarchitectures Gold Nanoparticles (AuNPs) MXenes (Ti3C2, Mo2TiC2, etc). Carbon-Based Nanomaterials (Graphene, 
CNTs, Fullerenes, etc).

Reference

Cell Viability (%) 70-90% (dose-dependent) >90% (low toxicity, FDA-approved) 70-95% (oxidation increases toxicity) 60-95% (pristine CNTs toxic, functionalized forms 
safer)

[14]

Cytotoxicity Assays  
(IC50, μg/mL)

20-100 μg/mL (depends on composition) >200 μg/mL (well tolerated) 50-150 μg/mL (variable) 10-100 μg/mL (functionalization-dependent) [14]

Hemocompatibility Good (hemolysis <5%) Excellent (no RBC lysis at 100 μg/mL) Moderate (higher doses cause mild RBC 
damage)

Good (graphene and CNTs cause minimal RBC 
damage if functionalized)

[34]

ROS Generation High (Cu2+ ion-mediated oxidative stress) Low (AuNPs are chemically inert) High (some MXenes induce ROS via 
electron transfer)

Moderate (some carbon nanomaterials generate 
ROS in cells)

[14]

Genotoxicity Possible (Cu ion-induced DNA damage) Low (AuNPs rarely induce DNA 
damage)

Moderate (MXenes can affect DNA 
integrity at high doses)

Variable (pristine CNTs can cause DNA damage, 
functionalization reduces risk)

[14]

Anti-inflammatory Response Moderate (Cu2+ can activate immune cells) Low (AuNPs cause minimal 
inflammation)

Moderate (MXenes may trigger mild 
immune response)

Moderate (depends on surface chemistry) [14]

Antibacterial Efficacy High (Cu2+ release damages bacterial membranes, 
~90-99% bacterial inhibition)

Low (unless surface-modified) High (MXenes disrupt bacterial 
membranes, ~90-99% inhibition)

Moderate (~60-90% inhibition, graphene oxide 
shows stronger effect)

[35]

Anticancer Effectiveness High (~80-95% tumor cell death in PTT studies) High (~80-98% tumor reduction in 
photothermal therapy)

High (~90-99% efficiency in PTT) Moderate (~60-90%, depends on nanocarrier 
system)

[14]

Photothermal Conversion 
Efficiency (PTCE, %)

35-50% (Cu-based nanomaterials absorb NIR light 
well)

50-60% (AuNPs have strong 
plasmonic absorption)

40-55% (MXenes absorb well in NIR) 20-40% (graphene absorbs NIR but less than 
AuNPs)

[35]

Drug Loading Capacity High (~150-300 mg/g for anticancer drugs) High (~200-400 mg/g for small 
molecules)

High (~200-350 mg/g) High (~200-500 mg/g for hydrophobic drugs) [36]

In vivo Stability Moderate (Cu release may limit long-term 
circulation)

High (AuNPs remain stable in blood 
for long durations)

Moderate (MXenes degrade over time in 
aqueous conditions)

High (graphene derivatives stable for long-term 
circulation)

[37]

Biodistribution Accumulates in liver, spleen (Cu clearance 
pathways)

Reticuloendothelial system (liver, 
spleen)

Mostly in liver, kidneys Tissue-specific (functionalized forms improve 
targeting)

[14]

Scalability Moderate (synthesis improving but cost remains a 
factor)

High (well-established, cost-effective 
synthesis)

Moderate (some MXenes face stability 
issues in mass production)

High (mass production of graphene and CNTs is 
feasible)

[38]

Regulatory Challenges High (limited biomedical studies, requires toxicity 
validation)

Moderate (some FDA-approved 
formulations exist)

High (limited clinical data, concerns over 
long-term toxicity)

Moderate (some carbon-based materials have 
regulatory approvals)

[37]
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nanocrystals, such as Cu2FeSnS4 as a low-cost, non-toxic and mechanochemically synthesized copper-rich sulphide. This 
demonstrates the structural properties of Cu2FeSnS4 with enhanced thermoelectric performance.39

The further synthesis of two-dimensional copper nanomaterials has been motivated by the potential of copper as a low- 
cost, conductive alternative material that can replace other materials and has applications in energy storage where surface 
morphology could enhance light absorption. The synthesis of two-dimensional nanomaterials by both “bottom-up” and “top- 
down” methods is critically discussed in line with the evolving manufacturing landscape of nanomaterials.18 The size- 
controlled Cu2SnS3 quantum dots whose scalable growth promises exciting applications in infrared photodetectors, expand 
the utility of copper-based materials.28 Green synthesis methods for 2D Cu nanosheets focus on replacing toxic chemicals with 
the need for sustainable nanomaterial production. Further characterization of these nanosheets shows impressive conductivity 
and catalytic efficiency with significant roles of Cu in advanced nanomaterial designs.40 Another application involves 
microwave-assisted hydrothermal synthesis, which has produced high-quality copper-substituted spinels, thus giving evidence 
to this method’s versatility and effectiveness for the production of nanomaterials.

Moreover, green synthesis routes based on plant extracts not only offer an eco-friendly approach because wastes 
containing toxic products are minimized and synthesis mediated through plants appears to be the panacea for today’s 
challenges in research.41 Therefore, propagating these methods toward biotechnological applications requires further 
improvements to enhance green synthesis techniques in terms of their applicability for industrial purposes. Hence, nanoarch
itectonics based on CMX can be considered as a new and green frontier in which various methods for synthesis and 
possibilities for application can be observed regarding copper-based nanomaterials that correspond to the needs of recent 
research priorities. High-quality Cu2MoS4 single-crystal nanosheets may be easily and sustainably generated utilizing the 
solvothermal process, which uses Cu2O nanocrystals as the sacrificial template. Other Cu2MX4 compounds, including the 
Cu2WS4, can also be synthesized using this method. According to experimental findings, our Cu2MoS4 nanosheets have the 
potential to be both electrocatalysts for the HER and photocatalysts at visible wavelengths.42 The schematic representation of 
the solvothermal synthesis steps of ternary CMX nanosheets is schematically illustrated in Figure 4.

Figure 4 The schematic representation of solvothermal synthesis steps of ternary CMX nanosheets (Image is created by Biorender.com).
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Chemical Vapour Deposition (CVD) Techniques
The Chemical Vapour Deposition technique can be used with great versatility for the synthesis of high-purity and 
uniform nanoarchitectonics of CMX. In the CVD process, gaseous precursors are allowed to enter a reactor where they 
decompose thermally or react chemically on the substrate at elevated temperatures, eventually depositing a thin CMX 
film or nanostructure layer-by-layer. This process proves to be useful for precise control of the nanostructure thickness, 
composition and morphology, thus being used in applications requiring very uniform coatings. CVD techniques, 
including thermal and plasma-enhanced CVD, imply better tailoring of CMX properties, but use specialized equipment 
for many applications and, hence, may have higher operational costs.28

In recent times, critical studies have been followed by a surge of research activities focused on the development of 
CVD techniques for synthesizing CMX-based nanoarchitectonics. The basis for future studies on the reusability of 
nanoparticles and particle size adjustment: Both are important parameters for optimizing Cu-based materials in applica
tions. Seeding-nanocrystal synthesis route to β-Cu2V2O7 emphasizes that the size of the seed particles strongly controls 
the grain size and photoelectrochemical performance of the final material.43 This method not only includes sol-gel and 
solid-state chemistries but also opens new horizons for synthesizing complex materials with enhanced properties, making 
the importance of CVD techniques in the development of advanced nanoarchitectures evident. The multi-walled carbon 
nanotube (CNTs) CVD process shows the utility of the CVD method for obtaining high-purity CNTs on desired 
substrates, which is necessary for integrating these nanostructures into electronic devices. The discussion of different 
CVD methods, both at atmospheric pressure and low pressure, illustrates the flexibility of CVD synthesis processes for a 
wide variety of nanomaterials, such as those based on Cu2MX4.44 Challenges in bilayer graphene synthesis through 
atmospheric pressure CVD, stressing the understanding of growth mechanisms to improve quality and scalability. The 
results of this study are crucial for refining the CVD processes, particularly for the synthesis of high-quality graphene that 
can be integrated with Cu2MX4 materials.45 Here, an innovative water vapor-assisted CVD technique is reported for 
synthesizing WS2-MoS2 heterostructures and overcoming the reproducibility problems associated with the growth of 
two-dimensional transition metal dichalcogenides (MX2). The results point out the critical influence of environmental 
factors on the growth process and could be highly useful in developing similar methods for Cu2MX4-based materials, 
where control of the growth conditions becomes pivotal for achieving the desired properties.46 The developments in 
CVD processes for silicon carbide (SiC) films with low-temperature processes and atomic layer deposition (ALD) 
emphasizes that material properties should be controlled for use in micro- and nanoelectromechanical systems, similar to 
the demand for proper control over the synthesis of materials when synthesizing the Cu2MX4 materials.47

The growth of single-crystal transition-metal dichalcogenide seeds in S-CVT establishes the possibility of obtaining 
high-quality optoelectronic materials through this method. The possibility of large-scale crystal growth with S-CVT 
makes it particularly relevant for the synthesis of Cu2MX4 materials, which opens promising prospects for future 
research.48 Synthesis and application of CVD-fabricated graphene: significance of substrate choice and growth condi
tions. The results show that transfer techniques are essential for graphene-based applications, which may be reflected in 
the preparation of devices with CMX samples.49 Studies on MXene derivatives are summarized to present various 
synthetic routes and some applications in energy conversion and storage. Insight into the control of the morphology and 
structural design of MXenes will be useful for synthesizing Cu2MX4 materials, especially for optimizing their perfor
mance in electronic applications.24 A systematic study on the solution/ammonolysis synthesis of copper(I) nitride 
nanostructures, indicating the flexibility of synthetic methods to yield various nanostructures with specific surface 
areas, emphasizes the potential of methods in the context of Cu2MX4 nanocomposite, where tailored properties are 
critical for specific applications.50,51

Thus, the CVD of MoS2 flakes, highlighting key parameters determining growth reproducibility and material quality, 
focusing on growth protocol optimization, aligns with more general objectives for enhancing synthesis methods for 
Cu2MX4 materials, which are both likely to produce high-quality reproducible output.52 Several studies on the 
importance of wafer-scale production of two-dimensional transition metal chalcogenides and their assessment of various 
growth methods, including CVD, support their applicability in achieving a uniform thickness and large crystal domains, 
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features crucial for the industrial application of Cu2MX4 materials are still interesting.53 The schematic representation of 
the CVD method of preparation for CMX is presented in Figure 5.

Electrochemical Deposition Methods
Electrochemical deposition is an efficient and controlled means of fabricating nanoarchitectures based on CMX with a 
specified thickness, composition and morphology. Electrodeposition involves the use of an electric current that passes 
through a solution containing metal precursors to deposit CMX layers onto a conductive substrate. This method allows 
for the layer-by-layer construction of nanostructures necessary for any application that requires specific surface features 
and active sites. Electrochemical deposition is particularly useful for forming uniform, adhesive coatings, especially on 
complex geometries. Although it is an inexpensive and scalable method, its potential application in biomedical applica
tions requires careful optimization of the electrolyte composition and deposition parameters to achieve desirable 
structural properties.

Studies on the latest developments in electrochemical deposition techniques used for the preparation of CMX-based 
nanocomposite reveal a highly dynamic field based on innovative techniques and material designs that are directed 
toward improving the performance of electrochemical devices. The work by Tóth et al underscores the importance of 
optimizing the deposition potential of Cu during the electrochemical deposition of multilayer structures. These studies 
lead to the expectation that the deposition must be carefully controlled to avoid unwanted electrochemical reactions and 
to maximize the magnetoresistance properties of the resulting materials in an attempt to understand the subtle interactions 
between the deposition conditions and material properties in multilayer systems.54 The scientists working on this basis 
have further studied the usage of MXenes, two-dimensional materials that are gaining popularity because of their high 

Figure 5 Schematic representation of CVD method of preparation for CMX (Image is created by Biorender.com).
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surface area and ion transport capability. The development of MXene-based materials for lithium-ion capacitors is 
promising for energy storage applications. For the structure of materials, such importance is manifested in the synthesis 
of MXenes and their performance as electrode materials, which is often repeated throughout subsequent studies.54 The 
synthesis and application of MXene derivatives in energy conversion and storage have demonstrated the unique proper
ties, such as high surface area and excellent conductivity, of MXenes to fit a range of electrochemical applications. Also, 
the current progress made in the research on MXene identifies challenges that should be addressed to fully exploit those 
potentials in energy storage technologies.24 A quasi-2D ultra-thin liquid layer is electrochemically deposited to create a 
Cu2O/SnO2 periodic heterostructure sheet. Research on this material’s photoresponsivity revealed the response beha
viours under various lighting situations. According to the tunnelling modulation process, it has a respectable UV 
photoresponsivity.55,56 Figure 6 shows the various steps in the electrochemical deposition methods of (CMX) and 
represents the schematic diagrams of the process of electrochemical deposition.

The study on the synthesis of three-dimensional interconnected conductive networks based on CuOx demonstrated 
that such architectures can lead to improved electrochemical characteristics of electrode materials through enhanced ionic 
and electronic transport. The unique properties of CuOx-based materials combined with novel structural approaches may 
provide dominant improvements in the performance of supercapacitors and glucose sensors.23 Specifically, through the 
demonstration of Cu species efficacy in enhancing electrochemical activity inside asymmetrical supercapacitors, the 
importance of structural design to achieve superior electrochemical properties possesses much importance. This further 
supports the concept that the integration of different materials often leads to promising results for energy-storage 
applications.57 Some strengths of other techniques, arguably cost and scalability considerations in the versatility of 
electrodeposition as a method to synthesize nanostructured materials.30 Finally, recent works on the optimization of 
energy storage properties through the in-situ electrodeposition of nickel-cobalt sulphide composites are demonstrated as 
examples of how strategic design and synthesis methods can lead to enhanced electrochemical performance, representing 
the potential of hierarchical structures within energy storage applications.58

Figure 6 Various steps in the electrochemical deposition methods of CMX (Image is created by Biorender.com).
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Microwave-Assisted Synthesis
Microwave-assisted synthesis is a fast and energy-efficient approach to directly synthesizing CMX-based nanocomposite 
with atomically precise control over particle size and morphology. Rapid, uniform heating facilitated by microwaves can 
enhance reaction rates and support the formation of highly crystalline nanostructures with desired properties, including 
increased surface area.20 The reaction time is markedly reduced, and thus, the synthesis times usually fall in the range of 
minutes under microwave synthesis conditions rather than hours in traditional synthesis. Mass production is highly 
efficient and scalable using microwave-assisted synthesis. However, there is an optimization need at the scientific level, 
to optimize microwave power, reaction time and precursor concentration for nanoparticle agglomeration to avoid quality 
degradation in CMX nanostructures.59

Studies on microwave-assisted synthesis of CMX-based nanocomposite have exemplified progressive evolution in 
methodologies and applications, with much emphasis on advantages related to microwave technology in the fabrication 
of nanomaterials. The exploration begins with the use of the microwave irradiation method as a transformative approach 
for synthesizing nanomaterials, especially copper oxides. These studies demonstrate the efficiency, energy saving and 
environmental advantage of the proposed method as a basis for the rapid and uniform production of nanostructures via 
microwave-assisted approaches.17 This being the basis, new research works further explain the method by illustrating the 
microwave irradiation application in the synthesis of MOFs, emphasizing the ability of the method in terms of promoting 
growth with controlled particle morphology and size. The kinetic and thermodynamic perspectives presented here 
highlight the flexibility of microwave-assisted synthesis in material preparation, which has great implications for gas 
storage and catalytic applications.60 The mechano-synthetic introduction of mechanochemical forces into the toolbox, 
complementing nanomaterial synthesis, suggests that the combination of mechanochemical methods with microwave 
techniques could provide better material properties for titanium dioxide photocatalysts. This synergy offers a much wider 
synthesis optimization scope using innovative approaches.61 The latest studies introduced a new aspect of microwave 
synthesis by demonstrating how electric discharges derived from metal particles can be used for the rapid production of 
inorganic nanomaterials, which discusses the capabilities of microwave-induced arcs for the generation of nanoparticles 
and demonstrates an alternate microwave technology dimension that may also be used for CMX-based nanoarchitec
tonics synthesis.62 Microwave-assisted hydrothermal synthesis of nanoparticles, particularly copper-substituted spinels, 
has reinforced the fact that microwave techniques can be impressively applied for precursors targeting advanced catalytic 
applications and further solidifies the role of microwave synthesis within the framework.29 Because there are currently no 
effective treatments for bacterial biofilm-related wound infections, human health is at risk. Thus, there is an urgent need 
to create a unique approach to wound infection care.56

The importance of microwave solution combustion synthesis, describing the efficiencies and versatility of producing 
metal oxide nanomaterials, articulating the unique heating mechanisms of microwave synthesis and contributing to 
uniform heat distribution and rapid material preparation. It is regarded in terms of nanomaterials with tailored properties 
and enhanced potential for applications in various fields.63 Finally, the synthesis of bimetallic Au-Cu nanostructures, 
mainly focusing on the promising applications of catalysis and photonics, underscores the optical and electronic benefits 
to be gained from the combination of copper with gold, adding light to the possibility of elaborating advanced 
nanoarchitectures that exploit the strength points of both metals.64 Hence, microwave-assisted synthesis techniques 
with a transformative nature and changes in the product and functionality of Cu2MX4-based nanoarchitectonics are very 
innovative. The introduction of such innovative methodologies opens new avenues toward the creation of advanced 
materials with various applications, which could be applied in catalysis, energy storage, or both.

Template-Assisted Synthesis and Self-Assembly
Template-assisted synthesis and self-assembly techniques are highly valuable for building CMX-based nanocomposite 
with precisely defined shapes, sizes and hierarchical structures. Template-assisted synthesis relies on templates, which 
can include porous materials or nanostructured moulds, to guide the development of CMX nanostructures so that their 
morphology and uniformity can be controlled. In contrast, self-assembly techniques use organizational processes between 
molecules and construct ordered architectures for CMX nanoparticles without the use of moulds. Both methods can 
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produce complex and functional nanostructures of particular value for targeted biomedical applications. However, the 
removal of templates and optimized conditions in self-assembly introduces additional complexity and expense, making 
large-scale production problematic.65

The field of microwave-assisted synthesis has seen extensive growth recently, particularly in the synthesis of copper- 
based nanomaterials. A new microwave-assisted polyol route for the production of copper nanocrystals (CuNCs) without 
the need for supplementary protective or reducing agents has focused attention on these 2 nm CuNCs because of their 
low resistance and superior catalytic properties for use in printed electronics and catalytic materials.66 This innovative 
approach of using a non-aqueous solvent was minimized in terms of oxidation, providing a platform for further studies 
that aim to optimize synthesis conditions to obtain improved material properties. In 2014, the introduction of copper 
oxide nanomaterials, with special attention to the distinctive properties and potential applications of CuO nanostructures, 
pointed to the significance of chemical synthetic strategies and their factors in the synthesis process, which is important 
for realizing practical applications of CuO in various technological fields. This provides a foundation for further 
explorations of the synthesis techniques that are to follow.17 Discussions were held on the development of microwave 
synthesis techniques involving electric discharges generated during the microwave irradiation of metal particles. This 
highlights how microwave synthesis can drastically reduce the reaction time and increase product density and mechanical 
properties compared to conventional methods. The results demonstrate the effectiveness of microwave-assisted techni
ques in obtaining high-quality nanomaterials.62 The synthesis of nanostructured Cu-substituted ZnM2O4 spinels via 
microwave-assisted hydrothermal synthesis was investigated in 2022. This showed the potential of microwave techniques 
for synthesizing thermally stable Cu catalysts, and this aspect contributed to the discussion on optimizing the synthesis 
conditions to achieve the desired material characteristics.29 The findings of biogenic synthesis methods, especially plant- 
mediated approaches for producing copper-based nanomaterials, have underscored the benefits of green synthesis 
methods and set researchers in new research directions, namely sustainable practices in the production of nanomaterials. 
This perspective is critical as the field moves toward more environmentally friendly synthesis techniques.41 A novel one- 
step method for synthesizing copper oxide nanoparticles by arc discharge plasma in liquid, where it demonstrated the 
possibility of controlling the Cu/O ratio by varying the discharge currents, indicates that this method permits possible 
tuning of material properties, which are essential for enhancing the photocatalytic applications of copper oxide 
nanoparticles.67 Anodic aluminium oxide (AAO) was used as a hard template in a simple solvothermal method to create 
an array of highly ordered quaternary semiconductor Cu2ZnSnS4 nanowires. The nanowires are single-crystalline and 
homogeneous when prepared. They can grow in either the crystalline [11̅0] or [111̅] direction, and the resulting nanowire 
array can have comparable structural properties.68,69 These studies have catalysed a robust trajectory of innovation in 
microwave-assisted synthesis, especially concerning the development and application of Cu2MX4-based 
nanoarchitectonics.

Sonochemical Synthesis
Sonochemical synthesis is highly effective for the realization of nanoarchitectonics based on copper iodide CMX using 
ultrasonic waves, where the reaction chemical processes are accelerated by acoustic cavitation. Ultrasound creates 
cavitation bubbles in a reaction medium at high energies that finally collapse and, therefore, raise localized high 
temperature and pressure, which in turn accelerate rapid nucleation as well as the growth of nanostructure-related 
CMX. This usually results in superior surface area and reactivity. Sonochemical synthesis is highly advantageous, 
particularly through its rapid rate of synthesis and the ability to produce particles of comparable size. However, strict 
control over ultrasound frequency, power and duration also has to be carried out to not allow agglomeration in 
biomedical applications and to ensure material quality.70 Because of its many uses in the scientific and medicinal 
domains; metal complex synthesis and characterisation have attracted a lot of attention. The biological activity, spectro
scopic analysis and sonochemical synthesis of novel copper (Cu) complexes were examined. The results indicate that the 
produced Cu2+-complexes have a great deal of potential for use in cancer treatment and medication administration. This 
study advances the field of supramolecular chemistry and creates multipurpose materials for a range of scientific and 
therapeutic uses.71
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Recent advances in the sonochemical synthesis of nanoarchitectonics of Cu2MX4 well reflect the versatility and 
effectiveness of sonochemistry for fabricating functional nanomaterials. Therefore, the nanoparticle synthesis of 
Cu2SnS3 was possible. The solvothermal methods for the preparation of quantum dots are optimized for near-infrared 
photodetection, indicating a growing interest in size control and reusability for practical applications.28 Examples include 
the synthesis of nanomaterials with improved structural and optical properties, such as titania nanoparticles in photo
catalysts, demonstrating how novel synthesis methods can lead to favourable material properties.61 Ultrasonic sonochem
ical aluminium crystal growth and graphitization of PVP demonstrate ultrasound’s ability to increase the quality features of 
nanostructures and offer a more efficient method of production than classical techniques, underlining the environmental 
advantages of sonochemistry.72,73 Similarly, sonochemical routes are utilized to synthesize complex Cu(II) and Zn(II) 
metal-organic frameworks that have potential applications as catalysts in various catalytic applications; this has further 
demonstrated the versatility of sonochemical synthesis for all sorts of nanomaterials.74 The preparation of MXene 
derivatives further unifies the relationship between morphology and functionality, demonstrating that controlled size and 
shape are directly related to the performance of energy storage and conversion.24 Advances in environmental applications 
for metal and metal oxide nanostructures have driven the emphasis on solid-state methods for synthesizing metal and metal 
oxide nanostructures. This implies that low-energy, solvent-free syntheses are a cornerstone of sustainable chemistry.75 

Microwave-assisted hydrothermal synthesis is an eco-friendly route that generates energy-efficient nanomaterials. Hence, 
techniques combining sonochemistry probably point toward the development of high-quality, energy-efficient 
nanomaterials.29 Honeycomb-layered oxides, particularly copper-based ones, are especially promising materials whose 
properties can be invaluable to photocathodes and transparent conducting, illustrated by coordination chemistry’s impact on 
the material properties.76 Additionally, a more environmentally friendly synthesis of copper nanomaterials from a biogenic 
synthesis process using plant extracts has been reported and is further called green nanotechnology.41

Sol-Gel Method
The sol-gel synthesis route provides an excellent pathway for highly versatile and efficient pathways for preparation of 
nanoarchitectures based on CMX, where the particle size, shape and porosity are focused at perfect control. Initially, a 
liquid “sol” transforms through a sequence of hydrolysis and polycondensation reactions into a solid “gel”, obtained 
using metal precursors, and this gel, when dried and calcined, gives CMX nanostructures that are highly pure and stable 
It provides homogeneous and very finely dispersed particles, which have made the sol-gel process useful for drug 
delivery and imaging. However, long processing times and strict regulation of reaction conditions are required to achieve 
the desired material properties. In recent years, sol-gel processing has emerged as an indispensable method for 
synthesizing nanostructured materials. Among them, the preparation of nanoarchitectures based on Cu2MX4 (CMX) is 
of particular interest. The sol-gel process has been widely used to synthesize hollow spheres and 1D structures with high- 
purity products and fine particle sizes with chemical uniformity. These materials have wide applications in energy storage 
and environmental remediation.77 Various synthetic routes have been used to obtain MXene derivatives, most notably 
two-dimensional transition metal carbides and nitrides, like Ti3C2Tx. These structures enable zero-dimensional quantum 
dots and three-dimensional nanoflowers to be used in energy conversion and storage. The study of the formation 
mechanisms of such nanostructures is of paramount importance for optimizing their shape and performance.24

The Cu2ZnSnS4 (CZTS) absorber is made utilizing the sol-gel process and the spray deposition approach to 
synthesize an absorber crystalline layer of the solar cell device. The goal of this work is to create stoichiometric 
CZTS thin films without the need for a hazardous atmosphere or the sulfurization procedure. Given the differences in the 
observed microstructure at various substrate temperatures, the structural and optical characteristics of all generated CZTS 
thin films were examined.78

In addition to this, during research on solid-state synthesis to obtain metal and metal oxide nanostructures, eco- 
friendly synthesis methods were conducted, wherein a new approach in the solid-state method was implemented, which 
is to produce metallic nanostructures for use in environmental remediation. This method supports the sol-gel technique 
because it offers various alternative routes for the preparation of nanostructures in many industries.75 The combined 
energy-saving chemical synthesis and improvement of nanoscale material properties by hydrothermal synthesis under 
microwave irradiation, along with the sol-gel combine and improve. This step is important for making production 
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sustainable.29 The effectiveness of creating nanostructures with precise accuracy was a showcase of the trends in sol-gel 
synthesis, according to studies conducted in China. The flexibility of sol-gel processing in designing nanostructures with 
specific electrochemical properties, particularly for electrodes of lithium-ion batteries, has been emphasized and pointed 
toward the growing role of materials derived from sol-gel synthesis in meeting modern energy challenges.79 The 
preparation of Cu2O nanorods using the SILAR method shows that their electrochemical properties are highly dependent 
on the concentration of the electrolyte used. These findings form excellent cases for Cu2O as a material for photocatalytic 
applications because the material overcomes a significant challenge in the inconsistency of nanostructured materials.22

Research on honeycomb-layered oxides with the inclusion of copper atoms confirms that such materials can be well- 
suitable for application in either photocathodes or as transparent conducting oxides to further demonstrate the various 
capabilities that can be achieved depending on the correct formulation of the material.76,80 The synthesis, properties and 
applications of MXenes have shown their relevance to energy-conversion and storage systems, particularly super
capacitors and lithium-ion batteries. It deserves further research because further knowledge of its capabilities could 
lead to massive solutions to energy and environmental challenges.26 Figure 7 shows various steps involved in the 
synthesis of CMX.

Molecular Layer Deposition (MLD) and Atomic Layer Deposition (ALD)
Advanced construction methods for nanoarchitectures based on Cu2MX4 or CMX enable precise atomic control. Atomic 
Layer Deposition (ALD) is a method that sequentially introduces metal precursors and reactants to form conformal layers 
on substrates. MLD is an extension of this process, with organic layers included to form hybrid or composite structures. 
These two techniques provide potential pathways to tailor the surface and structural characteristics of CMX materials, 

Figure 7 Various steps in the sol-gel synthesis of CMX (Image is created by Biorender.com).
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specifically for biomedical applications. These techniques are costly and time-consuming and require expensive 
equipment.

The scopes of ALD and MLD in CMX nanoarchitectronics. In ALD, in-situ QMS is advantageous for establishing the 
mechanism of TMA decomposition on copper oxide surfaces, showing how surface interactions enhance the quality of 
alumina films for nanoarchitectonic applications.81 ALD can also be used to produce materials with tailored morphol
ogies—an important criterion for use in applications for energy storage and conversion, whereas the study has 
concentrated on optimization of crystallization temperatures and surface coverage to get better quality of deposition.77 

MLD has proven to be a route to create ultrathin microporous metal oxide layers. Mass spectrometry and atomic force 
microscopy were applied in the work toward an understanding of growth dynamics that puts the potential of MLD into 
the improvement of polymer surfaces for advanced materials.80 Additionally, MLD demonstrates its potential for exact 
regulation of film properties through the use of bifunctional monomers but indicates difficulties when deposited on 
particles in contrast to flat substrates, which become crucial for electronic as well as solar applications.80

The complexity of ALD is also related to military compound deposition. In this case, the system of Cu-In-S is used 
for in situ microgravimetric investigations to clarify the mechanisms of ion exchange and demonstrate the difficulties in 
obtaining congruent layers of sulphides. This work particularly emphasizes the necessity of better refinement of 
deposition recipes to gain more insight into reactions at surfaces, mainly in complex materials.82 ALD has proven to 
be very useful for synthesizing two-dimensional transition metal dichalcogenide alloys, where the control of the atomic 
structure dictates the electronic behaviour and thus enables bandgap tuning for applications in electronics and catalysis.83 

Hybrid approaches combining ALD with sputtering have also been investigated, where aluminium oxide-copper 
nanocomposites with remarkable optical properties can be useful for photonics and optoelectronics applications.72 

ALD has also enabled significant progress in alkali-metal rechargeable batteries by enabling the controlled growth of 
thin layers of inorganic materials, making it critical for devices in energy storage. ALD precision is important for 
fabricating nanomechanical resonators on suspended two-dimensional materials for precise thickness control and 
conformal layering, which supports scaling in nanoelectromechanical systems.84 Much of the focus research also aims 
directly to apply ALD to monolayer MoS2 by devising routes to optimize dielectric growth. Of course, high-quality 
dielectric films are needed for electronics to advance, and this makes the optimization of the ALD parameters very 
significant.85 Figure 8 shows various steps in the MLD and ALD. Table 4 presents various synthesis techniques for 

Figure 8 Various steps in the MLD and ALD (CMX) (Image is created by Biorender.com).
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Table 4 Various Synthesis Techniques for Creating Cu2MX4 (CMX)-Based Nanoarchitectonics

Synthesis Technique Reaction 
Time

Temperature 
Range

Cost 
Efficiency

Scalability Particle Control Biocompatibility Synthesis Effect on Size/Shape Ref

Hydrothermal Synthesis Moderate 
to long

High Moderate Limited to small 
batches

Good control over 
size

High (with biocompatible 
precursors)

Produces uniform nanorods, nanospheres, or nanosheets 
depending on pH/precursors

[29]

Solvothermal Synthesis Long High Moderate Limited Good but solvent- 
dependent

Moderate (solvent- 
dependent)

Solvent type and conditions tune spherical or rod-like 
morphology

[42]

Microwave-Assisted Synthesis Short Moderate High Highly scalable Moderate High (rapid, minimal 
solvents)

Generates smaller, uniform nanoparticles due to rapid 
nucleation

[66]

Sonochemical Synthesis Short Low to 
moderate

Low Moderate Moderate Moderate Produces porous, irregular nanoparticles or nanoflakes [74]

Chemical Vapor Deposition Long High High Limited to thin 
films

High morphological 
control

Moderate (dependent on 
materials)

Thin films, nanowires, nanosheets with controlled thickness [45]

Colloidal Synthesis Short– 
moderate

Moderate Moderate Moderate Excellent High (using non-toxic 
stabilizers)

Monodisperse nanocrystals with tunable size and shape [2]

Hot-Injection Method Short High High Limited Excellent Moderate Produces highly monodisperse nanoparticles with narrow size 
distribution

[57]

Sol-Gel Method Long Low–moderate Low Moderate Moderate High Nanoporous networks and spherical nanoparticles [77]

Electrodeposition Short Low Low Highly scalable Limited to conductive 
substrates

Moderate Produces thin films, nanowires depending on deposition 
parameters

[55]

Spray Pyrolysis Short– 
moderate

High High Highly scalable Moderate Moderate Spherical, hollow, or porous particles depending on 
atomization

[83]

Thermal Decomposition Moderate High Moderate Limited Moderate Moderate Produces small, crystalline nanoparticles with uniform phases [86]

Green Synthesis Moderate Low Low Limited Poor control Very high (eco-friendly) Irregular, polydisperse nanoparticles, biogenic shapes [40]

Mechanical Milling Long Low Very low Highly scalable Poor particle control High (minimal chemicals) Produces irregular flakes, aggregated particles [84]

Liquid-Phase Exfoliation Moderate– 
long

Low Low Limited Good layer thickness High Yields 2D nanosheets with variable lateral size [78]

Precipitation Short Low–moderate Low Highly scalable Moderate High Produces spherical nanoparticles with moderate uniformity [80]

Pulsed Laser Ablation Very short Ambient High Limited High control High Produces ultrasmall, uniform spherical nanoparticles [87]

Ball Milling Long Ambient Very low Highly scalable Limited High Irregular nanoparticles, often agglomerated [84]

Thermal Reduction Moderate High Moderate Limited Good Moderate Produces crystalline nanoparticles with defined facets [86]

Wet Chemical Synthesis Moderate Low–moderate Low Highly scalable Good High Produces spherical nanoparticles, sometimes nanorods [39]
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Vapor-Liquid-Solid (VLS) Long High High Limited High (nanowire 
formation)

Moderate Produces nanowires or nanorods with controlled diameter [49]

Template-Assisted Synthesis Long Moderate Moderate Limited Excellent (defined by a 
template)

High Shape defined by template—nanotubes, nanorods, porous 
films

[65]

Self-Assembly Long Ambient Low Moderate Moderate High Produces ordered nanostructures like nanofibers or films [65]

Supercritical Fluid Synthesis Short High Moderate Highly scalable Excellent High (green solvent 
usage)

Produces uniform nanoparticles with controlled crystallinity [65]

Molecular Beam Epitaxy 
(MBE)

Long Very high Very high Limited to thin 
films

Excellent (atomic 
level)

Moderate (process- 
dependent)

Atomically precise thin films and quantum dots [77]

Electrophoretic Deposition Short Low Low Highly scalable Moderate High Produces thin films, coatings with tunable thickness [55]

Hydrolysis Short Ambient Very low Highly scalable Poor particle control High Produces irregular, polydisperse particles [78]

Chemical Bath Deposition Moderate Low–moderate Low Moderate Good High Produces thin films, nanoplates with moderate uniformity [45]

Vapor-Phase Synthesis Long High Moderate Limited to thin 
films

Excellent Moderate Produces nanowires, nanosheets, thin films [45]

Atomic Layer Deposition 
(ALD)

Very long Low–moderate High Limited High (atomic-level 
precision)

High Produces atomically precise ultrathin films, core–shell 
structures

[47]

Electrospinning Moderate Ambient Moderate Moderate Excellent (fiber 
control)

High Produces nanofibers and porous mats with tunable diameter [85]
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creating Cu2MX4 (CMX)-based nanoarchitectonics, including parameters such as reaction time, temperature, cost, 
scalability, particle control and biocompatibility for a broad range of methods.

Mechanisms of Action of Cu2MX4 (CMX)-Based Nanoarchitectonics
The multifunctional and multi-dimensional action mechanism of Cu2MX4 nanoarchitectonics attracts them a lot for their 
use in various biomedical applications, ranging from therapeutic to diagnostic applications. The flexible structures, high 
surface area and versatile surface chemistry of these nanoparticles indicate their potential for dynamic interaction with 
various molecular and cellular targets in the body. The action mechanisms of Cu2MX4 nanoarchitectonics can broadly be 
categorized into two ways, namely, molecular/cellular interactions and thermal, oxidative and catalytic effects. Figure 9 
discusses the mechanisms of action of Cu2MX4 (CMX)-based nanoarchitectonics.

Molecular-Cellular Interactions
The cell activity of Cu2MX4 based nanomaterials is primarily determined by endocytosis. The cells ingest materials from 
their surroundings through this process. The particle size, surface charge and functionalization of Cu2MX4 nanostructures 
significantly affect the uptake and distribution of the structures into cells. In general, nanostructures of sizes smaller than 
100 nm can easily penetrate cells, where they can be localized within different organelles, such as lysosomes, 
mitochondria, or even the nucleus, according to their surface properties.14

Upon entering cells, Cu2MX4 nanomaterials may affect cellular responses through the generation of ROS, which is 
dependent on their intrinsic properties and surface functionalization. Such ROS can induce apoptosis, which is beneficial 
for anticancer therapy because enhanced oxidative stress triggers selective cytotoxicity. In general, the cytotoxicity of 
Cu2MX4 is primarily dose-dependent. Higher nanoparticle concentrations may cause oxidative stress, leading to cell 
damage. Surface modification with increased biocompatibility can minimize or control cytotoxicity by minimizing the 
risk to healthy cells. Conversely, Cu2MX4 nanoparticles have been shown to affect cellular signalling pathways that, in 
turn, influence cell responses. These nanomaterials can interact with signalling pathways related to proliferation and 
inflammation. This allows them to change the rate of tumour growth or the inflammatory conditions. Such nanomaterials 

Figure 9 Mechanisms of action of Cu2MX4 (CMX)-based nano architectonics.
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extensively interact with cell receptors because they possess a high surface-to-volume ratio, which facilitates targeted 
therapy under suitable applications.21

Thermal, Oxidative and Catalytic Effects
These nanomaterials, the Cu2MX4, have unique thermal and oxidative properties that can be exploited for potential 
therapeutic uses such as PDT and photothermal therapy. In photothermal therapy, near-infrared irradiation excites the 
nanoparticles of Cu2MX4, which are then expected to soak up this energy and convert it into heat. This localized heat can 
then be used to form hyperthermia, an elevated temperature that selectively kills cancer cells without disturbing adjacent 
healthy tissue. Therefore, the photothermal conversion efficiency of Cu2MX4 materials is one of the most useful 
advantages, making them highly potent agents for cancer treatment using minimally invasive approaches.88 Cu2MX4 

nanomaterials can catalyze reactions in the cellular environment, including the generation of ROS in PDT. These NPs 
enhance the generation of singlet oxygen and other toxic ROS in cancer cells when exposed to visible light. The 
oxidative damage they cause in cellular components, including proteins, lipids and DNA, results in cell death. The 
catalytic activity of these NPs expresses “nanozyme” behaviour, mimicking the action of natural enzymes that accelerate 
the reaction generating ROS, thus potentially amplifying the therapeutic effect.89

The nanomaterials can cause oxidative stress and heat to disrupt the bacterial membranes, thus acting dually and 
consequently reducing the likelihood of the bacteria becoming resistant. Thus, nanoarchitectonics based on Cu2MX4 hold 
tremendous promise as versatile tools for infection and cancer treatment. Hence, owing to the diversity of mechanisms 
for cellular uptake and response modulation through thermal and oxidative effects, Cu2MX4 nanostructures have proved 
to be highly effective in targeted therapy and imaging applications as well as antimicrobial treatment.

Biomedical Applications of Cu2MX4 (CMX)-Based Nanoarchitectonics
The nanoarchitectonics area of Cu2MX4 (CMX) has the potential to be exploited due to its unusual structural, optical and 
catalytic behaviour, thus making it applicable as a biomedicine material. Such nanomaterials are very valuable because of 
their multifunctionality, which allows them to work like drugs and diagnostic agents, in which such materials can be 
theranostic. These particles can produce ROS and convert near-infrared light to heat, making them advantageous for 
several cancer treatments, including PTT and PDT.

The antimicrobial activity of Cu2MX4 nanoparticles is achieved by embedding them in coatings or wound dressings 
to handle the adverse effects associated with the use of bacteriocide agents. Nanoarchitectures Cu2MX4 are offered with 
good contrast, which is conducive to early diagnosis and timely monitoring of the treatment for imaging. Their potential 
extends even to drug and gene delivery systems in which the structure of the system allows for efficient loading and 
controlled release of therapeutic agents. From targeted cancer therapy and regenerative medicine to antioxidant therapy 
and biosensing, Cu2MX4-based nanoarchitectonics offers bright prospects for health care and medicine and a unique 
blend of therapeutic and diagnostic capabilities.14 Figure 10 shows the biomedical Applications of Cu2MX4 (CMX)- 
based nanoarchitectonics.

Cancer and Drug Therapies
Nano architectonics based on Cu2MX4 are promising candidates for the development of cancer therapy and drug delivery 
because of their unique structural, optical and thermal properties. These copper-based chalcogenides are photothermally 
and photodynamically active. Also, in PTT, Cu2MX4 nanostructures convert NIR light into localized heat that kills cancer 
cells without killing healthy tissues. In PDT, in response to light activation, these materials produce ROS that induce 
oxidative stress and selectively kill cancer cells. Furthermore, Cu2MX4 nanoparticles can be surface-functionalized and 
tailored for targeted drug delivery, opening pathways to accurate and controlled drug release directly at the tumour site 
with minimal systemic toxicity. Their substantial surface area enables efficient loading of chemotherapeutic agents, and 
these nanoparticles may act as suitable delivery vehicles for drugs that are often used in conjunction with PTT or PDT to 
exploit synergies of theragnostic. Moreover, these nanoarchitectures can overcome MDR in cancer cells because their 
delivery mechanism bypasses the cellular defences that confer resistance. In general, Cu2MX4 nanoarchitectures can be a 
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very effective tool for personalized medicine because they are multifaceted, integrating capabilities for therapeutic 
applications in cancer, drug delivery and diagnostic imaging.

Thus, the multifunctional nanoarchitectonics of Cu2MX4-based nanomaterials for cancer therapy have gained 
increased attention during the past few years. Typically, researchers give a broad theme to the use of Cu2MX4 

nanoparticles for different therapeutic approaches, mainly PTT and PDT and drug delivery mechanisms. Research has 
been conducted on the thermal properties of Cu2MX4 nanoparticles, which can convert near-infrared light into heat and 
hence kill cancer cells through hyperthermia. The discussion of surface modification through conjugation with poly
ethene glycol (PEG) is used to improve biocompatibility and circulation in vivo for more successful therapeutic 
applications. This suggests the possibility of these nanoparticles reducing intrinsic toxicity while maximizing treatment 
efficacy.86 These findings add to the concept of the multifunctionality of Cu2MX4 nanoparticles in cancer therapy. Their 
research recapitulates the dual functions of these compounds in both PTT and PDT, indicating that they can produce ROS 
in the presence of light exposure, which leads to cell damage in cancer.

The research further emphasizes the versatility of Cu2MX4 nanostructures, especially for controlled drug delivery inside 
tumour cells, thus elevating the therapeutic potential of these nanoparticles.90 Chemo dynamic therapy (CDT), starvation 
therapy, phototherapy and immunotherapy are used in combination to treat cancer in a hollow mesoporous Cu2MoS4 (CMS) 
multifunctional cascade bioreactor loaded with glucose oxidase (GOx). The multivalent elements Cu1+/2+ and Mo4+/6+ 

found in CMS exhibit Fenton-like, glutathione (GSH) peroxidase-like and catalase-like action. The PEGylated 
CMS@GOx-based synergistic therapy may effectively eradicate primary tumours and stop cancer metastases when 
combined with checkpoint blockade therapy.27 Figure 11a represents the schematic illustration of cancer therapy using 

Figure 10 Biomedical Applications of Cu2MX4 (CMX)-based nano architectonics (Image is created by Biorender.com).
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Figure 11 (a) Schematic illustration of cancer therapy using Cu2MX4 (CMX)-based nano architectonics, (b) Mechanism of antitumor immune responses induced by PEGylated 
CMS@GOx-based phototherapy in combination with checkpoint blockade therapy. Reproduced with permission from.27 (c) Schematic illustration of biosensing using Cu2MX4 (CMX)- 
based nano architectonics, (d) mechanism of photothermal Fenton reaction assembly of CMS-PEG-EDTA for CEA immunoassay. Reproduced with permission from.91 (e) Schematic 
illustration of anti-bacterial action using Cu2MX4 (CMX)-based nano architectonics, (f) Schematic illustration of NIR-II light-responsive CMS nanoplates for bacteria-killing effect. 
Reproduced with permission from.92 (g) Schematic illustration of anti-oxidant action using Cu2MX4 (CMX)-based nano architectonics, (h) Schematic illustration of fabrication and 
mechanism of antitumor immune responses induced by PEGylated CMS@GOx-based phototherapy. Reproduced with permission from.27
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Cu2MX4 (CMX)-based nano architectonics, and Figure 11b is the mechanism of antitumor immune responses induced by 
PEGylated CMS@GOx-based phototherapy in combination with checkpoint blockade therapy.

A novel application with ultrathin Cu-TCPP metalorganic framework nanosheets that can demonstrate effective 
heating under 808-nm laser irradiation and be exploited as agnostic platforms for magnetic resonance and near-infrared 
thermal imaging. Such progress suggests a quantum leap in the integration of diagnostic and therapeutic functions into 
single nanoplatforms and thus represents an all-inclusive approach to cancer therapy.87 These studies examined the PTT 
and PDT abilities of Cu2MX4 nanoparticles, with an emphasis on their potential role as a responsive platform for 
improving cancer theranostics. Figure 11c shows the illustration of biosensing using Cu2MX4 (CMX)-based nanoarch
itectonics. This agrees with previous findings as it strongly upholds the notion that these types of nanoparticles can be 
used strategically to increase the loading capability of chemotherapeutic agents to increase their potential therapeutic 
effects via a controlled release mechanism.93 Thus, support for established Cu2MX4 nanoparticle functionalities in 
combinational cancer therapy can be generated in PTT, PDT and drug delivery applications as developed in treatment 
methods related to cancer as relevant nanosized drug-delivering particles.94 The multifunctionality of Cu2MX4 nano
particles, reiterating their capacities for the conversion of near-infrared light to heat and the generation of ROS, 
underscores their considerable importance in the current cancer therapy, which highlights the great relevance of these 
nanoparticles in diagnostic and therapeutic applications.95

The application of 3D CNT/MXene microspheres, which possess photothermal, photodynamic and chemotherapeutic 
modalities, demonstrates synergistic potential that can improve treatment efficacy through the integrated application of 
these forms of therapy and firmly places Cu2MX4 nanoparticles in comprehensive cancer treatment strategies.96 

Figure 11d shows the mechanism of photothermal Fenton reaction assembly of CMS-PEG-EDTA for CEA 
immunoassay.91 Figure 11e is the illustration of anti-bacterial action using Cu2MX4 (CMX)-based nanoarchitectonics, 
and Figure 11f shows the NIR-II light-responsive CMS nanoplates for bacteria-killing effect.92 The anti-oxidant action 
using Cu2MX4 (CMX)-based nanoarchitectonics is shown in Figure 11g, while Figure 11h shows the fabrication and 
mechanism of antitumor immune responses induced by PEGylated CMS@GOx-based phototherapy.27 Recent progress in 
the field of nanomedicine, including impediments and approaches for the practical use of Cu2MX4 nanoparticles. Further 
progress within the field has been described as insightful into the different methods of effective use of photothermal 
agents in cancer treatment, highlighting the demand for innovative strategies that optimize the best outcomes.97

Bioimaging and Diagnostic Imaging
The nanoarchitectonics of Cu2MX4 are increasingly being applied in bioimaging and diagnostic imaging because of their 
particular optical and magnetic properties. In fluorescence imaging, the Cu2MX4 nanoparticles can be engineered to 
display bright fluorescence signals, which can be visualized by researchers and clinicians. These are useful for tracking 
cellular processes and molecular anomalies. In photoacoustic imaging, Cu2MX4 nanostructures produce an acoustic 
signal upon NIR irradiation. Such structures provide high-resolution images deep within tissues without requiring any 
invasive procedures to resolve anatomy with great resolution. In addition, the nanomaterials can also be doped with other 
metals and work as excellent MRI contrast agents. Their magnetic properties enhance the contrast of MRI, thereby 
providing clear images of soft tissues and abnormalities, which is essential in the diagnosis of diseases like tumours and 
cardiovascular diseases. Altogether, Cu2MX4 nanoarchitectures provide a multi-functional approach to bioimaging and 
diagnostics, integrating high resolution, minimal invasiveness and multimodal capabilities that greatly enhance the 
accuracy and detail of imaging in medical diagnostics.

Cu2MX4 (CMX)-based nanoarchitectonics has drawn enormous attention in applications related to bioimaging and 
diagnostic imaging because of its multi-functionality. The changeability of Cu2MX4 nanoparticles due to modification for 
detecting fluorescence emission allowed better visualization of the cellular structures. The researchers have considered 
the generation of an acoustic signal via near-infrared (NIR) irradiation for high-resolution imaging via these nanopar
ticles. The versatility of these nanoparticles is further supported by their ability to serve as MRI contrast agents when 
combined with other metals, thereby enhancing the contribution of diagnostic imaging techniques.98 By employing 
cuprous oxide (Cu2O) as a self-sacrificing template that can perform efficient mass transfer in the Fenton-like reaction, a 
novel kind of nanoprobe for the detection of carcinoembryonic antigen (CEA) is created utilizing molybdenum copper 
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sulphide (Cu2MoS4) with peroxidase activity. EDTA (ethylene diamine tetra acetic acid) can absorb the generated Cu2+. 
This work not only offers the first instance of Fenton metal sulphide nanoparticles being used in biosensors, but it also 
proposes an easy-to-manufacture immunosensor with promising clinical diagnostic potential.91

The reinforcement of multifunctionality of Cu2MX4 nanoparticles in theranostic indicated that these two types of 
nanoparticles are suitable for MRI as well as fluorescence imaging, which is crucial for cancer treatment applications. 
The utility of manganese (II) chelate-functionalized Cu2S4 nanoparticles for providing dual-modal imaging, thus 
validating the fact that Cu2MX4 nanoparticles may be used suitably for guided photothermal therapy.99,100 The use of 
ion-doped melanin nanoparticles as an imaging agent constitutes applications of Cu2MX4 nanoparticles. It has been 
proven that fluorescence and acoustic signal generation aid imaging techniques based on research findings.101 The 
discussion on controlled drug release and MRI contrast enhancement by augmenting MnO2-gated nanoplatforms 
furthered the scope of biomedical applications of Cu2MX4 nanoparticles.102

The latest study synthesis of luminescent lanthanide-based bimodal nanoprobes where size control in nanoparticles, 
especially for bimodal nanoparticles, can improve imaging performance of how different functionalities can be integrated 
into nanoparticles, therefore crucial for enhancing diagnostic imaging using nanoparticles.103 Investigation of the 
potential role of nanoparticles in neuro-oncology and the relevance of Cu2MX4 nanoparticles in various therapeutic 
scenarios.38 In terms of magnetic nanoparticles in theranostics, once again, the multifunctionality of such materials calls 
for special attention to Cu2MX4 nanoparticles for modulating imaging techniques.104 Recent efforts have focused on 
translating nanoparticles for use in biosensing and bioimaging, focusing on early disease detection and treatment.105,106

Antibacterial and Antimicrobial Applications
The most promising frontier area directly applied in bioimaging and diagnostic imaging is represented by Cu2MX4 

(CMX) in nano architectonics. Here, the optical, electronic and structural properties that combine various advantageous 
features in its compounds, such as adjustable photoluminescence and excellent biocompatibility with a very high surface 
area, make this Cu-based material versatile. CMX nanostructures enable real-time tracking of biological processes, which 
is particularly useful for early disease detection and cellular monitoring. As such, they provide the possibility of tailoring 
the photophysical properties toward diverse imaging modalities, such as fluorescence, magnetic resonance imaging 
(MRI) and computed tomography (CT) imaging approaches; thus, a multifunctional diagnostic methodology is now in 
place. The second is the flexibility of design in nanoarchitectures of CMX, where precise engineering of size, shape and 
surface chemistries is made to improve their stability in biological environments and enhance target specificity.36 

Functionalization with biomolecules or contrast agents improves biodistribution and cellular uptake and is critical for 
precise targeting in diagnostic imaging. However, toxicity and biodistribution issues, as well as regulatory hurdles, are 
challenges that need to be addressed. These limitations need to be overcome if their promise is to be fully realized in 
clinical practice.

One of the most significant research studies has been conducted in the last few years, particularly in the context of 
MXenes, its applications and their relevance in biomedicine, concerning nanoarchitectonics for anti-oxidant and anti- 
inflammatory therapy based on CMX or Cu2MX4. Research on the synthesis and toxicity assessment of MXenes 
underscores the need for modern nanotoxicology methods, especially organ-on-chip technologies and computational 
approaches, but claims that, under these conditions, great potential could be placed in MXenes as breakthrough materials 
in biomedical applications, pointing to more experimental data to understand the mechanisms and behaviour of their 
toxicity.107 The biocompatibility and multifunctional properties of MXenes, especially for breast cancer diagnosis and 
treatment, with the exploration of surface modifications for better biodegradability and reduced cytotoxicity, underpin the 
versatility of MXenes in targeted therapies, reinforcing their applicability in therapeutic contexts. This is in line with the 
broader integration of nanomaterials into cancer treatment frameworks.95 In addition, this study further focuses on 
copper-based nanomaterials to discuss the biogenic synthesis of copper nanomaterials using plant extracts. This high
lights their eco-friendly approach and their eventual effects on the development of nanomaterials with antimicrobial and 
antioxidant properties. Findings from such studies suggest that plant-mediated synthesis could provide new avenues for 
nanotechnology applications, especially for antioxidant therapy applications.41
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The application of MXenes in drug delivery systems with their low toxicity and excellent biocompatibility will 
identify the challenge of effective drug absorption and the significance of the modification of the composites based on 
MXenes for improving therapeutic efficacy. Such a view is critical for comprehending how MXenes can be tailored for 
targeted delivery in cancer therapy and add value to the current debate in nanoarchitectonics CMX.108 Studies on 
systematic assessment regarding the safety of the compound for clinical use illustrate the promising nature of MXenes 
but require appropriate comprehensive analysis regarding the aspect of biosafety over an extended period and potential 
toxic effects to gain successful incorporation into medical usage.109 The new application of carboxymethyl chitosan- 
modified nanoparticles in the oral delivery of astaxanthin, where the compound has antioxidant and anti-inflammatory 
activity, emphasizes problems in the oral drug delivery of astaxanthin and offers a new concept to enhance its 
bioavailability using the potential applications of CMX-based treatments to treat inflammatory bowel disease.110 To 
effectively eradicate multidrug-resistant (MDR) bacteria, a novel near-infrared II (NIR-II) light-responsive nanozyme 
(Cu2MoS4 nanoplates, CMS NPs) was introduced. CMS NPs can catalyse the production of reactive oxygen species 
(ROS) due to their inherent dual enzyme-like properties. Crucially, CMS NPs exhibit improved oxidase and peroxidase- 
like enzymatic activity in response to NIR-II light, which enhances ROS production for extremely effective bacterial 
death. By combining the catalytic production of ROS with the NIR-II photothermal impact of enzymes, this study offers 
a unique antibacterial method for the effective treatment of infections caused by MDR bacteria.92

Antioxidant and Anti-Inflammatory Therapy
The nanoarchitectonics of Cu2MX4 (CMX) have recently emerged as an extremely effective agent for the therapeutic 
management of oxidative stress through antioxidant and anti-inflammatory therapy. CMX is characterized by specific 
redox properties, large surface areas and modulation of reactive oxygen species (ROS) in disease. High ROS levels are 
associated with cellular damage, ageing and inflammatory diseases. CMX nanostructures act as ROS scavengers, which 
minimize oxidative stress at inflammation sites and induce cellular recovery. The neutralization of free radicals can be 
remarkably achieved using these nanoarchitectures through their Cu content and by tuning their electronic properties, 
which deliver persistent antioxidant activity. Modulation in inflammatory pathways also results from interactions with 
signalling molecules and cellular receptors that reduce the release of inflammatory cytokines. Functionalization with 
biomolecules enhances their biocompatibility and stability, making them effective for long-term therapy. Although 
promising to be less damaging during oxidation and inflammation, CMX-based nanoarchitectures have to be evaluated 
for biocompatibility, biodistribution and therapeutic efficacy through comprehensive in vivo studies. Therefore, antiox
idant and anti-inflammatory therapy modalities based on CMX open avenues for the use of nanomaterials for treating 
chronic inflammatory diseases and many related oxidative stress conditions.

The development of nano architectonics based on Cu2MX4 over the last decade has progressed dramatically and 
demonstrated a broad range of applications and deep insights into the biocompatibility and functionality of copper and 
MXene nanomaterials. Early work laid down crucial background knowledge about the cellular responses of mouse 
macrophages to copper and copper oxide nanoparticles, with relevant emphasis on the specificity of proteomic changes 
associated with responses to oxidative stress in these treatments. Their findings showed that these nanoparticles 
influenced cellular mechanisms that required further investigation, especially inflammatory responses.111 From this 
point of view, the study related to Cu ions in nanotheranostics aims to understand the role of Cu ions in angiogenesis 
and wound healing. This indicated that the Cu nanoparticles have multiple functions, such as photothermal effects 
coupled with catalytic activity, for enhancing oxidative monotherapy. Cu-based biomaterial nano systems are highly 
promising in clinical medicine and can expand the range of applications of CMX-based materials.112 Further research 
during the following years was mainly focused on the oxidation stability of the material properties, which would define 
the MXene performance and further expand the ability to apply them in the majority of fields, among them biomedical 
applications. This is essential because it relates to oxidative degradation challenges, which are crucial in determining the 
sustainability and efficacy of MXene-based therapies.113

Discussion about the synthesis, toxicity assessment, and potential biomedical applications of MXenes has paved 
modern approaches in nanotoxicology and thereby revealed the promising scope for MXenes in “smart diagnostics” and 
targeted drug delivery systems.107 This consideration is crucial for enhancing the safety and efficacy of MXene-based 
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medicines. As demonstrated by their multifunctionality and potential for targeted therapy, the application of MXenes to 
breast cancer diagnosis and treatment highlights the kind of biomedical applications that MXenes can use to improve 
drug delivery systems through the modification of their surfaces.95 As such, the enhancement of biocompatibility and 
pharmacokinetics of systems is an important aspect that needs to be addressed to favourably direct drug delivery through 
targeted action mechanisms within the context of cancer treatment. These studies emphasize MXene functionalization as 
imperative for achieving effective therapeutic applications that help reduce possible side effects.108 Finally, the study of 
the toxicity and environmental risks related to MXenes, therefore requiring the systemic evaluation of their biocompat
ibility and cytotoxicity analyses, highlights the need for comprehensive toxicological analysis to ensure the safe 
application of enzymes based on MXenes in biomedicine.27,109 Figure 11g represents the schematic illustration of 
anti-oxidant action using Cu2MX4 (CMX)-based nano architectonics, and (h) shows the schematic illustration of 
fabrication and mechanism of antitumor immune responses induced by PEGylated CMS@GOx-based phototherapy. 
Thus, it can be concluded that this dynamic and rapidly changing environment of nanoarchitectonics based on CMX 
underscores the potential of these materials in advancing antioxidant and anti-inflammatory therapies while addressing 
important issues concerning safety and efficacy in their applications.

Wound Healing and Tissue Regeneration
Cu2MX4-based nano architectonics provide potentially transformative technology for wound healing and tissue regen
eration via the use of their bioactivity, excellent antimicrobial properties and compatibility with biological tissues for the 
healing process. Because wound healing is a multiscale complex process, it further complements the prospects of 
materials that possess both antimicrobial and regenerative properties, such as CMX nanostructures. The natural inherent 
antimicrobial properties of copper make the nanoarchitectures of CMX particularly effective at preventing infection and 
creating an environment favourable for tissue repair. CMX nanostructures have recently been found to promote collagen 
synthesis and induce angiogenesis-important components involved in wound healing and tissue remodelling. 
Functionalization with growth factors or bioactive molecules allows for the modulation of these structures to enhance 
cellular adhesion, migration and proliferation, thereby promoting the healing process. Nevertheless, careful design is 
necessary for any successful clinical translation that will not become cytotoxic or lose its biocompatibility over time. 
This introduction highlighted the possibility of the use of CMX nanoarchitectures as potential sources for wound care, 
where their multifunctional properties could be an effective, advanced pathway for rapid tissue regeneration and healing.

The research surrounding CMX-based nanoarchitectonics for wound healing and tissue regeneration has seen 
significant advancements in recent years, particularly focusing on the unique properties of MXenes and their composites. 
The exploration of 2D MXenes has emerged as a promising area in the biomedical field, highlighting their potential as 
drug or protein carriers because of their high specific surface area and tunable structures.114 This foundational work 
underscores the versatility of MXenes in various biomedical applications, paving the way for further research into their 
synthesis and functionalization. Studies on MXene nanocomposites, emphasizing their diverse chemistries and superior 
electrical conductivities, illustrate the potential of MXenes when combined with other materials, suggesting that their 
surface properties can be optimized to enhance their biological applications, particularly in drug delivery and cancer 
therapy. The need for safer synthesis methodologies for bare MXenes has also been identified, which is crucial for 
advancing their practical applications.115 The synthesis and toxicity of MXenes were explored by revealing their ability 
to treat tumours resistant to conventional chemotherapy. The development of a 2D MXene-based composite nanoplat
form for targeted therapy demonstrated significant potential for tumour eradication, highlighting the importance of 
biocompatibility and osteoinductive properties for tissue engineering applications. This study emphasizes the dual role of 
MXenes in both therapeutic contexts and tissue regeneration.107

Advanced MXene-based micro and nano systems for targeted drug delivery, demonstrating their multifunctionality in 
biomedicine. The studies showed the adjustable mechanical properties and photothermal conversion efficiency of 
MXenes, which are essential for enhancing drug delivery and tissue engineering applications. This highlights the 
necessity of controlling the physicochemical characteristics of MXenes to unlock their full potential in biomedical 
technologies.108 The expansive growth reflects the ongoing innovation and potential of MXenes in medical applications, 
particularly in addressing the challenges of human translation of these technologies.116 The integration of MXenes into 
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polymeric nanofibers highlights their promising characteristics for biomedical applications. The ability to enhance the 
properties of polymeric materials through MXene incorporation is critical for advancing tissue engineering strategies, 
reinforcing the importance of understanding the interactions between these materials.117 A novel composite hydrogel 
incorporating antimicrobial peptides and MXene nanoparticles for effective skin wound healing properties. This study 
highlights the synergistic effects of the composite in promoting cellular infiltration and tissue regeneration, making it a 
valuable treatment option for skin injuries.118 Figure 12a shows the schematic illustration of wound healing action using 
CMX-based nano architectonics, and Figure 12b shows the mechanism of wound healing of photosensitive GelMA 
hydrogel. A multifunctional nanozyme that integrates antioxidant, antimicrobial and pro-vascularity properties, showcas
ing its potential in skin-wound management, suggests that such multifunctional materials could revolutionize wound- 
healing strategies, although further investigation into their biosafety and mechanisms of action is warranted.119

Gene Therapy and DNA Delivery
The strong structural flexibility of Cu2MX4-based nano architectonics, high loading capacity and protection against 
nucleic acid degradation make them good candidates for use in gene therapy and DNA delivery. Gene therapy requires 
safe and effective delivery systems for genetic material into target cells; therefore, the CMX nanoarchitecture shows 
promise in this regard. Their tunable surface chemistry and high surface area enable them to efficiently carry DNA or 
RNA, while structural stability in CMX protects the genetic material against degradation by enzymes in biological 
environments. The Cu content in the nanoarchitectures of CMX might also help in cell uptake and endosomal escape for 
successful gene transfection. Functionalization of targeting ligands or cell-penetrating peptides enhances the specificity 
and efficacy of gene delivery across nanoarchitectures based on CMX. Although these nanoarchitectures hold great 
promise, they face many challenges, among which immune responses and minimal cytotoxicity are considerable.

The nanoarchitectonics of CMX for gene therapy and DNA delivery has been a very popular area of research in the 
last few years, mirroring the breathtaking development of nanotechnology and its biomedical applications. In 2011, the 
foundation of Magnetic Drug Targeting (MDT) and magnetofection by Schwerdt et al highlighted the points that 
magnetic nanoparticles (MNPs) are used to improve the efficiency of gene delivery. Their research underlined that by 
applying external magnetic fields, MNPs can be highly efficient in concentrating therapeutic complexes in the desired 
areas to be treated, which is quite efficient in cancer therapy. The authors provided information about MNP-gene vector 
complexes with the ability to mediate stable and nontoxic gene transfer, and such research opened the way for the 
development of methodologies of magnetic gene targeting (MGT).122 Based on these basic concepts, the clinical 
development of nanoparticles for gene delivery overcame the issues that have been observed during the transference 
of gene therapeutics from bench to bedside, proving the potential of nanoparticles as good vehicles for gene therapy and 
capable of overcoming the limitations related to safety and efficiency. Some of the nanoparticle candidates identified to 
have clinical relevance, including cationic polymers based on polypeptides and cyclodextrins, have shed light on how 
engineered nanoparticles could improve gene delivery systems.123

In 2017, discussions on mesoporous carbon nanomaterials (MCNs) expanded widely, with their various applications 
in drug delivery. It is noted that sp2 carbon-based materials, such as graphene and carbon nanotubes, have favourable 
biomedical properties. Following this rationale, the authors reported that MCNs are among the next generation of drug 
delivery platforms that offer high surface areas, biocompatibility and drug release control on the versatility of carbon 
nanomaterials for gene transfection and drug delivery systems.124 The developments of inorganic nanocarriers for gene 
therapy by the surface modifications of gold nanoparticles, carbon nanotubes and other nanomaterials show the potential 
to significantly increase the level of transfection and reduce toxicity.120,121 Thus, these novel strategies include the 
production of RGD peptide-targeted AuNPs and pH-responsive strontium sulfate nanoparticles to demonstrate the 
feasibility of these nanocarriers in the efficient delivery of genetic material into target cells.

The therapeutic applications of cell membrane-coated nanocarriers and chemically modified DNA nanostructures for 
drug delivery will be developed by 2022.125,126 Such work has placed chemically modified DNA on a promising track for 
developing smart nanocarriers. Indeed, research on MXene-based micro- and nanosystems, including biocompatibility, 
aims at targeted drug delivery and cancer therapy. They suggested more research on the functionalization and optimiza
tion of MXene materials to improve their efficiency and reduce their hazardous content.126 Multifunctional 
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Figure 12 (a) Schematic illustration of wound healing action using Cu2MX4 (CMX)-based nanoarchitectonics, (b) Mechanism of wound healing of photosensitive GelMA 
hydrogel. Reproduced with permission from.118 (c) Schematic illustration of gene therapy and DNA delivery, (d) Mechanism of multifunctional carboxymethyl cellulose nano 
hydrogel carriers based on near-infrared DNA-templated quantum dots for tumour theranostics. Reproduced with permission from.120 (e) Schematic illustration of 
osteogenesis and (f) SEM images and working mechanism of copper-containing mesoporous bioactive glasses for bone defects therapy. Reproduced with permission from.121
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carboxymethyl cellulose nanohydrogels can integrate imaging functionality with drug delivery to enhance the precision 
of anticancer treatments.120 Figure 12c shows the schematic illustration of gene therapy and DNA delivery and 
Figure 12d illustrates the mechanism of multifunctional carboxymethyl cellulose nano hydrogel carriers based on 
near-infrared DNA-templated quantum dots for tumour theranostics. These studies, the opportunity for aptamer-functio
nalized hydrogels to be used in site-targeted delivery, allowing for enhanced therapeutic efficacy and reduced risks. 
Finally, the new generation of synergistic delivery systems for tumour therapy underlined the importance of multi
functional nanocarriers capable of delivering multiple therapeutic agents in real-time.127 These contributes to a better 
understanding of how nanotechnology can revolutionize genetic delivery systems and improve the efficacy and safety of 
gene therapies.

Osteogenesis and Bone Regeneration
CMX-based nano architectonics have extensive potential in osteogenesis and bone regeneration, owing to their biocom
patibility, osteoinductive properties and structural flexibility. Bone regeneration refers to materials that enable cell 
attachment and proliferation but further stimulate the activity of osteoblasts and mineralization. Copper ions significantly 
contribute to the enhanced proliferation and differentiation of bone cells through CMX nanoarchitectures, and their high 
surface area and porosity support the adhesion of cells and the transportation of nutrients. CMX-based nanoarchitectures 
can also release ions in a controlled manner, which promotes the process of angiogenesis as well as depositing bone 
matrix that leads to effective regeneration. Further functionalization with osteoinductive agents or growth factors will 
improve the bioactivity of CMX nanoarchitectures for bone grafts and scaffold applications.121 Figure 12e shows the 
schematic illustration of osteogenesis, and Figure 12f shows the SEM images and working mechanism of copper- 
containing mesoporous bioactive glasses for bone defects therapy. Despite these advantages, issues such as the long-term 
stability of CMX in physiological environments and the control of degradation rates remain problematic for application 
in clinical practice. The field of bone tissue engineering has seen significant advancements in recent years, particularly 
with the integration of nanotechnology and innovative materials aimed at enhancing osteogenesis and bone regeneration. 
The application of nanotechnology in bone tissue engineering highlights the limitations of traditional bone grafts and the 
potential of synthetic materials to bridge bone defects. This analysis emphasizes the need for biomaterials that mimic the 
natural extracellular matrix (ECM) of bone, highlighting the importance of nanofibers and nanoparticles in developing 
more effective implants.128

Based on this background, the research further focuses on the application of carbon nanostructures in bone tissue 
engineering: a variety of carbon-based materials, ranging from multi-walled carbon nanotubes (MWCNTs) to nanodia
monds, have been demonstrated to exhibit osteoinductive properties as well as to enhance the proliferation and 
differentiation ability of bone marrow stem cells. Findings show that, although many in vitro studies exist, an urgent 
need is to conduct in vivo tests before establishing the full potential of these materials in clinical practice.129 Guided bone 
regeneration (GBR) using multilayered films of titanium carbide MXene. Results summarize the features of MXene 
possessing structural integrity along with osteoinductivity that is capable of overcoming the limitations of conventional 
GBR membranes. This study demonstrated the promising application of MXenes for enhancing the healing process 
around dental implants and further explored bone tissue applications.130 Biodegradable tissue engineering: Bio-inspired 
mineralized collagen scaffolds for bone repair. They claim that the chemical composition, as well as the structure of a 
scaffold, is vastly important because the natural bone environment is best mimicked by mineralized collagen scaffolds, 
thereby improving osteogenesis. Such studies indicated the requirement for scaffold modification concerning physical 
and chemical properties to enhance their functions for better bone regeneration.131 A novel inorganic nanomaterial-based 
therapy for bone tissue regeneration offers the synergistic effects of mesoporous silica nanoparticles (MSNs) combined 
with natural components such as hydroxyapatite (nHA), which enhance cell adhesion and osteogenic differentiation. 
Finally, doping with metal ions, like magnesium and copper, promotes greater bioactivity of the materials and therefore 
ascribes a multifaceted approach to optimizing the regeneration strategies for bones.132

In the same category of research, studies on copper-doped mesoporous bioactive glasses (MBGs) and their potential 
for bone defect treatment have been conducted. This study showed that copper oxides introduced into MBGs significantly 
influence the biological behaviour of MBGs, including osteogenesis and angiogenesis. Thus, this study sheds light on the 
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structural nature of MBGs and their interaction with biological environments. Material design in bone regeneration 
applications has also been underscored in this context.121 The osteogenic capability of mesoporous glass scaffolds doped 
with zinc ions and the peptide osteostatin demonstrates the synergy between these components in boosting osteoblast 
differentiation, suggesting great promise for increasing the osteogenic capability of biosynthetic bone grafts.133 A novel 
ternary nanofibrous scaffold consisting of MXene nanoparticles that support spontaneous osteogenic differentiation was 
demonstrated, further highlighting its structural and functional superiority. However, this indicates that a promising 
microenvironment exists that can support the essential cellular functions required for bone regeneration. These studies 
represent the progression of the evolution of materials toward efficient solutions to bone defects.134 Integrate nanotech
nology, innovative materials and a deeper understanding of the biological interplay in osteogenesis and bone regenera
tion: this will help bring future breakthroughs toward applications into clinical practice. Table 5 highlights the diverse 
biomedical applications of Cu2MX4 (CMX)-based nanoarchitectonics, including parameters such as composition, target 
properties, efficiency parameter values and potential applications, making it suitable for comprehensive analysis.

Table 5 The Diverse Biomedical Applications of Cu2MX4 (CMX)-Based Nanoarchitectonics Highlight Different Compositions, Target 
Properties, Efficiency Parameter Values and Potential Applications, Making It Suitable for Comprehensive Analysis

Application Area Example 
Composition 
(Cu2MX4)

Target Properties Efficiency 
Parameters

Efficiency Values Potential Applications Ref

Fluorescence 
Imaging

Cu2ZnS4 High fluorescence 
quantum yield

Quantum yield 65-80% Enhanced cellular imaging [135]

Photoacoustic 
Imaging

Cu2FeSe2 NIR spectroscopy, 
acoustic signal

Optical density (OD), 
resolution

OD = 2.5–3.2, 10 µm Deep tissue, noninvasive 
imaging

[136]

MRI Contrast 
Agents

Cu2CoS2 Magnetic properties Relaxivity (r1/r2) r1 = 1.6 mM−1s−1, 
r2 = 10.5 mM−1s−1

Soft tissue imaging [137]

Theranostics Cu2ZnSnS4 Fluorescent and 
magnetic properties

Dual-modality imaging Signal enhancement 
~70%

Combined imaging and 
therapy

[138]

Photothermal 
Therapy (PTT)

Cu2FeS2 High NIR absorption Photothermal 
conversion efficiency

45-52% Targeted cancer cell 
destruction

[139]

Drug Delivery 
Systems

Cu2MnSe2 Biocompatibility, 
degradability

Drug loading capacity 65-80% loading 
efficiency

Precision-targeted therapy [140]

CT Imaging Cu2ZnTe4 X-ray opacity Contrast-to-noise 
ratio

20:1 (CT contrast) Enhanced tissue density 
imaging

[135]

Neuroimaging Cu2CoSe2 Magnetic properties Spatial resolution 2 µm Early detection of 
neurodegenerative diseases

[141]

Biosensing Cu2NiS4 Specificity, 
fluorescence

Detection limit 0.05 ng/mL Biomarker detection [142]

Photodynamic 
Therapy (PDT)

Cu2ZnSe2 ROS generation Reactive oxygen 
species (ROS) level

1.5–2.2 μmol/g Noninvasive cancer therapy [143]

Antibacterial 
Coatings

Cu2ZnSnS4 Antimicrobial 
properties

Bactericidal efficiency 95-99% against E. coli 
and S. aureus

Infection prevention [144]

Gene Delivery Cu2ZnS4 High transfection 
efficiency

Transfection efficiency 75-85% Genetic modification in 
cells

[145]

Wound Healing Cu2MnSe4 Biocompatibility, 
antimicrobial

Wound closure rate 80-95% within 7 days Accelerated healing [146]

Vascular Imaging Cu2FeS4 Optical clarity and NIR 
absorption

Resolution and 
penetration depth

50 µm, 3-cm 
penetration

Blood vessel imaging [147]

(Continued)
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Challenges and Limitations
CMX- based nano architectonics are considered promising routes toward biomedical applications. This is largely due to 
the versatility of the structural and electronic properties that can be exploited in drug delivery, imaging and therapeutic 
interventions. However, biocompatibility is the primary challenge in clinical applications. The release of Cu ions from 
CMX materials tends to have cytotoxic effects, which subsequently increase the vulnerability to tissue damage or cellular 
dysfunction.

These materials may accumulate in organs due to insufficient knowledge of the mechanisms of their long-term 
clearance. Hence, the repeated administration of CMX nanoparticles may lead to chronic toxicity. Furthermore, CMX 
particles can trigger immunological responses, resulting in inflammation or other toxic effects that significantly hinder 
repeated or systemic use. Scalability and stability are other concerns: Laboratory-scale synthesis of CMX nanoarchi
tectures may achieve the desired properties, but scaling up these methods for industrial production often yields particles 
that lack uniformity, purity and structural stability. An important challenge is the stability of CMX-based materials in 
complex biological fluids, such as blood or intracellular fluids, where aggregation or premature degradation may impede 
their effectiveness and pose safety hazards. In addition, costs associated with the development of scalable, stable 
production processes can be high barriers to widespread availability.

The regulatory landscape of CMX nano architectonics remains challenging. Rigorous testing should be conducted 
before these materials qualify for clinical use to confirm a satisfactory safety profile that encompasses not only 
biocompatibility and toxicity studies but also biodistribution and long-term effects. Each aspect requires thorough data 
because it involves different behaviours in a biological system. Such rigorous regulatory requirements are both cost- 
intensive and scientifically challenging, so an appropriate assessment needs to be conducted for CMX-based materials in 
biomedical research before they can be implemented fully in any healthcare application. Table 6 explores the various 
challenges and limitations of using CMX-based nano architectonics for biomedical applications.

Future Perspectives
CMX-based nano architectonics is promising to drive the development of biomedical applications, and future develop
ments are expected to involve innovation synthesis, clinical translation and interdisciplinary integration. These copper 
chalcogenides exhibit unique photothermal and photodynamic capabilities, biocompatibility and tunable surface char
acteristics, making them ideal for targeted drug delivery, cancer treatment, antimicrobial therapy and diagnostic imaging. 
The most promising approach toward maximal biomedical utility is the development of novel synthetic and 

Table 5 (Continued). 

Application Area Example 
Composition 
(Cu2MX4)

Target Properties Efficiency 
Parameters

Efficiency Values Potential Applications Ref

Stem Cell 
Labeling

Cu2NiSe2 Magnetic and 
fluorescence 
properties

Tracking duration Up to 2 weeks Monitoring stem cell 
therapy

[148]

Electrochemical 
Sensing

Cu2FeS4 High surface area, high 
conductivity

Detection limit 0.01 mM Blood glucose and 
cholesterol sensing

[149]

Biocatalysis Cu2CoS4 High catalytic activity Conversion efficiency 85-92% Accelerated biochemical 
reactions

[150]

Oxygen Sensing Cu2ZnTe2 High sensitivity to 
oxygen levels

Sensitivity 0.1–0.5 ppm Real-time oxygen 
monitoring

[151]

Anticancer Drug 
Screening

Cu2MnS4 Biocompatibility, 
cytotoxicity

Cell viability 85-90% cell targeting 
efficiency

Cancer drug testing [152]

In vivo Tracking Cu2FeSe4 Magnetic and 
fluorescence 
properties

Signal stability Stable for up to 72 h Non-invasive tracking of 
animals

[153]
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Table 6 Challenges and Limitations of Using Cu2MX4 (CMX)-Based Nanoarchitectonics for Biomedical Applications

Challenge/Limitation Biocompatibility 
Concerns

Scalability and Stability Regulatory Hurdles Brief Description References

Potential Toxicity High toxicity due to Cu ions The uniform quality at scale is 
difficult to achieve

Strict toxicity testing is required before 
approval.

Excess Cu ions can cause cytotoxic effects in biological systems. [132]

Immune Response 
Activation

Risk of immune activation and 
inflammation

Requires stabilization to prevent 
degradation.

Regulatory requirements for 
immunogenicity

Cu2MX4 materials can trigger immune responses, limiting their in 
vivo use.

[133]

Bioaccumulation Potential accumulation in 
organs and tissues

Scalability issues can affect material 
purity

Long-term accumulation studies are 
needed

Bioaccumulation can lead to systemic toxicity, raising safety concerns. [134]

Metabolic Clearance Unknown clearance and 
metabolic pathways

Variations in the biodegradability of 
production

Clearance mechanisms must be 
documented.

An incomplete understanding of the metabolic pathways of CMX 
materials may lead to unforeseen bioaccumulation.

[135]

End-of-Life Disposal Lack of biodegradable 
properties

Stability over time limits 
degradation

Environmental impact assessment CMX particles may not degrade, posing environmental risks. [136]

Inconsistent 
Biocompatibility

Varies across biological 
systems

Production inconsistencies affect 
biological interactions

Biocompatibility testing is required 
across applications

Biocompatibility may differ between cell types and organ systems, 
affecting broad clinical adoption.

[137]

Potential Oxidative 
Stress

Cu ions can cause oxidative 
stress in cells

Stabilization is needed to prevent 
oxidation

Oxidative stress and damage testing CMX particles may induce oxidative damage, affecting cell viability 
and function.

[138]

Long-Term 
Cytotoxicity

The long-term cytotoxic 
effects are not fully known

Stable synthesis methods are 
challenging

Chronic toxicity studies are required The lack of data on long-term cytotoxicity can limit its use in chronic 
conditions.

[139]

Altered Cell 
Function

Potential to disrupt normal 
cell function

Scalability affects structural 
uniformity

Stringent cell function testing CMX materials may interfere with cellular processes, thereby 
affecting cell health.

[140]

Off-Target 
Accumulation

Risks of nontarget tissue 
accumulation

Large-scale synthesis may lead to 
off-target delivery

Biodistribution studies are required CMX may accumulate in unintended tissues, having systemic effects. [141]

Inadequate Blood 
Compatibility

Possible blood-cell 
interactions and coagulation

Stability cannot withstand blood 
flow

Blood compatibility testing Incompatibility with blood components can hinder the use of vascular 
devices.

[142]

Interactions with 
Proteins

Protein adsorption induces 
immune responses

Stability in protein-rich 
environments

Protein-binding effects should be 
analyzed

Interactions with blood proteins can alter the function of CMX 
particles.

[143]

Unpredictable 
Biodistribution

Uncontrolled distribution in 
the body

It is difficult to produce consistent 
particle sizes

Required extensive biodistribution 
studies

An uneven distribution can affect the safety and efficacy of targeting 
specific organs.

[144]

Risk of Genetic 
Mutations

Potential DNA damage due to 
Cu ions

Scalable methods must ensure 
consistent particle properties.

Genotoxicity assessment The risk of DNA damage could limit the use of CMX in sensitive 
tissues or genetic therapies.

[145]

Inflammatory 
Reactions

Potential to induce 
inflammatory responses

Production inconsistencies may 
affect the immune response

Inflammation testing is required The inflammatory response may vary among individuals, thereby 
affecting safety.

[146]

Poor Cellular Uptake Limited cellular uptake by 
specific cell types

Consistent surface modifications 
are required for uptake

Effective cellular uptake Inefficient uptake reduces the therapeutic efficacy of CMX 
nanoparticles.

[147]

(Continued)
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Table 6 (Continued). 

Challenge/Limitation Biocompatibility 
Concerns

Scalability and Stability Regulatory Hurdles Brief Description References

Tissue-Specific 
Toxicity

Variable toxicity in different 
tissues

Stability adjustments affect site- 
specific deliveries

Required extensive in vivo toxicity 
testing

CMX may be safe in some tissues but toxic in others, thereby 
complicating regulatory approvals.

[148]

Redox Imbalance Copper may disturb the 
redox balance in cells

Stability and production challenges 
to minimize redox effects

Redox stability testing is required Disruption of the redox balance can lead to cellular dysfunction and 
cytotoxicity.

[149]

Difficulty in Surface 
Functionalization

The surface modification 
affects the compatibility.

Functionalization challenges in 
large-scale production

The surface chemistry stability of a 
material must be confirmed

Customizing surface features for biocompatibility is difficult. [150]

Limited in vivo 
Stability

Instability under physiological 
conditions

Production techniques affect in vivo 
stability

Stability testing under physiological 
conditions

Lack of stability in biological environments limits use in sustained 
therapies.

[151]

Risk of Enzyme 
Degradation

Susceptibility to enzymatic 
degradation

Enzyme-resistant modifications are 
required for stability

Enzyme interaction studies are required Enzyme-induced breakdown reduced the efficacy and safety of CMX 
materials.

[152]

Unreliable 
Pharmacokinetics

Inconsistent absorption, 
distribution and metabolism

Scaling affects pharmacokinetic 
properties

Pharmacokinetics must be thoroughly 
characterized.

A lack of predictable pharmacokinetics can hinder clinical translation. [153]

Inconsistent Particle 
Size

Particle size inconsistency 
affects bioavailability

The scalable production of uniform 
particles

Size homogeneity is crucial for 
regulatory approval

Inconsistent particle sizes can affect pharmacokinetics and 
biodistribution.

[34]

Temperature 
Sensitivity

Poor stability at different 
temperatures

High sensitivity affects mass 
production

Thermal stability testing CMX-based materials may degrade or lose their effectiveness at 
physiological temperatures.

[34]

Unknown Long-Term 
Effects

The long-term safety profile 
of the proposed model

Stability and performance are 
difficult to ensure over time

Prolonged studies on chronic exposure Uncertainties in long-term biocompatibility pose risks to patients. [35]

Altered Gene 
Expression

Potential to alter gene 
expression profiles

ation that are difficult to scale The effects of gene expression must be 
evaluated

Risks of gene alteration limit potential use, especially in genetic 
treatments.

[35]

High Manufacturing 
Costs

Cost of biocompatible 
modifications

Expensive to maintain stability in 
scalable production

Cost-benefit analysis for regulatory 
approvals

High production costs can limit accessibility and widespread use. [37]

Absorption 
variability

Different absorption rates in 
different tissue types

Scale-dependent variability in 
absorption rate

Absorption rate studies are required 
for tissue types

Variable absorption may result in suboptimal dosages and therapeutic 
effects.

[112]

Reactivity with 
Biological Molecules

Reactivity can lead to 
unintended side effects

Reactivity must be controlled to 
avoid adverse interactions

Regulatory concerns regarding the 
reactivity of critical biomolecules

High biomolecule reactivity can disrupt normal cellular processes. [114]

Lack of Tailored 
Delivery Systems

Difficulty creating targeted 
delivery vehicles

Targeted delivery methods are 
challenging at scale

Delivery mechanisms must be 
documented.

Delivery specificity can reduce therapeutic precision, thereby raising 
safety and efficacy concerns.

[116]
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functionalization techniques. Such new eco-friendly methods could help to produce more sustainable and reproducible, 
biocompatible Cu2MX4 nanoparticles, where advanced surface modification allows enhanced targeting and controlled 
release while reducing toxicity. These methods would enable morphology with controlled precision and responsive 
coatings, which could enhance the safety and effectiveness of drug delivery systems to allow specific release based on 
environmental triggers like pH or temperature. Of critical consideration is the transition of Cu2MX4 nanoarchitectures 
from laboratory research to clinical applications: scale-up synthesis, biocompatible coating development, comprehensive 
in-depth toxicity and pharmacokinetic studies, regulatory compliance with clinical-grade manufacturing protocols that 
will be required to ensure successful translation and to eventually tailor dosage forms to the needs of personalized 
medicine.

Finally, the biomedical applications of CMX are probably facilitated by interdisciplinary approaches. Interdisciplinary 
collaborations in bioinformatics, materials science and nanomedicine will likely play key roles in predictive modelling, 
enhancing drug-target interactions and extending the applicability of computational designs for material creation. Such an 
integration may rapidly speed up development cycles and open up new applications, from tissue engineering to lab-on-a- 
chip diagnostics. Together, these strategies will fully realize the biomedicine potential in Cu2MX4 nanoarchitectures 
while pointing the way forward to future applications in next-generation personalized medicine therapies and diagnostic 
tools. Table 7 presents the future perspectives of biomedical applications of CMX-based nano architectonics, with a focus 
on synthesis innovation, clinical translation potential and interdisciplinary approaches.

Table 7 Future Perspectives for Biomedical Applications of Cu2MX4 (CMX)-Based Nanoarchitectonics

Focus Area Future Directions Key Innovations Challenges Research Goals Predicted Impact References

Innovation in 
Synthesis

Development of 
green synthesis 
techniques

Use of eco-friendly 
solvents and microwave- 
assisted synthesis

Environmental 
impact and 
reproducibility

Reduce waste and 
enhance sustainability

Environmentally 
sustainable and scalable 
production

[8]

Innovation in 
Synthesis

Biocompatible 
surface coatings

Surface functionalization 
with biopolymers like 
chitosan

Compatibility with 
different cell types

Improved 
biocompatibility for in 
vivo applications

Safer in vivo applications [14]

Innovation in 
Synthesis

Advanced 
morphology control

Engineering precise shapes 
(eg, hollow, core-shell) for 
better drug loading and 
release

Complexity of the 
synthesis

Targeting ability and 
drug-loading 
efficiency

Targeted delivery with 
optimized drug release

[31]

Innovation in 
Synthesis

Hybrid 
nanostructures

Integrate Cu2MX4 with 
other materials, such as 
graphene or silica.

Stability and 
interaction 
between hybrid 
materials

Multifunctionality in a 
single particle

Enhanced functionality 
and versatility

[17]

Innovation in 
Synthesis

Quantum dot-like 
Cu2MX4 structures

Fine-tuned quantum 
confinement for controlled 
optical properties

Quantum 
confinement 
effects and size 
control

Develop precise 
control of the optical 
characteristics

Higher imaging resolution 
in diagnostics

[24]

Functionalization 
Approaches

Targeted ligand 
attachment

Conjugation with specific 
ligands to target cancer 
cells or pathogens

Consistent 
attachment and 
release rates

Improve targeting 
precision

Enhanced specificity for 
drug delivery and 
diagnostics

[54]

Functionalization 
Approaches

Responsive surface 
modification

Surface modifications are 
responsive to pH or 
temperature

Consistency of 
response rates

Enabled controlled 
drug release

Controlled therapeutic 
release with minimal side 
effects

[57]

Functionalization 
Approaches

PEGylation for 
immune evasion

Polyethene glycol (PEG) 
coating to improve 
circulation time

Potential immune 
responses to PEG

Increased 
nanoparticle stability 
in the bloodstream

Prolonged circulation and 
bioavailability

[61]

Functionalization 
Approaches

Coating with 
antibiotics

Coating with antibiotics or 
antimicrobial peptides to 
control infection

Antibiotic 
resistance and 
stability

Target localized 
infections

Improved antimicrobial 
efficacy in infected tissues

[74]

(Continued)

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S548959                                                                                                                                                                                                                                                                                                                                                                                                 11931

Gangadhar et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Table 7 (Continued). 

Focus Area Future Directions Key Innovations Challenges Research Goals Predicted Impact References

Functionalization 
Approaches

Multifunctional 
coatings

Combining imaging, 
targeting and therapeutic 
functionalities in one 
particle.

Complexity of 
synthesis and 
reproducibility

Multifunctional 
performance in 
biomedical 
applications

Simplifying theranostic 
and personalized 
treatments

[77]

Clinical 
Translation 
Potential

Clinical-grade 
manufacturing 
protocols

Standardization of 
production for uniform 
quality in clinical trials

Cost, scalability, 
regulatory approval 
and regulatory 
compliance

Move toward 
regulatory approval

Facilitate clinical trial and 
eventual therapeutic use

[26]

Clinical 
Translation 
Potential

In vivo toxicity 
assessment

Detailed studies on 
toxicity and 
pharmacokinetics

Biocompatibility 
challenges and 
long-term effects

Reduce toxicity and 
understand in vivo 
behaviours

Improve the safety profile 
for clinical applications

[89]

Clinical 
Translation 
Potential

Long-term 
biodegradability 
testing

Evaluation of material 
breakdown and clearance 
in body systems

Biodegradation 
rate, possible 
accumulation

Ensure safe excretion 
from the body

Enhanced safety for long- 
term use

[91]

Clinical 
Translation 
Potential

Regulatory 
compliance

Develop compliance 
strategies for FDA/EMA 
approval processes

Complex 
regulatory 
pathways

Aligning materials 
with clinical standards

Streamlines future clinical 
application approvals

[93]

Clinical 
Translation 
Potential

Customized dosage 
forms

Design of dosage-specific 
formulations for 
personalized medicine

Consistency in the 
release profile

Adapting materials to 
individual patient 
needs

Tailored patient 
treatments

[96]

Interdisciplinary 
Approaches

Integration with AI 
for predictive 
modelling

Use AI to predict material 
behaviour and optimize 
formulations

Data requirements 
and computational 
power

Enhance the 
predictability and 
efficiency of material 
design

Accelerated development 
and improved design 
accuracy

[100]

Interdisciplinary 
Approaches

Collaborations with 
bioinformatics for 
drug-target 
interactions

Study interactions between 
Cu2MX4 and biological 
targets

Integration 
complexity

Enable effective drug- 
target interaction 
studies

Improved targeting in 
therapeutic applications

[106]

Interdisciplinary 
Approaches

Tissue engineering 
applications

Exploration of tissue repair 
and regeneration medicine

Compatibility with 
tissue structures

Adapt Cu2MX4-based 
materials for tissue 
engineering

Potential applications of 
this approach in wound 
healing and regenerative 
medicine

[111]

Interdisciplinary 
Approaches

Synergy with 
immunotherapy

Enhance the immune 
response through targeted 
delivery and activation

Immune system 
variability

Use Cu2MX4 

materials to enhance 
immunotherapy

New cancer treatment 
strategies

[117]

Interdisciplinary 
Approaches

Integration with lab- 
on-a-chip 
technology

Develop Cu2MX4-based 
nanoparticles for lab-on-a- 
chip diagnostics

Miniaturization 
challenges

Combining diagnostic 
and therapeutic 
functions in 
microfluidic devices

Portable diagnostic 
solutions with therapeutic 
potential

[124]

Interdisciplinary 
Approaches

Bioinspired design 
using synthetic 
biology

Mimic biological systems to 
create responsive or self- 
assembling Cu2MX4 

structures.

Complexity of 
biosynthesis

Design of responsive 
nanostructures

Enhanced functionality in 
biomedical environments

[128]

Interdisciplinary 
Approaches

Computational 
material science for 
molecular dynamics 
simulations

Predict and simulate 
Cu2MX4 behaviour at the 
molecular level

Computational 
resources, 
accuracy

Achieving better 
biocompatibility and 
performance 
predictability

Streamlined design 
process for biomedical 
applications

[137]

Interdisciplinary 
Approaches

Advanced imaging 
for real-time 
tracking

Develop real-time imaging 
techniques to track 
Cu2MX4 in biological 
systems

Resolution and 
biocompatibility of 
contrast agents

Real-time 
visualization of 
interactions

Improved diagnostic and 
monitoring capabilities

[148]

(Continued)
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Conclusion
CMX-based nano architectonics can be revolutionary in a vast range of biomedical applications, from targeted 
therapeutics and imaging to smart drug delivery. One of the attractive properties of CMX materials is their unique 
electronic and structural properties, offering great promise for biomedical applications, particularly targeted therapy, in 
which selective delivery and controlled release are essential. While recent results demonstrate the versatility and 
effectiveness of materials based on CMX, a plethora of challenges must be overcome before their clinical translation. 
The biocompatibility of CMX nanoarchitectures is challenging. The release of Cu ions can cause cytotoxicity and even 
lead to cellular damage or disruption of normal physiological functions. The effects of such releases are therefore cell or 
tissue-dependent and detailed compatibility testing should be performed in diverse biological contexts. Bioaccumulation 
potential is another serious concern because accumulation in crucial organs after a period can result in chronic toxicity, 
especially following repeated or high dosages. The immune response is another critical factor; interactions with CMX 
materials with immune cells might provoke inflammation and other unfavourable reactions, restrict their application and 
place an improved risk to the safety of the patients involved. Hence, further development is needed for the safe 
interaction of CMX nanoarchitectures with biological systems.

Scalability and stability remain significant challenges. While many properties are favourable at the laboratory scale, 
scaling up the synthesis of CMX-based materials for industrial production has proven difficult. Large-scale synthesis 
necessitates maintaining uniformity, purity and particle stability for reproducible results as well as proper clinical 
performance. Moreover, the nanoarchitecture in CMX must be stable in complex biological fluids such as blood or 
intracellular fluids. Stability is important because it prevents degradation of the nanoarchitectures in advance or 
aggregation, which might lead to less effective therapy or adverse side effects. The high development costs associated 
with scalable, stable production processes further intensify these barriers to making CMX-based technologies accessible 
and economically viable. In addition to the challenges related to technology and biology; regulatory problems remain a 
major disadvantage for the application of CMX nanoarchitecture in clinics. Regulatory bodies require a lot of preclinical 
information to confirm the non-toxicity and high efficiency of the materials being considered. This includes assessments 
related to toxicity, biodistribution, immune response and long-term effects. Studies on nanomaterials in biological 
systems are usually more elaborate than those of traditional drugs or materials because of the unique characteristics of 
nanomaterials. Thus, more time and financial input is required for approval. In addition, since nanotechnology is a novel 
field, standard regulations are still adaptive and are thus often vague, which may consume more time for approval.

The successful development of safe and compliant CMX-based technologies will require extensive collaboration 
among researchers, manufacturers and policymakers to meet regulatory requirements. In the future, for the advancement 
of biomedical applications based on CMX-based nanoarchitectures, innovation and interdisciplinary collaboration will be 
in high demand. There is a need to target research to optimize the biocompatibility of CMX materials to avoid toxicity 
and immune responses. Scalable, efficient and cost-effective production methods that retain stability and function will be 
important in further developing their breadth of application. Proactive efforts to address regulatory requirements, 
including the generation of robust data and collaboration with regulatory bodies, will be essential for facilitating clinical 
translation. With continued effort and investment over time, CMX-based nanoarchitectures may indeed fulfil their 
promise of bringing unprecedented benefits to diagnostics, targeted therapies and regenerative medicines.

Table 7 (Continued). 

Focus Area Future Directions Key Innovations Challenges Research Goals Predicted Impact References

Interdisciplinary 
Approaches

Smart drug-delivery 
systems

Use Cu2MX4 in systems 
with feedback control 
based on stimuli

Complexity of 
stimuli-responsive 
mechanisms

Achieving controlled, 
on-demand drug 
release

Targeted, efficient and 
patient-specific 
treatments

[149]

Interdisciplinary 
Approaches

Collaboration with 
robotics for 
nanosurgery 
applications

Combining Cu2MX4 with 
robotic tools improves 
precision targeting

Precision, stability Enhance precision 
targeting for 
nanoscale surgery

Opens possibilities for 
precision nanosurgery

[153]
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