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Abstract

Abbreviations: GO: Graphene Oxide; RGO: Reduced Graphene Oxide

The unique electrical, thermal, and mechanical properties of graphene-containing materials (GCMs) have led to their growing use in medical
applications. Concerns about their potential effects on the environment and biology at the end of their lifecycle are brought up by their extensive
use. (GCMs) are increasingly used in medical technologies, including sensors, coatings, drug-delivery platforms, and disposable diagnostic
components. Their accelerated adoption raises a critical but underexplored challenge to manage end-of-life streams that combine carbon
nanomaterials with biological contaminants, polymers, metals, and process additives. This mini review summarizes current post-use processing
and recycling options for graphene-containing medical materials, with emphasis on four major pathways: chemical, thermal, solvent-assisted,
and mechanical recovery. Finally, priority research directions are identified for circular deployment of graphene in healthcare, notably integrated
pre-sorting protocols, mild decontamination chemistry, and harmonized techno-economic assessment frameworks. This mini-review provides a
concise roadmap for translating graphene-enabled medical innovation into safer and more sustainable end-of-life management.
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Introduction

Graphene and its derivative have changed the field of biomed-
ical engineering, as they are used in things like drug delivery sys-
tems, biosensors, wound healing devices, and tissue engineering
supports [1-4]. They are excellent candidates for next-generation
medical materials due to their exceptional surface area, electrical
conductivity, and molecular functionalization. These applications
provide innovative answers to long-standing medical problems,
like scaffolds for tissue regeneration with better mechanical qual-
ities, high-sensitivity diagnostics for biosensing, and controlled
drug release. The environmental and health effects of these ma-
terials after their useful lives are over are becoming increasing-
ly recognized as these technologies move from research settings
into commercial and clinical use [5]. Traditional waste disposal
systems are often not equipped to handle nanoengineered ma-
terials, especially those integrated into complex medical devices.
GCMs are particularly problematic due to their persistence, chem-
ical stability, and potential to cause harm if released into the en-
vironment in uncontrolled forms [6]. Getting rid of GCMs is tricky
because they are stable, might be toxic, and are hard to separate

from other materials like plastics or organic substances. Moreover,
medical devices that incorporate GCMs often become contaminat-
ed with biological matter, raising the risk of infection and making
disposal even more complicated. These issues are compounded by
a lack of standardized protocols and limited regulatory guidance
for handling GCM waste, particularly in clinical environments. Giv-
en the increase in medical waste from single-use or short-lifespan
devices, developing recycling strategies is not only environmen-
tally imperative but economically advantageous. Creating a circu-
lar lifecycle for GCMs in medical applications where materials are
recovered, reused, or repurposed can significantly reduce envi-
ronmental burdens and manufacturing costs. This paper explores
current methods and future opportunities for processing and re-
cycling GCMs Figure 1.

Graphene in Medical Application

Graphene’s amazing physical, chemical, and biological prop-
erties have made new medical discoveries possible. It can interact
with biological systems and can be used in many different ways,
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which has led to a wide range of healthcare uses. Graphene and
its derivatives are changing the way medicine works, from find-
ing diseases early to developing advanced treatments. Some of the
most promising areas are discussed in this section.

i Biosensors: Graphene-based biosensors provide rapid
and sensitive detection of biomarkers due to their high electrical
conductivity and large surface area. This allows real-time moni-
toring of glucose, cholesterol, uric acid, cancer markers, and more
[7-10].

ii. Drug delivery systems: Graphene Oxide (GO) and Re-
duced Graphene Oxide (RGO) are used as nanocarriers due to
their layered structure, which can encapsulate and release ther-
apeutic agents in a controlled manner [11]. Functional groups on
GO facilitate targeted delivery, improving drug efficiency while re-
ducing side effects.

iii. Tissue engineering: Graphene composites are incor-
porated into scaffolds for bone, cartilage and nerve regeneration

[12]. These scaffolds not only mimic the extracellular matrix but
also provide superior mechanical and electrical properties that
promote cell adhesion and growth.

iv. Wound healing and antibacterial surfaces: GO’s abili-
ty to disrupt bacterial membranes makes it a potent antimicrobial
agent [13]. Its incorporation into bandages and coatings reduces
infection risk and accelerates healing.

V. Imaging and photothermal therapy: Functionalized
graphene can be used for imaging and targeted cancer therapy
through photothermal effects, where it converts near-infrared

light into heat to destroy tumor cells [14].

Table 1 As the scope of graphene-based medical technologies
continues to expand, so does the importance of understanding
how to safely and sustainably manage these materials after their
functional use [15]. The next sections explore the specific chal-
lenges and emerging solutions to the recycling and end-of-life
processing of these advanced biomaterials [16].
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Figure 1: Schematic overview of the principal recycling routes for graphene-based materials.
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Table 1: Common Medical Applications of GCMs

Application Area Graphene Form Functionality Reference
Biosensors Graphene, RGO, Niggssg g&%ﬁiﬁ?phene acid, Metal Signal transduction, sensitivity 15
Drug Delivery GO, RGO Carrier platform, controlled release 16
Tissue Engineering Graphene composites Scaffold reinforcement 17
Antibacterial Coatings Graphene oxide Bacterial membrane disruption 18
Table 2: Comparison of recycling methods for GCMs.
Method Benefit Challenges References
Thermal Volume reduction and carbon recovery High energy use, risk of toxic emissions 19
Chemical High-purity graphene and polymer recovery Chemical hazards, cost, disposal issues 20
Mechanical Simple, low-cost, environmentally friendly Limited to clean waste, reduced material quality 21
Solvent Reclaims both solvents and graphene derivatives Solvent degradation, contamination risk 22
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Importance of Graphene Recycling in Medical
Applications

Graphene-based materials offer unique performance ad-
vantages in medical applications, including biocompatibility,
strength, conductivity, and flexibility. However, improper disposal
of graphene-containing waste can lead to environmental contam-
ination and adverse health effects. Thus, recycling and recovery
strategies are vital to manage these advanced materials respon-
sibly [17].

Current processing and recycling techniques

Several methods are available for recycling graphene-contain-
ing materials, each having its own advantages and limitations:

i. Mechanical recycling

Mechanical recycling refers to the physical processing of
graphene-containing materials into reusable forms without al-
tering their chemical structure. This process involves physically
crushing, grinding, or shredding graphene-based materials, fol-
lowed by separation techniques. Shredding and milling Breaks
down materials (e.g., graphene-enhanced PPE or plastics) for re-
use as fillers or additives. Regrinding used for bulkier composite
parts to be reintroduced into new polymer blends. Ultrasonication
disperses graphene fillers from degraded products into solvents
for reuse [18].

i. Chemical recycling

This technique uses solvents, acids, or oxidants to break down
the matrix or separate components in graphene composites, al-
lowing for the recovery of both graphene and polymer precursors.
Oxidative degradation converts polymer matrices into simpler
molecules while preserving or modifying graphene (e.g., convert-
ing rGO to GO). Solvolysis or depolymerization uses chemical re-
agents to break down resins or polymers (e.g., epoxy or polyes-
ter) in biosensors or flexible circuits. Chemical leaching extracts
graphene oxide from coatings or filters, often using strong acids
or alkalis [19].

ii. Thermal recycling

This method involves subjecting graphene-based medical
waste to high temperatures to break down polymer matrices and
recover carbonaceous residues, including graphene structures.
Pyrolysis decomposes organic matrix materials under high tem-
peratures to recover graphene. Thermal annealing is also used to
remove organic binders and partially restore the structure of de-
graded graphene [20].

iv. Solvent recycling

It is a promising and increasingly important technique in the
processing of graphene-based composites, especially those used
in medical applications. Many graphene-containing products such
as coatings, films, and polymer composites are manufactured or
processed using organic solvents (e.g, NMP, DMF, ethanol, ace-

Sci. 2025; 10(2): 555784. DOI: 10.19080,/J0JMS.2026.10.555784

tone) to disperse or stabilize graphene or graphene oxide (GO). At
end-of-life, recovering both the graphene content and the solvents
used in manufacturing or dissolution can contribute to material
circularity and environmental safety [21] Table 2.

Challenges in Graphene Recycling from Medical
Applications

Most of the time, graphene-containing medical products are
thrown away as hazardous waste when they are no longer use-
ful. There are a number of unique problems that come up when
trying to recycle graphene from medical uses that need to be
carefully thought through. One big worry is that graphene used in
medical settings could get contaminated by bodily fluids, patho-
gens, or drug residues, making it potentially biohazardous. Also,
medical products often use graphene in complicated composites
with polymers, metals, and other materials, which makes it hard
to separate and recover the materials. In addition to the technical
problems, any recycling method must also follow strict medical
and environmental rules to make sure that hazardous materials
are handled safely, sterilized, and properly throughout the recy-
cling process [22].

Economic and Environmental Aspects and Future
Direction

Sustainable recycling practices reduce environmental impacts
and enhance economic viability by conserving valuable materials.
Economically, recovered graphene can offset initial production
costs, incentivizing recycling adoption. Developing eco-friendly
chemical recycling methods. Innovating selective separation pro-
cesses for complex medical composites. Creating robust closed-
loop recycling protocols integrating medical application lifecycles.
Effective recycling of graphene-containing materials from medical
applications is essential to harness graphene’s full potential sus-
tainably. Integrating advanced processing techniques, addressing
challenges, and aligning regulatory frameworks will significantly
enhance sustainability in healthcare technology. Effective recy-
cling of graphene-containing materials from medical applications
is essential to harness graphene’s full potential sustainably. Inte-
grating advanced processing techniques, addressing challenges,
and aligning regulatory frameworks will significantly enhance

sustainability in healthcare technology.
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