¥® ROYAL SOCIETY
PP OF CHEMISTRY

ChemComm

View Article Online
View Journal | View Issue

HIGHLIGHT

Innovative and sustainable approaches
to NIR-active coatings for next-generation
medical devices

’ '.) Check for updates ‘

Cite this: Chem. Commun., 2025,
61, 9736

G. S. Lekshmi,*® Karthika Prasad, (2 ° Katia Alexander® and Vignesh Kumaravel {2 *?

Designed to reflect or absorb near-infrared (NIR) light, smart NIR coatings have emerged as a
transformative and sustainable solution in healthcare and biomedical fields. As longer wavelength
allow for reduced scattering and absorption, NIR light exhibits superior penetration through
biological tissues when compared to visible light, making NIR-based technologies extremely useful
for both therapeutics and diagnostics. NIR coatings can be utilized for non-invasive imaging to
monitor and control the performance of implantable devices, including drug release, biofilm
disintegration and infection prevention, providing several advantages over the traditional drug
administration, sterilization or antibiotic strategies. In this review, we explore key advantages of
using NIR coatings in medical devices, highlighting the impact of their use on device efficiency,

Received 17th April 2025, operational lifespan and performance, and their role in reducing the environmental impact of

Accepted 23rd May 2025 medical devices. Using recent examples, we identify pathways by which the use of NIR coatings can
DOI: 10.1039/d5cc02164b continue to drive the improvements in the key performance characteristics of medical devices while

supporting the principles of circular economy, highlighting critical challenges and opportunities for
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1. Introduction

The circular economy (CE) model is a transformative approach that
aims at maximizing resource productivity, reducing waste, and
promoting sustainable innovation. In contrast to the linear economy
that follows a “take-make-dispose” model, the circular economy is
oriented towards keeping materials in use, designing out waste, and
regenerative natural systems." In the healthcare sector, where the
single-use mindset is driven by concerns over infection control and
toxicity, and results in the generation of significant volumes of
potentially hazardous healthcare waste that persists in the environ-
ment, the adoption of CE principles is essential for sustainable and
responsible innovation.” By shifting towards highly efficient smart
and biodegradable materials, the healthcare industry can reduce its
environmental footprint without compromising on safety, efficiency,
and performance.

One of the emerging solutions that is strongly aligned with
the principles of circular economy is the development of near-
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infrared (NIR)-active coatings for future medical devices.?
Their unique properties make NIR-active coatings ideally
suited for non-invasive sensing, photothermal therapy,
and controlled-rate drug delivery, allowing them to meet
increasingly complex demands of modern healthcare. However,
NIR-active materials are based on synthetic
polymers and high-energy processing, raising questions about
resource exhaustion and waste to the environment associated
with their manufacturing and disposal. A circular economy model
attempts to replace traditional materials with biocompatible,
recyclable, and sustainable alternatives without compromising
on medical devices being not only high-performing but also eco-
friendly.*®

Harmful chemicals such as phthalates, bisphenol A (BPA)
and epoxy resins that are commonly used in medical devices,
posing a significant risk to both patient wellbeing and the
environment.” The impact of leaching of such chemicals from
medical devices like implants, catheters, and dental scaffolds
have been reported to be more significant in vulnerable
populations like children and dialysis patients.” Increased
awareness of the health and environmental risks associated
with certain materials has driven the demand for safer, and
more sustainable materials. Therefore, efforts to harmonize
new materials and processes with sustainability goals have
risen. Multifunctional coating is a promising approach which

traditional
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can improve the functionality of healthcare products and reduce
waste generation. By integrating multiple advanced properties
such as biocompatibility, antimicrobial activity, and wear resis-
tance onto a device’s surface in a single step, these coatings offer a
multi-faceted solution to a variety of medical issues. The capacity
of these coatings to impart substrates with customized properties
makes them useful in various medical devices® particularly in
surgical instruments where coatings have the potential to
enhance performance and lifespan.”

Of the different techniques, the application of NIR-active
coatings is advantageous to the medical community in assist-
ing in sustainability objectives. These materials not only con-
tribute to extending the life of medical devices, but also play a
significant role in enabling energy-efficient procedures and
reduce dependency on disposables, marking a promising step
towards a more sustainable healthcare. The greatest advantage,
though, might come from their capacity to lessen the need for
revision surgeries and the risk of hospital-acquired infections.
These advancements directly address the major challenges in
healthcare such as long hospital stays and the requirement of
revision surgical procedures. While single-use disposable mate-
rials are relatively less expensive, the real costs come from
avoidable complications. Since contaminated medical waste
must first undergo decontamination, volume reduction, and
specialized disposal before it can be dumped in a landfill,
its management poses both financial and environmental
challenges. In this regard, using long-lasting smart coatings
presents an appealing way to improve patient outcomes
while supporting environmental and financial sustainability
objectives.

Nanoparticles, dyes, and polymers have been used in design-
ing NIR-active coatings with appropriate electronic structures,
allowing them to absorb light and effectively convert it into
thermal energy through a photothermal effect.®® Compared
to visible (380-700 nm) and NIR-I light (700-100 nm), NIR-II
light (1000-1500 nm) has a better tissue penetration capacity,
reaching depths of 3-6 mm,"'"" offering advantages of deeper
tissue penetration and higher spatiotemporal resolution neces-
sary for more detailed imaging of biological structures,
e.g. solid tumours, and processes, and their targeted treatment.
In clinical diagnostics and therapy, precise visualisation of
deeper tissues is essential for early detection, real-time moni-
toring, and focused disease treatment. This is particularly
important in applications like image-guided surgery, photo-
thermal therapy, and drug delivery. The capacity to obtain
detailed information from deeper layers minimizes the need
for invasive procedures, enhances treatment planning, and
improves overall outcomes.

NIR-active coatings can also be integrated into medical
imaging techniques to enhance the visibility of surgical equip-
ment, which can help improve the precision with which surgi-
cal interventions are performed. Increased penetration and
reduced interference of NIR light with biological tissues allow
surgical instruments to stand out clearly, enabling real-time
monitoring and augmented reality integration for accurate
navigation. This enhances surgical accuracy, reduces chances
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of accidental tissue damage, and increases overall safety of
the procedure and patient outcomes. Therefore, NIR-active
materials can be effectively utilized to coat a range of surgical
instruments, including fiducials, catheters, surgical sutures,
and gauzes,® not only to show how adaptable these coatings are
to different substrates, but also to allow for thermal activation,
real-time intraoperative imaging, or antimicrobial activity.

Given their potential to deliver significant advances in the
medical and healthcare technologies, in the recent years, the
design and development of NIR-active coatings, and strategies
for their integration in traditional and modern medical process
and devices has been a subject of notable research efforts,
producing a wide range of advanced materials and architec-
tures. However, the potential impact of the use of NIR-active
coatings on the environment footprint of healthcare has not
been fully explored. This paper aims to bridge this gap by
focusing on the key benefits the NIR-active coatings deliver
across medicine and healthcare and linking them to the key
challenges faced by modern and future healthcare with respect
to meeting its sustainability objectives. To achieve this aim, the
recent history and the current state-of-the-art of NIR-active
coatings and their use in medical care are explored. It is not
the intention of this article to provide a comprehensive over-
view of all the excellent research papers on various NIR-active
material designs and uses that are available in the literature, as
these have already been reviewed extensively by many. There-
fore, the significance focuses on how key functionalities
afforded by the use of NIR-active coatings can enhance the
performance of medical devices and procedures in the context
of the impact of these improvements on the device lifecycle,
from manufacturing to disposal, timely and accurate diagnos-
tics, treatment success and patient outcomes. Indeed, while
introducing sustainable practices into e.g. material develop-
ment and waste out design can deliver immediate direct
benefits in reducing the environmental impact of the health-
care sector, and is often a focus for the material science
community, the indirect benefits of improved patient outcomes
(inclusive of accurate diagnostics, continuous active monitor-
ing and preventative care, precise treatment and reduced
medical errors, and patient safety post-treatment that can all
be improved by the integration of NIR-active coatings) can play
an even greater role by alleviating the burden on all aspects
of healthcare, from energy consumption to transport. After
that, the opportunities and challenges in the integration of
NIR-coatings into existing and future diagnostic and therapeu-
tic strategies are highlighted, in the context of regulatory
constraints.

2. NIR-active coatings and the scope
of their use in modern healthcare
2.1 A brief history of NIR-active coatings

Fig. 1 represents a road map of NIR-active materials that can be
used for medical devices to enhance performance and sustain-
ability, with the field developing rapidly, driven in part by the
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Fig. 1 Schematic of the progression of NIR-active coating materials during the last 10 years, starting from organic nanoparticle imaging in 2014 to NIR-
active coatings for imaging, NIR-active polymers for medical applications, multimodal imaging nanoparticles, and ultimately, real-time surgical imaging
with NIR Il fluorescence in 2020, indicating remarkable advancements in functionality and applications in medical technology.

innovations in the design and synthesis of advanced materials.
A biocompatible organic nanoparticle (2,3-bis(4-(phenyl(4-
(1,2,2-triphenyl vinyl) phenylamino) phenyl) fumaronitrile
(TPETPAFN)) for NIR-active medical imaging was developed in
2014."% In 2015, research on functionalized gold nanoparticles
(Au NPs) was reported, focusing on their potential to improve
imaging quality and combat catheter-related infections
(CRIs)."”® The development of NIR-active semiconducting poly-
mer nanoparticles in 2016 marked another milestone in
improving imaging and therapeutic methods.'* The advance-
ment of NIR-active superhydrophobic coatings for medical
devices was a significant accomplishment in 2017 to modify
the interactions between protein and cell-surface.’® This is
important for applications that need to minimise unwanted
cell adhesion or integrate tissue in a controlled manner.
Additionally, one of the main issues with implant-associated
infections effectively tackled by these coatings, as their intrinsic
non-wettability significantly lowers bacterial attachment and
biofilm formation. Advanced multimodal imaging nano-
particles were developed in 2018,"® facilitating combined visua-
lization of molecules and detection of diseases. A novel NIR-
active photocatalyst was developed in 2019 for antimicrobial
applications in medical devices,"” where the Au/D-TiO, struc-
ture provided for enhanced light absorption and effective a NIR
light-triggered photocatalytic payload release of antimicrobial
drugs, such as ampicillin sodium, the bacteria inactivating
activity of which was further enhanced by the generation of
reactive oxygen species. In 2020, the employment of NIR-II
fluorescence imaging technology for surgical procedures was
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a significant milestone,"® delivering improved surgical precision
by providing greater contrast between normal and abnormal
tissues during surgical procedures.'® In 2022, eco-friendly and
biocompatible hybrid films were fabricated with waterborne
polyurethane coated with polydopamine (WPU-PDA).>® Subse-
quently, wearable health monitoring gadgets that use NIR coating
were created to augment the functionality and utility of NIR as
a pivotal technology for digital health.”’ Over the past decade,
a major technology breakthroughs in non-invasive medical
devices have significantly improved the efficiency and accuracy
of data collection in wearable health monitors, setting the stage
for more precise, real-time health monitoring and tailored treat-
ment in the years to come.

Stretchable intrinsic photodiodes have been proven essen-
tial in advanced biomedicine and imaging technologies.
A device that remains functional even when deformed, utilizing
the spatially modularizable-assembled elastic (SAME) photoac-
tive layer allows for spatial modular assembly of the elastic
body. Two primary applications of NIR technology include
(1) secure imaging with cryptography, which is enhanced by
NIR light, enabling visibility through an opaque mask to the
underlying pattern, and (2) real-time photoplethysmography
(PPG) signal detection, demonstrating the device’s capability to
identify heartbeats and other signals under the maximum
strains of up to 100%.>* These practical applications demon-
strate that stretchable NIR-active coatings can be utilized
for flexible optoelectronics and non-invasive, wearable medical
diagnostics, particularly where optimal conformal contact with
human skin is required. This research on NIR-active photodiode

This journal is © The Royal Society of Chemistry 2025
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involves the utilization of a high-performance polymer donor,
poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophene-2-yl)benzo[1,2-
b:4,5-b'|dithiophene))-alt-(5,5-(1’,3'-di-2-thienyl-5',7'-bis(2-ethyl-
hexyl)benzo[1’,2'-c:4’,5'-¢'|dithiophene-4,8-dione)] (PM6), along-
side a non-fullerene organic semiconductor, Y6, which effectively
absorbs NIR light up to 950 nm. To achieve inherent stretchability
and enhance optoelectronic performance without compromise,
the active layer is combined with styrene-ethylene-butylene-
styrene (SEBS) elastomer, facilitating conformal and lasting appli-
cation on dynamic surfaces like human skin.**

2.2 Types of NIR-active materials

NIR-active dyes, graphene-based materials, Au NPs, carbon dots,
other fluorescent materials, indocyanine green (ICG), polydopa-
mine and black phosphorus (BP) have been commonly used to
improve real-time monitoring, cancer treatment, and antimicro-
bial applications. Their properties are often optimized for a
specific application. For instance, for implantable devices where
the light is to penetrate biological tissues, the absorption and
emission windows need to be optimized to prevent excessively
strong absorption and scattering of light by said tissues, and
consequently loss of imaging quality and illumination intensity,
as well as potential tissue damage. In some particles, e.g. silver
sulfide quantum dots, this can be achieved by changing the size of
the particle, in others the wavelength of the surface plasmon
resonance can be shifted towards NIR by changing the particle
shape, with the hot spots preferentially created at the sharp tips of
e.g. anisotropic gold particles having up to 10° times enhanced
light intensity, which is likely to significantly affect the catalytic
and thermal properties of these particles. Particle size may also
play an important role in the emission quantum yield, as is the
case in lanthanide-doped nanomaterials. In addition to fine-
tuning the absorption and emission windows, surface engineer-
ing is also frequently employed to control the interactions
between the nanoparticles and their environment to e.g. prevent
agglomeration or stabilize dispersion (when used alone or during
coating synthesis), control protein- and cell-surface interactions to
prevent non-specific fouling, target a specific cell type, render the
particle more biocompatible, or facilitate the attachment of
bioactive agents for spatiotemporally-controlled drug delivery.
The internal structure of the particle can also be engineered to
enable drug loading and transport, improve particle stability, or
tune its NIR light response. It is worth noting that the fabrication
of NIR-active particles with a highly controlled architecture and
surface functionalization, and additional functionalities, often
requires the use of more complex and resource intensive, multi-
step processes, high purity input materials and more controlled
processing environments, which present a challenge for reducing
the environmental footprint of such materials. For this reason, the
development of single-step, low-energy one-pot fabrication pro-
cesses that can use more readily available minimally-processed
inputs remains a major priority for the materials research
community.

Integrating these NIR-active materials as coatings into medical
devices is a logical extension of their application in healthcare to
improve clinical effectiveness, reduce complications, and extend
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the lifespan of medical devices. Table 1 represents a comprehen-
sive overview of the most advanced NIR-active coatings used for
medical devices, highlighting the current directions for the field.
It is worth noting that this summary focuses explicitly on the
examples that represent the significant progress and outline the
scope of their practical uses in this field, rather than being a
comprehensive overview of all the available state-of-the-art. The
use of NIR-active coatings on medical devices presents many
advantages, such as accurate diagnostics and tailored targeted
delivery of therapeutic agents. However, as in the case of the
design of NIR-active particles with an increased degree of com-
plexity and function, the environmental impact of the fabrication
and integration of these particles into the coatings without
compromising their function should be considered, and methods
that minimize the use of resource-intensive steps actively pursued.

Photothermal treatment (PTT) with Au NPs is one of the
most intensively researched ways of benefiting from the NIR-
active behavior of these materials. Due to their distinctive
optical properties across a wide spectrum from UV-vis to NIR,
plasmonic nanoparticles and nanostructures based on Au NPs
have numerous potential uses not only in medicine, but also in
other fields, with the medical field benefiting from the
advances in other sectors concerned with the development of
novel particle designs and methods for their synthesis and
modification, with positive impact on the speed of optimization
due to growing understanding of the property-function beha-
vior and the fundamental mechanisms which underpin NIR
activity. In terms of their use in medical devices, an excellent
example is the use of Au NPs to produce a thin plasmonic gold
film on bare metal implantable stents, where the addition of
the photothermal layer effectively reduces clots within the stent
lumen, as demonstrated in multiple in vitro studies, including
those simulating blood flow conditions.>® In another example,
the NIR light can be used to locally increase the temperature at
the surface of a bone implant, with the mild heat shock
conditions (39-41 °C) effectively enhancing the production of
proteins such as alkaline phosphatase (ALP) and heat shock
protein (HSP), consequently facilitating bone mineralization.>*

Graphene-based materials also exhibit significant potential
for application in light-based therapies, attributed to their high
photothermal conversion efficiency and exceptional broad-
band optical absorption capabilities that stem from the closely
spaced energy levels of loosely held n electrons. This facilitates
heat production as the light-excited electrons return to their
ground states.” The absorption of NIR irradiation by graphene-
based materials enhances their applicability in biomedical
fields, as the longer wavelengths of NIR light and its minimal
interactions with biological constituents (within the therapeu-
tic window of 700-950 nm, where tissue absorption and scat-
tering are diminished) facilitate significant penetration depth
and reduced off-target heating. When integrated on the surface
of devices as a bio-interface, NIR-activated graphene-based
platforms can be used to e.g. mitigate bacterial attachment
and biofilm formation, and in doing so may evolve into a more
cost-effective disinfection strategy for surfaces and systems
in the medical field. However, it should be noted that the
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Table 1 Key features and advantages of pivotal NIR-active materials for medical device coatings
Materials Functional properties Application Ref.
Au NPs Improved cell adhesion, aiding bone-implant integration Implants 23, 34 and
Enhanced photothermal effects and bacterial eradication Cancer treatment 35
Facilitated drug release Stents and coronary
angioplasty devices
Biocompatible and hydrophilic Biosensors
Drug delivery
Graphene based materials High photothermal conversion efficiency Disinfection biointerfaces 24
Significant penetration depth and reduced off-target heating Drug delivery systems
Carbon dots Tunable fluorescence for targeted imaging Implants 26 and 28
Easily functionalized for drug binding Bioimaging
Inhibited biofilm formation
Sustainable synthesis process, energy-efficient and biocompatible
NIR-fluorescent materials Deeper tissue penetration with minimal scattering NIR active tattoos 29
Tumor identification and labeling Surgical needles 36
Fluoresce under UV and NIR light Theranostic agents 37 and 38
Improved in vivo imaging and support antibody-drug conjugates  Implants
activated by NIR light
Indocyanine green (ICG) FDA-approved NIR dye with excellent photothermal conversion Cancer phototherapy 39
Real-time imaging and targeted delivery Lymph node tracking
Short circulation time can be tuned with carriers Wound monitoring
Polydopamine NIR absorption Orthopedic and dental 30
implants
PTT and PDT effects with good surface anchoring properties and ~ Wound healing
photostability
Black phosphorus (BP) High NIR absorption, photothermal, and photodynamic properties Bone regeneration 32
Biodegradable in physiological environments Antibacterial coatings
Antibacterial and osteoinductive
Lanthanide-doped NIR-active = Dual-modality sensing Smart orthopedic implants 32

materials High stability

High mechanical strength

environmental impact of the fabrication of high-quality gra-
phene with a high degree of control of their functionalization
and defects at a sufficiently large scale remains a challenge and
a subject of intense research efforts.

Another important type of NIR-active materials, namely the
NIR absorbing carbon dots (CDs), utilize polaron engineering
to enable NIR-II in vivo imaging and photothermal therapy.”®
Here, surface modification of CDs is often used to optimize
their NIR-II emission in a variety of aqueous media, facilitating
angiographic imaging and the identification of inflammatory
sites.”” NIR-Il-emitting CDs are capable of activation by an
808 nm laser, and these carbon dots demonstrated exceptional
characteristics, including strong luminescence in the 900-
1200 nm region, a quantum yield (QY) of 0.4%, and nontoxicity,
indicating their potential as effective agents for NIR-II bioima-
ging in vivo.”®

NIR-fluorescence materials have been developed as promis-
ing labeling agents for the sensitive detection and imaging of
biological targets. In the near-infrared spectrum, biological
samples exhibit minimal background fluorescence, resulting
in a high signal-to-noise ratio (Fig. 2).>> A new endoscopic
tattooing technique utilizes an NIR fluorescent marker instead
of conventional blue dye was reported. The NIR fluorescent
marker AFS81x makes it possible to mark colonic locations for
at least 10 days without obscuring the view of the surgical
planes or surrounding anatomical features. This method is
an excellent example of how to incorporate NIR-fluorescent
materials for real-time intraoperative guidance into clinical work-
flows. Building on this idea, coatings containing comparable

9740 | Chem. Commun., 2025, 61, 9736-9752

Fig. 2 Identification of locoregional lymphatics (A) and lymph nodes (B)
on day one following endoscopic submucosal injection of NIR fluorescent
dye AFS81x. Reproduced with permission from ref. 29. Copyright (2023),
Springer Nature, open access article distributed under the terms of the
Creative Commons CC BY license.

NIR-active agents could be incorporated into implantable devices,
sutures, or surgical instruments to allow for continuous visualisa-
tion, position tracking, or even photo-activated therapeutic effects
both during and after surgery.

Polydopamine (PDA) based coating containing such NIR-
active materials as cyanine can facilitate the integration of
efficient photothermal antibacterial properties with improved
osseointegration. Polydopamine effectively converts NIR light
to heat due to its conjugated structure, hence imparting
photothermal properties to the coated material.'® For example,
a PDA-based coating created by anchoring TiO, NSs-Cy7 com-
posites onto the titanium surface has been shown to effectively
mitigate bacterial attachment and biofilm formation, while at
the same time promoting osseointegration of the implant into
the bone matrix. Post-operative infection and aseptic implant
loosening due to limited osseointegration are key factors of
implant failure, and their mitigation comes at a considerable

This journal is © The Royal Society of Chemistry 2025
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cost to patient quality of life, and the healthcare, as implant
removal and replacement is often required. TiO, nanostructures
facilitate a uniform dispersion of Cy7 within the PDA coating,
enabling effective and uniform PTT treatment. The exceptional
dual-photothermal conversion properties of PDA and Cy7 enable
the formulated photo thermal coating to deliver localized heating
that is sufficient to induce substantial leakage of bacterial cyto-
plasm, resulting in remarkable PTT antibacterial efficacy. Addi-
tionally, photothermal coatings can proficiently eradicate biofilms
formed by E. coli, S. aureus, S. mutans, and P. gingivalis,®® provid-
ing a more effective alternative to systemic antibiotics that often
have limited potency against bacteria in their biofilm form due to
the protective nature of the latter.

Black phosphorus (BP) exhibits a significant absorption
coefficient in the visible and near-infrared spectral ranges,
rendering it a suitable candidate for optoelectronic applications.
The absorption coefficient is approximately 10> cm™', signifi-
cantly exceeding that of other two-dimensional materials, includ-
ing graphene and transition metal dichalcogenides.*® BP
demonstrates significant light-matter interaction owing to its
substantial oscillator strength and excitonic effects. Excitons
are electron-hole pairs bound by the Coulomb interaction,
significantly influencing the optical characteristics of BP. The
exciton binding energy of BP is around 0.4-0.5 eV, significantly
exceeding that of other two-dimensional materials, including
graphene and MoS,.>> BP also demonstrates robust photo-
luminescence (PL) in the visible and NIR spectral ranges. The
photoluminescence emission results from exciton recombina-
tion and can be adjusted by varying the material’s thickness.*>

Neodymium (Nd) and ytterbium (Yb) co-activated SrzSn,O-
phosphors (Sr;Sn,0,:Nd**,Yb®) have been actively investigated
for their ability to deliver upconversion luminescence (UCL) in
response to temperature and mechanoluminescence (ML)
when subjected to mechanical stimuli, such as mechanical
force, bending, and twisting, and consequently their potential
in monitoring the outcomes of the e.g. knee replacement
surgeries, as localized increases in temperature can be indicative
of infection and inflammation of the peri-implant milieu in the
absence of local fever. It is also worth noting that delayed post-
operative implant infections, where the infectious agent is not
necessarily introduced during surgery but instead introduced via
e.g. blood transfer from another infected site (e.g. during dental
work) months or years after the surgery, is another common cause
of implant failure that can be potentially mitigated using NIR-
active coatings. These coatings are made of two sensing systems,
force and temperature, which are monitored noninvasively and
stimulated with NIR. This enables real-time assessment of the
success of knee replacements, and orthopedic and load-bearing
medical implants more broadly.*?

3. Significance of NIR-active coatings
in healthcare and medical devices

There has been a significant interest in smart coatings in recent
years due to their remarkable properties, such as self-healing,
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self-cleaning, anti-fouling, anti-corrosion, and superhydropho-
bic functionalities.*® For NIR-active coatings, the possibility of
integrating multiple functionalities into a single coating is an
area of research that is actively pursued. For example, NIR-
responsive coatings with a self-repair property have been devel-
oped to extend the functional life-time of the coating, and in
doing so increase the operating life-span of medical devices
and delay their replacement.*' Here, the multilayered nano-
composites of SHPP (SIM@HMSs@PDA/PEG/PPy) combine
drug delivery with photothermal responsiveness.*" Fig. 3 shows
the efficiency and photothermal behavior of SHPP coatings
under NIR laser irradiation at 808 nm. Fig. 3(a) shows a rise
in temperature from 27.1 °C to 79.0 °C within 4 min of NIR light
exposure, indicating NIR light absorption and efficient conver-
sion of energy to heat. Importantly, the material exhibited
excellent thermal cycling stability over numerous ON/OFF
irradiation cycles, which is crucial for maintaining a consistent
therapeutic output over time (Fig. 3(b)). Fig. 3(c) demonstrates
the tunable heating effect at varying laser intensities, providing
precise thermal control based on the clinical need, which is an
important factor in precision medicine where the aim is to
tailor the treatment to maximise the therapeutic efficacy
against the target cells or tissues while at the same time
minimizing side-effects, such as thermal damage of adjacent
healthy tissues. These properties underscore the transformative
potential of NIR-active coatings in developing the next-
generation medical devices that perform structural functions
along with smart therapeutic functions, such as localized
infection control, wound healing, and targeted drug delivery
with minimal patient discomfort and high biocompatibility.
Fig. 3(d)-(i) provide illustrations of the coating system’s self-
healing behaviour. The material can self-repair integrity, as
evidenced by the recovery of surface cracks and scratches
following thermal activation in SEM images (Fig. 3(d) and (e))
and optical micrographs (Fig. 3(f) and (g)). This is explained by
the material’s ability to flow and fill in damaged areas due to
the heat-responsive mobility of embedded components like wax
or polymer domains. The suggested self-healing mechanism, in
which heat causes material redistribution and crack closure
across the damaged interface, is further illustrated in the
schematics (Fig. 3(h) and (i)). Such self-healing properties are
especially useful for preserving coating performance in
dynamic or damage-prone biomedical environments, particu-
larly when triggered by localised photothermal effects (as
illustrated in Fig. 3(a)-(c)).

In addition to imparting additional functionalities on the
surfaces of permanent devices, e.g. titanium implants, NIR-
active coatings hold significant potential in tissue engineering,
contributing to improved therapeutic outcomes as well as
allowing researchers to continuously observe the important
scaffold behavior, e.g. material degradation dynamics, under
in vivo conditions without the need for explanation. This is
important for scaffold optimization, as well as for timely
detection of scaffold failure due to e.g. premature mechanical
failure that could compromise function restoration and tissue
regeneration outcomes. For example, when a biodegradable
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(a)—(c) SHPP nanocontainers and associated systems’ photothermal and self-healing capabilities. SHPP's photothermal behavior under 808 nm

NIR irradiation, demonstrating efficient and consistent heating at various power densities. Reproduced with permission from ref. 41 Copyrights (2023),
Elsevier. (d)-(g) SEM and optical micrographs showing surface recovery and crack closure before and after thermal treatment.*® (h) and (i) A schematic
illustration of the coating's thermally induced self-healing mechanism.*® Reproduced with permission from ref. 41 Copyrights (2024), John Wiley and
Sons, open access article distributed under the terms of the Creative Commons CC-BY-NC license.

citrate-based scaffolds (BPLPMGd) containing NIR-fluorescent
lanthanide complexes were implanted into the body, NIR
imaging was successfully used to track scaffold integrity, degra-
dation and performance over time. As shown in Fig. 4(A)-(C),
upon irradiation, the scaffolds emitted a powerful NIR signal
right immediately after implantation, followed by a slow
decline in emission intensity that coincided with the scaffold
material deterioration. Such minimally invasive highly spa-
tially- and temporally-resolved real-time imaging of scaffold
position, integrity, and interaction with the biological milieu
have the potential to not only increase patient control and
treatment accuracy, but also open the door to the development
of sophisticated intelligent implants that are able to self-report
their biological and structural status. Such advances will alter
the way that diagnostic tools and existing materials are studied
and used in clinical settings.*?

As summarized in Fig. 5, by prolonging the life and enhan-
cing the performance of devices across the range of medical

9742 | Chem. Commun., 2025, 61, 9736-9752

devices and healthcare applications presented in Fig. 1 the use
of these coatings can help the healthcare sector meet several
United Nation’s sustainable development goals (SDGs), includ-
ing those related to health, industry, and sustainability, by
improving the efficiency and durability of medical devices,
promoting better health care outcomes and delivering reliable
health care services (SDG 3). As previously noted, the main
sustainability benefits of using NIR-active coatings are related
to improving patient outcomes (though continued potentially
non-invasive monitoring essential for prevention and early
intervention, timely and accurate imaging and diagnostics,
and more precise surgical interventions and targeted therapeu-
tic delivery with a greater degree of spatiotemporal control),
reducing the use of potentially hazardous chemicals (by provid-
ing a more effective alternative to the current range of devices
and treatments), and increasing the durability, longevity and
safety of medical devices (thus minimizing waste and positively
contributing to the aforementioned two strategies).

This journal is © The Royal Society of Chemistry 2025
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where the scaffolds are implanted. One side of the SD rat received subcutaneous and intramuscular implantation of BPLPMGAO scaffolds (designated as
BPLPMGAdO Deep and BPLPMGAO Sub, respectively), while the other side received subcutaneous and intramuscular implantation of BPLPMGd0.04
scaffolds (designated as BPLPMGA0.04 Deep and BPLPMGA0.04 Sub, respectively). (C) BPLPMGd scaffolds' in vivo fluorescence patterns alter as they
degrade. Reproduced with permission from ref. 42. Copyright (2025), John Wiley and Sons, Open access article distributed under the terms of the

Creative Commons CC-BY-NC license.

In this context, the following sub-sections will explore
several other examples of how the use of NIR-active coatings
can help reduce the environmental impact of healthcare, while
also addressing some of the common concerns regarding their
use in the selected applications.

3.1 Next-generation imaging and diagnostics

As previously noted, the outcome of surgical procedures in e.g.
the treatment of cancer is closely linked to the ability of the
surgeon to remove all of the diseased tissues while minimizing
the excision of healthy tissues, as incomplete removal may
result in cancer returning or metastasizing, whereas excessive
removal of healthy tissues can delay healing and reduce func-
tion, and NIR-based technologies have been used to accurately
image diseased tissues. Similarly, the ability to monitor the
position of the surgical instruments at all times prevents
unintentional damage to tissues and organs during all types
of surgery. Imagine-guided surgery holds much promise for the

This journal is © The Royal Society of Chemistry 2025

delivery of precision surgical outcomes and improvement of
patient safety, however its practical realization requires the
development of coatings with very high brightness and photo-
stability. With this goal in mind, researchers have used lipo-
philic dyes from the cyanine 7.5 family and poly(methyl
methacrylate) (PMMA) to develop a near-infrared coating of
equipment (NICE), which demonstrated significantly enhanced
brightness and photostability when compared to conventional
coatings based on ICG. Fig. 6 shows the performance of these
coatings during surgery. The use of cyanine 7.5 (Cy) dyes
containing hydrophobic alkyl chains (C18), which are a rigidi-
fied polymethine backbone, resulted in better photostability,
whereas bulk tetraphenylborate (TPB) counterions prevented
dye aggregation and subsequent leakage from the coating.
These dyes were embedded in a biocompatible PMMA matrix,
resulting in coatings that were 15 to 20 times brighter than
traditional ICG-based dyes. In addition to exhibiting high NIR
emissions, the coatings were shown to be resistant to biological
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degradation. The biocompatibility test of these coatings with
HeLa cells showed normal adhesion, morphology, and over
90% viability, with no signs of cytotoxicity to the tested cell line.
The concept has been validated in porcine and human cadaver
models. This example demonstrates the potential of NIR-active
coatings to assist surgeons in accurately detecting and track-
ing the devices in real-time, leading to improved precision,
visualization, and the ability to perform minimally invasive
treatments, leading to expedited healing periods, less patient
distress, and reduced levels of radiation exposure.® Additionally,
NIR-active coatings have the ability to provide real-time feedback
on the device location and movements, allowing surgeons to
refine their technique and achieve optimal placement of implan-
table devices.

3.2 Reducing reliance on harsh chemicals

The benefit from using NIR-active coatings in the context of
reducing the reliance of healthcare sector on the potentially-
harmful agents is two-fold. For one, the use of non-toxic NIR-
active coatings can potentially either limit or eliminate the use
of chemicals or contrast agents during diagnostic procedures

9744 | Chem. Commun., 2025, 61, 9736-9752

and surgery, due to their ability to emit light when subjected to
NIR irradiation. The use of conventional contrast agents and
chemicals used in medical imaging and treatment often gives
rise to side effects, from allergic reactions to kidney injury, or
even cancer. Hence, their replacement with technologies that
rely on NIR-active materials is likely to enhance patient safety,*®
and minimize the environmental footprint related to the man-
ufacture, packaging, transportation, and disposal of such che-
micals, which aligns with the increasing focus on sustainable
practices in the healthcare sector. In addition, by introducing
the NIR-active coatings onto surgical, implantable, and moni-
toring devices, the expenses incurred from purchasing, storage,
and disposal of contrast agents can also be reduced, providing
a more cost-effective alternative for the hospitals. Therefore, using
NIR-coatings on medical devices will transform the field of
medical imaging, both from the point of view of patient safety
and ecological sustainability. Secondly, by integrating functions
such as minimally-invasive monitoring and disinfection, directly
onto the implantable devices, the number of procedures, and
therefore single-use materials and devices that are commonly
associated with hospital visits and stays can be reduced.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 In vivo imaging in porcine models. (a)—(c) The ureter (indicated by two arrows) is identified during the image-guided surgery using an inserted
catheter highlighted with a Cy-C18 TPB-based coating material. (d) and (e) The gauze coated with Cy-C18 TPB-based coating material soaked in blood
during a surgical procedure was identified using a NIR laparoscopic system. (f) Four corners of the pathologic lesion inside the stomach were
endoscopically marked by Cy-C18 TPB-coated polyglactin surgical suture pieces and visualized transmurally (from the exterior gastric surface) using the
NIR laparoscopic system. While light and NIR imaging were performed at the same time. Reproduced with permission from ref. 3 Copyright (2020),

Elsevier.

3.3 Biocompatibility

As noted earlier, in medicine, many of the uses of NIR-active
materials rely on both their biocompatibility and ability to
deliver the intended function when in contact with biological
media, which holds true for both short- and long-term applica-
tions. This is because undesirable chemical reactions between
the NIR-active materials and e.g. thiols may not only result in
cell damage and death, but also compromise their optical
properties, resulting in fluorescence quenching or signal
loss,"* which creates significant challenges for high-quality
imaging. To circumvent these issues, several NIR-active dyes
have been specifically designed to resist interaction with thiols.
One such example is a CS-thiol fluorescent probe that has been
created to precisely and accurately detect biothiols, such as
cysteine and glutathione, in living organisms.** This probe has
a significant disparity between the excitation and emission
wavelengths, also known as a Stokes shift. This property over-
comes the limitation of tiny Stokes shifts encountered in earlier
NIR probes and enables effective imaging in biological applica-
tions. Additionally, CS-thiol is mainly non-toxic and has been
successfully employed to image thiols in vitro and in vivo in
animal models.** It should be noted that although CS-thiol and
similar agents have been engineered for biological imaging, a
detailed examination of its chemical composition, production
process, and degradability must be conducted to comprehen-
sively assess their environmental footprint.

Strategies that improve the biocompatibility of NIR-active
materials are also being actively investigated, including by
leveraging their NIR activity. For example, in a recent study,
Ti;C, was used to create a bioactive nanocomposite coating
containing polydopamine and poly(vinylidene fluoride tri-
fluoroethylene), referred to as PDA/Ti;C,/P(VDF-TrFE), where

This journal is © The Royal Society of Chemistry 2025

NIR-triggered photothermal effect was used to enhance implant
osseointegration.*> Mild thermal stimulation from NIR irradia-
tion was shown to improve osteogenic differentiation, promote
cell growth, and upregulate the key osteogenic markers while
exhibiting antibacterial ability against Staphylococcus aureus
and Escherichia coli, with the results shown in Fig. 7. The
coating also induced macrophage polarization, which makes
it highly promising for bone tissue repair and regeneration in
the clinical use of implants. Through rigorous checks on non-
toxicity, manufacturers can make NIR-active coatings effective
and harmless for a broad range of medical uses, contributing to
improved patient outcomes and enhanced acceptance into
clinical use.

3.4 Photostability

Photostability is crucial for NIR-active medical coatings to
ensure consistent performance over their intended operation
lifetime, however this can be particularly challenging when
several functions are integrated within a single platform. The
photostability of the coating can be significantly improved by
carefully selecting and integrating multiple elements within a
single coating. For example, a robust and stable photothera-
peutic system was developed using a combination of polydo-
pamine (PDA), black phosphorus nanosheets, and zinc oxide
(ZnO) nanowires on titanium (Ti) substrates.’® Under the NIR
light irradiation, this system demonstrated long-term durabil-
ity and high efficiency in mitigating bacterial attachment and
biofilm development by using synergistic dissipation and killing.
Even though black phosphorus nanosheets and ZnO are not
inherently photostable, integrating them with PDA increases their
photostability significantly, especially on Ti plates since Ti plates
are photostable and chemically inert. The antibacterial capability
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(4) or NIR (—). Reproduced with permission from ref. 45. Copyright (2024) Elsevier.

of the system was enhanced over time due to the prolonged
release of Zn** ions from ZnO, further extending the effective
lifetime of the functional coating.

Inversely, the elements in the composite can be selected so that
the behavior of one promotes the degradation of the other under a
predetermined set of conditions, with one application being the
controlled degradation of Mg-based implants where the degrada-
tion of the NIR-protective coating controls the rate of degradation
in the substrate. One example of such a coating is a composite
coating containing hybrid polycaprolactone/ICG (H-PCL/ICG)."
When coated onto AZ31 magnesium alloys, in the absence of
NIR light, the coating afforded good protection to the substrate,
with ICG enhancing the compactness of the PCL matrix, and hence
its degradation-retarding ability. When exposed to NIR light with a
wavelength of 808 nm, however, the ICG absorbed heat, with the
resultant localized heating triggering the glass transition in H-PCL,
increasing chain mobility and allowing for greater penetration of

9746 | Chem. Commun., 2025, 61, 9736-9752

the electrolyte to the underlying Mg alloy substrate, and the more
rapid degradation of the latter. In vitro biological experiments
indicated that the synthesized coating exhibited good cytocompat-
ibility, the inherent photobleaching and degradation of ICG per-
formance was observed over multiple NIR light exposure cycles.
The latter issue may be addressed by replacing ICG with more
photostable dyes with good NIR absorption, such as lipophilic
cyanine-7.5 dyes, especially for coatings where NIR activity for
extended periods of time is required.®> Despite this limitation, the
study showcases yet another strategy for effectively controlling the
behavior of implantable devices in vivo, in this instance by actively
controlling their degradation, which is difficult to achieve with
more conventional biodegradable coatings.

3.5 Degradation

For effective and safe functioning of biomedical devices, NIR-
active coatings must degrade in a predictable and controlled

This journal is © The Royal Society of Chemistry 2025
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manner, to avoid the coating degrading prematurely or remain-
ing longer than necessary, affecting the performance of the
device or causing biocompatibility issues. Controlled degrada-
tion mechanisms allow for timely release of therapeutic drugs,
minimize toxic byproducts, and allow for natural excretion
from the body. Importantly, as already touched upon in the
example in the previous section, the photothermal activity of
NIR-active dyes such as ICG can be used to initiate and control
the temporal dynamics of the degradation of the underlying
substrate. Polypyrrole (PPy) is another photothermal material
that can be integrated with PCL into a coating designed
to degrade under specific light irradiation,*® and in doing so
trigger the degradation of biodegradable Mg alloys. When
exposed to NIR at 808 nm, the photothermally-active PPy pro-
duces localized heating, reaching the low melting point tempera-
ture of PCL within 6 min. The rapid increase in temperature
enables the coating to react automatically to scratches or defects
and restore its corrosion-resistant function. The controlled degra-
dation property of the Mg alloy is achieved based on synergistic
effects between PCL’s low-melting-point plastic deformation and
PPy’s photothermal effect. This cutting-edge coating technology
can also find potential application in biomedical devices with
controlled degradation and self-healing capabilities.*® This
method also allows for the development of highly sophisticated
NIR-active coatings that integrate functionality, safety, biocompat-
ibility, and degradability.

In another study, a nano-enhanced thermogenic stent
(NETS) was developed, featuring a thin layer of Au nanorods
to facilitate photothermal ablation for dissolving blood clots
under NIR irradiation to prevent thrombolysis.*® The coating
converted NIR light into localized heat for producing photo-
thermal therapeutic effects, consistently reaching the tempera-
ture of around 60 °C. The stability of coating was evaluated by
perfusing a buffer over the coated stents at an arterial shear rate
of 1500 s~ * for 6 to 8 h each day over a period of 30 days, as
shown in Fig. 8. The results indicated that the temperature
generated upon irradiation with the NIR laser remained con-
sistent for 30 days, with recorded temperatures of 60, 61, 58,
and 59 °C on day 0, 10, 20, and 30 of operation, respectively.*®
NETS could effectively induce photothermal clot ablation
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<
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in vivo and in vitro in thrombus models, with up to 73% lysis
confirmed through biochemical and imaging assays. This coat-
ing has the potential to be used in biomedical devices requiring
controlled degradation while also facilitating the development
of sophisticated NIR-active coatings that integrate functional-
ity, safety, and biocompatibility.

3.6 Immunological response

It is essential to screen NIR dyes for their ability to cause an
immune response. NIR coatings should thus be screened for
their ability to cause phototoxicity, cytotoxicity, and genotoxi-
city, since these characteristics can affect their safety and
effectiveness when used in biomedical applications.*® At the
same, controlled induction of the immune system can be
leveraged to enhance the therapeutic outcomes. For example,
local photothermal and photodynamic therapy can induce
apoptosis in cancer cells by generating local heat and reactive
oxygen species (ROS), respectively. High temperatures can
trigger immune responses by inducing the transcription of
heat shock proteins and enhancing the binding of lymphocytes
to tissues.”® The release of cancer-specific antigens and signal-
ing molecules from damaged cancer cells can in turn activate
the immune response, acting as a form of immunotherapy, and
augmenting anticancer efficacy of the treatment. The applica-
tion of melanin-like polydopamine-coated nanoparticles,
which combine immune modulation and NIR-induced PTT,
is an effective example. These nanoparticles produced photo-
induced heat to destroy tumour tissue when exposed to laser
radiation, upregulating HSP70 and improving antigen presen-
tation to dendritic cells, which ultimately resulted in systemic
antitumor immunity.*® Black phosphorus nanosheets functio-
nalised for NIR-PDT were used in another study, which showed
the potential of NIR-responsive materials as cancer immu-
notherapy enhancers by ablating tumours and causing the
release of tumor-associated antigens (TAAs) and cytotoxic T cell
activation.>® In this study, anti-CD47 antibody (aCD47) immu-
notherapy was used in conjunction with black phosphorous
nanosheets as photothermal agents. The BP nanosheets pro-
duced enough localised heat to ablate tumour tissues when
exposed to NIR laser radiation. Tumor-associated antigens

Day 20 Day 30

58°C 59°C

v

Rise in temperature

Fig. 8 IR thermal images of a stent coated with an NIR-active material subjected to a hydrodynamic shear at 1500 s~* to mimic the arterial shear, and
operated for 30 days. Within each panel, the cursor represents the spot temperature, and the vertical pseudo-color bar signifies temperature intensity
from high (yellow) to low (dark blue). Reproduced from ref. 23 (ESI). Copyright (2024), Royal Society of Chemistry, open access article distributed under
the terms of the Creative Commons CC-BY 3.0 license.
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(TAAs) were released, and cytotoxic T cells were activated as a
result of this photothermal effect in conjunction with aCD47-
mediated immune checkpoint blockade. Both innate and adap-
tive immune responses were improved by the synergistic
approach, indicating the potential of NIR-responsive materials
as enhancers of cancer immunotherapy.

4. Circular economy

Fig. 9 illustrates the key aspects of the adoption of NIR-active
coatings in healthcare in the context of addressing the princi-
ples of circular economy and sustainability. An important
fundamental principle in circular economy is longevity,
because it helps to reduce waste and resource consumption
in a long term.”" As environmental impacts associated with the
premature failure of devices intended to operate over a long
term and disposal of single-use medical devices are a growing
concern in the era of technology-driven healthcare, both from
the perspective of resource consumption associated with man-
ufacturing and waste management of devices themselves and of
extended hospitalization and revision surgeries, increasing the
operational life span of medical instruments using polymer-
based NIR-active coatings on metallic surfaces is a potentially
effective strategy to address both. The of such coatings can
reduce corrosion, abrasion and frequency of replacements by
increasing the self-healing properties of the coatings.>* Since
biodegradable polymers like PLA and PCL naturally break
down, including NIR-active compounds within the polymer
matrix can improve performance of both permanent and bio-
degradable implants while lowering waste generation. By using
minimally toxic carbonaceous materials like CQDs as part of
the NIR-active coatings based on polymeric networks, the
environmental impact can be minimized further by using
sustainable sources such as food, agricultural or biomass wastes
and non-toxic chemicals for their fabrication.”® By incorporat-
ing polymeric materials in the coatings with reversible bonds,
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NIR-active coatings could be impacted with self-healing
properties,”® extending the useful life of both the coatings
and the underlying substrate and hence reducing waste gen-
eration and resource consumption associated with their fabri-
cation, replacement and disposal. Over time, this strategy can
help mitigate the release of waste into the environment.

The process of making, applying and curing of NIR-active
coatings have the potential to be more energy efficient, redu-
cing the overall carbon footprint related to medical device
manufacturing. NIR-active coatings can be cured and activated
without the use of high temperatures. This makes such coatings
helpful in reducing energy consumption, lowering emission
and can be used as an ecofriendly alternative to conventional
strategies.”> When applied to surgical devices, these coatings can
actively resist bacterial attachment and biofilm development due
to their ability to self-sterilize using NIR light, allowing for their
safe reuse rather than disposal. Thereby it can contribute to the
circular economic practices in healthcare.

Medical devices are ranked high on the target list in coun-
tries where remanufacturing is a well-developed industry. As it
stands now, North America and Germany are the main leaders
in the field of remanufacturing medical devices. General
electric (GE), Stryker, Vanguard AG, Meditek ReNew, and the
Association of Medical Device Preprocessors are involved in
such practices. Stryker, an American company, does medical
remanufacturing services by following a six-point procedure to
ensure safety, quality and compliance.’® The six-point proce-
dure includes collecting medical waste, sorting and identifying
it, disassembly and cleaning, inspection and testing, reassem-
bly and performance verification, and sterilizing and packing.
Medical centers are increasingly turning to recycling plans that
address the disposal of items such as plastics, metals, and
electronic scrap (e-waste) from medical devices.”” This enables
subsequent use of valuable materials and diminishes the
quantity of waste sent to landfills. However, the recycling
of medical waste is energy- and resource-intensive, and its
efficiency is largely hindered by the problems connected with

Recycling materials

Resource conservation

Take back programs

Fig. 9 Concept diagram illustrating the circular economy principles associated with the use of NIR-active coatings in the medical industry, emphasizing
sustainability across the entire material life cycle. A six-pillar sustainability framework forms the structure.
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sorting and decontamination. It also relies on the collective
initiative and efforts from both the healthcare system and
recycling enterprises in order for the medical waste to be
recycled. The use of NIR-active coatings to extend the lifetime
and reuse of medical devices can complement the implementa-
tion of sustainable reuse initiatives, by reducing the number of
devices that require remanufacturing while maintaining their
safety and efficacy.

One more typical challenge in the implementation of prin-
ciples of circular economy in healthcare is to do with the
management of drugs, with current initiatives focused on
finding less toxic alternatives, and setting up take-back pro-
grams aimed at preventing the incorrect disposal of unused or
expired medication to mitigate environmental pollution.>®
By developing multi-functional NIR-active coatings capable of
targeted drug delivery or non-drug-based therapeutics, it may
be possible to reduce the environmental impacts resulting from
the production, use and disposal of conventional medication,
thereby improving sustainability of the healthcare sector.

5. Regulatory and safety
considerations

Ensuring the safety of patients and medical staff is key for the
successful use of NIR-active coatings in biomedical applica-
tions. It is therefore essential that regulatory and safety mea-
sures, as well as industry standards, are met at all points in
their lifecycle.

5.1 Regulatory compliance

Biocompatibility measurements should be made using ISO
standards to ensure the NIR-active coatings are safe. It shows
the fundamental and vital facts, such as the clinical effective-
ness of medical devices. This consists of cytotoxicity, geno-
toxicity, and systemic toxicity, which are implemented in the
quality management system. The FDA classifies devices for
medical purposes into category 1, 2, or 3, and for each class,
thorough toxicological tests are administered by the manufac-
turers during their production. The example of the producer’s
compliance with the guidelines of ISO and FDA shows their
concern for the patient’s safety, preventing adverse reactions,
and the assurance of product safety. With the help of these
regulations, companies can get their product approved more
rapidly and more efficiently into the market.

5.2 Toxicological assessment

Even though NIR-active medical coatings are promising, they
require thorough toxicological analysis because of their dyna-
mic interaction with heat, light, and ROS generation. If not,
they can damage tissues, cause systemic toxicity, or cause
regulatory failure. A comprehensive toxicological assessment
of an NIR-active coating is mandatory, which includes the
evaluation of potential leaching of any chemicals from the
coatings to the environment or surrounding living tissues.>
Furthermore, the possibility and impact of the accumulation of
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degradation products over prolonged use on the human health
and the environment should be comprehensively evaluated.
Even though the end-of-life circularity of medical coatings
through chemical recycling is a significant advancement
towards sustainable design, assessing the fate of any potential
degradation products that may enter the environment during
the remanufacturing process should also be considered, as
these products too can accumulate and impact the ecosystems.
Therefore, evaluating their long-term stability and possible
toxicity is important to ensure that the closed-loop recyclability
of the material does not inadvertently introduce new risks. This
dual focus on circularity and in-build biodegradation pathways
aligns with the principles of sustainable and safe-by-design
materials for healthcare applications.®® Since the constituent
materials that make up NIR-active coatings may retain their
light-activated enhanced chemical and biological reactivity
after their intended use, their potential toxicity with respect
ROS generation, cancer induction, and effect on reproductive
health need to be investigated not only in the context of their
intended use but also when they enter the ecosystem, considering
differences in the physical and chemical properties of environ-
ment, as well as different stages of degradation. It is important to
note that despite significant progress in the design and out
understanding of in vitro systems, they often fail to fully replicate
the complexity of in vivo or ecological systems. Therefore, it is
essential that in vitro studies are complemented by appropriate
in vivo studies and post-approval FDA monitoring for human
applications, and comprehensive environmental assessment for
materials in accordance with pathways in which they may enter
the environment. By performing these toxicology tests, the risks
associated with the use of NIR-active coatings to human and
environment can be identified and reduced.

5.3 Clinical evaluation

Before implementing the NIR-active coatings in the clinical
testing, it is important to conduct clinical trials to ensure their
safety and effectiveness. These trials can help identify the
potential dangers associated with the NIR coatings and help
acquire crucial data on their performance as well. Even though
human studies are important for assessing clinical effective-
ness, preclinical animal studies can offer better insights into
the biological aspects in a more controlled manner.®' However,
more real-time clinical studies are required to confirm the long-
term biocompatibility and safety of the NIR-active coatings.
Most current research is performed at the laboratory level and
often focuses on understanding the theoretical benefits of their
use, which hinders the translation and broader adoption of
NIR-active coatings in healthcare settings.

The study involving benzyl violet 4B (BV-4B), a fluorescent
dye added to FDA-approved surgical sutures, is a noteworthy
illustration of clinical research in this field.®* BV-4B has been
used to monitor the in vivo degradation of sutures and provides
real-time, non-invasive visualisation of sutures under both NIR-
I and NIR-II imaging (Fig. 10). The study’s clinical significance
rests in its successful demonstration of safe, dependable
imaging in a human-relevant setting, which is a crucial step
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Fig. 10 NIR-II fluorescence imaging of surgical sutures in patients intraoperatively: (a) schematic illustration of NIR-1I and NIR-I imaging of BV-4B-
coated surgical sutures in a surgical wound using a multispectral system (excitation: 792 nm; emission: 1000 nm for NIR-II, 850 nm for NIR-I). (b) NIR-II
fluorescence image of surgical sutures (exposure: 1000 ms). (c) NIR-1 image of the same field as (b) (exposure: 1000 ms). (d) Schematic illustration of
imaging sutures in a blood-covered surgical wound using the same multispectral parameters as (a). (e) NIR-Il fluorescence image of blood-covered
sutures (exposure: 1000 ms). (f) NIR-I image of the same field as (e) (exposure: 1000 ms). Reproduced with permission from ref. 62. Copyright (2023)
John Wiley and Sons, open access article distributed under the terms of the Creative Commons CC-BY-NC license.

towards regulatory approval and wider clinical adoption, even
though the dye performed mainly as anticipated. The practical
value of incorporating NIR-active components into well-
established medical materials is further supported by the
potential benefits of real-time visualisation of suture degrada-
tion, including improved patient outcomes, decreased need
for exploratory procedures, and improved post-operative moni-
toring.

It is also important to conduct continual post-market
surveillance after the product is introduced into the markets
to identify any potential hazards present, whether it adheres to
the current regulatory standards or any suspicious uncommon
effects that may not have been presented in the initial trials.®®
Implementing this two-step process guarantees that NIR-active
coatings are carefully examined to ensure their safety and
efficacy. This safeguards patients and upholds the public’s
confidence in medical innovations.

6. Challenges and opportunities

The main challenge of NIR fluorophore dyes is their lower QY.
Generally, visible light fluorophores exhibit higher QY com-
pared to that of NIR.®* Improving the fluorescence efficiency of
NIR dyes is essential for enhancing signal-to-noise ratios in
imaging applications. Improving the fluorescence efficiency
of NIR dyes is vital to strengthening signal-to-noise ratios in
imaging applications. Compared to ICG, NIR-II molecules with
higher QY, such as protein complexes with a sulfonated NIR-II
organic dye, outperform ICG in lymph node imaging in mice.®®
Limited QY in tissue imaging is also a big challenge in
advanced imaging techniques.

Developing NIR-active materials, particularly those with
advanced properties, can be expensive. Therefore, developing
cost-effective and scalable techniques in this field is quite
challenging.®® Substantial chemical changes are necessary
to obtain specific characteristics, like targeting tissues or cells
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with NIR dyes, which can be highly demanding because of their
structural complexity, photostability, and limited scalability of
some of the synthesis methods that are currently used. This
problem can be minimized by carefully optimizing reaction
conditions, developing screening libraries, and using modular
approaches to synthesis.®” Therefore, more diverse and cost-
effective NIR-active materials should be designed to improve
therapeutic efficiency.

In the NIR-active photocatalytic microbial disinfection pro-
cess, band gap engineering is a good strategy for conserving
energy and reducing cost. Employing the plasmon effect and
sensitization methods could be a significant strategy for cost
reduction. The process is still in an emerging stage due to the
lack of research activities in this field. Using a combination of
metallic and non-metallic materials, such as integrating plas-
monic metals (Au, Ag) with semiconducting oxides (TiO,, ZnO)
or chalcogenides (MoS,, WS,), can be a good strategy for
achieving better light absorption and also deliver higher effi-
ciency due to an improved charge separation process.®®

NIR-active coatings allow for high-resolution imaging of
deep tissues, which is advantageous for visualizing internal
organs and facilitating the development of novel non-invasive
diagnostic methods.®® NIR-II-triggered semiconducting poly-
mer brushes with a thermosensitive CO donor can enhance
PTT and mitigate tumor thermotolerance through promoting
mitochondrial dysfunction and suppressing the expression of
heat shock proteins, enabling effective cancer treatment.®

These coatings can significantly change diagnostics and
therapeutics, enabling the development of more sustainable
healthcare. Atomically precise metal clusters with specific
features could be used as NIR-II fluorescence probes for in vivo
imaging with a higher QY, and their emission wavelength is
changeable.” These clusters exhibit favorable properties such as
water solubility and high stability, making them suitable for
imaging applications in brain, kidney, gastrointestinal, and tumor
metastasis monitoring. Recent advances have also demonstrated
the biosafety of Au nanoclusters at ultrahigh concentrations,
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further supporting their potential as molecular probes for bio-
medical imaging.”

A series of better-performing conformationally restricted
coumarin-hemocyanins (RCHCs) has been synthesized, with
RSHS showing not only greater QY but also quite a large Stokes
shift. The RCHC platform can undergo further modifications to
produce a carboxy-functionalized derivative (RCHC1-COOH)
capable of distinguishing between cancer and normal cells by
selectively aggregating lipid rafts found in cancer cells.”

Advanced computational models can be used to predict the
band alignments in NIR-active materials to provide insights for
improving their performance. Density function theory (DFT)
could predict the energy band gaps by calculating band struc-
ture, using Green’s function and screened Coulomb interaction
(GW) approximation for accuracy, and deriving effective masses
for the conduction and valence bands.”* Hence, computational
simulations can be used to predict charge absorption, separa-
tion, and transfer and realize the electron excitation and
recombination mechanisms, minimizing energy loss.

7. Summary and outlook

In summary, the domain of NIR-responsive coatings has advanced
rapidly in recent years, emerging as one of the extensively
researched sectors of medical biotechnology and materials
science due to its potential significance in improving biocom-
patibility, energy efficiency, photostability, degradability, and
immunological response in current therapies, and mitigating
healthcare-associated environmental impacts. In the area of
implants, where e.g. traditional orthopaedic implants fall short
in a number of areas, including osseointegration, aseptic
loosening, and post-operative problems such biofilm formation
and microbial infections, stimuli-responsive coatings such
as the NIR-active coatings can deliver multiple functions to
address this gap. Considering the significant burden of infec-
tions linked to medical devices and limited efficacy of some of
the conventional coatings, NIR-active coatings can significantly
restrict microbial colonization while stimulating tissue healing
and integration, and delivering bioactive agents through highly
spatiotemporally controlled drug release. For biodegradable
implants, they can be used to control implant degradation
kinetics, and monitor implant degradation and inflammation.
In surgery, NIR-active coatings can improve the safety and
precision of imaging-guided surgery.

However, despite an increasing number of reports on novel
NIR-active materials and their potential applications, the
potential impact of their adoption on the environment, and
on the environmental footprint of the healthcare sector more
broadly has not been explored. This study aimed to bridge that
gap by considering not only the critical attributes that NIR-
active coatings need to exhibit to improve their effectiveness
and expand their applicability, but also the environmental
considerations for their use. This study examines the potential
impact of the integration of NIR-active coatings in on the
sustainability of healthcare, from their ability to enhance
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energy efficiency and significantly decrease energy requirements
in the medical sector to how their disposal may align with the
principles of circular economy through resource optimization and
waste minimization. As the healthcare continues to evolve and
transition to prevention, early diagnostics and patient-centered
precision therapeutics, NIR-active coatings may offer a better way
to develop smart devices for real-time monitoring and diagnostics,
and minimally invasive, responsive and effective therapies that
minimize systemic drug use and improve patient safety and
treatment outcomes. These technologies may result in revolution-
ary advances in healthcare, which can be utilized for diagnostics
and therapeutics and can also help ensure the overall sustain-
ability of healthcare products.

Although the literature includes a wide range of promising
examples of NIR-active coatings, the majority of these materials
remain in the experimental phase. Only a small number of
materials have undergone clinical trials, with even fewer used
for clinical procedures. The coating’s stability may vary depend-
ing on the applications, leading to inadequate research on
stability analysis. To build a consistent and generally recog-
nized validation procedure, there is a necessity for enhanced
education and awareness, facilitating its acceptance in clinical
settings. Integrating multiple fields, such as artificial intelli-
gence, computational chemistry, materials science, biomedical
engineering, microbiology, clinical medicine, and regulatory
science can significantly enhances the rate of development and
clinical adoption of NIR-active coatings.
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