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Targeted nanocarriers integrating photodynamic
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Rheumatoid Arthritis (RA) is a crippling autoimmune disease characterized by gradual cartilage loss, bone
degeneration, and persistent joint inflammation. Widespread adverse effects and ineffective drug
distribution hamper the traditional treatment modalities. Recent progress in RA treatment has been
therapy (PDT) and
photothermal therapy (PTT). These therapies work by inducing necrosis or apoptosis in inflammatory

advanced by nanocarrier-based phototherapies, including photodynamic
cells through the generation of reactive oxygen species via PDT or localized heat production by PTT.
This also leads to a reduction in pro-inflammatory cytokines and modulates macrophage polarization
(M1 to M2). This dual approach shows enhanced efficacy by targeting inflammatory cytokines while
preserving healthy tissue function, providing site-specific delivery, and improving bioavailability.
Preclinical investigations have demonstrated that functionalized nanocarriers for targeting macrophages
and synovial fibroblasts show improved drug delivery and therapeutic outcomes. While clinical trials of
PDT in refractory RA patients have shown promising results in targeting synovial hyperplasia and
inflammatory markers with minimal side effects, the challenges of limited light penetration, hypoxic joint
microenvironments, and poor target specificity reduce the efficacy of PDT. This review focuses on
multifunctional nanoplatforms that integrate PDT and PTT therapies with nanocarriers, advanced light
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enhance therapeutic precision, reduce symptoms, and improve patient adherence. It also explores
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1. Introduction

Rheumatoid Arthritis (RA) is a chronic inflammatory autoim-
mune disease characterised by cartilage destruction and syno-
vitis, primarily affecting the synovial membranes, synovial
bursae of the joints, and tendon sheaths. It presents as joint
pain, swelling, functional impairment, and joint deformity.
With an aging world population, high prevalence, and
increased risk of morbidity and mortality, patients have a poor
quality of life and pose a huge economic burden.* In The Lancet
Rheumatology, using data sourced from the Global Burden of
Diseases, Injuries, and Risk Factors Study 2021 it was reported
that between 1990 and 2020, the global prevalence rate of RA
increased by 14.1% and it is projected that between 2020 and
2050, there would be an 80.2% increase in the number of RA
cases, by which time 31.7 million individuals will be living with
it worldwide.> Understanding the molecular drivers of RA,
particularly the autoimmune process, such as the production of
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cutting-edge advancements in RA treatment strategies, addresses current limitations, and proposes
future research directions to bridge the gap between preclinical success and clinical application.

anti-citrullinated protein antibodies (ACPAs), is a highly specific
biomarker for RA, with anti-CCP2 (anti-cyclic citrullinated
peptide) assays demonstrating a specificity of 88-98%. These
autoantibodies often appear years before clinical symptoms,
serving as early indicators of disease onset and potential joint
erosion. Their production is closely linked to the post-
translational modification of proteins by peptidyl-arginine dei-
minase enzymes, particularly PAD2 and PAD4.* PAD2 and PAD4
are most strongly linked to RA through both genetic associa-
tions and cellular activity, driving the calcium-dependent
conversion of arginine into citrulline, a non-standard amino
acid. Experimental studies in mouse models of inflammatory
arthritis have demonstrated that PAD inhibition can yield
therapeutic benefits. In patients, the presence of anti-PAD4
antibodies correlates with more aggressive joint damage,
whereas anti-PAD2 antibodies are linked with milder joint and
lung involvement. Aberrant PAD activity, together with the
generation of citrullination-related autoantibodies, contributes
to three central features of RA, such as enhanced citrullination,
increased production of pro-inflammatory cytokines, and bone
degradation.* However, applying these mechanistic insights,
especially those concerning ACPAs, PAD dysregulation, and
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citrullination, to develop effective therapies remains difficult,
reinforcing the need for more refined and targeted treatment
strategies.

Despite advances in therapy, current treatments mainly
focus on reducing joint inflammation, preventing permanent
bone damage, and preserving joint function. These typically
include nonsteroidal anti-inflammatory drugs, various cate-
gories of disease-modifying antirheumatic drugs (DMARDs),
corticosteroids, and targeted cell therapies directed at T cells, B
cells, and monocytes/macrophages. However, these treatments
are not effective for every patient, and prolonged use can lead to
significant side effects.” Approximately 30-40% of patients
receiving biologic DMARDs discontinue treatment due to either
lack of effectiveness or adverse reactions.® Despite early use of
conventional synthetic DMARDs, many patients still experience
joint deterioration and poor functional outcomes.” Therefore,
there is an urgent need to find new and more effective therapies
with minimal or no adverse effects.

Phototherapy, which includes both photodynamic therapy
(PDT) and photothermal therapy (PTT), has shown potential as
a non-invasive treatment option for inflammatory diseases like
RA.® This approach can directly impact the repair and regen-
eration of bone, cartilage, and muscle by modulating cellular
functions.” PDT works by using a specific wavelength of light to
activate a photosensitizer (PS), which then triggers photo-
chemical reactions that are harmful to nearby tissues. The

Ms Sakshi Priya has completed
her BPharm in 2019 and
MPharm in 2021 from Banas-
thali Vidyapith. In 2021, she
showed remarkable academic
excellence by receiving a GOLD
MEDAL for her outstanding
performance in her Master's
degree. She is furthering her
academic journey by joining
a PhD program, supported by
the DST INSPIRE Fellowship,
Govt. of India, at Birla Institute
of Technology and Science Pilani
(BITS PILANI), Pilani Campus in 2022. She has published book
chapters, reviews, and research papers in reputed journals. She
has received the Best Poster Presentation award at the CRSinga-
pore 2025 conference, held at the National University of Singapore
and the Young Researcher Award at NBRCOM 2025, held at AIIMS
Jodhpur. She has filed two patents on her research work and holds
a design patent. She has worked as a Springer Nature Student
Ambassador, actively engaging with fellow students and faculty to
promote academic publishing and research resources provided by
Springer Nature. She has research experience in analytical method
development, preformulation, cell culture-based studies, QbD-
based formulation design of various topical and transdermal
drug delivery systems, and animal studies.

Sakshi Priya

726 | Nanoscale Adv., 2026, 8, 725-742

View Article Online

Review

therapeutic goal is to target the pathological features of RA,
such as excessive synoviocyte growth and infiltration of
inflammatory cells, by ensuring that the PS accumulates selec-
tively in these cells. This allows for the controlled inhibition of
synoviocyte proliferation and inflammatory responses while
minimising harm to healthy tissues.' The PS's pharmacoki-
netic, photochemical, and photobiological characteristics affect
the efficacy of PDT. The majority of potent PSs generally possess
an extended delocalized aromatic 7 electron system, which is
a distinctive feature that enables them to efficiently absorb
light. They readily assemble and form aggregates in aqueous
media due to m-m stacking and hydrophobic interactions.™
Additionally, the tendency of PSs to accumulate in hypermeta-
bolic tissues and cells allows for the selective destruction of
overactive inflammatory cells through reactive oxygen species
(ROS) generated upon photoactivation. This selective targeting
is a key advantage of PDT, and its potential lies in its precise
delivery, strong therapeutic effect, and comparatively fewer side
effects than traditional treatment methods.* The evolution of
photosensitizers has played a crucial role in advancing PDT in
the management of RA. The first generation largely comprised
porphyrin mixtures such as photosensin and hematoporphyrin
derivatives, but their application was limited by poor solubility,
complex composition, and weak cellular selectivity. To address
these shortcomings, second-generation photosensitizers,
including porphyrin derivatives, metallophthalocyanines, and
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polycyclic quinones, were introduced. These agents enhanced
tissue-targeting capacity, provided deeper penetration by
modulating absorption wavelengths, and demonstrated faster
systemic clearance with improved therapeutic performance;
however, issues of low solubility and limited specificity per-
sisted. Current efforts are focused on third-generation photo-
sensitizers, which involve conjugation with monoclonal
antibodies or biologically active molecules (e.g., peptides, lipids,
nucleotides, or steroids) to impart selective targeting functions.
Such functionalized photosensitizers represent the next step in
optimizing PDT for clinical use, offering the precision and
efficacy needed to translate phototherapy into practical treat-
ment strategies for RA." In parallel, PTT utilizes electromag-
netic radiation and works by locally increasing the temperature
of tissues through the photoexcitation of materials containing
a PS, triggered by exposure to microwaves, radiofrequency
waves, and near-infrared (NIR) or visible light.**

Due to their tunable surface properties, nanocarriers (NCs)
can efficiently interact with multiple cellular targets, enabling
them to deliver therapeutic agents directly to inflamed joint
sites, reducing systemic drug exposure and limiting potential
side effects." When NIR light (750-2500 nm) is used alongside
a photothermal agent, there is a potential risk of minor damage
to adjacent healthy tissues. Upon irradiation, these nano-
materials absorb photons and dissipate energy through a non-
radiative relaxation mechanism. Different types of nano-
particles (NPs), including nanorods, nanoshells, and nano-
spheres, can enhance the selective targeting of inflammatory
cells.” The development of nano-based co-delivery systems
emerged to address the limitations of monotherapy, as these
systems can accurately deliver drugs into targeted cells, thereby
reducing systemic toxicity and directing treatment toward
inflamed areas through surface modifications. Additionally,
they help control the drug release rate by encapsulating active
agents, enabling higher dosage delivery and minimizing side
effects. With current medical advancements, nanocarriers are
being increasingly utilized to transport therapeutic agents,
thereby improving targeted drug delivery to joints, reducing
dosage and toxicity, enabling controlled drug release, and
enhancing patient adherence.”

In PTT, when light hits the surface of nanomaterials, and the
frequency of the incoming photons aligns with the natural
vibration frequency of the NPs, a strong absorption of photon
energy occurs, known as the Localized Surface Plasmon Reso-
nance (LSPR) effect. As a result, NPs, especially those made with
gold, are excellent candidates for use as photothermal agents
due to their high absorption-to-scattering ratios and their
ability to efficiently convert light into heat.'® These therapies are
triggered to deliver drugs against RA. PDT and PTT localize on
inflamed joints and enhance the targeting of inflammatory
cells, while still preserving the therapeutic benefits of conven-
tional medications. The drug-delivery system employs a photo-
activated targeting mechanism to localize therapeutics to
inflammatory sites, requiring only NIR light exposure for sus-
tained symptom management. The combined action of light
activation and pharmacological intervention minimizes drug
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dosage and systemic toxicity while enhancing therapeutic
outcomes through synergistic efficacy.*

The objectives of this review are to understand the funda-
mental mechanisms and therapeutic applications of PDT and
PTT in RA management. It aims to evaluate the role of
nanocarrier-based delivery systems and their integration with
phototherapies for site-specific targeting of inflamed joints,
further exploring the synergistic effects of conventional anti-
rheumatic drugs with phototherapies, to reduce dosage and
minimize systemic toxicity. The review will also highlight
advances in nanotechnology for the treatment of RA, the
outcomes of preclinical and clinical studies, the challenges
associated with them, and future directions.

2. Mechanistic aspects of
phototherapy in the management of
RA

2.1. Mechanism of photodynamic therapy in RA

Due to a substantial treatment challenge posed by RA, a surgical
approach is synovectomy. However, it is invasive and removes
only a portion of the diseased synovial tissue. It is also associated
with high recurrence rates, postoperative pain, stiffness, and the
risk of fractures, often leading to a lengthy recovery period.*” In
recent years, arthroscopic synovectomy has gained growing
attention due to its minimally invasive nature and reduced
immobilization for patients. However, its effectiveness has been
limited, as the procedure is primarily applicable to larger joints,
reducing its overall utility. Later, laser synovectomy was found to
exhibit various shortcomings, like thermal side effects, low
ablation rates, and being more time-consuming."’

As a newer therapy for RA, PDT relies on the dynamic inter-
action between a PS, molecular oxygen, and light of a specific
wavelength, leading to selective and targeted tissue destruction.*®
Compared to steroid injections or arthroscopic synovectomy,
PDT is less invasive, offers more precise targeting, and delivers
longer-lasting therapeutic effects." The procedure involves
administering the PS either topically or intravenously, which
then preferentially accumulates in the inflamed tissue during
a drug-light interval. This is followed by exposure to light, typi-
cally in the red wavelength range (A = 600 nm), to activate the
therapeutic effect.'® Researchers are employing PDT to produce
ROS that selectively destroy inflammatory cells, including
macrophages, synovial fibroblasts, and other immune cells
present at RA sites. This targeted cell destruction helps lower the
levels of key inflammatory cytokines such as IL-17, TNF-a, IL-1p,
and IL-6. Additionally, PDT offers the advantage of precise light
delivery, allowing treatment to be focused specifically on the
affected joints. The technique is considered safe due to its non-
invasive nature and minimal systemic toxicity."

PDT operates through a specific mechanism as depicted in
Fig. 1, where, upon light exposure, the PS transitions from its
ground state to an excited singlet state (‘PS*). Due to the short
lifespan of this state, the PS can either return to its ground state
by emitting energy as fluorescence or dissipating it as heat (non-
radiative decay). Alternatively, it can undergo intersystem
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Fig. 1 Mechanism of action of photodynamic therapy and photothermal therapy in the treatment of rheumatoid arthritis. Created with https://

www.biorender.com/.

crossing (ISC) to reach a more stable triplet state (*PS*), which
has a longer lifetime. In this triplet state, the PS can initiate two
types of photochemical reactions: a Type I reaction, where it
produces free radicals, or a Type II reaction, where it transfers
energy to molecular oxygen (*0,), generating highly reactive
singlet oxygen ('0,). Singlet oxygen plays a crucial role in
damaging target cells by oxidizing cellular components such as
DNA and membrane structures, and by disrupting signalling
pathways, ultimately leading to cell necrosis or apoptosis.'® The
products generated from both type I and type II reactions
contribute to cell death and the therapeutic outcomes of PDT.
These reactions can take place simultaneously, and the balance
between them is influenced by factors such as the PS, the nature
of the substrate, oxygen levels, and the PS's binding affinity to
the substrate. However, the Type II reaction is typically
predominant in PDT, with singlet oxygen being the main cyto-
toxic species driving the biological effects.'®

2.2. Mechanism of photothermal therapy in RA

One effective approach for treating RA involves the use of PTT to
selectively target and destroy pathogenic cells within affected
joints. This strategy helps suppress the production of inflam-
matory mediators and mitigates synovial hyperplasia, as well as
the degradation of bone and cartilage. Fibroblast-like synovio-
cytes (FLSs), known to accumulate extensively in vascularized
regions of the joint, adopt an aggressive behavior by directly
releasing matrix metalloproteinases (MMPs), which contribute

728 | Nanoscale Adv, 2026, 8, 725-742

to cartilage breakdown, and by activating the receptor activator
of nuclear factor kappa-p ligand (RANKL), which promotes
osteoclast formation and bone erosion. In recent years, PTT has
demonstrated its potential in selectively eliminating FLSs in
animal models of RA, thereby effectively slowing disease
progression and positioning itself as a promising therapeutic
option.® At sites of inflammation, PTT not only significantly
reduces the number of hyperproliferative inflammatory cells in
RA joints but also enhances the catalase-mimicking activity of
cerium oxide (ceria), facilitating the breakdown of hydrogen
peroxide (H,0,) and boosting oxygen production. This, in turn,
helps alleviate inflammation and hypoxia within the diseased
microenvironment as depicted in Fig. 1. The concerns
regarding the toxicity and prolonged retention of conventional
inorganic photothermal agents have shifted attention toward
biodegradable nanomaterials that provide safer and more
effective options for phototherapy. Within this context, gra-
phene oxide quantum dots (GOQDs) stand out as a promising
candidate for the treatment of RA. GOQDs, a unique class of 2D
nanomaterials, are valued for their excellent biocompatibility,
multifunctional bioactivity, and natural degradability. In addi-
tion to functioning as efficient drug carriers, they exert thera-
peutic benefits by modulating immune responses, specifically
by promoting the transition of macrophages from the pro-
inflammatory M1 state to the anti-inflammatory M2 state,
thereby reducing inflammation and aiding tissue recovery.'
Similarly, Black Phosphorus (BP), a layered semiconductor with

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a folded honeycomb configuration, has attracted considerable
interest due to its high drug-loading ability, favourable optical
and thermal features, and strong biocompatibility. When
exposed to NIR light, BP demonstrates a potent photothermal
effect, generating localised heat that eradicates diseased tissue
while also producing ROS to further damage abnormal cells.
This localised heating additionally improves drug penetration
through the skin, an advantage particularly relevant for mole-
cules like rutin. Therefore, BP-rutin conjugates have been
incorporated into an HA-PVA hydrogel, forming a composite
system with pronounced photothermal activity. This hydrogel
ensures sustained drug release in mildly acidic environments,
enhances transdermal delivery, and significantly reduces
inflammatory mediators associated with RA.*

Like tumor tissues, inflamed tissues are characterized by an
abundance of blood vessels that retain heat and exhibit lower
thermal tolerance compared to healthy tissues. PTT leverages
this property by using photothermal agents to convert light
energy into localized heat, which induces hyperthermia and
selectively destroys inflammatory cells, thereby eliminating
diseased tissue. In recent years, PTT has been increasingly used
for treating inflammatory conditions and has shown significant
promise in managing RA.>* Unlike PDT, PTT does not rely on
oxygen to damage targeted cells and tissues. Moreover, it offers
high selectivity with minimal side effects, as laser parameters,
such as wavelength, intensity, duration, and irradiation site,
can be precisely adjusted.'® It's known that PDT requires oxygen
for better performance, while PTT destroys target tissues and
cells in a hypoxic environment."
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3. Targeted delivery strategies of
phototherapeutic agents in the
management of RA

Drug targeting refers to the administration of drugs specifically
to the site of action or the target tissue, minimizing the expo-
sure of healthy tissues to the drug and reducing side effects.
This approach enhances the therapeutic effect of the drug while
minimizing its systemic toxicity. Various strategies are
employed to achieve targeted drug delivery, including the use of
NPs such as liposomes, micelles, and other carrier systems.?*>*

3.1. Macrophages

Macrophages exist in two distinct phenotypes, notably M1 and
M2. M1 phenotype macrophages release pro-inflammatory
cytokines, such as TNF-a, IL-18, and IL-6, along with oxygen
intermediates and reactive nitrogen species, which stimulate
immune cell activation, fibroblast activation, and T cell polari-
zation, thereby fostering inflammation, contributing to artic-
ular cartilage degeneration, and ultimately leading to bone
erosion.”®?*” On the other hand, M2 macrophages predomi-
nantly release high levels of anti-inflammatory cytokines,
notably IL-4, IL-10, and transforming growth factor- (TGF-B),
which facilitate tissue remodelling, angiogenesis, and wound
repair processes.”® In RA, the equilibrium between M1/M2
macrophages becomes disrupted, resulting in an elevated
proportion of M1 macrophages.* Targeting ligands frequently
utilized for therapeutic interventions include receptors such as
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CD44, vasoactive intestinal peptide (VIP) receptors, scavenger
receptors (SR), and folate receptors (FR) B, as well as other
related receptors that are abruptly overexpressed on the
surfaces of activated macrophages.®**

Phototherapy influences cellular processes and signalling
pathways within macrophages, resulting in a transition from
a pro-inflammatory (M1) phenotype to an anti-inflammatory
(M2) phenotype, which leads to reduced inflammation and
tissue damage in the joints.**> CD44 and folate receptors are
overexpressed in activated macrophages of inflamed joints.
Hence, molecules that bind to these receptors are used, leading
to endocytosis of the photothermal agent, followed by cell
necrosis via singlet oxygen generation.*

Nano-therapy using a quadrilateral ruthenium-based nano-
therapy system (QRu-PLGA-RES-DS NPs) to target macrophages
and shift them from M1 to M2 phenotype for RA treatment was
developed. This system combined resveratrol (RES) to reduce
ROS and QRuNPs as photothermal agents. Under an 808 nm
laser (0.4 W cm™2), it achieved a temperature of >47 °C with
a photothermal efficiency of 13.2%. Compared to RES alone,
laser-irradiated NPs showed 3.91-fold and 2.69-fold increases in
Arginase-1 and CD206 expression, respectively. This combina-
tion also reduced IL-4 (1.75 times), IL-10 (2.13 times), and TGF-
B (2.67 times), which is higher than with RES alone.**

3.1.1. CD44. CD44, a glycoprotein located on the cell
surface, is highly expressed on the surface of the activated
macrophages of individuals with inflamed synovium and
possesses specific sites for binding of hyaluronic acid (HA) and
chondroitin sulfate (CS).**

730 | Nanoscale Adv., 2026, 8, 725-742

A triptolide (TP)-loaded HA hydrogel with gold NPs (TP-
PLGA-Au@RGD/HA) for RA treatment was developed, enabling
PTT under 808 nm laser irradiation (0.38 W ¢cm™?), reaching
47.2 °C. The hydrogel reduced RA fibroblast-like RA-FLS
migration/invasiveness by 54% and 38% inhibition of phos-
phorylated mTOR and p70S6K, respectively, as shown in Fig. 2.
The targeted effects on inflamed joints in vivo, as observed
through fluorescence imaging of these hydrogels, showed
selective accumulation in the inflamed joint, resulting in
reduced pro-inflammatory cytokines and improved bone pres-
ervation compared to TP alone.*

3.1.2. Folate receptors. Folate receptors (FR) are expressed
on the cell's outer membrane, attached via a glycosylphospha-
tidylinositol bond. FRP exhibits a strong binding affinity for
folic acid. It is prominently present on activated macrophages
engaged in inflammatory-related responses and absent on
inactive macrophages.®**”

Methotrexate-loaded folic acid functionalized gold nanorods
(MTX-FAGMs) were developed to target RA-activated macro-
phages via the folate receptor B (FRB). These gold nanorods
provided photothermal activity, while folate modification
enabled cellular uptake. Under an 808 nm laser (1.0 W cm™?),
MTX release reached 63.74% (pH 7.4) and 68.75% (pH 4.5),
compared to 22 and 39% without irradiation, respectively. The
MTX-FAGMs treated with an NIR laser showed greater cytotox-
icity due to the synergistic effects of PTT and chemotherapy. In
arthritis-induced rats, treatment with a combination therapy
(MTX-FAGMs and laser treatment) reduced paw thickness, TNF-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Cys@MTX@RGD) nanosheets in RA mice irradiated at 808 nm for 10 min (0.3 W cm™2). (B) Temperature profiles of the Pd-Cys and Pd-
Cys@MTX@RGD nanosheets in RA mice irradiated at 808 nm for 10 min. (C) Photoacoustic signal images of the Pd-Cys and Pd-Cys@MTX@RGD
nanosheets in RA mice excited with 808 nm irradiation. Reproduced with permission from Chen et al.*¢ [Copyright 2019, RSC].

a and IL-6 cytokine levels, and preserved the cartilage structure,
thereby limiting the progression of RA.*®

3.2. Vasoactive intestinal peptide

VIP is expressed in various cells, including T lymphocytes,
macrophages, and inflammatory cells such as synoviocytes. Its
anti-inflammatory effects include the reduction of pro-
inflammatory agents and induction of inducible nitric oxide
synthase (iNOS). Moreover, it inhibits the release of chemokines
and encourages the production of anti-inflammatory factors in
activated immune cells while promoting negative expression of
Toll-like receptor ligands, TLR2 and TLR4. Therefore, the drug
can bind to VIP receptors and target the drug at the inflamed
site.**** NPs conjugated with VIP are engulfed by fibroblasts
through endocytosis. In PTT, where irradiation is converted to
heat by a photothermal agent, the elevated temperature gener-
ated within the NPs induces cell death.

Huang et al. developed the nanotherapeutic system, gold
nanorods with copper sulphide nanoparticles (Au NR@Cu$ NPs),
targeting the treatment of RA by enhancing oxidative reactions

© 2026 The Author(s). Published by the Royal Society of Chemistry

and generation of OH radicals, as shown in Fig. 3. This VIP
conjugated nanosystem showed a temperature increase of about
54°Cin 5 min when exposed to a NIR laser (808 nm, 1.0 W cm ™ 2),
and an efficiency of 67.2% for photothermal conversion.
NR®@CuS NPs utilise VIP to become engulfed by fibroblast cells
and reach the cytoplasm via endosomes or lysosomes. They
exhibit high H,0, consumption, OH (radical) generation, and
higher photocatalytic capability, leading to the death of FLSs, as
well as a decrease in the synovial inflammation.**

3.3. Pro-inflammatory cytokines

In RA, TNF-a activates synovial fibroblasts, leading to increased
growth of the synovial lining and attracting more inflammatory
cells to the affected area.”* IL-17 disturbs bone homeostasis in
RA by promoting osteoclast formation while suppressing oste-
oblast activity. In joints with elevated IL-17 levels, this imbal-
ance enhances osteoclast activity across cortical, trabecular,
and subchondral bone, ultimately leading to progressive bone
erosion. TNF-a and IL-17 play crucial roles in bone resorption,
inducing the differentiation of cells into osteoclasts and

Nanoscale Adv., 2026, 8, 725-742 | 731
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contributing to bone damage in RA. Therefore, reducing or
blocking the concentrations of both TNF-a and IL-17 shows
promising results in improving the condition of RA patients.*
Furthermore, interfering with the signalling pathways
(suppression of the phosphorylated nuclear factor kappa B (NF-
kB) signalling pathway) can lead to a reduction in the produc-
tion of proinflammatory cytokines.** Therefore, nanomaterial-
based interventions have been explored to target these inflam-
matory mediators and restore joint homeostasis in RA.

TiO, nano-whiskers combined with TSPP (TP) for PDT by
targeting IL-17 and TNF-o were developed. Upon exposure to
visible light (500-550 nm), TP generated singlet oxygen and
hydroxyl radicals, causing DNA oxidation and membrane
disruption, which led to cell necrosis and/or apoptosis. TP
treatment reduced synovial erosion, edema (12.8% on the left
foot and 7.64% on the right foot), inflammatory cell infiltration,
IL-17 levels (16.53 £+ 1.64 pg mL ™" and 21.84 + 1.128 pgmL ™" in
TP-0.4 and TP-0 respectively) and TNF-o levels (249.38 + 35.30

Healthy Arthritic

Liposomes

Polymeric Micelle
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pg mL ™' and 358.69 + 3.59 pg mL ' in TP-0.4 and TP-
0 respectively). TIO, and TSPP generated 10 times more
singlet oxygen than TSPP alone, enhancing joint-targeted PDT.**

Arginine-glycine aspartic acid (RGD)-modified palladium (Pd)
nanosheets were designed for targeted RA therapy, enabling
controlled MTX release via the photothermal effect. Palladium-
cysteine@methotrexate@arginine-glycineaspartic ~ acid  (Pd-
Cys@MTX@RGD) uptake was 6.5 times higher in HUVECs
when compared with Pd-Cys@MTX. Upon 808 nm irradiation
(0.3 W cm ™2, 10 min), Pd-Cys@MTX@RGD nanosheets reached
50.2 °C, significantly reducing cell proliferation from 150% to
45% demonstrating effectiveness. In vivo, this system minimized
MTX side effects, inhibited TNF-o. and COX-2, and protected
cartilage. As shown in Fig. 4, animal imaging confirmed nano-
sheet accumulation and strong photothermal/photoacoustic
signals in Pd-Cys (44.8 °C) and Pd-Cys@MTX@RGD (50.2 °C)
groups, while saline showed minimal effects.*®

Hybrid Nanoparticle Mesoporous Silica Nanoparticle

Nanoemulsion

CD-44 ( VIP FR-B RANKL B cell )
Nanocarriers bind CD44 Nanocarriers target Folate receptors are Nanocarriers B cells drive
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l Nanocarrier uptake by Qsteoclast . lﬁg{}‘(‘)ﬁgéﬁ d
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Fig.5 Schematic representation of receptor-targeted nanocarrier strategies for rneumatoid arthritis. Created with https://www.biorender.com/
. Image adapted from Servier Medical Art (https://smart.servier.com/), licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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3.4. Synovial fibroblasts

In RA, FLSs show a distinct, pro-pathogenic phenotype and
display elevated expression of fibroblast activation protein
(FAP), a membrane-bound dipeptidyl peptidase. This height-
ened FAP expression is associated with increased production of
chemokines, cytokines, and matrix metalloproteinases,
contributing to inflammation, cartilage, and bone destruc-
tion.*” Its elevated levels in RA synovial tissues contribute
significantly to the immune evasion mechanism of synovial
cells, and research indicates that reducing FAP-positive synovial
fibroblasts can mitigate inflammation and improve cartilage
preservation in mouse models of arthritis.*®

PDT involves the administration of a PS to a hyperactive
synovial tissue, including synovial fibroblasts. Upon laser light
activation, it triggers the production of ROS selectively in these
cells, causing cellular damage and oxidative stress, which leads to
the destruction or impairment of synovial fibroblasts, potentially
alleviating RA-related inflammation and joint damage.*

The effect of hypericin-PDT (HYP-PDT) on treating RA by
inducing apoptosis in RASF via the mitochondrial pathway and
suppressing NF-kB was studied. HYP enters cells through
endocytosis/pinocytosis, binds mitochondria, and generates
ROS, leading to caspase-9 and PARP cleavage, caspase-8 down-
regulation, and apoptosis.* A core-shell nanostructure
gold@ceriumoxide-polyethylene  glycol ~ (Au@CeO,-PEG)
through a combined photothermal and oxygen-enriched
therapy approach was developed. As Au rods exhibit an
enhanced LSPR effect, this resulted in a better photothermal
effect of Au@CeO,-PEG under NIR irradiation.*®

Dorst and his colleagues developed a targeted PDT for RA by
eliminating FAP-positive fibroblasts using the PS IRDye700DX.
The PS was conjugated with anti-FAP antibody 28H1, di-
ethylenetriaminepentaacetic acid (DTPA) for radio-labelling
with 111-indium (*''In), forming [**'In]In-DTPA-28H1-700DX.
Upon 690 nm light excitation, the agent generated ROS,
inducing targeted cell death. In ATA and CIA mouse models, this
system effectively ablated FAP-expressing fibroblasts, demon-
strating precise and efficient therapeutic action.”’

3.5. Anti-vascular strategies

In the realm of therapeutic strategies for RA, PDT can be used to
induce vascular shutdown on exposure to irradiation.'® It was
hypothesized in this case study that hemorrhage and vascular
damage would clear out red blood cells (RBCs) from the synovial
tissue, leading to a gradual decline in inflammation. Thrombin
induces angiogenesis by overproducing vascular endothelial
growth factor (VEGF), which contributes to the thickening and
excessive vascularization of inflamed synovial tissues.

Gabriel and his colleagues developed a thrombin-sensitive
polymeric photosensitizer prodrug (T-PS) to inhibit angiogen-
esis in RA. T-PS consists of pheophorbide units linked to
a pegylated poly-i-lysine backbone via thrombin-cleavable
peptides. Inactive until activated by thrombin, T-PS showed
no toxicity unless irradiated at 665 nm (50 W cm™?). At 25 ]
em 2, it induced dose-dependent apoptosis and haemorrhage,
with no significant effect at a light dose of 7 J] cm™?, thus

© 2026 The Author(s). Published by the Royal Society of Chemistry
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highlighting its considerable potential for both diagnosing and
treating RA.*® The receptor-targeted nanocarrier strategies are
schematically presented in Fig. 5.

4. Emerging nanocarrier-based
phototherapy for RA management

NCs are materials in the nano-range of 1-100 nm, which improve
the delivery of various substances such as photosensitizers,
overcoming issues of reduced solubility in water or aggregation
tendency, amongst others.”* Stimuli-responsive formulations
typically involve an external trigger/stimulus, such as light and
sound, to act as drug release switches for the encapsulated NPs,
allowing them to release the drug within. Light-triggered therapy
involves the use of photothermal agents for PTT and PSs for PDT,
and sound-triggered therapy involves acoustic sensitizers for
ultrasound therapy.* Due to reduced systemic toxicity and a non-
invasive approach, photothermal therapy is considered compar-
atively safer. The site of RA is characterised by numerous markers
of inflammation, including TNF-o. and IL-6, which are produced
by macrophages and synovial fibroblasts. These sources are key
targets of phototherapeutic agents.”> For this purpose, photo-
therapeutic agents were modified using NC systems such as
liposomes, polymeric NPs, metallic NPs, solid lipid NPs, nano-
structured lipid carriers, etc. It is evident from pre-clinical and
clinical studies that NCs increased the therapeutic efficacy of
phototherapeutic agents. Thus, NCs could be used as a potential
delivery system in phototherapy.'®

4.1. Nanocarrier-based photothermal therapy for RA
management

PTT involves the introduction of heat to destroy diseased cells/
tissues produced by photoexcitation of the material from PSs.
Heat is produced from electromagnetic radiation, and the increase
in temperature around the microenvironment and the lesioned
area of RA enhances the release of nanomedicines, thereby
increasing the efficacy of RA treatment. Heat is usually produced
by radiofrequency, microwaves, and NIR, or visible light, gener-
ating hyperthermia, causing ablation of the lesion by inhibiting
the abnormal tissue. During light exposure, it's crucial to control
the temperature (41-47 °C) to avoid damage to healthy cells.”*
Multifunctional nanocomposites are developed to integrate pho-
tothermal effects with additional therapeutic capabilities,
achieving more targeted and multifunctional RA therapy. The
polydopamine (PDA)-coated CeO,-doped zeolitic imidazolate
framework-8 (ZIF-8) nanocomposite (denoted as CZP) represents
such a therapeutic platform for RA. Under NIR irradiation, the
PDA layer efficiently converts light into heat, inducing the
destruction of hyperproliferative inflammatory cells within the
joint. Concurrently, the acidic microenvironment triggers the
degradation of the ZIF-8 framework, enabling the release of CeO,
nanopatrticles. These nanoparticles catalyse the decomposition of
excess hydrogen peroxide (H,0,), producing oxygen and thereby
alleviating hypoxia. Through the integration of photothermal
therapy, ROS scavenging, and oxygen generation, the nano-
composite reduces inflammation by downregulating pro-
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Fig.6 (A) The temperature profiles of palladium nanoparticles (Pd NPs; 20.0 mg mL™3), palladium@selenium nanoparticles (Pd@Se NPs; 20.0 mg
mL™Y), and palladium@selenium-hyaluronic acid nanoparticles (Pd@Se-HA NPs; 20.0 mg mL™) irradiated at 808 nm (0.5 W cm™2) for 10 min,
respectively. (B) The photothermal images of Pd NPs (20.0 mg mL™%), Pd@Se NPs (20.0 mg mL™Y), and Pd@Se-HA NPs (20.0 mg mL™). (C) The
temperature profiles of different concentration Pd@Se-HA NPs (40.0, 20.0, 10.0 mg mL™Y irradiated at 808 nm (0.5 W cm™2) for 10 min,
respectively. (D) The photothermal images of different concentration Pd@Se-HA NPs (20.0 mg mL™Y). (E) The monitored temperature change
curves of Pd@Se-HA NPs as irradiated by an NIR laser for 600 s, followed by natural cooling with the laser light turned off, and determination of
the time constant for heat transfer from the system using linear regression of the cooling profiles (mean + SD, n = 3). (F) The linear regression
curves of Pd@Se-HA NPs. Reproduced with permission from Zheng et al.*>® [Copyright 2021, Elsevier].

inflammatory cytokines and hypoxia-inducible factor-1o. (HIF-1ct).
Collectively, this synergistic mechanism has shown encouraging
potential for improving RA treatment outcomes while avoiding
exacerbation of oxidative stress.”® In contrast to the enhanced
permeability and retention (EPR) effect observed in tumors, drug
retention in RA is primarily driven by the accumulation of
inflammatory cells at the diseased site; thus, to enhance the
effectiveness of existing RA therapies, various drug carriers have
been designed that exploit passive targeting strategies, enabling
selective binding to receptors overexpressed in RA-affected joints.
This localized enrichment minimizes the requirement for deep
light penetration to efficiently activate photothermal agents.>”
These systems overcome the limitation of poor light penetration in
deep synovial tissues, leading to more effective RA phototherapy.

Core-shell palladium@selenium-hyaluronic acid (Pd@Se-
HA) NPs integrating selenium ("OH scavenger) and palladium
(photothermal agent) were developed for RA treatment. These
NPs exhibited concentration-dependent heating (40.2 °C to
50.4 °C at 10-40 mg mL ') under an 808 nm laser (0.5 W cm 2,
10 min), with a photothermal efficiency of 34.5%, and were
coated with HA for macrophage targeting. Some of the photo-
thermal images and temperature profiles are illustrated in
Fig. 6. In vitro studies on RAW 264.7 cells showed 90% viability,
indicating negligible toxicity up to 200 pg mL ™" concentrations
for the developed NPs, and similar results were observed in

734 | Nanoscale Adv, 2026, 8, 725-742

HEK293T cells. In vivo, Kunming mice exhibited a reduced
inflammation index after 15 days of in situ Pd@Se-HA NP
injections. The HA coating on NPs enhanced site-specific tar-
geting and anti-inflammatory effects.”®

ICAM-1-modified TOF-loaded P(AN-co-AAm)-PEG micelles
(AI-TM) were developed to enhance anti-inflammatory effects
via microwave-induced hyperthermia. The micelles exhibited
high drug loading (4.7 £+ 0.2%) and encapsulation efficiency
(94.8 £+ 4.9%). At 37 °C, 40% drug release was noted at 48 h,
while at 43 °C, release increased to 80%, indicating thermal-
triggered disintegration. Nile red fluorescence confirmed
enhanced cellular uptake under hyperthermia. In RA mice,
microwave treatment (8 W, 30 min) post AI-TM injection
reduced paw thickness, arthritic scores, and weight loss,
proving the formulation's therapeutic efficacy.*

4.2. Nanocarrier-based photodynamic therapy for RA
management

PDT involves the transfer of energy from an injected PS, which is
excited by irradiation with light of a certain wavelength, to
neighbouring molecules, such as cellular oxygen, leading to the
formation of ROS, which ultimately results in cell death. A PS
remains inactive when administered by the topical or intrave-
nous route until it is exposed to photosensitizing light.>»** PSs are

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00671f

Open Access Article. Published on 19 2025. Downloaded on 15.02.26 10:00:49.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

encapsulated within NPs to improve solubility and also targeted
retention and accumulation in desired tissues. Currently, the
strategies applied for PDT include the use of inorganic materials
with superior chemical and photosensitive properties, as well as
the use of bio-responsive NCs for targeted delivery.*

Many new platforms are being developed, aiming to reduce
or stop the proliferation of FLSs. The retention of the PS can be
enhanced by encapsulation in NPs that target RA-FLS, which
play a crucial role in the persistent destruction of cartilage and

View Article Online
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microenvironment of RA synovium.®* Tang et al. developed
phase-transition oxygen and indocyanine (ICG) green OI-NPs
using PLGA. These NPs offered dual PDT (808 nm) and sono-
dynamic (1 MHz) therapy (PSDT). ICG showed a sustained
release of 71.34% over 24 h, avoiding burst release. The cellular
uptake of ICG was 35% higher in OI-NPs than free ICG, indi-
cating enhanced endocytosis. OI-NPs exhibited strong cytotox-
icity, reducing MH7A cell viability to 25.05% =+ 5.42%. In
contrast, blank NP-mediated PSDT showed no obvious cyto-

joint damage by producing -cytokines that affect the toxicity (93.17% =+ 1.95% viability).*
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Fig. 7 (A) Hypoxia and (B) singlet oxygen detection (scale bar, 50 um), and (C) corresponding mean FITC and (D) DCF fluorescence intensity

analysis in activated RAW 264.7 cells with/without a NIR laser (1.0 W cm™2, 5 min) cultured with SMPFs and PBS. The release rate showed a pH-
sensitive release of TPZ with a cumulative release rate of 69.7% at pH 5.0 (similar to the pH of the acidic lysosomal environment in activated
macrophages), compared to 44.7% at pH 5.0. Under NIR irradiation, the 24 h-cumulative release rate was also higher at pH 5.0 (72.96%) than at
pH 7.4 (50.82%).%¢ Reproduced with permission from Li et al.*¢ [Copyright 2021, Elsevier].
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The team led by Li developed dissolving microneedles (5-
ALA@DMNA) loaded with 5-aminolevulinic acid (5-ALA), a prodrug
that forms the PS protoporphyrin-IX (PpIX) to target RA-FLS. Upon
635 nm light irradiation, PpIX generated cytotoxic ROS, leading to
dose-dependent cell death. Survival rates dropped from 78% to
12% as 5-ALA concentration increased (20 to 50 ug mL ™). In the
presence of N-acetyl-cysteine treatment, the survival rates with the
same concentration reduced from 83% to 54%, respectively. The
apoptosis increased from 0.45% in controls to 21.73% with 5-ALA +
light. 5-ALA@DMNA achieved 4-fold higher drug release than 5-
ALA cream, enhancing transdermal delivery and RA targeting.*

Chitosan-based nanogels encapsulating anionic PSs such as
tetra-phenyl-porphyrin-tetra-sulfonate (TPPS4), tetra-phenyl-chlorin-
tetra-carboxylate (TPCC4), and chlorin e6 (Ce6) to target inflamed
articular joints were developed. These nanogels showed prolonged
joint retention (up to 7 days), unlike a free PS, which cleared within
24 h. Furthermore, PDT using Ce6-nanogels at 25 J cm > in AIA
mice resulted in a marked decrease in serum amyloid A (SAA) levels,
indicating a robust anti-inflammatory response. This effect was
comparable with the reduction seen after prednisolone treatment,
indicating comparable therapeutic efficacy highlighting their sus-
tained, macrophage-targeted anti-inflammatory effect in RA.*

PEGylated liposomes containing PS IRDye700DX to target
macrophages of inflamed joints were prepared, and at a reduced
dose of 10 ] cm™2 (690 nm light), RAW 264.7 cell viability for the
IRDye700DX-liposome-treated group was found to be 50%
compared to the untreated control group. It was reduced to 3% at

View Article Online
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a higher dose of 50 ] cm ™2, showing dose-dependent viability. The
progression of arthritis was investigated in male DBA/1JRj mice
with CIA. Compared to the control groups, the arthritis score was
reduced in PDT-treated groups (8.8 and 26.4 J cm™2). Hence, they
were successful in providing a localized treatment of RA.**
Nanowhiskers combining tetra-sulfonatophenyl porphyrin
(TSPP) with titanium dioxide (TiO,) were developed for theranostic
application in RA. These nanowhiskers enabled early fluorescence
imaging-based diagnosis by detecting inflamed joints in rats even
before clinical symptoms appeared. Therapeutically, TSPP-TiO,
significantly reduced serum IL-17 by about 50% and TNF-a. by
about 40%. In vivo, the TP-0.4 group exhibited edema reductions of
12.8% (left foot) and 7.64% (right foot), compared to 16.32% and
15.24% in the TP-0 group, confirming both diagnostic and thera-
peutic potential.** In the treated mice, a combination of allogenic
bone marrow stem cells (BMSCs) with TSPP-TiO, nanocomposites
reduced the arthritic scores and improvements were observed in
platelet, RBC, and WBC counts. Microarray data analysis showed
that rno-mir-375-3p and rno-mir-196b-3p were up-regulated in the
BMSCs of ameliorated RA post-PDT with TSPP-TiO,
nanocomposites.*

4.3. Synergistic photodynamic therapy and photothermal
therapy for RA treatment

A combination of PDT and PTT can be an effective treatment, as
they act synergistically via different mechanisms. The efficacy of
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In vitro photothermal and photodynamic effects. (a) UV-vis spectra of novel L-cysteine (Cys) assisted copper (Cu)S NPs (Cu;S4 NPs) and

dd H,O. The NPs showed a strong absorption band in the NIR region (700-900 nm). (b) Quantitative temperature change in Cu;,S4 NPs with
different concentrations under NIR (808 nm, 1 W cm™2) irradiation. (c) The ratio changes of RNO in the Cu>,S4 (500 pg mL™Y) and control group
under NIR (808 nm, 1 W cm™2) irradiation for 10 min. The decrease in RNO absorption with time in NP groups suggested the generation of singlet
oxygen. (d) Fluorescence images of ROS in L929 cells cocultured with or without the Cuy,S4 NPs. After 10 min NIR (808 nm, 1 W cm™2) irra-
diation, much more ROS was produced in the NP group compared with the control group. Reproduced with permission from Lu et al.’
[Copyright 2018, Wiley].
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PDT can be enhanced by PTT, which improves the penetration
of nanosystems and enhances oxygen perfusion via hyper-
thermia. Various anti-theumatic agents can also be combined
with PTT to enhance their cellular uptake and membrane
permeability via hyperthermia. Alternatively, chemotherapy can
improve phototherapy by targeting specific surviving inflam-
matory cells.'®

Semiconductor polymer quantum dots (SPs) hybridised with
mesoporous silica nanoparticles (MSNs) using PCPDTBT (poly
[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-;3,4-b]di-
thiophene)-alt-4,7(2,1,3-benzothiadiazole)]) to synthesise PDT
and PTT were developed by Li and his group. The NPs were used
to house prodrug tirapazamine (TPZ), which gets activated by
hypoxia. Cetrimonium bromide (CTAB) was used as a stabilizer

Azo
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for SPs, and the mesoporous structure of silica was function-
alized with surface PEG-FA (polyethylene glycol-folic acid) to
enhance its circulation under in vivo conditions as well as
provide targeting ability to activated macrophages (SMPFs).
Mean fluorescence intensity (MFI) was almost 5.4 times greater
in cells treated with FITC-SMPFs than FITC-SMs, where FITC
represents the fluorescence-producing agent fluorescein iso-
thiocyanate. The MFI of DCF (singlet oxygen, green) and FITC
(hypoxia, green) was almost 10 and 7 times greater than that of
PBS-treated groups, respectively. This is presented in Fig. 7.
Lu and his colleagues developed novel r-cysteine (Cys)
assisted copper (Cu)S NPs (termed Cu,,S, NPs) to enable
combination phototherapy for RA while also promoting
osteogenesis and chondrogenesis. Upon 808 nm NIR
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In each group, the mean clinical index of arthritis (A) and paw thickness (B) was determined within the times indicated. (C) Photo-image of

the legs in different treatment groups. (D) The H&E staining method was used to identify the histopathology of the joints in different treatment
groups. Reproduced with permission from Huang et al.%® [Copyright 2021, Elsevier].
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Table 1 Nanocarrier systems and various applications in phototherapy
Nanocarrier Route of Delivery target cells/ Drug/therapeutic Phototherapy and PS Achieved
systems administration  tissues agent involved results References
Microneedle Transdermal Inflammatory Loxoprofen (Lox) PTT (808 nm), e Enhanced skin 21
(MN) carrying cytokines (TNF-a, and Tofacitinib polydopamine penetration and skin
NPs IL-1B, iNOS, JAK2,  (TOF) retention (3.1 times)
JAK3, and STAT3) greater in the irradiated
group [808 + Lox + Tof
NPs@MN] compared to
the non-irradiated
group
Mesoporous Intravenous Activated (MTX) PTT (808 nm) + e Reduced clinical 71
silica (MSN)- macrophages chemotherapy, gold scores
coated gold nanorod e Decreased levels of
nanorods serum IL-6 and TNF-o
o Reduced paw
thickness
PLGA NPs Intravenous Fibroblast-like (MTX) PTT (808 nm) + e Reduction in the 72
synoviocytes (FLSs) chemotherapy, gold dosage upon NIR
(Au) half shells irradiation
Nano-gold-core ~ — B-folate receptors MTX PTT (808 nm) + PDT + e Higher therapeutic 73
multifunctional chemotherapy, IR780  efficacy
dendrimer o Greater release at
acidic pH than
physiological pH (>4-
fold release)
Selenium NPs — Activated — Photodynamic effect e Dual targeting from 33
macrophages (560 nm), Rose Bengal a conjugate of
(RB) hyaluronic and folic
acid
e Imaging is achieved
Liposomes Intravenous — Sinomenine Microwave e Enhanced 74
hydrochloride encapsulated drug
release (80%) with
shorter duration (6 h)
Nanocomposite Intra-articular Macrophages CeO, NPs Photothermal (808 nm), e Significant 56

irradiation (1 W em™?), temperatures increased to 55 °C (500 pg
mL ™) and 41 °C (125 pg mL '), confirming the photothermal
capability. The generation of singlet oxygen was demonstrated
using the RNO-ID assay and intracellular DCFH-DA fluores-
cence, as shown in Fig. 8. In vivo, the Cu;,S, + NIR group
exhibited the lowest clinical arthritis index and superior pres-
ervation of bone, as indicated by high bone mineral density
(922.80 mg cm™®) and bone volume/total volume (BV/TV
55.38%). Additionally, the NPs showed antibacterial efficacy
against Staphylococcus aureus and Escherichia coli, making them
promising agents against bacterial infections during intra-
articular injection.®”

A tri-modal therapeutic nanoplatform was developed in
which MTX was loaded in gold nanorod (Au NR) and copper
sulfide (CuS) (Au NR@CuS) octahedral NPs for RA management
and coated with HA and VIP (VIP-HA-Au NR@CuS-MTX), overall

738 | Nanoscale Adv., 2026, 8, 725-742

polydopamine (PDA) downregulation of pro-

inflammatory cytokines
and hypoxia-inducible
factor-1o (HIF-1c)

e Significant mitigation
of oxygen to reduce
hypoxia (from CeO, and
PDA)

integrating PTT, PDT, and chemotherapy. The system utilised
a gold nanorod core and a copper sulfide octahedral shell to
facilitate strong NIR absorption and ROS generation. Func-
tionalization with vasoactive intestinal peptide and hyaluronic
acid enhanced synovial targeting. The MTX release was pH- and
temperature-sensitive, increasing from 18.3% to 61.9% as the
pH decreased from (pH 7.4 to pH 5). The VIP-HA-Au NR@Cus-
MTX octahedral NPs (V-HACM NPs) combined with L808
showed a significantly better therapeutic effect in reducing
arthritis symptoms compared to V-HAC NPs + L808 and free
MTX. Mice treated with this combination had the lowest
arthritis index and visibly reduced paw thickness. Joint
morphology analysis confirmed better protection of cartilage
and joint structure, and histological staining revealed less
inflammation and cartilage erosion in the V-HACM NPs + L808

© 2026 The Author(s). Published by the Royal Society of Chemistry
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group. Additionally, no major organ damage or hepatorenal
toxicity was observed after treatment, as observed in Fig. 9.

Li et al. designed up-conversion NPs (UCNPs) loaded with
vasoactive intestinal peptide@SiO,@Pt@CeO, (V-USPC) for in
situ oxygen (O,) production as well as photothermal and
photodynamic effects in a study. UCNPs have the advantage of
converting NIR into ultraviolet or visible light to achieve PDT in
deep tissue. The solution of NPs when irradiated with an
808 nm laser (1.0 W cm ™2, 10 min) showed an increase in
temperature to 41.7 °C and 44.3 °C for the V-USP (without CeO,)
group and the V-USPC group. The decomposition rate of H,0,
was 14% higher in the V-USPC + NIR group compared to that of
the V-USPC group alone, in which the decomposition achieved
was 69%. In vitro results showed that after exposure to NIR
irradiation, cell viability decreased to 67.2% and 41.8% in the V-
USP and V-USPC groups, suggesting the involvement of PDT as
well as Pt-induced PTT. In vivo results showed that the greatest
decrease in paw thickness was observed in the USPC + NIR
groups compared to other control groups.*

A black phosphorus nanosheet (BPN)-loaded thermo-
responsive hydrogel using PRP-chitosan was developed by
Pan and team to eliminate hyperplastic synovial tissue and
support osteogenesis. Under 808 nm NIR irradiation (1.0 W
em %), ROS production was confirmed by peak green fluores-
cence in L929 cells using the DCFH-DA method at 8 min. CIA
mice treated with the BPNs/chitosan/PRP hydrogel and NIR
irradiation exhibited the lowest clinical index compared to non-
irradiated and control groups, indicating enhanced therapeutic
efficacy through triggered, sustained release.” A table contain-
ing the NC systems with the application of phototherapy and
the related outcomes is highlighted in Table 1.

5. Clinical efficacy trials on
phototherapy for RA management

A recent clinical trial has shown that phototherapy using
nanocarriers can provide significant therapeutic advantages for
treating rheumatoid arthritis. These advanced systems enhance
drug delivery and targeting, resulting in improved anti-
inflammatory effects and joint protection compared to
conventional approaches. Zhao and his colleagues conducted
a study outlining the design of a double-blind, randomized,
placebo-controlled, prospective trial investigating the efficacy of
PDT in addressing synovial hyperplasia in refractory RA
patients. Synovial hyperplasia, characterized by abnormal
proliferation of synovial tissue in the joints, contributes to joint
damage in RA. Patients were divided into three groups: one that
received the control, a second that received “PDT once”, and
a third that received “PDT twice”. One hundred twenty-six
individuals were recruited, with each group comprising 42
individuals. The study recruited individuals diagnosed with
refractory RA and confirmed synovial hyperplasia. To the indi-
viduals in the control group, 0.9% saline was administered on
day zero and on week four by micro-arthroscopic surgery to
account for potential psychological effects. The individuals who
PDT once were administered a PS

were to receive

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(aminolevulinic acid, 236 mg, added to 5 mL of 0.9% saline) on
day zero and 0.9% saline on the fourth week, while those who
had to receive PDT twice were injected with a PS on both day
zero and the fourth week. In patients receiving the PS, to acti-
vate the PS, laser light (630 nm wavelength, 150 mW power, for
20 min) was irradiated via a laser optic fiber into the articular
cavity. After the surgery, researchers collected recovery rate and
other general data from patients (like clinical assessments,
imaging studies, and patient-reported outcomes). Researchers
aimed to generate robust evidence regarding the potential effi-
cacy and safety of PDT as a therapeutic intervention for synovial
hyperplasia in patients with RA.*®

6. Current challenges and future
outlook

In recent years, the development of effective NCs for RA therapy
has garnered significant attention. PDT and PTT, characterized
by their non-invasiveness, controllability, and precision, have
emerged as potential modalities for RA treatment. However,
despite their promise, these therapies face challenges such as
limited skin penetration, potential thermal damage to normal
tissues, and the short-lived diffusion of ROS.*” A conjugated PS
exhibits prolonged retention within the body owing to its large
molecular mass, leading to its phototoxic effects on healthy
tissues over an extended duration.® In PDT, PSs generate ROS
under light stimulation, while in PTT, photothermal conversion
agents convert NIR light into heat to target disease regions. For
RA treatment, NIR light with a specific penetration depth is
crucial to ensure effective action of nanomaterials in PDT and
PTT.”” Despite the potential advantages, evidence supporting
the efficacy of phototherapy in RA remains limited. In 1995, the
first RA-related human PDT study was conducted, employing
light activation via arthroscopy on six patients. The limitations,
such as side effects, poor pharmacokinetics, and low targeting
efficacy of PSs in synovectomy, prompted the exploration of
nanosized PSs to enhance treatment. The optimized combina-
tion of a PS and nanomaterials showed potential in enhancing
the targeting of the drug, minimizing side effects, and
improving PDT efficacy for RA treatment. In PDT, optimization
is quite challenging because a PS should activate at the correct
time and in the correct location; furthermore, the challenge is
to select the optimal combination of administration, formula-
tion, localization, irradiation, PS, and release profile.” In PTT,
shape, size, nature, localized surface plasmon resonance, pho-
tostability, and biocompatibility (with target tissue) of NPs are
some important deciding factors.>*

PDT and PTT are known for reducing pro-inflammatory events
in cancer, as well as in RA treatment. Further investigation is
required to understand its immunogenicity in RA. Thus, achieving
precise targeting without damaging normal tissues necessitates
the development of effective ligands. The limited penetration
depth of NIR light, especially in larger joints, poses a challenge
and research directions include the development of lasers with
enhanced penetrability. The hypoxic microenvironments in RA
inflammation sites may decrease the efficacy of PDT. Strategies
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involving oxygen carriers and reactive oxygen-generating materials
need exploration to enhance treatment outcomes.*

While phototherapy-based nano-systems show promise in
preclinical studies, challenges persist. The complex nature of
RA necessitates further studies, particularly in the rational
design of therapeutic nano-systems, the evaluation of biological
safety, and the development of multifunctional nano-platforms
for clinical applications. In PDT, the laser source is time-
consuming, so it was replaced with light-emitting diodes
(LEDs), which are a cheaper and less hazardous option. Low-
level laser therapy (LLLT) is a type of phototherapy that is not
expensive and can be accessed by patients at home. Further
research should be conducted to make phototherapy more
affordable and accessible to patients, either by modifying the
light source or by developing new devices.”

Among the various nanocarrier strategies currently being
investigated, metallic nanoparticles (MNPs), including Au and
ZnO, are being extensively studied in RA, as they exhibit tunable
thermal and optical properties. Although they hold significant
potential, concerns regarding their toxicity and ecological impact
require careful evaluation. The safety profile of MNPs is largely
determined by physicochemical characteristics, including size,
shape, surface charge, composition, and surface modifications,
as well as by the route and duration of exposure. The adverse
effects associated with MNPs may include cytotoxicity, genotox-
icity, immunotoxicity, and oxidative stress. Despite ongoing
research to clarify these risks, challenges remain in fully under-
standing their long-term toxicity.”””® Furthermore, once in the
bloodstream, MNPs may accumulate in organs such as the spleen
and bone marrow or distribute to other tissues and cells where
they are recognized as foreign antigens, triggering immune
responses. These NPs can interact with various immune cells,
including macrophages, dendritic cells, natural killer cells, and B
and T lymphocytes. During such interactions, the NPs are inter-
nalised and processed by immune cells, influencing their
metabolism, function, and fate.” Studies have shown that ZnO
NPs of differing sizes and surface charges can induce immuno-
toxicity by promoting inflammation. Au NPs at low concentra-
tions (0.25 ppm) can stimulate immune responses, increasing
the expression of pro-inflammatory cytokines such as IL-1p, IL-6,
and TNF-a..*® However, at higher concentrations (25 ppm), Au NPs
may exhibit pronounced pro-inflammatory or immunotoxic
effects, including a sharp decline in lymphocyte proliferation.
ZnO NPs have similarly been reported to induce significant
immunotoxicity in immune cells and organs, with inflammation
and oxidative stress underlying these effects. In male Wistar
albino rats, oral administration of ZnO NPs (26.6 nm, 350 mg
kg') markedly upregulated immune regulatory genes (CD3,
CD11b, and HO-1) and inflammatory genes (TLR4 and TLR6),
caused DNA strand breaks, increased malondialdehyde levels in
the thymus and spleen, and elevated pro-inflammatory cytokines,
including IL-10, IL-1B, TNF-o, and IFN-y.**

Phototherapy holds great potential in RA treatment, offering
high therapeutic performance and innovations in NCs and
devices bring optimism for effective and targeted RA therapy.
However, addressing current limitations and overcoming chal-
lenges in immunogenicity, targeting precision, penetration
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depth, and microenvironment adaptations is imperative for
successful clinical translation.

7. Conclusion

Recent advancements in RA management include the emer-
gence of NC-based phototherapy, which offers a non-invasive,
patient-centric, and targeted approach. The combination of
precise PDT and PTT applications, along with the enhanced
delivery capabilities of NCs, effectively addresses the key path-
ological features of RA, including synovial inflammation,
cartilage destruction, and macrophage activation. Extensive
preclinical research has demonstrated that these systems can
minimise off-target effects while reducing pro-inflammatory
cytokines, promoting tissue repair, and modulating immune
responses. Though clinical translation is still in its early stages,
it has shown significant promise. To prove efficacy and safety,
future research should concentrate on creating sophisticated
multifunctional nanosystems, refining light delivery methods,
and carrying out thorough clinical trials. With continued
innovation and interdisciplinary collaboration, NC-based pho-
totherapy could revolutionize RA treatment, providing patients
with more effective and safer therapeutic options that preserve
joint function and improve quality of life.
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