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Abstract: Radiation-induced lung injury (RILI), encompassing early radiation pneumonitis (RP) and late radiation-induced lung fibrosis
(RILF), remains a major dose-limiting complication of thoracic radiotherapy. The pathological processes involve oxidative stress, DNA
damage, inflammatory cascades (notably IL-1, IL-6, TNF-a, and TGF-B), and fibrotic remodeling, yet current therapies—such as
corticosteroids and antifibrotic agents—provide only partial relief and are often accompanied by significant side effects. Recent advances
in nano-drug delivery systems (NDDS) offer new opportunities to overcome these limitations through targeted pulmonary delivery, stimuli-
responsive release, and synergistic modulation of pathological pathways. Nanoformulations, including hyaluronic acid-based carriers, ROS-
responsive microspheres, and inhalable nanomedicines, demonstrate enhanced pulmonary bioavailability, reduced systemic toxicity, and
multi-mechanistic therapeutic potential. With continued refinement of intelligent nanocarriers and integration of advanced diagnostic tools,
NDDS holds strong promise for translating preclinical advances into precise, individualized therapies for RILI.

Keywords: radiation pneumonitis, radiation-induced lung injury, nano-drug delivery system, stimuli-responsive release, targeted drug
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Introduction

Radiation-induced lung injury (RILI) represents one of the most prevalent non-malignant complications associated with
thoracic radiotherapy for malignant tumors, predominantly involving normal lung parenchyma within the irradiated
field." RILI is characterized by a biphasic pathological progression, encompassing an acute inflammatory phase and
a chronic fibrotic phase. The acute phase, commonly referred to as radiation pneumonitis (RP), typically manifests within
six months following radiotherapy and is marked by an inflammatory response in the pulmonary tissue. In contrast, the
late phase, known as radiation-induced lung fibrosis (RILF), generally emerges beyond six months post-irradiation and is
defined by irreversible fibrotic remodeling and persistent scarring of the lung architecture.>*

RP is an immune-mediated inflammatory response triggered by irradiation of adjacent normal lung parenchyma
during thoracic radiotherapy.'*> Histopathologically, RP is characterized by infiltration of inflammatory cells, injury to
alveolar epithelial and vascular endothelial cells, and disruption of ventilation—perfusion balance.® The inflammatory
cascade involves multiple cytokines—most prominently IL-1, IL-6, TNF-0, and TGF-B—which modulate apoptosis,
fibrotic signaling, and tissue repair. These mediators constitute the major drivers of RP pathogenesis, ensuring consis-
tency with current evidence. As such, RP constitutes a clinically significant complication of thoracic radiotherapy.” Its
incidence is modulated by a combination of patient-related factors—such as age, sex, smoking history, comorbidities,
tumor type, and anatomical location—and treatment-related parameters, including total radiation dose, fractionation
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scheme, irradiated lung volume, and the use of concurrent chemotherapy or immunotherapy.>’* Furthermore, inter-
individual variability in biological responses contributes to the unpredictable nature of RILI risk.

RILI remains a significant dose-limiting toxicity in thoracic radiotherapy, even as its incidence has declined with the
adoption of advanced techniques such as three-dimensional conformal radiotherapy, intensity-modulated radiotherapy
(IMRT), and stereotactic body radiotherapy (SBRT).”!'® It poses significant challenges to treatment efficacy and
continues to adversely affect patient quality of life.'""'> RP, a hallmark manifestation of RILI, is typically identified on
radiographic imaging by interstitial infiltrates and ill-defined pulmonary consolidations. In severe cases, RP may progress
to acute respiratory distress syndrome (ARDS). The condition is often characterized by an insidious onset and rapid
clinical deterioration, contributing to its high morbidity and mortality rates.'?

This review provides a comprehensive overview of the pathogenesis and recent diagnostic advances related to RILI,
encompassing both RP and RILF. Particular emphasis is placed on emerging insights into cellular injury mechanisms, the
activation of inflammatory signaling pathways, and the role of immune modulation. Furthermore, the review examines
the therapeutic potential of NDDS in the prevention and management of RP, highlighting recent innovations that enhance
therapeutic timing, improve pharmacological efficacy, and minimize systemic toxicity through the targeted delivery of
anti-inflammatory and anti-fibrotic agents. By bridging basic research and clinical application, this review aims to offer
novel perspectives and future directions for the precise diagnosis and individualized treatment of RP.

In the context of RILI, NDDS present distinct advantages over emerging therapeutic strategies such as cell therapy
and immunomodulation. Unlike cell therapy, NDDS enables site-specific drug release through targeted delivery and
stimulus-responsive mechanisms,'® thereby enhancing therapeutic stability, minimizing systemic toxicity, and potentially
acting synergistically with cellular approaches to improve efficacy. Compared with immunomodulators, NDDS can
increase bioavailability, mitigate adverse effects,'” and facilitate multi-target regulation. Significantly, NDDS has already
progressed into clinical evaluation for pulmonary diseases. For example, inhalable liposomal formulations of nintedanib
and miR-302 nanoparticle inhalation systems have demonstrated favorable safety and efficacy in pulmonary fibrosis,
while budesonide nanosuspensions have yielded promising outcomes in pulmonary infection and inflammation. Although
the application of NDDS in RILI remains at an exploratory stage, accumulating preclinical evidence has established
a solid foundation for translation, accelerating the trajectory from experimental validation to clinical application.

Pathophysiology and Mechanisms of RP
Radiation Lung Injury

RT is a cornerstone treatment modality for patients with medically inoperable malignancies or locally advanced tumors
deemed unsuitable for surgical resection.'® However, RILI remains a principal dose-limiting complication in thoracic
radiotherapy, with its reported incidence varying due to inconsistent clinical definitions and diagnostic criteria.* RILI
may occur in individuals receiving total body irradiation as part of hematopoietic stem cell transplantation protocols, as
well as in patients undergoing localized thoracic irradiation for malignancies such as breast cancer, lung cancer, and
lymphoma. RILI exhibits distinct temporal phases, progressing from early-stage RP, typically developing within six
months post-irradiation, to late-stage RILF, emerging beyond six months. Both phases involve a complex cascade of
pathophysiological events, including epithelial and endothelial cell injury, inflammatory cell infiltration, cytokine release,
fibroblast activation and differentiation, extracellular matrix (ECM) accumulation, and excessive collagen deposition.
These processes culminate in characteristic radiographic findings and nonspecific clinical symptoms such as cough,
fatigue, dyspnea, fever, and imaging abnormalities. Given the multifactorial nature and clinical impact of RILI,
advancing strategies for its prevention and management remains a critical priority. Over the past decades, substantial
progress has been made in elucidating the influence of radiation dose parameters and radiomic biomarkers on RILI
risk.'”'® More recently, the integration of novel therapeutic modalities—including molecularly targeted agents and
immune checkpoint inhibitors—into radiotherapeutic regimens has introduced additional complexity to the underlying
pathogenesis. Specifically, ICIs may amplify T-cell activation in irradiated lung tissues, exacerbating inflammatory
cascades via increased secretion of pro-inflammatory cytokines (eg, IFN-y, TNF-a) and promoting immune cell

infiltration, which further complicates the molecular mechanisms and progression of RILL'?
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Cellular and Molecular Mechanisms
RP is predominantly initiated by oxidative stress and radiation-induced DNA damage (Figure 1). Redox homeostasis
serves as a critical defense mechanism against various exogenous insults, including viral infections. However, prolonged
exposure of cells to highly reactive oxidative species—both free radicals (eg, hydroxyl radical, -OH) and non-radical
species (eg, hydrogen peroxide, H,O,)—can disrupt this balance, leading to oxidative stress. This pathological state
arises either from excessive production of reactive oxygen species (ROS) and reactive nitrogen species (RNS) or from
impairment of the endogenous antioxidant defense system.?'** Both exogenous and endogenous mechanisms drive ROS
generation. Exogenous sources include environmental exposures such as cigarette smoke, secondhand smoke, heavy
metals, air pollutants, and ionizing radiation. Endogenously, ROS may be produced by activated inflammatory cells (eg,
epithelial cells and alveolar macrophages), the mitochondrial electron transport chain, and intracellular oxidase
enzymes.” Due to their high reactivity and chemical instability,”* ROS can inflict significant cellular damage if not
neutralized. The body employs a multifaceted antioxidant defense system comprising enzymatic antioxidants—including
superoxide dismutase (SOD), glutathione peroxidase (GPx), and catalase (CAT)—as well as non-enzymatic antioxidants
such as albumin, mucin, and dietary constituents (eg, vitamin C [ascorbic acid], vitamin E [tocopherol], carotenoids, and
flavonoids), which collectively act to mitigate ROS-induced oxidative injury.>

Ionizing radiation induces direct physical damage to DNA, including base loss, single-strand breaks (SSBs), and
double-strand breaks (DSBs).*’ Although endogenous DNA repair mechanisms can partially mitigate such damage,
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Figure | Schematic diagram of the mechanisms by which oxidative stress and DNA damage contribute to the pathogenesis of RP. lonizing radiation directly or indirectly
(through radiolysis of water molecules, which generates ROS) causes DNA damage (such as base loss, single-strand breaks (SSBs), and double-strand breaks (DSBs)) and
oxidative stress. Excessive ROS induces mitochondrial damage (including mtDNA), protein carbonylation, lipid peroxidation, and activates key signaling pathways (such as
TGF-B, PDGF, and IL-1-mediated pathways), collectively promoting inflammatory responses and lung tissue damage. These pathways have been mechanistically linked to
radiation-induced lung injury in prior studies: Weber A, Wasiliew P, Kracht M. Interleukin-1 (IL-1) pathway[]]. Science signaling, 2010, 3(105): cml.® Bonner ] C. Regulation
of PDGF and its receptors in fibrotic diseases[]]. Cytokine & growth factor reviews, 2004, 15(4): 255-273.2 McCartney-Francis N L, Frazier-Jessen M, Wahl S M. TGF-p:
a balancing act[]]. International reviews of immunology, 1998, 16(5-6): 553-580.2°
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residual lesions may still lead to apoptosis or genomic mutations. In addition to direct effects, ionizing radiation also
generates ROS, primarily through the ionization of intracellular water molecules, resulting in indirect DNA damage and
further exacerbating structural disruption.”>*® The deleterious effects of ROS are not confined to mitochondrial DNA
(mtDNA) injury; ROS also initiates a cascade of cellular responses, including protein carbonylation, membrane lipid
peroxidation, heightened oxidative metabolism, accumulation of spontaneous mutations, and an increased risk of

malignant transformation. *'

Importantly, DNA damage and ROS production exhibit synergistic interactions, co-
regulating several key signaling pathways implicated in radiation-induced tissue injury, such as TGF-f-mediated fibrotic

signaling, PDGF-driven cellular proliferation, and IL-1-associated inflammatory responses.*

The Role of Inflammatory Responses and Key Mechanisms in the Development of RP
The pathogenesis of RP involves the release of damage-associated molecular patterns (DAMPs), which serve as danger
signals that recruit various immune cells to sites of injury, thereby exacerbating pulmonary tissue damage and promoting
tissue remodeling.'® DAMPs mediate the upregulation of intercellular adhesion molecule-1 (ICAM-1) and platelet
endothelial cell adhesion molecule-1 (PECAM-1/CD31), facilitating the migration of neutrophils and macrophages
into the irradiated lung tissue. These infiltrating immune cells subsequently release pro-inflammatory cytokines, includ-
ing interleukin-6 (IL-6), tumor necrosis factor-o (TNF-a), and TGF-B, which contribute to the amplification of local
inflammatory responses.'®>¥3°

Lymphocytes play a pivotal role in the acute phase of radiation-induced pneumonitis.'®*¢ T helper 1 (Thl) cells
secrete interferon-gamma (IFN-y), which activates the JAK-STAT1 signaling pathway within phagocytes, thereby
promoting the polarization of macrophages toward the pro-inflammatory M1 phenotype. These M1 macrophages release
inflammatory mediators such as interleukin-2 (IL-2) and nitric oxide (NO), contributing to the amplification of the
inflammatory response. >’** While Thl cells are generally associated with anti-fibrotic effects, T helper 2 (Th2) cells
promote fibrosis through the secretion of interleukin-4 (IL-4) and interleukin-13 (IL-13), which activate the TGF-/Smad
signaling pathway. This cascade facilitates fibroblast activation and collagen synthesis, thereby promoting the develop-
ment of pulmonary fibrosis.** !

An imbalance in Th1/Th2 responses is a key driving mechanism in the persistent progression of RP.***° Regulatory
T cells (Tregs), through the expression of pro-inflammatory chemokine receptors such as CCR2, CCR4, and CCRS, can
amplify inflammatory responses, promote epithelial-mesenchymal transition (EMT), and suppress Thl7-mediated
immunity, thereby exacerbating structural damage to pulmonary tissue.** Emerging evidence also suggests that immune
checkpoint inhibitors (ICIs) can intensify T-cell activation and immune responses, contributing significantly to the onset
and severity of RP.**™%

TGF-B serves as a critical molecular link between RP and RILF, promoting fibroblast activation and collagen
synthesis and playing a central role in the fibrotic process.*® Interferon-gamma (IFN-y), conversely, exerts anti-fibrotic
effects by inhibiting TGF-B-induced Smad3 phosphorylation.*” Recent studies have also identified gastrin-releasing
peptide (GRP) as a novel mediator in the inflammation-to-fibrosis transition. Inhibition of GRP signaling has been shown
to significantly reduce macrophage infiltration and collagen deposition, suggesting its potential as a therapeutic target to
prevent the progression of RP to RILF.*%4

In addition to TGF-B, platelet-derived growth factor (PDGF) represents a critical mediator in the progression of RILI,
particularly in the fibrotic phase.'® Among its isoforms, PDGF-BB has been identified as a potent mitogenic and
chemotactic factor for fibroblasts and myofibroblasts. Post-irradiation, PDGF is predominantly released by activated
macrophages and platelets at sites of microvascular damage, with injured epithelial and endothelial cells also contributing
to its local abundance. Upon binding to its cognate receptor (PDGFR) on fibroblasts, PDGF initiates downstream
signaling cascades—most notably the phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) and mitogen-activated
protein kinase (MAPK) pathways—that facilitate fibroblast proliferation, migration, and resistance to apoptosis.”®
Persistent activation of these pathways fosters the accumulation of fibroblasts. It promotes excessive ECM deposition,
particularly of collagen, thereby facilitating the transition from inflammatory RP to irreversible fibrotic remodeling

characteristic of RILE.>'™>3
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Collectively, the inflammatory response in RP is orchestrated by a complex network of immune cells, cytokines, and
signaling pathways. This intricate immunological landscape presents a broad array of potential therapeutic targets for the

management and treatment of RP.

The Continuum of Pathogenesis Between Radiation Pneumonitis and

Radiation-Induced Lung Fibrosis: Key Transitional Factors

RP and RILF represent temporally distinct but pathophysiologically interconnected stages of RILI, forming a dynamic
continuum rather than isolated clinical entities. Together, they constitute the progressive pathological trajectory of RILI,
involving multiple phases, diverse cellular populations, and complex signaling networks. In the early phase of radiation
exposure, direct injury to alveolar epithelial and vascular endothelial cells results in cell death and the release of damage-
associated molecular patterns (DAMPs), which initiate innate immune activation. This is accompanied by the infiltration
of inflammatory cells, including neutrophils, macrophages, and lymphocytes, and the release of pro-inflammatory
cytokines such as interleukin (IL)-1, TNF-a, and IL-6. Concurrently, oxidative stress and DNA damage activate
NADPH oxidase complexes and trigger ROS-associated signaling cascades, including p38 MAPK and NF-kB pathways.
These processes markedly upregulate the transcription and secretion of TGF-B, a key driver of the transition from
inflammation to fibrosis. >* Clinically, this phase is manifested as acute RP, with nonspecific symptoms such as dry
cough, dyspnea, and low-grade fever.

If inflammation persists or immune regulation becomes dysregulated, reparative processes shift toward pathological
remodeling. Sustained activation of the ROS-TGF-f axis promotes the differentiation of fibroblasts into myofibroblasts,
resulting in excessive synthesis and deposition of ECM components, particularly collagen.”* Although interferon-gamma
(IFN-y) may inhibit TGF-B/Smad3 phosphorylation and exert anti-fibrotic effects, factors such as Th1/Th2 imbalance,
regulatory T cell (Treg) accumulation, and enhanced epithelial-mesenchymal transition (EMT) further facilitate the
progression from RP to RILF. Mechanistically, TGF-B binds to its type I and II receptors, inducing phosphorylation of
Smad2/3. These phosphorylated Smads complex with Smad4 and translocate to the nucleus, where they regulate the
transcription of fibrosis-related genes. Negative feedback is mediated by Smad7, while non-canonical pathways, includ-
ing MAPK and ERK signaling, act synergistically to promote ECM production.>>->°

Gastrin-releasing peptide (GRP), recently identified as a critical mediator bridging inflammation and fibrosis, has
been implicated in this cascade. Elevated GRP levels are closely associated with TGF-f activation, macrophage
infiltration, and collagen accumulation. Notably, GRP inhibition has been shown to significantly attenuate fibrotic
progression, highlighting its potential as a therapeutic target.”’ At the tissue level, RILF is characterized by alveolar
wall thickening, reduced pulmonary compliance, and impaired gas exchange, ultimately culminating in irreversible
structural changes such as honeycomb lung and progressive loss of lung function. As the disease advances, patients may
experience severe complications including chronic respiratory failure, pneumothorax, malnutrition, and weight loss.

The transition from RP to RILF represents a pathological “rebalancing” from inflammation-dominant to fibrosis-
dominant states, orchestrated by key regulatory elements such as the ROS-TGF-f signaling axis, GRP activity, Th1/Th2
cytokine dynamics, and immune cell lineage shifts.”® Therefore, early identification and targeted intervention within this
molecular cascade—particularly through inhibition of ROS-mediated TGF-f activation—are critical strategies to prevent
fibrotic progression and improve long-term outcomes in patients with RILI.

Clinical Manifestations and Diagnostic Procedures

Based on the complex pathophysiological mechanisms of RP described above, patients undergoing thoracic radiotherapy
present with specific clinical manifestations that need to be recognized and evaluated with the help of multiple diagnostic
tools. The clinical manifestations of RP are varied and lack specificity, and its diagnosis requires a combination of
history, symptoms, signs, and auxiliary findings. The clinical presentation features of RILI and the primary current

diagnostic methods will be systematically described below.

International Journal of Nanomedicine 2025:20 hetps: 12435



Zhang et al

Clinical Manifestations

RILI includes early-stage RP, late-stage RILF. The alveolar capillary barrier in the lungs, which is very sensitive to ionizing
radiation, is exposed to ionizing radiation, which immediately causes oxidative damage to cellular macromolecules such as
nuclear DNA and Mitochondria, generates free radicals, and causes type I lung cells and vascular endothelial cells to
undergo cytotoxic damage and activate the cell signaling cascade."!" These damages activate a multidimensional DNA
damage response within a few hours, the outcome of which depends on several factors such as the dose of radiation, the
mode of exposure, the type of exposure, the extent and nature of the DNA damage, etc, and leads mainly to a transient arrest
of the cell cycle.*® The signaling cascade of damaged cells releases pro-inflammatory cytokines, so infiltrated immune cells,
including immune cells such as inflammatory monocytes and lymphocytes, are observed within hours to days of irradiation
to accomplish tissue repair and protection. However, most immune cells are highly radiosensitive, and acute death occurs
with low-dose irradiation, causing a transient early decline in resident alveolar macrophages and blood lymphocytes.®® At
the same time, radiation exposure activates inhibitory immune signaling, upregulation of the PD-1/PD-L1 pathway
suppresses T-cell activity, natural killer (NK) cell cytotoxicity is inhibited, suppressing local immune responses, and
more extended periods of radiation cause pro-inflammatory factors to accumulate and shift to an inhibitory environment,
which also suppresses immune cell activation and exacerbates inflammatory responses. At 3—12 weeks of radiotherapy,
radiation has extensively damaged epithelial and endothelial cells, leading to alveolar collapse, formation of pulmonary
capillary stenosis, and microvascular thrombosis.®' Based on these pathophysiologic mechanisms, patients usually
present with dyspnea and dry cough in the early stages (see Figure 2). In addition, less common clinical features of RP
include hemoptysis, airway obstruction, pulmonary vascular injury, bronchitis, respiratory infections, pleural effusion, and
pneumothorax. If early treatment is not effective, there is a high probability of transformation to RILF, with symptoms such
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Figure 2 Schematic diagram of the pathophysiologic mechanisms of RP. lonizing radiation damages alveolar epithelial cells (type |, type Il) and vascular endothelial cells, leading to
disruption of the alveolar capillary barrier. Injured cells release DAMPs and pro-inflammatory cytokines (eg, TNF-q, IL-1, IL-6, TGF-), which recruit and activate inflammatory cell
infiltrates such as neutrophils, macrophages, and lymphocytes. A sustained inflammatory response, oxidative stress, and the driving of key factors (eg, TGF-f) may ultimately lead to
fibroblast activation and proliferation, myofibroblast transformation, and excessive deposition of ECM, culminating in radiation-induced lung fibrosis (RILF).
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as shortness of breath, cyanosis, chest pain, and wet rales or pleural friction on chest auscultation.' However, the diversity
and atypicality of these acute-phase symptoms are similar to those of other lung diseases, which increases the difficulty of
early diagnosis; therefore, clinical diagnosis needs to be closely combined with the history of radiotherapy and imaging
examinations to make a comprehensive judgment.

Diagnostic Procedures

X-Ray Examination

Chest X-rays are commonly used as a preliminary test in the diagnosis of RILI because they are highly coincident with
the irradiation field of the radiotherapy plan and have a regular rectangular, wedge, or polygonal distribution. In the early
stages, the most common findings on chest radiographs are perivascular blurring, increased and disorganized lung
texture, and the appearance of patchy or streaky shadows.®> As for the chronic phase, as pulmonary fibrosis progresses,
fibrous tissue proliferates and pulls on the lung tissues, leading to destruction of alveolar structure and contraction of lung
tissues, and the lungs thus show lattice or honeycomb-like changes. However, the sensitivity of X-ray examination is
relatively low, and the specificity is poor. Early RILI, which is characterized by mild inflammation of the alveoli and
interstitium and has not yet caused significant changes in the density of lung tissue, is prone to misdiagnosis and
misinterpretation. It cannot be clearly distinguished from lung infection and lung tumor metastasis.

CT Examination

Chest CT, exceptionally high-resolution CT (HRCT), plays a vital role in the diagnosis of RILI and is an indispensable
core diagnostic technique. The CT manifestations of RP are varied and include: diffuse ground-glass shadows, modified
conventional type, mass-like solid lesions with volume reduction and tractional bronchiectasis, and scar-like changes; in
the chronic phase, the CT images show changes specific to RILF, for example, the lung tissues show altered shapes such
as striations, lattices, or honeycombs, as well as volume reduction, bronchiectasis, and distortion of the parenchymal
structures and traction bronchodilatation, etc.®® Based on its high resolution, CT examination can clearly show the details
and the specific scope of lung lesions. Compared with X-ray examination, it is of great significance for the early detection
of RILI, especially for some difficult-to-observe tiny lesions, as well as accurately evaluating the severity of the lesions,
which will provide a key basis for the subsequent development of treatment programs.

Pulmonary Function Tests

Pulmonary function tests are also one of the key steps in assessing the degree of lung function impairment in patients
with RILI. In the early stages of the disease, lung function shows mild abnormalities, such as mild decreases in forceful
lung volume (FVC), spirometry (VC), and diffusion of carbon monoxide (DLCO). Early RILI mainly interferes with the
gas exchange process in the alveoli, resulting in a certain degree of impediment to gas intake and expulsion. However, it
does not have a significant impact on the overall ventilation of the lungs.®® With the progression of the disease, the lung
function damage continues to increase, and fibrosis and inflammation occur in the lung tissues, leading to decreased lung
elasticity and ventilation dysfunction. FVC and VC appear to be significantly decreased, and DLCO is further decreased,
while residual volume of air (RV) and functional residual volume of air (FRC) may be increased as well.®* The results of
pulmonary function tests not only visualize the patient’s current state of lung function, but can also be used to track the
progression of the disease.

Blood Tests

Blood-based biomarkers provide valuable adjunctive information for the diagnosis and assessment of RILI, particularly
during the acute phase.** Common inflammatory indicators, including the neutrophil-to-lymphocyte ratio, white blood
cell count, and C-reactive protein (CRP), are often elevated in response to radiation-induced pulmonary inflammation. As
an acute-phase reactant, CRP is markedly upregulated in the early stages of RILI and reflects systemic inflammatory
activity triggered by radiation-induced tissue damage.
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In addition to general inflammatory markers, several cytokines have been identified as closely associated with the
pathophysiology of RILI. Notably, elevated serum levels of TNF-a, TGF-p, and interleukin-6 (IL-6) have been observed
in patients with RILL%® TNF-a, primarily secreted by activated macrophages, plays a critical role in initiating inflam-
matory cascades by promoting endothelial activation, enhancing vascular permeability, and facilitating leukocyte
extravasation into lung tissue. In contrast, TGF-p serves as a central mediator in fibrogenesis, promoting fibroblast
proliferation and stimulating the synthesis and deposition of ECM components such as collagen—hallmarks of radiation-
induced pulmonary fibrosis.

Although individual biomarkers lack specificity for definitive diagnosis, serial monitoring of these parameters
provides crucial adjunctive information for tracking inflammatory activity, assessing fibrotic progression, and evaluating
therapeutic response over time. The diagnostic utility and limitations of each method are summarized in Table 1.

Histopathological Examination

While imaging modalities and clinical evaluation remain the primary approaches for diagnosing RILI, histopathological
examination of lung tissue may be considered in cases with atypical clinical presentations or radiographic findings,
diagnostic uncertainty, or when differentiation from other conditions—such as tumor recurrence or opportunistic
infections—is required. Tissue acquisition methods include transbronchial lung biopsy (TBLB) via bronchoscopy or
surgical lung biopsy through video-assisted thoracoscopic surgery (VATS) or open thoracotomy.”' Histological evalua-
tion enables direct visualization of alveolar architecture, interstitial changes, patterns of inflammatory cell infiltration, and
the extent of fibrotic remodeling, thereby providing definitive diagnostic evidence. However, as an invasive procedure,
lung biopsy carries inherent risks, such as hemorrhage and pneumothorax. It may yield false-negative results in the
context of diffuse pulmonary involvement due to sampling limitations. Consequently, histopathological assessment is not
routinely recommended for the diagnosis of RILI and should be reserved for selected cases with compelling clinical
indications. A comprehensive diagnostic approach to RILI requires integration of multiple assessment modalities.
Imaging techniques, including chest radiography for initial screening and high-resolution computed tomography
(HRCT) as the diagnostic cornerstone, are essential for identifying characteristic pulmonary lesions. Pulmonary function
tests provide quantitative evaluation of ventilatory and diffusion impairments, while circulating biomarkers—such as
inflammatory mediators and cytokines—may assist in assessing the degree of inflammation and fibrotic activity. The
diagnostic utility and limitations of each method are summarized in Table 2.

Treatment Strategies for RILI

Current Treatment Strategies

According to the Global Cancer Statistics Report 2023,”® the prevalence of RP in patients undergoing radiotherapy for
thoracic tumors is as high as 30%. This data highlights the urgency and importance of research into its treatment
strategies, and the severity of RP is usually categorized into five grades according to the CTCAE criteria (see Table 3).

Glucocorticosteroid

Glucocorticoids are currently the most commonly used drugs to relieve the inflammatory response and associated
symptoms in the acute phase of RP.”” In the early phase of inflammation, it inhibits the activation and chemotaxis of
inflammatory cells and reduces the release of inflammatory mediators, leading to a reduction in the symptoms of the
alveolar and interstitial inflammatory response. In a study of RP patients, administration of glucocorticoid therapy
significantly relieved symptoms such as cough and dyspnea, and lung inflammation was reduced. However, current
evidence shows that glucocorticosteroids have limited reversal effects on advanced RILF, and long-term use may trigger
adverse effects such as hyperglycemia, hypertension, increased risk of infection, and osteoporosis. In addition to this,
some patients also suffer from varying degrees of immune suppression. Therefore, before the use of glucocorticoids, the
patient’s condition, physical status, and other iatrogenic factors need to be thoroughly evaluated to ensure that he or she
meets the indications for the use of the drug.
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Table | Clinical Manifestations

Clinical Key Symptoms Occurrence Frequency Prevalence Data Ref

Feature

Hemoptysis Coughing up sputum with blood (which may present as | It is relatively rare and mostly occurs in the late stage of | Currently, there is a lack of precise epidemiological data | [65]
blood streaks, blood clots, or whole mouthfuls of bright | Radiation-Induced Lung Injury (RILI), when on RILI-associated hemoptysis. According to clinical
red blood). In severe cases, massive hemoptysis can complications such as pulmonary fibrosis, combined with | observations, its incidence accounts for approximately
occur, accompanied by symptoms such as coughing, vascular injury, infection, or tumor progression, arise. 5% to 10% of RILI patients and is mostly associated with
chest pain, and dyspnea. severe lung tissue damage.

Airway Dyspnea (either inspiratory or expiratory), wheezing, It has a moderate incidence rate and can occur in both | Existing studies have shown that approximately 5% to [1]

Obstruction coughing, and expectoration (sputum may be thick and | the acute phase of RILI (where radiation pneumonitis 25% of RILI patients experience airway obstruction
difficult to expectorate). In severe cases, cyanosis and causes airway mucosal edema and increased secretions) | symptoms of varying degrees, among which obstruction
tachypnea may occur, and lung function tests may show | and the chronic phase (where pulmonary fibrosis leads caused by fibrosis in the chronic phase accounts for
abnormal indicators of airflow limitation. to traction and compression of the airways by scar a higher proportion (about 60% to 70%).

tissue).

Pulmonary In the early stage, there may be no obvious specific It has a high incidence rate and is one of the important | Epidemiological data indicate that more than 80% of RILI | [66]

Vascular Injury | symptoms. As the injury worsens, dyspnea (prominent pathological bases of RILI, persisting from the acute patients have pathological changes of pulmonary vascular
after activity), fatigue, and chest pain may occur. In phase to the chronic phase. The acute phase is mainly injury, among which approximately 20% to 30% will
severe cases, it can lead to pulmonary hypertension, characterized by vascular endothelial injury, while the progress to clinically detectable pulmonary hypertension
manifested as lower extremity edema, jugular vein chronic phase can progress to vascular remodeling. or vascular-related complications.
distention, and symptoms related to right heart
insufficiency.

Bronchitis Persistent cough (either dry cough or cough with It is relatively common and mostly occurs in the acute Clinical statistics show that the incidence of bronchitis in | [67]
mucous sputum), retrosternal discomfort or pain, phase of RILI (resulting from radiation-induced patients with acute RILI is approximately 30% to 45%,
increased sputum production (purulent sputum may inflammatory response of the bronchial mucosa), often | and the symptoms become more obvious when
appear when infected), and some patients may also have | accompanying radiation pneumonitis. complicated with infection, with the incidence rate rising
accompanying low-grade fever and fatigue. to more than 50%.

Respiratory Fever (body temperature may rise above 38.5°C), cough, | It is a common complication. Due to lung tissue damage | According to literature reports, the incidence of [68]

Infections expectoration of purulent sputum, sore throat, and decreased immune function, RILI patients are prone | respiratory tract infection in RILI patients is
aggravated dyspnea, and some patients may also have to secondary infections such as bacterial, viral, or fungal | approximately 25% to 40%. Among them, in the chronic
accompanying systemic symptoms such as chills and infections, which can occur in the acute phase or chronic | phase (pulmonary fibrosis stage), due to lung structure
myalgia. phase. destruction and impaired clearance function, the

incidence is significantly higher than that in the acute
phase (about 25% to 30% in the acute phase and 35% to
40% in the chronic phase).
(Continued)
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Table 1 (Continued).

Clinical Key Symptoms Occurrence Frequency Prevalence Data Ref
Feature
Pleural Dyspnea (worsening as the amount of effusion It has a moderate incidence rate, mostly occurring in the | Epidemiological studies show that the incidence of [69]
Effusion increases), chest pain (mostly dull or stabbing pain, acute phase of RILI (caused by pleural effusion due to pleural effusion in RILI patients is approximately 10% to
aggravated by breathing or coughing), chest tightness, inflammation), and a few cases may occur in the chronic | 20%. Among them, unilateral effusion accounts for about
and fatigue. Physical examination shows decreased or phase due to fibrosis, traction, and pleural adhesion. 70% to 80%, and the effusion volume is mostly small to
absent breath sounds on the affected side, and imaging moderate. The incidence of massive effusion is relatively
examinations reveal a fluid dark area in the thoracic low (about 1% to 3%).
cavity.
Pneumothorax | Sudden chest pain (mostly stabbing or knife-like pain, It is relatively rare, mostly occurring in the chronic phase | Currently, there is a paucity of epidemiological data on | [70]

with a short duration), dyspnea (severity related to the
amount of pneumothorax and underlying lung function),
and cough (mostly irritative dry cough). Some patients
may experience restlessness and cyanosis (in cases of

massive pneumothorax).

of RILI when pulmonary fibrosis causes lung tissue
rupture (formation and rupture of bullae), or in the
acute phase when lung tissue necrosis and infection

involve the pleura.

RILI-related pneumothorax. Clinical observations show
that its incidence rate is approximately 2% to 5%, and it
mostly occurs in patients with chronic pulmonary
fibrosis, especially those complicated with bullae. The

recurrence rate is about 10% to 15%.
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Table 2 Comparison of the Main Diagnostic Methods of RILI

center studies; routine clinical applications are still being

explored

Diagnostic Typical performance Advantages Limitations Ref
methods
X-ray Acute phase (RP): Increased and disorganized lung texture Easy and inexpensive to perform, it allows initial Low sensitivity and poor specificity for early or mild RILI; | [62]
examination | with striated or patchy shadows, typically confined to the visualization of general lung lesions poor visualization of lesion details; difficult to distinguish

irradiated field infection, metastasis, etc.

Chronic phase (RILF): Lattice or honeycomb changes in lung

tissue, reduced lung volume
CT Acute phase (RP): Ground glass-like changes (GGO), patchy | High resolution, high accuracy for RILI diagnosis Relatively high cost; some radiation dose; not suitable for | [63]
examination | solid shadows (modified conventional type, mass-like solid and condition assessment; can clearly display lesion | multiple examinations in a short time

changes with volume loss and traction bronchiectasis, scar- | details and extent; provides a detailed basis for

like changes), often corresponding to the irradiated field treatment planning

Chronic phase (RILF): Striated, lattice, or honeycomb

changes in lung tissue, lung volume reduction,

bronchiectasis, traction bronchiectasis, and distortion of

lung parenchymal structures
Blood tests Acute phase: elevated WBC count, neutrophil ratio, and Relatively easy to operate, good reproducibility; Indicator changes lack specificity; other lung diseases or | [63,64]

CRP; elevated serum levels of TNF-a, TGF-, IL-6 reflects systemic inflammatory state systemic inflammation cause similar changes; cannot be

used alone for RILI diagnosis; serial monitoring may
provide additional value

Pulmonary Early: mild decreases in VC, FVC, and DLCO Visualizes lung function status; valuable for Results are highly dependent on patient cooperation; [62,63]
Function Progressive phase: significant decrease in VC and FVC, assessing disease severity and progression cannot specify the lung lesion nature; requires
Tests further decrease in DLCO, possible increase in RV and FRC a combination with other tests
Pathological Acute phase (RP): hyperplasia and swelling of alveolar Defines lesion nature (inflammation/fibrosis) and Invasive procedure (risk of pneumothorax, hemorrhage); | [71]
examination | epithelial cells, widened alveolar septa, congestion, edema, extent; provides the most reliable histologic basis | limited sampling representativeness (possible false-

and inflammatory cell infiltration negatives); usually reserved for diagnostic uncertainty or

Chronic phase (RILF): thickened alveolar septa, massive research

collagen deposition, increased fibroblasts, destroyed alveolar

structures, honeycomb lung formation
Imaging Quantitative image feature prediction model based on Noninvasive; early predictability of RILI risk and Dependent on high-quality imaging data and standardized | [72—
histology/Al radiomic features from planning CT and dose distribution severity analysis, predictive models require validation in multi- 75]
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Table 3 RP Grading Performance and Treatment

Grading Manifestations Treatment

Grade | Patient is asymptomatic with imaging changes. No medication is required; observation is sufficient.

Grade Il | The patient’s daily life (eg, cooking, shopping, etc) is limited, | Without fever: Symptomatic treatment (antibiotics if indicated).
and symptoms such as fever; cough, and shortness of breath | Fever or CT scan showing acute exudative changes/neutrophil 1:
occeur. Symptomatic treatment + antibiotics (+ glucocorticoids).

Grade lll | Severe symptoms, self-care limited (eg, dressing, eating), Glucocorticoids + antibiotics + symptomatic treatment, oxygen
requiring oxygen therapy. therapy if needed.

Grade IV | The patient’s respiratory distress and its severity are life- Glucocorticoids + antibiotics + symptomatic treatment + mechanical
threatening. ventilation.

Grade V | Patient death -

Drug Interventions
Antifibrotic Drugs

Pirfenidone is an antifibrotic drug that impedes the fibrotic process. In the treatment of RP, pirfenidone reduces collagen
synthesis by inhibiting TGF-B production, down-regulating the expression of pre-collagen I gene in the lungs, and
lowering the hydroxyproline content in the lungs, thus alleviating pulmonary fibrosis.”® Studies have shown that mice
treated with pirfenidone have significantly reduced fibrosis in their lung tissues and improved lung function to some
extent. However, there are some problems in the clinical application of pirfenidone, for example, some patients may have
gastrointestinal reactions, skin rash, and other adverse reactions, affecting the use of the drug compliance.”

Cytokine Modulators

Cytokines play a pivotal role in the development and progression of RP, so the development of therapeutic agents for RP
targeting cytokine modulators has become a hot research topic. Since TGF-p is favorable for the development of fibrosis
in RP, an effective method for treating RP can be to inhibit the expression level of TGF-f or to modulate its activity.
Experimental studies have shown that intervention with TGF-B-specific monoclonal antibodies can effectively inhibit the
activation of the TGF-f signaling pathway and significantly improve the pathological changes of pulmonary fibrosis in
animal models. However, these therapeutic agents are currently limited to preclinical studies and have not yet been
translated into the clinical setting, and their long-term therapeutic effects and potential adverse effects still need to be
verified through large-scale clinical trials.*

Chinese Medicine Treatment

Traditional Chinese medicine (TCM) has been explored as an adjunctive approach for RILI, mainly targeting inflam-
matory and fibrotic pathways. In the acute phase, certain herbal formulations (eg, Lung Cleansing and Detoxification
Tang) were shown to reduce serum IL-6/TNF-a by inhibiting NF-xB signaling and to accelerate inflammatory
absorption.®' In the chronic phase, combinations such as Astragalus—Danshen attenuated TGF-B/Smad3 signaling and
improved lung diffusion capacity.** Meta-analyses further suggest that herbal interventions may reduce steroid-related
side effects and improve adherence.®® Different TCM intervention strategies and the distinction of their underlying data
sources are detailed in Table 4. Nevertheless, current evidence supports TCM only as a supportive therapy, whereas
NDDS-based interventions remain the focus of innovative strategies for RILI.®*

Radiotherapy Technology Optimization
The development of precision radiotherapy technology offers the possibility of reducing the risk of RP. Three-dimensional
conformal radiotherapy (3D-CRT) and IMRT allow the shape of the high-dose area to be distributed in three dimensions to
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Table 4 Explanation of the Distinction of Data Sources Related to TCM Treatment for RILI

Data Type

Specific Data Content

Data Source Type

Basis & Explanation

Decreased Cytokine

Levels

Qingfei Paidu Decoction (containing Scutellaria baicalensis and
Fritillaria ussuriensis) reduces serum IL-6/TNF-a levels by 45%

through inhibiting the NF-«xB pathway.

Preclinical model

(animal experiment)

This study®' is an experiment on a rat model of radiation-induced lung injury. By
constructing an animal RILI acute phase model and detecting changes in serum

cytokine levels after administration, no human clinical trial data were involved.

Shortened
Absorption Time of
Pulmonary

Inflammation

Qingfei Detoxification Soup reduces the absorption time of lung

inflammation by 33% (5.3 days vs 8.0 days)

Preclinical model

(animal experiment)

The data is derived from the same animal experiment mentioned above,al and the
absorption process of inflammatory lesions in the lungs of animals is observed
through imaging (such as CT) and pathological sections, which belongs to the

scope of preclinical research.

Reduction in the
pulmonary fibrosis

area

Huangqi Danshen medicine (3:1) blocks the TGF - f/Smad3
pathway, reducing the area of pulmonary fibrosis by 62%

Preclinical model

(animal experiment)

This data is from a mouse pulmonary fibrosis model study,®? which quantifies the
proportion of fibrotic areas in lung tissue using pathological detection methods

such as Masson staining, and is the result of animal experiments.

Improvement in
pulmonary function
index (DLCO)

Huangqi Danshen medicine improves DLCO (diffusion capacity of

carbon monoxide) by 12.7% in patients

Clinical trials

(human studies)

The study®? included a small sample clinical observation cohort (including 48 RILI
chronic phase patients), and DLCO values were measured before and after
administration using a pulmonary function detector, which belongs to human

clinical trial data (phase Il exploratory trial).

Reduction in the risk

of adverse events

Traditional Chinese medicine compound reduces the total risk of
RILI adverse events by 60% (RR=0.40) and the risk of hormone-
related hyperglycemia by 68%

Clinical trials

(summary analysis)

The data comes from meta-analysis,%> which includes 8 published RILI clinical trials
of traditional Chinese medicine treatment (526 patients in total), and summarizes
and analyzes the safety indicators of human medication, which belongs to the

summary results of clinical trial data.

Improvement in

treatment adherence

Traditional Chinese Medicine Compound Increases Patient
Treatment Compliance by 35%

Clinical trials

(human studies)

This indicator is derived from the clinical trials included in the meta-analysis,83
calculated by recording the patient’s medication adherence rate (such as the
number of times medication is taken on time/total number of times medication

should be taken), based on the population statistics of human clinical trials.
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precisely match the target area, which can increase the dose to the target area and at the same time reduce the dose to normal
tissues.®® Therefore, by precisely optimizing the radiotherapy protocol (eg, adjusting the angle of the irradiation field,
optimizing the dose distribution, and adopting advanced techniques such as IMRT, VMAT, and SBRT), the irradiated dose
and volume of normal lung tissues can be effectively reduced, which can significantly reduce the risk of RP. By optimizing
the angle of the irradiation field and dose distribution, the irradiated range and radiation dose to the lung tissue can be
effectively controlled, thus reducing the possibility of RILI. However, these techniques are not without risk. IMRT
techniques, although effective in reducing the volume of the high-dose area, may result in a larger area of lung tissue
receiving low-dose radiation, with a potential risk of inducing RILI. Therefore, when applying these techniques, patient-
specific conditions need to be rigorously evaluated and radiotherapy regimens tailored to reduce RP risk.®®

Imaging Histology and Artificial Intelligence Assisted Therapy

Imaging histology combined with artificial intelligence technology provides an innovative solution for accurate diagnosis
and treatment of RP. With the help of intelligent imageomics methods, some scholars extracted quantitative image
features from patients’ pre-treatment CT images and constructed a prediction model, which was able to efficiently assess
the risk of RP.”*7* Artificial intelligence (AI) technology can intelligently optimize radiotherapy parameters based on
massive clinical case data and assist physicians in formulating personalized radiotherapy plans, thus improving treatment
accuracy and effectively controlling RP risk.”

Beyond its established applications in risk stratification and radiotherapy planning, Al offers transformative potential
in the context of NDDS-mediated therapy for RILI. By integrating radiomic features extracted from pre- and post-
treatment imaging modalities—such as CT-derived texture patterns and density distributions indicative of inflammatory
or fibrotic changes—with dosimetric parameters and patient-specific biomarkers (eg, serum levels of TGF-f and IL-6),
Al-driven models may enable accurate prediction of the spatial and temporal evolution of the pathological pulmonary
microenvironment. These models can delineate critical variables, such as ROS gradients, pH fluctuations, and localized
cytokine surges, within irradiated lung regions. Such predictive capabilities are instrumental in guiding the rational
design and personalized deployment of NDDSs. For example, Al may inform the optimization of nanocarrier physico-
chemical properties (eg, particle size, surface charge, ligand density) to enhance selective accumulation in regions
identified as high-risk or pathologically active. This approach builds on methodological foundations established by Reuzé
et al, who systematically demonstrated how CT or PET radiomic features, when combined with dose-volume parameters,
can predict radiation-induced tissue damage—providing a framework for translating multi-modal data integration into
Al-driven RILI modeling.®” Additionally, AI could support the dynamic tuning of stimulus-responsive release thresholds
in ROS- or pH-sensitive systems, based on predicted biomarker concentrations and environmental cues. Notably, Orlhac
et al detailed protocols for extracting high-order radiomic features (eg, texture, density distributions) and coupling them
with serum biomarkers like TGF-B and IL-6—key steps in training Al models to map pathological microenvironmental
changes in irradiated lungs.®® Furthermore, individualized dosing regimens—including timing, dosage, and administra-
tion route (eg, systemic versus inhalational)—could be tailored in real-time according to the projected course of RILI
progression and early therapeutic response, thus enabling fully adaptive and precision-guided nanotherapeutic strategies.
This real-time adaptability aligns with the Al decision frameworks reviewed by Danieli et al, which outline methods for
personalized dose adjustment and optimal route selection (including inhalational versus systemic delivery)—directly
translatable to NDDS temporal and spatial control.®

In the future, the combination of imaging/ Al technology and a nanomedicine delivery system to build a “diagnosis
and treatment integration” platform is expected to achieve early and accurate prediction of the risk of RILI and guide the
formulation and dynamic adjustment of personalized nanomedicine treatment plans. This integration (image/Al-guided
personalized nanodiagnosis and treatment) is one of the essential directions for the future. This integration (imaging/Al-
guided personalized nano-diagnosis and therapy) is one of the crucial future directions. Table 5 summarizes the current
major therapeutic strategies for different stages of RILI and their evaluation.
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Table 5 RILI Staged Treatment Strategies and Evaluation

antibody

Staging/ Main Core Treatment Representative Drugs/ Evaluation and Evidence Ref
Lesions Therapeutic Strategies Methods
Objectives
Acute phase | Controls Glucocorticosteroid Methylprednisolone, prednisone Rapidly inhibits the release of inflammatory factors (TNF-a/IL-6) and relieves symptoms; | [77]
(RP) inflammation and Limitations: Limited efficacy against established RILF, risk of hyperglycemia/infection with
relieves symptoms long-term use
Symptomatic Oxygen therapy/fever | Nasal tube oxygen, Improved quality of life, subject to strict indications (eg, SpO,<90%) [90]
support reduction/cough dextromethorphan
relief
Chronic Slowing the Antifibrotic drugs Pirfenidone, Nidanib Inhibition of the TGF-B/Smad3 pathway reduces collagen deposition; Limitations: only [9,10,78]
phase (RILF) | Progression of delayed decline in lung function (eg, |50% annual decline in FVC); Incidence of
Fibrosis gastrointestinal side effects >20%
Combine traditional Astragalus-Danshen medicinal pair, | Reduction in serum IL-6/TNF-a levels (~45%), fibrosis area (~62%); Reduction in overall | [81-83]
Chinese and Western | Clearing the Lungs and Removing | adverse events (~60%)
medicine Toxins Soup
Cross- Reducing the risk Optimization of IMRT, VMAT, SBRT Reduced lung V20 (irradiated >20 Gy volume), but may increase low-dose exposure [85,86]
cutting/ of RILI radiotherapy volume
prevention techniques
Antioxidant HfO, NPs, SP@ASXnano HfO, NPs scavenge ROS 1, radiation survival increased to 78%; SP@ASXnano boosts [91,92]
protection intestinal drug AUC 40-fold
Exploratory | Targeted Nano drug delivery HA NPs, nucleic acid-carrying HA NPs modulate TGF-1/MMP-9 signaling; Exosomal delivery of miR-21 inhibitor [93]
Directions Intervention Core | systems exosomes suppresses TGF-f1/Smad3 signaling
Mechanisms
Cytokine modulator TGF-B inhibitor, anti-PDGF Preclinical studies: Anti-TGF-f antibody ameliorates fibrosis in animal models [50]
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Advances in NDDSs for RILI

RILI, encompassing early-stage RP and late-stage RILF, remains a common and serious complication following thoracic
radiotherapy. The complex pathophysiological processes underlying RILI pose significant clinical challenges, particularly
given the limited efficacy and substantial side effects—such as hyperglycemia and immunosuppression—associated with
conventional high-dose corticosteroid therapy. NDDSs offer a promising alternative due to their unique advantages, including
multifunctional loading capacity, enhanced targeting specificity, improved bioavailability, reduced systemic toxicity, and
controllable or stimuli-responsive drug release profiles.”**> As illustrated in Figure 3, current research on NDDSs for RILI
treatment primarily centers around two strategic directions. The first involves the direct application of nanomaterials with
intrinsic antioxidative, anti-inflammatory, or antifibrotic properties (eg, HfO, nanoparticles, CeO, nanoparticles, and
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Figure 3 (A-D) Schematic illustration of nanomedicine delivery systems for RILI treatment. This figure depicts key nanomedicine-based therapeutic strategies for radiation-
induced lung injury (RILI), including inhibition of inflammation, alleviation of oxidative stress, and attenuation of fibrosis, with a focus on the underlying biological mechanisms.
Representative systems shown include: inhalable multilevel responsive microspheres (RP@BDC), which utilize pH sensitivity (triggered by the acidic microenvironment of
irradiated lungs) for co-delivery of anti-inflammatory resveratrol and anti-fibrotic siPAI-1 to target both inflammatory and fibrotic pathways; curcumin-loaded mesoporous
polydopamine nanoparticles (CMPN), which achieve synergistic ROS scavenging through curcumin and polydopamine, with high drug-loading capacity and accelerated release
for enhanced pulmonary deposition; surface charge-regulated inhaled liposomes, where charge modulation (neutral/positive) reduces macrophage uptake and improves
cellular compatibility to boost local drug concentration; and liposome-anchored mesenchymal stem cells (MSC-Lipo-OPC), in which MSCs target inflamed lung tissues and
anchored liposomes deliver antioxidants (OPC) to scavenge ROS, regulating M2 macrophage polarization and promoting tissue repair via secretion of IL-10 and VEGF.
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hyaluronic acid-based nanoparticles) to modulate pathological processes. The second focuses on the development of
innovative nanocarrier systems capable of site-specific delivery and microenvironment-responsive release of therapeutic
agents, including anti-inflammatory/antioxidant compounds, antifibrotic drugs, and nucleic acid therapeutics, targeting injured
pulmonary tissue. These systems often exploit pathophysiological cues such as elevated ROS or aberrant pH to trigger drug
release, thereby enhancing therapeutic efficacy while minimizing off-target effects. The rapid progress in NDDS development
holds considerable promise for designing safer and more effective therapeutic strategies for RILI, offering new avenues for

clinical translation in the management of radiation-associated pulmonary complications.’>*®

Polymer-Based Nanocarriers

Polymer-based nanocarriers, derived from either natural or synthetic polymers, offer a versatile platform for the
prevention and treatment of RILI. These systems exert therapeutic effects either through the encapsulation and
controlled delivery of pharmacological agents or via the intrinsic physicochemical and biological properties of the
polymers themselves. Their principal advantages include excellent biocompatibility, biodegradability, and the potential
for controlled and sustained drug release. By tailoring parameters such as particle morphology, size, and surface
functionalization, these nanocarriers can achieve favorable biodistribution profiles and targeted pulmonary delivery,
thereby enhancing drug stability and therapeutic efficacy. Recent progress in this field is summarized below,
categorized by carrier type.

Synthetic Polymer-Based Carriers

PLGA Microspheres for Passive Targeting and Sustained Release

Poly(lactic-co-glycolic acid) (PLGA), an FDA-approved biodegradable polymer, has demonstrated significant promise in RILI
management, particularly due to its passive lung-targeting properties and controlled release kinetics. Using membrane emulsi-
fication, PLGA microspheres with an average diameter of 17 um were prepared, achieving a high drug loading efficiency
(24.97%) for rosmarinic acid (RA). These microspheres effectively inhibited M2 macrophage polarization, as evidenced by
downregulation of CD206, IL-10, and Arg-1, and significantly suppressed profibrotic mediator TGF-1 (by 52.4%) and
epithelial-mesenchymal transition (EMT) marker a-SMA (by 28.3%). The large particle size facilitated mechanical entrapment
within pulmonary capillaries, enabling prolonged lung retention (>1 week) and extended in vitro release over 7 days. In a murine
model of lung fibrosis induced by 15 Gy thoracic irradiation, treatment with RA-loaded PLGA microspheres improved
inspiratory capacity by 57.8% and reduced fibrotic area by 40%.°"%

PLGA Nanoparticles for Gene Pathway Modulation

PLGA nanoparticles encapsulating melatonin (MET/PLGANPs), prepared via nanoprecipitation and solvent evaporation,
exhibited a mean diameter of ~98.7 nm and an encapsulation efficiency of 68.1%. Following intratracheal administration,
the nanoparticles achieved localized pulmonary deposition with a retention time exceeding 4 h. Mechanistically, MET/
PLGANPs attenuated alveolar epithelial cell apoptosis by modulating the miR-21/TGF-B1/Smad3 signaling axis,
resulting in a 35% reduction in caspase-3 activity and offering a promising strategy for mitigating post-radiation
inflammation and fibrotic progression.””

Natural Polymer-Based Carriers
Natural biopolymers such as chitosan, alginate, and hyaluronic acid (HA) are garnering significant interest due to their
intrinsic biocompatibility, biodegradability, and therapeutic activity, either inherently or upon drug loading.

Injectable Chitosan-Based Hydrogel for Antioxidant and Antifibrotic Therapy

Schiff base crosslinking of chitosan, astragalus gum, and cellulose nanocrystals developed an injectable and self-healing
composite hydrogel. Administered intraperitoneally at 25 mg/kg, the hydrogel effectively localized to lung tissues. In
irradiated rats, treatment significantly enhanced pulmonary antioxidant enzyme activity, increasing superoxide dismutase
(SOD) to 52 IU/mL and glutathione peroxidase (GPx) to 37 IU/mL, while reducing malondialdehyde (MDA) to 10 uM—
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approaching normal levels. In a 15 Gy radiation model over 50 days, the hydrogel reduced alveolar wall thickness by

60% and collagen deposition by 50%, indicating substantial mitigation of radiation-induced lung pathology.'®

HA-Based Nanoparticles with Intrinsic Anti-Inflammatory Activity
Hyaluronic acid (HA), a high-molecular-weight glycosaminoglycan, exhibits innate anti-inflammatory and tissue repair
properties. HA nanoparticles (HA NPs), formed via crosslinking, modulated key fibrotic pathways including TGF-p1 and
matrix metalloproteinases (MMP-2/MMP-9), while maintaining tissue redox homeostasis. HA NPs significantly attenu-
ated lung inflammation and fibrosis post-radiation. Notably, nanoparticle size played a pivotal role in immunomodulation
and tissue regeneration, offering a promising, biocompatible option for RILI intervention.”

Lierova et al investigated the therapeutic potential and underlying mechanisms of hydroxyapatite nanoparticles (HAp NPs)
in mitigating RIPL.”® Two formulations of biocompatible HAp NPs, with mean diameters of 86.58 nm and 123.6 nm, were
synthesized via single and dual crosslinking strategies, respectively. Physicochemical characterization demonstrated their
sustained stability following exposure to 17 Gy y-irradiation and negligible cytotoxicity toward the murine macrophage cell
line J774.2. In vivo, HAp NPs were administered via intratracheal instillation to C57Bl/6 mice 30 minutes before thoracic
irradiation with a single 17 Gy dose. At post-irradiation time points corresponding to key stages of RIPI—days 113, 155, and
190—molecular, cellular, and histopathological parameters were assessed in lung tissue and peripheral blood. The results
revealed that HAp NP treatment significantly modulated the expression of cytokines within lung tissue, particularly those
implicated in profibrotic signaling pathways. Notably, levels of transforming growth factor-p (TGF-B) and matrix metallo-
proteinase-2 (MMP-2) were reduced, and the balance between MMP-2 and its precursor MMP-9 was restored. Peripheral
leukocyte profiles were also influenced by HAp NP administration. On day 113 (corresponding to the inflammatory
pneumonitis phase), mice treated with 86.58 nm HAp NPs exhibited increased total leukocyte counts, whereas the 123.6
nm HAp NPs group showed a marked rise in neutrophil counts. By day 190 (fibrotic phase), the irradiated group displayed
elevated lymphocyte levels, whereas the HAp NP-treated groups showed values comparable to those of non-irradiated
controls. These findings suggest that HAp NPs confer protection against RIPI by modulating cytokine-mediated signaling,
immune cell infiltration, and tissue remodeling processes. This study provides promising evidence supporting the use of HAp
NPs as a nanotherapeutic strategy for preventing and treating radiation-induced pulmonary fibrosis.

Bioengineered Nanoreactors (SOD@ARA290-HBc)

Liu et al developed a bioengineered nanoreactor (SOD@ARA290-HBc¢) and systematically evaluated its multifaceted
therapeutic potential in mitigating RILL'®" This nanoplatform was constructed using hepatitis B core (HBc) virus-like
particles (VLPs) as a nanocarrier scaffold. Through genetic engineering, the erythropoietin-derived peptide ARA290—
lacking erythropoietic activity but retaining tissue-protective properties—was integrated into the structural framework of
HBc. Subsequently, superoxide dismutase (SOD) enzymes were encapsulated within the nanoreactor via disassembly/
reassembly processes, resulting in efficient loading. Characterization studies revealed that SOD@ARA290-HBc¢ nanoparti-
cles are monodisperse, spherical structures with an average diameter of ~35 nm, capable of encapsulating approximately 63
SOD molecules per particle. This formulation markedly enhanced the pulmonary stability and enzymatic retention of SOD,
while simultaneously prolonging the half-life of ARA290 and reducing its immunogenicity. In a murine model of RILI,
intratracheal administration of SOD@ARA290-HBc led to significant amelioration of both acute radiation pneumonitis and
subsequent pulmonary fibrosis. Mechanistic investigations demonstrated that the nanoreactor exerts its protective effects
through multiple pathways: (1) preserving alveolar epithelial cell integrity by attenuating radiation-induced apoptosis and
ferroptosis; (2) suppressing oxidative stress by decreasing malondialdehyde (MDA) levels and restoring SOD and glutathione
peroxidase (GSH-Px) activity; (3) mitigating inflammatory responses by reducing proinflammatory cytokines (TNF-a, IL-1p)
and neutrophil infiltration; and (4) modulating immune responses via macrophage polarization toward the anti-inflammatory
M2 phenotype. Collectively, these findings underscore the potential of SOD@ARA290-HBc as a multifunctional nanother-
apeutic agent for the effective prevention and treatment of RILI, offering a promising strategy for clinical translation.
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Polymer—Microalgae Hybrid Systems

A novel oral delivery platform integrating Spirulina (SP) microalgae with astaxanthin-loaded nanoparticles (ASXnano) was
developed, forming the composite SP@ASXnano system.”' Electrostatic interactions between negatively charged SP and
cationic chitosan/PLGA-coated ASXnano ({-potential +67.3 mV) yielded hybrid particles with an average size of ~203 nm.
SP’s helical structure and microscale dimensions enabled prolonged intestinal retention (>12 h), supporting gradual release of
ASXnano. Astaxanthin scavenged radiation-induced ROS, while SP contributed to endogenous antioxidant defense by
enhancing SOD and GPx activity. Importantly, SP@ASXnano modulated gut microbiota composition, increasing beneficial
genera such as Akkermansia and Lactobacillus, and elevated short-chain fatty acid (SCFA) levels—particularly butyrate,
which increased 2.5-fold. This modulation of the gut-lung axis effectively suppressed pulmonary inflammation. In a 10 Gy
whole-body irradiated mouse model, SP@ASXnano extended median survival from 11.5 to 29 days, reduced intestinal ROS
by 45%, and elevated peripheral leukocyte and platelet counts by 30%, suggesting restoration of hematopoietic function.

Inorganic Nanocarriers

Inorganic nanoparticles, particularly metal oxides such as hafnium oxide (HfO,) and cerium oxide (CeO,), have garnered
considerable attention as potential therapeutic agents for RILI, owing to their intrinsic multi-enzyme mimetic activities
(eg, SOD, CAT, GPx), their ability to scavenge ROS, and their organ-targeting potential.

Hafnium Oxide Nanoparticles (HfO, NPs)

HfO, nanoparticles exhibit size-dependent organotropism, which can be tailored via a-lactalbumin-mediated synthesis.
Particles of approximately 122.9 nm preferentially accumulate in pulmonary tissue, whereas particles of 30 nm and 2.4
nm predominantly localize in the liver and kidneys, respectively. This size-selective biodistribution provides a basis for
the rational design of lung-targeted radioprotective strategies. In addition to targeting capabilities, HfO, NPs serve as
effective CT imaging contrast agents due to the high K-edge energy (65.4 keV) of hafnium.

Functionally, HfO, NPs display potent ROS scavenging properties, mimicking SOD, CAT, and GPx activities with
a reported ROS clearance efficiency 1.5 times higher than that of conventional CeO, NPs.”” Mechanistically, they
modulate critical signaling pathways such as FoxO, Hippo, and TNF, thereby attenuating radiation-induced oxidative
stress and inflammation. Experimental data indicate that HfO, NPs reduce y-H2AX foci formation by 60% and suppress
proinflammatory cytokines IL-6 and TNF-a by 50%. In vivo, lung-targeted HfO, NPs improved survival to 78% in
a rabbit model subjected to 20 Gy total-body irradiation, accompanied by a two-fold increase in pulmonary SOD activity
and a 40% reduction in malondialdehyde (MDA) levels, confirming their significant radioprotective efficacy.””

Cerium Oxide Nanoparticles (CeO, NPs)

CeO, NPs possess inherent redox cycling between Ce*+ and Ce*+ states, enabling sustained ROS scavenging. Surface
PEGylation enhances their colloidal stability and biocompatibility, yielding core nanoparticles with a diameter of
approximately 5 nm. These NPs can serve as delivery vehicles for therapeutic microRNAs such as miR-146a,
constructing a multifunctional platform for RILI intervention.

Upon inhalation, the CeO,-miR-146a nanocomposite exhibits ~35% alveolar deposition and is designed for ROS-
responsive release, ensuring site-specific miRNA delivery in the oxidative microenvironment of injured lung tissue.'**
The therapeutic effect is exerted via dual mechanisms: (1) CeO,-mediated continuous ROS neutralization, and (2) miR-
146a-mediated suppression of TLR4/NF-kB signaling, which significantly reduces inflammatory cytokines IL-6 and IL-
1p—in a murine model of acute lung injury induced by 15 Gy irradiation, treatment with this system for seven days
resulted in a 55% reduction in the area of inflamed tissue and a 45% decrease in neutrophil infiltration.

Furthermore, advanced composite nanoplatforms such as NPs Ce(phen)Pirf; (cerium-1,10-phenanthroline-
pirfenidone nanocomplexes) have demonstrated improved lung function and alleviated radiation-induced pathological
changes in lung tissues following irradiation.'®® These nanocomplexes reduce fibrosis-related collagen deposition and
regulate epithelial-mesenchymal transition (EMT)-associated markers, including a-SMA and TGF-f1 (down-
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regulating their expression) while up-regulating E-cadherin and down-regulating N-cadherin, thereby inhibiting the
progression of RIPF.

Stimuli-Responsive Nanocarriers

RILI is characterized by a distinct inflammatory microenvironment, where elevated levels of ROS and localized
acidification—attributable to immune cell activation and metabolic alterations—are commonly observed.'®* Stimuli-
responsive nanocarriers are designed to respond to such pathological cues (eg, high ROS levels and low pH) by
triggering site-specific drug release, thereby enhancing spatial and temporal precision of therapy, minimizing off-target
distribution, and reducing systemic toxicity.

ROS-Responsive Systems

Wang et al developed chitosan-based microspheres (CS-PBA-Cro, Figure 4) with a mean diameter of approximately 10 um
for the pulmonary delivery of crocin-I (Cro), a natural antioxidant compound.'® The formulation was modified with
phenylboronic acid (PBA), which forms boronate ester bonds with vicinal diols in Cro, rendering the system sensitive to
ROS. In the presence of elevated H,O, (>100 uM), these boronate linkages undergo rapid cleavage, leading to controlled
and stimulus-responsive drug release. The microspheres exhibited prolonged pulmonary retention (>48 hours) and passive
lung targeting due to their size. Therapeutic evaluation revealed that, seven days post 20 Gy irradiation, CS-PBA-Cro
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Figure 4 Schematic diagram of crocin-loaded ROS-responsive chitosan microspheres (CS-PBA-Cro) for passive lung targeting. The microspheres (=10 um) are modified with
phenylboronic acid (PBA), which forms boronate ester bonds with crocin (Cro) to stabilize the structure. In the high-ROS microenvironment of irradiated lungs (H,O, > 100 uM),
these bonds cleave rapidly, triggering controlled release of Cro (a natural antioxidant). This design enables prolonged pulmonary retention (>48 h), passive targeting via mechanical
entrapment in pulmonary capillaries, and site-specific drug release to attenuate radiation-induced inflammation and oxidative damage. (Reproduced with permission from
reference.'®®) Used from Wang L, Liu C, Lu W, et al. ROS-sensitive Crocin-loaded chitosan microspheres for lung targeting and attenuation of radiation-induced lung injury.
Carbohydrate polymers. 2023; 307:120628. Permission conveyed through Copyright Clearance Centre, Inc.
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significantly attenuated inflammation, enhanced antioxidant enzyme activity, and decreased malondialdehyde (MDA)
levels by 40%, along with a 25% reduction in alveolar wall thickness, demonstrating pronounced radioprotective efficacy.

pH-Responsive and Multi-Stimuli Delivery Systems

To address the acidic milieu of RILI lesions, Wang et al further developed an innovative, inhalable, multi-stimuli-
responsive microsphere system (RP@BDC), composed of f-cyclodextrin-based nanoparticles co-loaded with resveratrol
(Res; an anti-inflammatory NF-xB inhibitor) and siRNA targeting plasminogen activator inhibitor-1 (siPAI-1; an anti-
fibrotic agent).'° The nanoparticles were encapsulated within chitosan and modified with dipalmitoylphosphatidylcholine
(DPPC) to facilitate mucus penetration and alveolar epithelial adhesion. Calcium carbonate mineralization was employed to
fabricate a protective shell, yielding microspheres with a diameter of 2-3 pum, suitable for inhalation and deep lung
deposition. Critically, the CaCOs layer conferred pH sensitivity—rapidly dissolving under acidic conditions (pH ~6.2,
typical of irradiated lung tissues) within 30 minutes to release the inner drug-loaded core (RP@DC), while maintaining
structural stability under physiological pH (7.4). The synthesis process, delivery route, and pharmacodynamic mechanism
of this multifunctional system are illustrated in Figure 5. This environment-specific release strategy enables precise

spatiotemporal delivery, concurrently targeting inflammatory and fibrotic pathways while minimizing off-target effects.' %

Biological Signal-Responsive Targeted Systems

Guan et al developed a bioresponsive and lung endothelium-targeted fusion system, LET-bFGF, designed to mitigate
RILL'"7 This system comprises a synthetic targeting peptide (LET; sequence: CGSPGWVRC) conjugated to basic
fibroblast growth factor (bFGF), forming a fusion protein that selectively accumulates in injured pulmonary tissue. The
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Figure 5 Schematic illustration of the RP@BDC microsphere system. The system is prepared through the co-assembly of resveratrol (Res), siPAl-1, B-cyclodextrin (3-CD),
and chitosan (CS), followed by calcium carbonate mineralization and DPPC modification to form inhalable RP@BDC microspheres. Upon pulmonary delivery, the CaCO3
shell degrades in the acidic lung microenvironment, releasing RP@DC, which is internalized by epithelial cells to exert anti-inflammatory and anti-fibrotic effects. Image
created with BioRender.com, with permission.
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LET peptide specifically recognizes aberrant molecular signals presented on the surface of irradiated pulmonary
endothelial cells—such as upregulated receptors or chemokine gradients—enabling precise enrichment of bFGF at
sites of tissue damage. Quantitative biodistribution analysis revealed that LET-bFGF achieves 1.5-2-fold greater
accumulation in irradiated lung tissue compared to unmodified bFGF, with minimal off-target distribution in healthy
organs, highlighting its dynamic responsiveness to pathological microenvironments. A 15-amino acid flexible linker was
employed to connect LET and bFGF, maintaining the structural integrity and biological activity of bFGF while ensuring
efficient conjugation. In a rat model subjected to 15 Gy thoracic irradiation, intravenous administration of LET-bFGF (25
nmol/kg) resulted in pronounced therapeutic effects. Four hours post-irradiation, LET-bFGF reduced pulmonary endothe-
lial cell apoptosis by approximately 40% relative to native bFGF. At two months post-irradiation, treated animals
exhibited significant improvements in histopathological parameters, including a 40% reduction in vascular wall thicken-
ing, a 50% decrease in CD45+ inflammatory cell infiltration, and attenuation of pulmonary density increases. Moreover,
LET-bFGF mitigated structural disorganization and fibrotic remodeling within lung tissues. These findings suggest that
LET-bFGF represents a promising targeted therapeutic strategy for RILI and exemplifies the potential of bioresponsive
targeting systems for precision intervention in inflammation- and injury-associated diseases.

Nucleic Acid Delivery-Based Nanoplatforms

In fibrotic diseases such as RILF, aberrant activation of key signaling pathways—particularly the TGF-B/Smad axis—serves
as a central driver of disease progression. Targeted modulation of these pathogenic gene expressions through advanced genetic
technologies, including CRISPR/Cas9-mediated genome editing and RNA interference via miRNA or siRNA, represents
a cutting-edge strategy for interrupting dysregulated signal transduction and achieving precision therapy. Nucleic acid-based
interventions have shown substantial promise in preventing and treating RILF, especially for individuals requiring long-term

pulmonary protection, such as patients undergoing thoracic radiotherapy or those exposed to nuclear incidents.'®®

CRISPR/Cas9-Based Genome Editing
The CRISPR/Cas9 system provides a powerful gene-editing tool for selectively silencing pivotal fibrogenic mediators in RILI.
Zhen et al developed an adenovirus-delivered CRISPR/Cas9 system (Ad-CRISPR-TGF-B1) specifically targeting the TGF-B1
gene.'” Upon intravenous administration, the system induced site-specific double-stranded DNA breaks within the TGFB1
locus via Cas9 endonuclease, triggering error-prone non-homologous end joining (NHEJ) repair that resulted in loss-of-
function mutations. This gene disruption resulted in significant downregulation of TGF-B1 expression, a key pro-
inflammatory and pro-fibrotic cytokine, thereby reducing inflammatory cytokine secretion and suppressing downstream
fibrogenic signaling pathways. Notably, experimental results demonstrated a marked inhibition of TGF-f1 downstream
effectors, such as connective tissue growth factor (CTGF) and alpha-smooth muscle actin (a-SMA), at both the mRNA and
protein levels. Interestingly, suppression of TGF-B1 also influenced the expression of other fibrogenic axes, including the SK 1/
S1P receptor 1 (SIPR1) pathway. Collectively, Ad-CRISPR-TGF-B1 therapy significantly mitigated pulmonary fibrosis in
irradiated lungs, highlighting the translational potential of gene editing for RILF intervention.'®

Despite these advantages, CRISPR/Cas9-based therapies present notable challenges, including the risk of off-target
genome editing, unpredictable immune responses, and persistent ethical considerations. These issues warrant rigorous
investigation and careful mitigation strategies before such approaches can be safely advanced toward clinical translation.

miRNA Delivery Systems

MicroRNAs (miRNAs) regulate a broad spectrum of gene networks involved in inflammation and fibrosis, making them
attractive therapeutic candidates for RILI. Stephen et al investigated the use of cerium oxide nanoparticles (CNPs) as
carriers for therapeutic miRNAs such as miR-146a. CNPs possess an intrinsic redox cycling capability (Ce>+/Ce*+),
enabling ROS scavenging, along with anti-inflammatory properties via the inhibition of TGF-f3 and NF-xB pathways. As
nanocarriers, CNPs enhance miRNA stability, facilitate cellular uptake by neutralizing negative surface charge, and
overcome barriers to in vivo delivery. The researchers synthesized a CNP-miR-146a complex and administered it via
intratracheal instillation. In vivo studies demonstrated enhanced miR-146a accumulation in lung tissues with minimal
systemic distribution, indicating efficient pulmonary targeting. In a bleomycin-induced acute lung injury (ALI) model,
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CNP-miR-146a treatment attenuated inflammatory cell infiltration, suppressed oxidative stress and inflammatory
responses, and improved lung biomechanics. Mechanistically, the anti-inflammatory effects were primarily attributed
to miR-146a—mediated inhibition of the TLR4/NF-«B signaling pathway. Although validated in an ALI model, this dual-
function nanoplatform—combining nucleic acid delivery and bioactive inorganic nanoparticles—offers a promising
therapeutic paradigm for managing RILI.'*?

Inhalable Nanomedicines

Inhalable nanomedicines can traverse physiological barriers, engage in molecular-level interactions, and exert both local
and systemic effects. Their therapeutic efficacy is closely associated with particle size, surface properties, and exposure
dose. Leveraging the inherent advantages of nanoparticle-based delivery and the anatomical and physiological char-
acteristics of the respiratory tract, inhalable nanosystems offer a closed-loop therapeutic approach characterized by
targeted pulmonary deposition, high local drug concentration, and minimal systemic exposure. This strategy holds great
promise for achieving both precision and safety in the treatment of respiratory diseases.

Nanogels and Nanosuspensions
Chen et al developed an inhalable quercetin-alginate nanogel (QU-Nanogel), which is composed of quercetin and sodium
alginate, using emulsion polymerisation. This “material-drug” nanocarrier system fixes quercetin through Ca?t+ cross-
linking and hydrogen bonding to form a “co-construct” water-soluble system that significantly enhances quercetin’s
solubility and bioavailability. This facilitates the release of its intrinsic antioxidant and anti-inflammatory properties. The
nanogel has a uniform particle size (hydrodynamic average size of 61.87 nm, which is below 100 nm) and excellent
biocompatibility. It exhibits superior cytoprotective effects, such as reducing paraquat-induced A549-GFP cell death, and
has more potent antioxidant activity than free quercetin, as demonstrated by its greater DPPH scavenging and ferric
reducing capacity. In a paraquat-induced rat model of ALI, ultrasonic nebulisation of the nanogel produced favourable
therapeutic results, such as improving lung morphology (via microCT and histopathology), reducing inflammation (by
downregulating TNF-a, IL-6, and IL-1p mRNA and protein), decreasing oxidative stress (by lowering MDA and
increasing CAT), and preventing subsequent pulmonary fibrosis. These findings suggest that QU-Nanogel may serve
as a promising inhalable platform for ALI treatment.''”

Nanosuspensions—drug dispersion systems composed of nanosized drug particles suspended in a solvent—address
the solubility challenges of hydrophobic drugs, which often exhibit high affinity for hydrophobic receptor pockets.''! Su

et al''?

prepared an inhalable nanosuspension of tetrandrine-hydroxypropyl-B-cyclodextrin inclusion complexes (mean
diameter: 640.3 £ 49.2 nm) via high-pressure homogenization for bleomycin-induced pulmonary fibrosis. The formula-
tion exhibited enhanced uptake kinetics, improved solubilization, and notable anti-inflammatory and antifibrotic effects,
including suppression of hydroxyproline accumulation, regulation of fibrosis-associated protein expression, and
a significant increase in survival rates in animal models.

Jackson et al developed a nanosuspension formulation of genistein, termed BIO 300, as a nanotherapeutic strategy for
the prevention and mitigation of RILL'" Utilizing a proprietary wet-milling nanotechnology platform, hydrophobic
genistein was processed into a nanosuspension with a mean particle size of less than 0.2 um, thereby significantly
enhancing its aqueous solubility and systemic bioavailability. In pharmacokinetic studies, BIO 300 demonstrated
approximately a two-fold increase in systemic exposure in mice and a five-fold increase in canines compared to non-
nanosized formulations. The nanoformulation further promoted localized accumulation within pulmonary tissues, lever-
aging particle size-mediated passive targeting effects. Therapeutic efficacy was evaluated in C57L/J mouse models
subjected to whole-thorax lung irradiation (WTLI) at doses of 11.0 Gy or 12.5 Gy. Oral administration of BIO 300 at
400 mg/kg, initiated 24 hours post-irradiation and continued for 4—6 weeks, significantly improved radiation outcomes.
Notably, treated animals exhibited a 14-26.6% increase in 180-day survival rates relative to untreated controls, reduced
respiratory frequency, and improved pulmonary function, as evidenced by decreased enhanced pause (Penh) values.
Histopathological assessment revealed a ~40% reduction in fibrotic scarring, along with attenuation of pulmonary edema,
congestion, and airway loss. Mechanistic investigations suggest that BIO 300 mediates its protective effects through
suppression of oxidative stress and downregulation of key inflammatory (TNF-a, IL-1B) and profibrotic (TGF-)
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cytokines. These findings support BIO 300 as a practical and efficacious nanosuspension-based intervention for RILI and
underscore the broader utility of nanonization strategies for enhancing the therapeutic performance of poorly water-
soluble compounds in pulmonary injury and related pathologies.

Dry Powder Inhalers (DPIs)

RP, a severe complication of thoracic radiotherapy in cancer patients, is often associated with respiratory distress and
poor clinical outcomes. To address this challenge, Chen et al developed a dry powder inhaler (DPI) formulation
comprising curcumin-loaded mesoporous polydopamine nanoparticles (CMPN) for the prevention and treatment of
RP.''"* Both curcumin and polydopamine possess intrinsic antioxidant and radical-scavenging activities, which act
synergistically in CMPN to mitigate oxidative stress by eliminating ROS. Additionally, CMPN enhances superoxide
dismutase (SOD) activity, inhibits lipid peroxidation (eg, by reducing malondialdehyde [MDA] levels), and suppresses
the release of pro-inflammatory cytokines.

The mesoporous polydopamine (MPDA) structure offers a high drug-loading capacity and surface area, allowing for
a curcumin loading efficiency of up to 47%. In CMPN, curcumin is maintained in an amorphous state, resulting in
significantly improved dissolution and accelerated release, with over 80% cumulative release within 6 hours. The
adhesive nature of PDA facilitates the aggregation of CMPN into microparticles in dry powder form. The formulation
exhibits a mass median aerodynamic diameter (MMAD) of 5.17 + 0.04 pm—smaller than that of solid particles with the
same geometric diameter—favoring pulmonary deposition (lung deposition rate: 29.8%) and minimizing alveolar
macrophage uptake. In a murine model of moderate RP induced by a single 15 Gy thoracic irradiation, pulmonary
assessments at day 28 post-irradiation revealed that CMPN inhalation significantly reduced pulmonary hemorrhage and
fibrosis compared to the untreated model group. Notably, CMPN-treated animals showed no hemorrhage, reduced
inflammatory cell infiltration, and preserved alveolar architecture, demonstrating superior efficacy over dexamethasone,
a positive control.'"*

Cell-Nanoparticle Hybrid Systems

Cell-nanoparticle hybrid systems represent a novel therapeutic platform that integrates the biological functions of living
cells with the versatile delivery capabilities of nanocarriers. Central to this approach is the synergistic combination of
cell-mediated biological activity and the targeting, protective, and sustained-release properties conferred by nanomater-
ials. Such systems have demonstrated substantial promise in regenerative medicine and tissue engineering, particularly in
the management of inflammation-associated disorders and radiation-induced tissue damage.

Mesenchymal stem cells (MSCs) have been widely studied for their immunomodulatory properties; however, their therapeutic
efficacy remains limited in inflammatory diseases, partly due to poor drug delivery to pathological sites. To address this limitation,
Zhou et al developed a hybrid construct wherein antioxidant-loaded liposomes (Lipo-OPC, Figure 6) were conjugated onto the
surface of MSCs via click chemistry, yielding a membrane-anchored nanotherapeutic termed MSC-Lipo-OPC."'> Significantly,
this surface functionalization did not compromise MSC viability, inflammatory response profile, or proangiogenic capacity. In
a murine model of X-ray-induced RP, intravenously administered MSC-Lipo-OPC demonstrated targeted accumulation in
inflamed lung tissues. This targeting was facilitated by the micron-scale size of MSCs and their innate tropism toward
inflammatory microenvironments, enabling prolonged retention within the irradiated pulmonary lesions. Mechanistically,
therapeutic benefits of MSC-Lipo-OPC were attributed to three primary effects: (i) attenuation of oxidative stress via the ROS-
scavenging capability of Lipo-OPC; (ii) modulation of the immune microenvironment, including reduced neutrophil infiltration,
polarization of macrophages toward the anti-inflammatory M2 phenotype, and increased recruitment of regulatory T cells; and
(iii) enhanced tissue regeneration through upregulation of reparative cytokines such as IL-10 and VEGF, which suppressed
inflammation and promoted angiogenesis. Collectively, this membrane-anchoring strategy for nanoparticle functionalization of
MSCs enables co-delivery of stem cells and therapeutic agents, significantly augmenting their therapeutic performance against
radiation-induced pulmonary injury. This study thus provides a compelling framework for enhancing the clinical utility of MSCs
in radioprotection, offering a promising avenue for the treatment of radiation-induced pneumonitis and pulmonary fibrosis.

To better summarize the diverse nanomedicine strategies for RILI and their key characteristics, Table 6 provides
a systematic classification and comparison of these systems. It covers various categories, including polymeric carriers
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Table 6 Classification and Mechanisms of Nanomedicine Strategies for RILI

130%

Category System Mechanism of Action Administration | Key Outcomes Data Source Type Ref
Polymeric Synthetic PLGA Mechanical lung entrapment; M2 Inhalation Fibrotic area |40%; Animal experiment (mouse [97,98]
Carriers polymers microspheres macrophage polarization inhibition; Inspiratory capacity 157.8% | model of pulmonary fibrosis
(Rosmarinic acid) | TGF-B1/0-SMA downregulation induced by 15 Gy chest
irradiation)
PLGA miR-21/TGF-B1/Smad3 axis Intratracheal Caspase-3 activity |35% Animal experiment (radiation- [99]
nanoparticles modulation; Alveolar epithelial induced lung injury rat model)
(Melatonin) apoptosis suppression
Natural Chitosan-based 1 Antioxidant enzymes (SOD: 52 IU/ | Intraperitoneal Alveolar wall thickness Animal experiment (15 Gy [100]
polymers hydrogel mL; GPx: 37 1U/mL); MDA reduction 160%; Collagen |50% radiation treatment rat model,
observation period of 50 days)
Hyaluronic acid TGF-1/MMP-2/9 modulation; Redox | — Anti-inflammatory Animal experiment (mouse lung | [93]
nanoparticles homeostasis /antifibrotic effects injury model with unclear
(HANPs) radiation dose)
Bioengineered SOD@ARA290- Acts by protecting alveolar epithelial | Intratracheal Improves acute radiation Animal experiment (radiation- [1o1]
Nanoreactors HBc cell integrity, inhibiting oxidative administration pneumonitis and pulmonary | induced lung injury mouse
stress, reducing inflammatory fibrosis, enhances SOD model)
responses, and regulating immune stability, and prolongs
responses ARA290 half-life
Polymer- SP@ASXnano ROS scavenging; Gut microbiota Oral Median survival 1 Animal experiment (10 Gy [911
microalgae (Spirulina- modulation (fAkkermansia); 1SCFAs (11.5—29 d); Intestinal ROS | whole-body irradiation mouse
hybrid Astaxanthin NPs) | (butyrate 2.5%) 145%; Leukocytes/platelets model)
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Inorganic Hafnium oxide Size-tuned (122.9 | SOD/CAT/GPx mimetic activity; IV injection y-H2AX foci |60%; Lung Animal experiment (20 Gy [92]
Carriers (HfO, NPs) nm lung-targeted) | FoxO/Hippo/TNF pathway inhibition SOD 12x; Survival 178% whole-body irradiation rabbit
model)
Cerium oxide PEGylated CeO,- | Ce?+/Ce*+ redox cycling (ROS Inhalation Inflamed area |55%; Animal experiment (15 Gy [102]
(CeO; NPs) miR-146a scavenging); miR-146a-mediated Neutrophil infiltration |45% | radiation-induced acute lung
TLR4/NF-kB inhibition injury mouse model, treatment
period of 7 days)
Advanced NPs Ce(phen)Pirf; | Reduces fibrotic collagen deposition; | — Improves lung function, Animal experiment (mouse [103]
Composite regulates EMT markers (modulates alleviates radiation-induced model of pulmonary fibrosis
Nanoplatforms a-SMA, TGF-BI, E-cadherin, lung pathology, and inhibits with unclear radiation dose)
N-cadherin) RIPF progression
Stimuli- ROS-responsive CS-PBA-Cro PBA ester cleavage (H,O, >100 pM); | Inhalation MDA |40%; Alveolar wall Animal experiment (20 Gy [105]
Responsive microspheres Passive lung targeting thickness |25% radiation treatment, mouse
model, observation period of 7
days)
pH-responsive RP@BDC CaCOj; shell dissolution (pH 6.2); Inhalation Spatiotemporal targeting of | Animal experiment (mouse [106]
microspheres Anti-inflammatory/antifibrotic inflammation/fibrosis model of lung injury with
(Res/siPAI-1 co- release unclear radiation dose)
delivery)
Biological Signal- | LET-bFGF LET peptide targets damaged Intravenous Enhances targeting to Animal experiment (15 Gy [107]
Responsive pulmonary endothelial cells, administration damaged lung tissue, reduces | chest irradiation rat model,
Targeted Systems enriching bFGF at injury sites (25nmol/kg) endothelial cell apoptosis, observation period of 2
and fibrosis-related months)
pathological changes
Nucleic Acid CRISPR/Cas9 Ad-CRISPR-TGF TGFBI gene editing; CTGF/a-SMA IV injection Fibrosis attenuation Animal experiment (radiation- [109]
Delivery -B1 (Adenoviral) suppression induced pulmonary fibrosis
mouse model)
miRNA carrier CeO,-miR-146a TLR4/NF-kB pathway inhibition; ROS | Intratracheal Anti-inflammatory Animal experiment (Bolaimycin- | [102]
clearance /antioxidant effects induced acute lung injury mouse
model, indirectly derived,
applicable to RILI)
(Continued)
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Table 6 (Continued).

Category System Mechanism of Action Administration | Key Outcomes Data Source Type Ref
Inhalable Nanogels Alginate nanogels Mucus penetration; NLRP3 Aerosol Protein extravasation |50%; | Animal experiment (paraquat- [110]
Nanomedicines (Quercetin) inflammasome inhibition; Tight inhalation Edema |60% induced acute lung injury rat
junction protein upregulation model, indirectly derived for
RILI)
Nanosuspensions | Tetrandrine- Exerts anti-inflammatory and Inhalation Improves solubility and Animal experiment (Bolaimycin- | [I11,112]
hydroxypropyl-B- antifibrotic effects administration uptake efficiency, increases induced pulmonary fibrosis
cyclodextrin survival rate in bleomycin- mouse model, indirectly derived
inclusion complex induced pulmonary fibrosis for RILI)
nanosuspension models
Nanosuspensions | BIO 300 (genistein | Enhances solubility and bioavailability, | Oral Improves the survival rate of | Animal experiment (11.0 Gy or | [I13]
nanosuspension) targets lung tissue, inhibits oxidative | administration irradiated mice, enhances 12.5 Gy full chest irradiation
stress and related cytokines (400mg/kg) lung function, and reduces C57L/) mouse model,
fibrosis and inflammatory administration period
damage 4-6 weeks)
Dry powder CMPN Synergistic ROS scavenging; SOD 1; | Inhalation |Hemorrhage/fibrosis; Animal experiment (15 Gy [112]
inhaler (DPI) (Curcumin- MDA |; Anti-cytokine effects Alveolar preservation single chest irradiation induced
mesoporous PDA (outperforms moderate pneumonia in
NPs) dexamethasone) a mouse model, observation
period of 28 days)
Cell- MSC-liposome MSC-Lipo-OPC MSC inflammatory tropism; IV injection | Neutrophil infiltration; Animal experiment (X-ray [115]
Nanoparticle conjugate Liposomal ROS scavenging; M2 Tissue regeneration (fIL-10/ | induced radiation-induced
Hybrid macrophage polarization VEGF) pneumonia mouse model)
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(synthetic, natural, and polymer-microalgae hybrids), inorganic carriers, stimuli-responsive systems, nucleic acid delivery
platforms, inhalable nanomedicines, and cell-nanoparticle hybrid systems. For each system, the table details its mechan-
ism of action, administration route, and key outcomes, offering a concise overview of the advancements in nanomedi-
cine-based drug delivery for RILI treatment.

Challenges and Future Directions

Although NDDSs offer considerable therapeutic potential for the management of RILI, several critical challenges
continue to hinder their clinical translation. One major limitation pertains to biosafety, particularly the unintended
accumulation of nanoparticles in non-target organs. For instance, ultrasmall hafnium oxide nanoparticles (HfO, NPs;
~2.4 nm) have been shown to preferentially localize in the liver and kidneys, raising concerns regarding off-target
toxicity, immune system activation, and potential metal ion-mediated cytotoxicity. In parallel, the complex manufacturing
processes associated with advanced NDDS platforms—such as microalgae-nanoparticle hybrids or multi-stimuli-
responsive microspheres—contribute to batch-to-batch variability, posing substantial barriers to standardization, repro-
ducibility, and Good Manufacturing Practice (GMP)-compliant large-scale production.

To facilitate the clinical advancement of NDDSs for RILI, future research efforts should prioritize several strategic
directions. First, the rational design of multifunctional nanoplatforms capable of simultaneously exerting antioxidant,
anti-inflammatory, and anti-fibrotic activities is essential to address the multifactorial nature of RILI pathogenesis.
Second, the integration of artificial intelligence (AI)-driven approaches to optimize key nanoparticle parameters—such
as size, surface properties, and ligand density—based on patient-specific factors (eg, disease stage, molecular biomarkers,
and radiomic features) may enhance targeting specificity, therapeutic efficacy, and safety. For instance, AI models trained
on patient-derived organoid data can predict the cellular uptake efficiency of NDDS in irradiated alveolar epithelial cells,
enabling the design of patient-tailored carrier surfaces. Additionally, deep learning algorithms can analyze longitudinal
imaging data to forecast the progression rate of lung fibrosis, thus optimizing the release kinetics of anti-fibrotic agents in
stimulus-responsive NDDS. Third, the development of more stable and durable cell-nanoparticle hybrid systems,
including strategies to improve the anchoring and longevity of liposomes on mesenchymal stem cells (MSCs), could
significantly enhance active targeting and co-delivery efficiency. Lastly, the incorporation of theranostic functionalities—
such as embedding imaging agents (eg, HfO, NPs) within the delivery system for computed tomography (CT)—offers
a promising pathway toward real-time monitoring of biodistribution, pharmacokinetics, and therapeutic responses. Such
image-guided, personalized nanomedicine approaches may ultimately enable precision therapy for patients with RILI.

In the field of nanomedicine for RILI, although preclinical studies have demonstrated promising therapeutic potential,
current findings remain inconsistent and face substantial challenges in clinical translation. For example, the lung-
targeting efficiency of commonly used nanocarriers, such as PLGA, varies considerably depending on surface modifica-
tions, animal models, and experimental conditions.''® Similarly, the therapeutic performance of ROS-responsive NDDS
is dose-dependent and influenced by drug metabolism and carrier degradation, leading to a delicate balance between
short-term efficacy and long-term safety risks. Moreover, the immunomodulatory effects of cell-nanoparticle hybrid
systems are highly context-dependent, being influenced by the baseline immune microenvironment of the disease model.
Additional concerns include biosafety issues, as nanocarriers may accumulate in non-target tissues or induce immuno-
genicity, while degradation products of biodegradable carriers may exert adverse biological effects. Furthermore,
discrepancies between animal models and human physiology in pathophysiology, pharmacokinetics, and pharmacody-
namics pose significant translational barriers. Beyond these biological challenges, technical and regulatory obstacles—
including large-scale manufacturing, quality control, and standardized evaluation systems—remain major hurdles that
must be addressed before successful clinical application.

Conclusions and Outlook

NDDS for RILI have shown promising potential, yet several key challenges hinder their clinical translation. These
challenges fall into three interconnected domains. First, biosafety concerns remain critical, as nanocarriers may
accumulate in non-target organs and cause unexpected toxicity.''” Second, translational gaps persist between preclinical
and clinical outcomes, owing to species-specific differences in pathophysiology, pharmacokinetics, and
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pharmacodynamics, which limit reproducibility in humans. Third, technological hurdles—particularly the complexity of
advanced platforms such as multi-stimuli-responsive microspheres and cell-nano hybrids—complicate large-scale
production, batch consistency, and compliance with Good Manufacturing Practice (GMP).

Despite these obstacles, major opportunities for innovation are emerging. Multifunctional nanoplatforms can integrate
antioxidant, anti-inflammatory, and antifibrotic properties into a single carrier to match the multifaceted pathology of
RILI. Al-driven personalization allows dynamic adjustment of particle size, ligand density, and release kinetics based on
patient-specific data, including radiation dose, radiomics, and biomarker profiles. Theranostic integration further com-
bines diagnostic and therapeutic functions—such as HfO, nanoparticle-based CT imaging—with drug delivery, enabling
real-time monitoring of biodistribution and treatment efficacy. Together, these directions provide a pathway to overcome
current bottlenecks and accelerate clinical translation.

RILI, encompassing both RP and RILF, continues to be a major obstacle in thoracic radiotherapy. Its pathogenesis is
driven by radiation-induced oxidative stress and DNA damage, followed by aberrant tissue repair and immune
dysregulation, including TGF-f overexpression and Th1/Th2 imbalance. Existing diagnostic and therapeutic strategies
remain limited by delayed detection and suboptimal efficacy. NDDS offers a transformative platform to address these
gaps by enhancing the therapeutic performance of natural biomolecules (eg, hyaluronic acid) and bioactive compounds
(eg, curcumin, astaxanthin), or by engineering intelligent carriers such as ROS-responsive microspheres, inhalable
nanoparticles, and exosomes. These systems enable targeted delivery, stimulus-responsive release, and reduced systemic
toxicity, while simultaneously modulating multiple pathological features—oxidative stress, inflammation, fibrosis, and
gene dysregulation—that underlie RILI progression.

Looking ahead, several priorities must be addressed to facilitate successful translation: (1) elucidating the interactions
between nanocarriers and the pulmonary microenvironment, including immune cells and extracellular matrix; (2)
optimizing biosafety, biodegradability, and large-scale GMP production; (3) advancing intelligent, multi-stimuli-
responsive designs for precise spatiotemporal drug release; and (4) integrating Al and radiomics into nano-diagnostic
platforms for individualized prediction, early intervention, and real-time monitoring.

Through interdisciplinary collaboration spanning nanotechnology, pharmaceutical sciences, immunology, radiobiol-
ogy, imaging, and Al, NDDS holds strong promise to provide safer, more precise, and more effective interventions for
RILI. Ultimately, such advances could not only improve patient outcomes following thoracic radiotherapy but also
establish a framework for nanomedicine-based management of other radiation-related disorders.
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