
Chinese Chemical Letters 37 (2026) 111032

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Applications and challenges of biomedical polymer materials in

pulmonary diseases

Dayang Xiea,b,1, Qiannan Caob,1, Huapan Fangb,c,∗, Yanhui Li a,∗, Huayu Tianb,∗

a School of Materials Science and Engineering, Xiamen University of Technology, Xiamen 361024, China
b State Key Laboratory of Physical Chemistry of Solid Surfaces, College of Chemistry and Chemical Engineering, Innovation Laboratory for Sciences and

Technologies of Energy Materials of Fujian Province (IKKEM), Xiamen University, Xiamen 361005, China
c Shenzhen Research Institute of Xiamen University, Shenzhen 518000, China

a r t i c l e i n f o

Article history:

Received 18 November 2024

Revised 2 March 2025

Accepted 3 March 2025

Available online 4 March 2025

Keywords:

Pulmonary disease

Biomedical polymer materials

Lung structure

Drug delivery

Treatment methods

a b s t r a c t

Pulmonary diseases have long posed a severe threat to human life and health. The incidence and mor-

tality rates of pulmonary diseases have shown a rising trend year by year, highlighting the urgency of

developing safe and effective therapeutic approaches. In recent years, to address the challenges faced by

traditional treatment strategies for pulmonary diseases, the interdisciplinary integration has greatly pro-

moted the rapid development of biomedical polymer materials in the field of pulmonary disease treat-

ment. This review provides a detailed description of the structural characteristics of lung tissue, types of

pulmonary diseases, traditional treatment methods, the categories and properties of biomedical polymer

materials applied to pulmonary diseases. We systematically elaborate on the applications of biomedical

polymer materials in the treatment of different pulmonary diseases and thoroughly discuss their func-

tional roles in pulmonary diseases, particularly in the delivery of therapeutic agents to diseased sites,

the formation of pulmonary aerosol formulations, and the facilitation of the effective accumulation of

therapeutic agents. The latest research progresses of biomedical polymer materials are also introduced in

pulmonary disease treatment. We have highlighted the current challenges and development opportunities

of biomedical polymer materials in the treatment of pulmonary diseases, and provide future research di-

rections for biomedical polymer materials in this field. This review will provide valuable reference for the

basic research and clinical application of biomedical polymer materials in pulmonary disease treatment.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Pulmonary diseases including lung cancer [1], pulmonary fibro-

sis [2], chronic obstructive pulmonary disease (COPD) [3], tuber-

culosis [4], and asthma [5] are increasingly threatening people’s

health and lives. With the continuous development of life medicine

and pathology, the etiology of lung diseases is gradually being elu-

cidated. Generally, due to the uniqueness of the lung organs, lung

diseases are often accompanied by a certain degree of infectivity

[6]. The outbreak of novel coronavirus pneumonia coronavirus dis-

ease 2019 (COVID-19) occurred globally in 2019, and by the end

of 2022, it had infected over 600 million people and caused 6 mil-

lion deaths. Even after recovery, COVID-19 patients may experience
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various sequelae, including pulmonary fibrosis and airway lesions

[7–9].

Traditional methods of treating pulmonary diseases include

surgery, drug therapy, and radiotherapy [10]. Surgical procedures

can effectively remove lung lesions but often result in large in-

cisions, slow postoperative healing, and the risk of infection [11].

Drug therapy whether administered intravenously or by inhalation,

may have poor targeting due to the complicated physiological en-

vironment in the body, leading to damage to normal cells while

clearing diseased cells [12,13]. In addition, the cost of radiother-

apy is high and radiotherapy can cause serious side effects, such

as nausea, vomiting, hair loss, and damage to the immune system

[14]. Therefore, there is an urgent need to develop a safe and effec-

tive strategy for treating pulmonary diseases. In recent years, with

the continuous development of biomedical polymer materials, the

application of biomedical polymer materials as a therapeutic strat-

egy in lung diseases has achieved many results, and the number

of research results on the science citation index (SCI) has also in-

creased year by year (Fig. 1).

https://doi.org/10.1016/j.cclet.2025.111032
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Fig. 1. Number of publications on biomedical materials and pulmonary disease

therapy in Web of Science from 2014 to Sep. 2024.

Fig. 2. Applications of biomedical polymer materials in pulmonary diseases. Cre-

ated with BioRender.

Biomedical polymer materials, with their excellent biocompati-

bility, tissue targeting, and controllable modification [15–17], have

attracted widespread attention from researchers in the field of

pulmonary diseases therapy. In general, biomedical polymer ma-

terials can effectively encapsulate small molecule drugs, proteins

and functional nucleic acids through surface modification [18],

efficiently reach lung lesions, and achieve precise treatment of

pulmonary diseases [19]. Biopolymeric materials not only play

a crucial role in pulmonary drug delivery but are also widely

used as scaffold materials in tissue engineering and regenerative

medicine to promote cell adhesion, proliferation, and differentia-

tion, thereby repairing or replacing damaged tissues. For instance,

nickel-titanium alloy metal scaffolds exhibit excellent flexibility,

support performance, and shape memory effects, enabling them

to return to their original shape at body temperature, tightly con-

forming to airway walls and providing stable support [20]. Bai et

al. synthesized a photocurable hydrophilic copolymer (PMHB) via

free radical polymerization, which serves as a coating material for

catheter surfaces with lubricating and antifouling properties [21].

In the field of diagnostics, polymethyl methacrylate (PMMA) can

be used to fabricate polymeric biochips for capturing tumor cells,

enhancing detection sensitivity and specific capture [22].

In this review, we mainly discusses the physiological structure

of the lungs, the causes and pathological changes of lung diseases,

in order to explore the biomedical polymer-based drug-delivery

strategies for the treatment of lung diseases. In particular, we sys-

tematically introduce the types of biomedical polymer materials,

the common types and pathogenesis of pulmonary diseases, tradi-

tional treatment methods, and the application of biomedical poly-

mer materials in the treatment of pulmonary diseases (Fig. 2).

Moreover, the challenges and opportunities faced by biomedical

polymer materials in the field of lung disease therapy are dis-

cussed in details and some suggestions are provided for the future

application of biomedical polymer materials-mediated pulmonary

disease therapy. This article provides useful guidance for the treat-

ment of pulmonary diseases mediated by biomedical polymer ma-

terials.

2. Tissue structure and disease-prone nature of lung

As the respiratory organ within the human body, the lung con-

sists of terminal airways, alveoli, and pulmonary interstitial tissues,

and can be further categorized into two principal areas: The con-

ducting airway region and the respiratory region [23]. The struc-

tural configuration of the lung dictates its ventilatory function [24].

The conducting airways encompass the nose, pharynx, larynx, tra-

chea, bronchi, bronchioles, and terminal bronchioles [25]. The res-

piratory region comprises respiratory bronchioles, alveolar ducts,

and alveolar sacs [26]. Connective tissue interstitial exists between

the bronchi and alveoli, within which lymphatic vessels, nerves,

and blood vessels are distributed, along with macrophages, fibrob-

lasts, and other immune cells [27].

The lung serves as the primary site for gas exchange in the

human body. It harbors an extensive number of alveoli. The to-

tal number of alveoli in an adult ranges from approximately 300–

400 million, with the total alveolar area reaching 70–100 square

meters [28]. Such an expansive surface area enables the lung to

effectuate efficient exchange of oxygen and carbon dioxide. How-

ever, it simultaneously furnishes a vast attachment and invasion

space for pathogens and tumor cells. The alveolar wall is char-

acterized by its thinness, being composed of a monolayer of ep-

ithelial cells. This structure facilitates rapid gas diffusion [29]. Nev-

ertheless, it also renders the alveoli susceptible to incursions by

external pathogens. When pathogens are inhaled by the human

body, they deposit on the airway and alveolar surfaces within the

lungs. In the event that the respiratory defense mechanisms, such

as the mucociliary clearance system and alveolar macrophages, fail

to promptly and effectively eliminate these pathogens, pulmonary

infections are prone to occur [30]. Pulmonary infections result in

varying degrees of lung injury. Inflammation represents the pri-

mary defensive response to pathogen-induced tissue damage. The

general process of inflammation encompasses degeneration, exu-

dation, and proliferation, corresponding respectively to the initia-

tion, tissue damage, and repair phases of inflammation, involving

alterations in multiple cellular pathways and signal transduction

processes [31,32]. However, uncontrolled activation of cells and the

release of cytokines and chemokines may precipitate a lethal "cy-

tokine storm", thereby causing damage to tissues and cells. In se-

vere cases, this can lead to fatal symptoms including lung failure,

acute respiratory distress syndrome, and even respiratory failure

[33].

Furthermore, the lung is endowed with an extremely rich blood

circulation system [34]. The pulmonary artery conveys venous

blood from the right ventricle to the lungs. Subsequently, follow-

ing gas exchange, the pulmonary vein transports oxygen-rich blood

back to the left atrium. The abundant blood supply provides am-

ple oxygen and nutrients to the lung tissue, thereby maintaining

its normal physiological functions. On the other hand, this also

offers favorable conditions for tumor metastasis. Tumor cells can

reach the lungs through the bloodstream and then lodge and pro-

liferate within the microvascular bed of the lungs [35]. Moreover,

immune cells within the blood may experience "immune over-

load" when confronted with a large influx of pathogens or tumor

cells, thereby resulting in a decline in defensive capabilities [36].

Research indicates that approximately 30%–40% of patients with

solid tumors develop lung metastases [37]. This is primarily be-

cause the lungs constitute an important hub within the blood cir-
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culation and lymphatic circulation systems, providing convenient

transportation conditions for tumor cell metastasis [38].

Pulmonary drug delivery represents a highly promising drug-

delivery route, particularly for drugs that are prone to hepatic

metabolism after therapeutic surgery [39]. Additionally, local drug

delivery constitutes a direct approach for achieving enhanced drug

accumulation within the lungs, which may be beneficial for the

treatment of lung diseases. However, the natural barriers within

the lungs cause drug molecules or particles, after inhalation, to

become entrapped within the mucus layer [40]. The mucus bar-

rier impacts drug dissolution, impedes the fusion of drugs with

epithelial cells, and inhibits the interaction of drugs with cell sur-

faces and receptors. Overcoming the mucus layer to reach the alve-

olar epithelial layer remains a crucial biological barrier for effec-

tive drug delivery. The pulmonary mucus layer is secreted by gob-

let cells and submucosal glands and consists of mucin, water, and

surfactants [41]. The negatively charged mucin within the mucus

forms a mucin-fiber network structure with a variable porosity

ranging from 50 nm to 180 nm on the airway surface, which func-

tions to capture inhaled irritants or drug particles. Generally speak-

ing, nanoparticles with hydrophilic surfaces and electrical neutral-

ity possess superior mucus-layer penetration capabilities [42].

The unique physiological structure and irreplaceable functions

of the lungs render them vulnerable to the invasion of pathogenic

microorganisms [43], the colonization of metastatic tumor cells,

and the release of uncontrollable inflammatory factors, thereby

leading to the formation of various diseases, including lung cancer,

pulmonary fibrosis, COPD, and asthma.

3. The potential of biomedical materials in treating lung

diseases

Biomedical polymer materials refer to polymer materials used

in the biomedical field that need to ensure that they do not cause

significant rejection or toxic reactions when interacting with the

tissues and organs of living organisms. Biomedical polymer materi-

als are mainly used in the manufacture of artificial organs, medical

devices, drug delivery systems and tissue engineering [44], due to

their biocompatibility, biodegradability and excellent physical and

chemical properties. In general, biomedical polymer materials can

be divided into natural polymer materials and synthetic polymer

materials according to their sources.

Natural polymer materials refer to high-molecular compounds

existing in nature, which are synthesized in living organisms or

formed through natural processes [45]. Such materials come from

a wide range of sources and usually have good biocompatibility

and degradability. Collagen is mainly extracted from animal skin,

bone and connective tissue [46,47]. As a natural polymer mate-

rial in daily life, collagen is widely used in skin care products. In

acute lung injury or chronic lung disease such as COPD, collagen

can be used as a scaffold material to help repair damaged lung tis-

sue [48]. By applying collagen matrix topically, it may help support

and promote cell growth and antibacterial properties, which can

inhibit the growth of certain pathogenic bacteria, making it a po-

tential application in the treatment of lung infections, such as bac-

terial pneumonia. Moreover, sodium alginate is a natural polysac-

charide extracted from brown algae [49], which can form a gel

in the physiological environment, which allows it to be used as

a carrier to control the release of drugs, thereby increasing the lo-

cal concentration of drugs and enhancing the therapeutic effect. In

the treatment of bronchitis and asthma, sodium alginate can be

used to prepare aerosols or aerosols of respiratory drugs, and its

gel formation ability can improve the distribution of drugs in the

bronchus, reduce the systemic side effects of drugs, and improve

the therapeutic effect [50,51]. In addition, sodium alginate may

have anti-inflammatory properties that help reduce the inflamma-

tory response of bronchitis and asthma [52]. There are other natu-

ral polymer materials, such as cellulose, gelatin, fibroin protein and

hyaluronic acid, which have a wide range of application prospects

in medicine, medical treatment, food and other fields [53].

Synthetic polymer materials are those specially designed and

synthesized polymer materials used in medical fields and are gen-

erally biodegradable. These materials not only have good biocom-

patibility, mechanical properties and chemical stability, but also

meet specific medical needs, such as tissue repair, drug delivery

and in vivo implants. Polylactic acid (PLA) is a biodegradable syn-

thetic polymer material widely used in medicine and bioengineer-

ing [54]. PLA can be used to manufacture drug delivery systems

for lung diseases. By loading drugs in the PLA matrix, sustained

or controlled release of drugs can be achieved, and drugs can be

delivered directly to the lungs to improve the therapeutic effect

[55,56]. The biodegradability of PLA allows the drug delivery sys-

tem to leave no long-term residue in the body, reducing the risk of

long-term use [57]. PMMA is a transparent, hard synthetic polymer

material [58], and although PMMA has a wide range of applications

in the medical field, such as artificial lenses in eye surgery and

dental repair materials, it has relatively few applications in lung

diseases. To meet specific medical needs, PMMA microspheres or

nanoparticles was designed to encapsulate antibiotics, anti-cancer

drugs or anti-inflammatory drugs, and deliver the drugs directly to

the lungs by inhalation or injection, achieving the effect of local

treatment [59,60].

Compared to natural polymer materials, synthetic polymer ma-

terials have better repeatability and are not limited by source or

batch [61]. However, synthetic polymer materials may carry the

risk of immune rejection in the body [62]. One alternative strategy

is to combine a natural polymer material with a synthetic polymer

material to reduce the immunogenicity of the materials. This new

biomedical material can take full advantage of the advantages of

natural polymer materials, while improving with synthetic ingredi-

ents to meet specific medical needs. For example, combining natu-

ral polysaccharides such as sodium alginate with synthetic polymer

carriers to prepare nanodrug delivery systems can significantly im-

prove drug safety and lung delivery efficiency in the treatment of

lung cancer and COPD [63,64]. Taking advantage of the excellent

biocompatibility of collagen, it is combined with synthetic poly-

mer materials to prepare microspheres, that can be applied in pul-

monary drug delivery systems [65].

In the clinical treatment of lung diseases, although modern

medicine has made remarkable progress, there are still challenges

such as drug resistance, high surgical risk, and large side effects

of radiotherapy and chemotherapy. The development of biomedi-

cal polymers offers more opportunities for the treatment of pul-

monary diseases. For instance, when serving as excipients, they can

enhance the stability of drug physical and chemical delivery [66].

Additionally, they can be applied in pulmonary implant stents [67].

Many biomedical polymer materials are designed to be biodegrad-

able and can gradually degrade into non-toxic small molecules

in the body, avoiding long-term residue problems. By designing

a drug carrier system, these materials can achieve controlled re-

lease of drugs, and accurately release drugs to the diseased part of

the lung through inhalation or injection [68], to achieve the ef-

fect of local treatment. Some biomedical polymer materials can

be chemically modified or combined with antibacterial agents to

obtain antibacterial and anti-inflammatory properties and reduce

the risk of postoperative infection and inflammation, such as poly-

mer materials containing silver nanoparticles can inhibit pathogen

growth [69,70]. Biomedical polymer materials show many advan-

tages in the treatment of lung diseases, including excellent bio-

compatibility, controlled biodegradability, precision drug delivery,

tissue repair promotion, antibacterial and anti-inflammatory prop-

erties [71]. These advantages make biomedical polymer materials
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an important tool for the treatment of lung diseases, providing

more treatment options and better treatment outcomes.

4. Therapy strategies for lung diseases

4.1. Lung cancer therapy

Lung cancer is a common malignant tumor with the highest

morbidity and mortality in the world [72], posing a major threat

to people’s health and life. In general, lung cancer is caused by

a variety of factors, including environmental pollution, unhealthy

lifestyle habits such as smoking, and genetic factors [73,74]. There

are two main types of lung cancer: small cell lung cancer (SCLC)

and non-small cell lung cancer (NSCLC). SCLC progresses more

quickly, but drug treatment is more effective than NSCLC. However,

NSCLC, which accounts for the majority of lung cancer cases, has

a worse prognosis after treatment than SCLC [75]. Common symp-

toms in lung cancer patients include persistent cough, sputum pro-

duction, difficulty breathing, chest pain, and advanced, unexplained

weight loss [76].

Treatment options for lung cancer depend on the type of

lung cancer, how far it has progressed, and the overall health of

the patient. Traditional treatment strategies for lung cancer in-

clude surgery, radiation therapy, chemotherapy and targeted ther-

apy [77]. Surgery is mainly used for the treatment of early stage

lung cancer and may include lobectomy, segmentectomy, or total

pneumonectomy [78], depending on the type and extent of lung

cancer, and is usually accompanied by lymph node dissection. Ra-

diation uses high-energy X-rays to kill cancer cells, but may also

damage normal lung tissue cells [79]. Chemotherapy is usually ad-

ministered with intravenous drugs to kill cancer cells and is often

used for advanced lung cancer or as an adjunct to surgery to re-

lieve symptoms [80]. Targeted therapy is the treatment of specific

molecules or signaling pathways in cancer cells, based on molec-

ular differences between cancer cells and normal cells, interfering

with the growth, proliferation and survival of cancer cells [81].

Although these traditional treatments have been able to slow

the progression of lung cancer to a certain extent and extend the

survival of patients, they also face many challenges. For example,

surgery is usually only suitable for early stage lung cancer, and

many lung cancer patients are not suitable for surgery due to fac-

tors such as age, physical condition, and location of the lesion. In

addition, treatments such as chemotherapy and radiation can cause

a range of side effects, including nausea, vomiting, fatigue, anemia,

and immune system suppression [82]. In addition, targeted ther-

apies often cause cancer cells to develop drug resistance and im-

mune escape mechanisms [83,84]. What is more, cancer cells in

patients with advanced lung cancer often metastasize to other or-

gans or tissues, such as the lymph nodes, brain, or bone, posing a

major challenge to traditional treatment strategies [85].

Currently, there is a lack of more effective and personalized so-

lutions in traditional lung cancer treatment methods. The devel-

opment of biomedical polymers brings more possibilities for lung

cancer treatment and better prognosis [86]. Generally speaking,

biomedical polymer materials can be used as drug delivery carri-

ers to enhance the targeting of drug delivery to the lungs, which

can achieve good therapeutic effect while minimizing the impact

on other tissues and organs [87]. For example, certain biodegrad-

able polymers can encapsulate anti-cancer drugs and release them

in a controlled manner at the tumor site in the lungs [88]. This tar-

geted drug delivery reduces the side effects on normal tissues and

increases the concentration of drugs at the tumor site, enhancing

the therapeutic effect. Nanoparticles made of biomedical polymers

can also be engineered to have specific surface properties that tar-

get cancer cells, further improving the specificity and efficacy of

drug delivery [89].

Many proteins and peptides, such as antibodies, insulin and

vaccines, are widely used in the treatment of lung cancer [90].

Biomedical polymers can be compounded with proteins into

nanoparticles, thereby improving the stability and targeting of

therapeutic proteins [91], which is of great significance for the

treatment of lung cancer. Yadav et al. [92] modified poly(lactic-co-

glycolic acid) (PLGA) nanoparticles by RGD to improve the effec-

tiveness of cisplatin in the treatment of lung cancer. PLGA is a ver-

satile and clinically approved polymer used for the preparation of

nanoparticles, which is composed of different proportions of lac-

tic acid and glycolic acid monomer units, which is metabolized

to eventually produce non-toxic product [93]. RGD-modified PLGA

nanoparticles have achieved lower cytotoxicity, negligible damage

to lung tissue, low systemic toxicity, and high biocompatibility and

safety in lung tissue.

Nucleic acid drugs are nucleic acids themselves or closely

related compounds, including natural nucleotides and chemically

modified nucleotides, that can be used to treat disease [94–96].

Nucleic acid drugs have the advantages of simple design, short

research and development cycle, strong targeting specificity, wide

therapeutic fields and long-term performance [97], showing great

potential in the treatment of genetic diseases, viral infections,

tumors and other fields, and are expected to become the third

class of drugs after small molecule drugs and antibody drugs

[98]. Ma et al. designed a star polymer-siRNA nanoparticles

infused with aerosols to deliver siRNA to the lungs, inhibiting

the expression of two genes βIII-tubulin and Polo-like kinase

1 (PLK1). slowing the aggressive growth of tumors (Fig. 3A)

[99]. The synthesis of core-crosslinked Miktoarm star polymer

nanoparticles (star nanoparticles) was achieved through reversible

addition-fragmentation chain-transfer (RAFT) polymerization

of poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) and

poly[oligo(ethylene glycol)methyl ether methacrylate] (POEGMA)

[100]. Subsequent distribution of biological experiments in mice, in

vitro fluorescence imaging of representative organs of mice admin-

istered intravenously or by aerosol showed different results, with

intravenously administered mice nanoparticles mainly distributed

in the kidneys and liver, while aerosol administered mice nanopar-

ticles mostly accumulated in the lungs, and no nanoparticles

were found in the kidneys, liver, and spleen at any point in time

(Fig. 3B). In an orthotopic mouse lung tumor model, the delivery

of siPLK1 using star polymers also achieved very significant ther-

apeutic effects (Figs. 3C and D). Poly(β-amino esters) (PBAEs) are

a class of biodegradable polymers that can be synthesized using

various simple chemical methods. The cationic nature of PBAEs

enables them to effectively complex with nucleic acids, forming

nanoparticles. Additionally, PBAEs exhibit lung-targeting capabili-

ties, making them promising candidates for pulmonary therapies

[101]. Le et al. prepared PBAE-lipid nanoparticles by combining

PBAEs with dioleoylphosphatidylethanolamine (DOPE) and DMG-

PEG in a specific ratio, dissolving the mixture in ethanol. They

then vigorously mixed these nanoparticles with mRNA encoding

bevacizumab in an acidic aqueous phase, resulting in PBAE lipid

nanoparticles containing mRNA. After intravenous administration,

these nanoparticles preferentially target the lungs, where they

are taken up by pulmonary endothelial cells. Following escape

from endosomal-lysosomal compartments, the mRNA is released

inside the cells, where it encodes antibodies with bevacizumab

functionality, inhibiting the production of vascular endothelial

growth factor (VEGF) and consequently suppressing tumor growth

(Fig. 4) [102]. Additionally, Rotolo et al. conducted a series of mod-

ifications on PBAE, such as multifunctional amines, amino alcohols,

and amino thiols. The resulting various polymers were evaluated

for mRNA delivery treatment in the lungs, successfully screening

out polymers capable of effectively delivering mRNA to the lungs

of different animals. This makes future inhalable nucleic acid ther-
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Fig. 3. The synthesis of star nanoparticles, their distribution in tissues and organs after nebulization, and their therapeutic effects in vivo. (A) The synthetic route of star

nanoparticles. (B) Fluorescent images of nebulized nanoparticles as siRNA carriers in various tissues and organs. (C) Hematoxylin and eosin (HE) images of nebulized nanopar-

ticles carrying siPLK1 after treating in situ lung tumors. (D) Representative images of ex vivo lung bioluminescence and quantitative analysis. Reproduced with permission

[99]. Copyright 2022, Elsevier.

Fig. 4. Schematic representation of the proposed mechanism of PBAEs lipid

nanoparticles containing mRNA encoding bevacizumab. After mixing the PBAEs lipid

nanoparticles in the ethanol phase with mRNA in the acidic aqueous phase, the

nanoparticles are administered intravenously into the mouse body. The nanoparti-

cles target the lungs and enter the cells through cellular uptake, allowing the mRNA

to exert its effects by encoding bevacizumab, which inhibits the production of VEGF.

Reproduced with permission [102]. Copyright 2024, American Chemical Society.

apy for lung treatment a possibility [103]. Huang et al. proposed a

nanoparticle co-delivery system of gefitinib (Gef) and YAP-siRNA,

utilizing block and dendritic polymers, to address the issue of

NSCLC resistance to epidermal growth factor receptor-tyrosine

kinase inhibitors (EGFR-TKI) (Fig. 5) [104]. These nanoparticles

were effectively internalized by NSCLC cells in both CDX and PDX

models and were able to escape from lysosomes/endosomes. In

the reductive cellular environment, they released Gef and YAP-

siRNA. Gef inhibited the EGFR signaling pathway, while YAP-siRNA

suppressed the activation of the EGFR bypass signaling pathway,

achieving effective tumor growth inhibition. Additionally, the

strategy could be combined with photodynamic therapy, inducing

apoptosis by downregulating hypoxia-inducible factor-1 alpha

(HIF-1α) [104]. Gou et al. used silk fibroin (SF) and gelatin as

raw materials, employing gelatin to induce liquid-liquid phase

separation of SF, and developed suitable GSC nanoparticles (Fig. 6)

[105]. These nanoparticles possess broad-spectrum drug delivery

capabilities and, when administered through aerosolization, exhibit

matrix metalloproteinase-9 (MMP-9) responsiveness in cells. They

Fig. 5. The schematic diagram of anti-tumor effects of block and dendritic nanopar-

ticles loaded with Gef and YAP-siRNA. In both CDX and PDX models, the nanopar-

ticles can release Gef and YAP-siRNA in NSCLC cells, inhibiting the EGFR signaling

pathway and EGFR bypass signaling pathway. Combined with photodynamic ther-

apy, this can produce a potent anti-tumor effect. Copied with permission [104].

Copyright 2022, John Wiley and Sons.

also demonstrate certain immunomodulatory properties, such as

promoting the polarization of macrophages to the M1 phenotype

and the maturation of dendritic cells, thereby enhancing immune

responses and showing significant therapeutic effects [101].

4.2. Idiopathic pulmonary fibrosis (IPF) therapy

IPF is a chronic and progressive lung disease characterized

by the formation of scars and fibrous tissue in the lung tissue,

resulting in gradual deterioration of lung function [106]. IPF

typically renders the lungs stiff, fragile, and impairs effective gas

exchange [107]. Although the etiology of IPF remains incompletely

understood, it is often associated with environmental and genetic
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Fig. 6. A schematic diagram of the broad-spectrum drug-loading characteristics and

tumor-specific therapy of GSC particles. Copied with permission [105]. Copyright

2023, John Wiley and Sons.

factors. Individuals who have been exposed to harmful gases or

particulate matter (such as asbestos, silica dust, and pollutants)

over extended periods, smoking, infections, or autoimmune dis-

eases are highly susceptible to developing this condition [108].

Currently, the treatment for IPF remains challenging as there

are no specific medications available to completely reverse the

progression of this disease.

In clinical practice, the primary goal of IPF treatment is gen-

erally to slow disease progression, alleviate symptoms, and im-

prove patients’ quality of life. Treatment modalities mainly include

the use of immunosuppressants, corticosteroids, and anti-fibrotic

drugs, oxygen therapy, as well as lung transplantation. Additionally,

adjunctive therapies such as exercise rehabilitation and support-

ive care can also help patients manage the disease and improve

their quality of life [109]. Immunomodulators such as cyclosporine

can control overactive immune responses and reduce inflamma-

tion. The anti-fibrotic drugs like nintedanib and pirfenidone have

been approved by U.S. Food and Drug Administration (FDA) for

treating specific types of pulmonary fibrosis [110]. Oxygen therapy

involves providing sufficient oxygen to alleviate shortness of breath

and symptoms of hypoxia [111].

However, these traditional treatment approaches cannot fully

repair the damaged lung tissue. Some small molecule drugs, such

as inhaled corticosteroids, anti-fibrotic drugs or immunosuppres-

sants, often come with side effects including immune suppression,

osteoporosis, and susceptibility to infections [112]. Moreover, pa-

tients with IPF may develop resistance to therapeutic agents, lead-

ing to decreased their efficacy.

Patel et al. developed lipid-polymer hybrid nanoparticles (LPH-

NPs) loaded with nintedanib esylate (NE) using a nanoprecipitation

method and optimized them through Box-Behnken design (BBD)

[113]. These nanoparticles are administered in powder form for in-

halation therapy. Through tissue uptake studies, it was found that

LPHNPs exhibit high deposition in the alveolar regions, indicating

that NE-loaded LPHNPs can effectively enhance local drug deliv-

ery. Local delivery allows the drug to be applied directly to the

target area, resulting in significantly higher drug concentrations in

that region compared to systemic delivery. This reduces systemic

drug absorption, thereby decreasing the risk of systemic side ef-

fects, while achieving higher drug concentrations in the affected

area, which may lead to better efficacy. In addition to using the

nanoprecipitation method to prepare NE-loaded LPHNPs, Park et al.

used PLGA-based discoidal polymeric particles (Nib-PLGA-DPPs) for

NE delivery in IPF treatment [114]. Discoidal polymeric particles

loaded with PLGA were synthesized using a top-down approach.

PLGA and NE were dissolved in respective solvents, then uniformly

mixed and cast into a PVA template with disk-shaped wells. After

drying, dissolution, and filtration, Nib-PLGA-DPPs were obtained.

These nanoparticles allow for modulation of NE release rate by

adjusting the lactide molar ratio; a higher ratio results in slower

release, higher drug utilization, and reduced lung inflammation

and fibrosis. Biomedical polymers can not only deliver antibiotic

drugs for treating pulmonary fibrosis but can also deliver gene

therapies such as siRNA with promising results [115]. Adams et

al. designed and synthesized poly(spermine acrylamides) (P(SpAA))

through polymerization with N-acryloxysuccinimide (NAS) and N-

decylacrylamide (DAA), and then converted the active ester to a

spermine-based pendant group [116]. Co-polymerization with do-

decyl acrylamide increased the polymer’s hydrophobicity. After de-

protection, siRNA was encapsulated in the polymer. The siRNA de-

livery performance was demonstrated to be superior in vitro and

in human lung xenografts, achieving more effective silencing of

proteinase-activated receptor 2 (PAR2) gene, providing an effec-

tive approach for the treatment of pulmonary fibrosis. In the treat-

ment of pulmonary fibrosis, nebulized drug delivery is also an

extremely important method. Lee et al. developed an inhalable

nanogel to improve the treatment of pulmonary fibrosis (Fig. 7)

[117]. Hydrophobic and hydrophilic anti-fibrotic drugs, nintedanib

and pirfenidone, were incorporated into PLGA nanoparticles and

liposomes, respectively, to prepare inhalable nebulized microgels

with a size of approximately 12 μm. These microgels have an ex-

tended retention time in the lungs, effectively slowing the pro-

gression of pulmonary fibrosis, inactivating fibroblasts, inhibiting

transforming growth factor-beta (TGF-β) progression, and sup-

pressing the production of extracellular matrix (ECM) components

(collagen I and alpha-smooth muscle actin (α-SMA)), ultimately

improving lung function. This approach could provide an effec-

tive strategy for treating pulmonary fibrosis and other respiratory

diseases.

4.3. Asthma therapy

Asthma, commonly referred to as bronchial asthma, is a chronic

respiratory system disease characterized by airway inflamma-

tion and narrowing, resulting in recurrent wheezing, shortness of

breath, chest tightness, and coughing [118]. These symptoms typ-

ically occur in response to triggers such as allergens, respiratory

infections, exercise, cold air, pollutants, or smoke exposure [119].

During asthma attacks, the muscles around the airways contract,

i.e., bronchospasm, the airway lining becomes inflamed and exces-

sive mucus is produced, leading to airflow obstruction and diffi-

culty breathing [120]. The symptoms of patients with asthma can

show from mild to severe and vary over time.

Medications for asthma include long-term control medications

and rapid relief medications [121]. The former can be used to re-

duce inflammation and improve bronchiectasis, while the latter of-

ten helps relieve acute symptoms of asthma. Long-term control

medications include inhaled corticosteroids, leukotriene modula-

tors, and long-acting beta-2 agonists, which are used daily to re-

duce airway inflammation and prevent asthma symptoms. Rapid

relief drugs include short-acting beta-2 agonists and anticholiner-

gics, which are used during an asthma attack as needed to quickly

relieve symptoms [122]. For severe or poorly controlled asthma, bi-

ologic therapy or oral corticosteroids may be required under the

guidance of a specialist.
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Fig. 7. Schematic diagram of a nebulizable inhalable microgel containing nintedanib and pirfenidone. The microgel accumulates in the lungs, inhibits TGF-β , suppresses ECM,

and improves lung function. Copied with permission [117]. Copyright 2024, Elsevier.

Fig. 8. Diagram of preparation, atomization, and treatment of allergic asthma by

adhesion and erosion of mucous networks and inactivation of bacteria of CAT

nanogels. Reproduced with permission [123]. Copyright 2022, American Chemical

Society.

However, asthma is a stubborn disease often involving inflam-

mation cell infiltration and mucus obstruction. Although small-

molecule mucolytics have the ability to disrupt mucin protein

disulfide bonds, their therapeutic efficacy in vivo is limited. There-

fore, more effective treatment strategies are needed to prevent and

manage asthma. Zhao et al. designed and prepared a mucolytic

agent by developing a nano-gel composed of arginine-grafted

chitosan (CS-Arg) cross-linked with tris(2-carboxyethyl)phosphine

(TCEP). This nano-gel acts as a mucolytic agent, forming ionic in-

teractions with mucins. It effectively inhibits the formation of large

mucin aggregates in vitro, with the disulfide bonds in mucins be-

ing disrupted by the reducing TCEP (Fig. 8) [123]. In a mouse

asthma model, the nano-gel administered via nebulization effec-

tively alleviated mucus obstruction in the bronchioles and alve-

oli, reducing airway inflammation. Clinically, neutrophilic asthma

is more severe than eosinophilic asthma and is often resistant

to corticosteroids. Zuo et al. combined catalase with an antibac-

terial "protective film" to synthesize a novel nanogel (CAT-NGs)

for catalase delivery. Compared to free catalase, CAT-NGs exhibit

higher enzymatic activity and better resistance to trypsin. In a neu-

trophilic asthma mouse model, CAT-NGs, administered via aerosol

treatment, significantly reduced lung inflammation and alleviated

symptoms of neutrophilic asthma by scavenging reactive oxygen

species (ROS) in the lungs and inhibiting the NOD-, LRR-, and pyrin

domain-containing protein 3 (NLRP3) and nuclear factor kappa-

light-chain-enhancer of activated B cells (NF-κB) inflammatory

pathways (Fig. 9) [124].

4.4. Pulmonary tuberculosis therapy

Tuberculosis is an infectious disease caused by Mycobacterium

tuberculosis that primarily affects lung tissue [125]. Spread by

airborne droplets, Mycobacterium tuberculosis enters the human

body through the respiratory tract [126], and close contact with

patients is the most common route of infection. After diagno-

sis, tuberculosis patients should take anti-tuberculosis drugs for

months or years to eradicate tuberculosis bacteria and prevent

the disease from recurring [127]. The treatment of tuberculosis

is often a long and complex process that requires close mon-

itoring of treatment effects and adherence to prescribed treat-

ment regimens. The drugs used to treat tuberculosis mainly in-

clude first-line drugs and adjuvant drugs. First-line drugs in-

clude isoniazid (INH), rifampicin (RIF), pyrazinamide (PZA), and

ethambutol (EMB) [128,129]. Adjuvant drugs mainly include fluoro-

quinolones such as moxifloxacin, aminoglycosides such as amikacin

(AM) and kanamycin, and ciprofloxacin. These drugs are often

used in combination therapy to improve treatment effectiveness

and reduce the development of drug resistance. Although anti-

tuberculosis drugs can effectively inhibit and eliminate mycobac-

terium tuberculosis, they may also produce a series of side ef-

fects. Such as INH, RIF, PZA can cause abnormal liver function

and gastrointestinal adverse reactions such as nausea and vom-

iting. EMB can lead to visual impairment, color vision abnor-

malities, eye movement disorders, and gastrointestinal discom-

fort [130,131]. To reduce the impact on other tissues and organs,

we can design an appropriate microparticle to encapsulate the

drug. This approach can increase accumulation at the lesion site

and reduce side effects. Lokhande et al. prepared pH-responsive
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Fig. 9. Schematic diagram of the preparation and mechanism of action of CAT-NGs

nanogel, which alleviates neutrophilic asthma by scavenging ROS in the lungs and

inhibiting the NLRP3 and NF-κB inflammatory pathways. Copied with permission

[124]. Copyright 2024, John Wiley and Sons.

RIF microparticles containing lecithin and the biodegradable hy-

drophobic polymer polysebacic acid ester (PES) through a one-

step precipitation method. These microparticles achieved an en-

capsulation efficiency of approximately 60 %, demonstrated excel-

lent macrophage uptake in RAW 264.7 macrophages, and exhibited

enhanced anti-tuberculosis effects against intracellular Mycobac-

terium tuberculosis within macrophages. These microparticles hold

promising potential for improving anti-tuberculosis efficacy [132].

Liao et al. processed RIF-loaded aggregation-induced emission (AIE)

nanomicelles through sonication, filtration, and other treatments.

In mouse or zebrafish tuberculosis models, these nanomicelles ac-

cumulated and released RIF within granulomas via the enhanced

permeability and retention (EPR) effect. AIE molecules were used

for targeted tracing and imaging, generating ROS upon light ir-

radiation, which synergized with RIF to kill Mycobacterium tuber-

culosis (Fig. 10) [133]. This photodynamic synergistic chemother-

apy method, which combines light-controlled ROS release and pre-

cise RIF delivery, effectively kills Mycobacterium tuberculosis and re-

duces drug side effects [133].

4.5. COPD therapy

COPD is a general term for chronic lung diseases, including

chronic bronchitis and emphysema. COPD is characterized by per-

sistent airflow restriction and is a heterogeneous disease caused

by the inhalation of cigarette smoke, toxic particles or gases [134].

At present, medication is the key to traditional COPD treatment.

Commonly used drugs include bronchodilators and steroids. Bron-

chodilators can be used to dilate the airway and relieve respiratory

symptoms [135]. Steroids administered by inhalation can effec-

tively reduce pulmonary inflammation caused by COPD and reduce

mucus production [136]. In addition, antibiotics are also used

to treat respiratory infections caused by COPD [137] and mucus

antidotes are used to relieve coughs. However, long-term use of

Fig. 10. Schematic diagram of the function of RIF-loaded AIE nanomicelles. Copied

with permission [133]. Copyright 2020, American Chemical Society.

steroids and long-acting bronchodilators often leads to serious side

effects, such as decreased bone density and oral candidiasis [138].

While antibiotics are effective in treating respiratory infections

caused by COPD, overuse of antibiotics can lead to antibiotic

resistance problems. In addition, free small molecule drugs, when

administered orally or intravenously, often lack tissue targeting in

the lungs and may cause damage to normal tissues or organs [139].

Therefore, we need to enhance the delivery efficiency of an-

tibiotics as much as possible while minimizing damage to normal

tissues or organs. To ensure that the nanocarrier can penetrate

the mucus layer smoothly, Li et al. combined black phosphorus

quantum dots (BPQDs) with AM-loaded polyhydroxy chitosan

nanospheres (termed PEG@CS/BPQDs-AM NPs) [140]. Due to the

hydrophilicity of PEG and the positive charge of CS, the nanocar-

rier penetrates the mucus layer and subsequently adheres to the

mucosa. Meanwhile, BPQDs rapidly degrade into non-toxic PO4
3−

and acidic H+, promoting the dissociation of the nanospheres and

accelerating the release of AM, which then inactivates pathogenic

bacteria (Fig. 11) [140]. This study demonstrates that BPQD-

mediated drug delivery is a viable precision medicine strategy that

not only enhances the release of the antibiotic AM but also reduces

damage to other tissues and organs. Zhu et al. developed a dual-

permeable immuno-antibacterial agent for mucus and bacterial

biofilms (IMAMs), which possesses conditional bactericidal activity

and extracellular DNA (eDNA)/genomic DNA (gDNA) inhibitory ca-

pabilities and can be used for aerosol treatment of COPD (Fig. 12)

[141]. IMAMs consist of hollow mesoporous silica nanoparticles

(HMSN) encapsulating ceftazidime (CAZ) and are functionalized

with polypeptides bearing positively charged quaternary ammo-

nium and negatively charged carboxyl groups in their side chains.

The presence of amide bonds imparts pH-sensitive properties to

the material, enabling flexible charge inversion and state change in

different environments, which facilitates the proper release of the

drug. At neutral pH, the electrostatic attraction between the side

chains results in a negative charge and a random coil conformation

of the polypeptides, which stack on the HMSN surface and prevent

CAZ leakage. In an acidic environment, such as in COPD-afflicted

mice, the negatively charged IMAMs effectively penetrate mucus

and biofilms due to electrostatic repulsion with glycoproteins and
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Fig. 11. A schematic of the preparation of PEG@CS/BPQDs-AM NPs shows that the

nanocarrier smoothly penetrates the mucus layer, and with the dissociation of the

nanospheres, AM is rapidly released to kill pathogenic bacteria. Copied with per-

mission [140]. Copyright 2020, John Wiley and Sons.

Fig. 12. Schematic of IMAMs preparation. (A) In different pH environments,

polypeptides with negatively charged carboxyl groups exhibit distinct conforma-

tions. (B) Diagram of IMAMs action. In COPD mice, the random coil polypeptide

transitions into a rigid α-helix due to carboxyl group removal, releasing CAZ. This

combined treatment kills pathogenic bacteria, inhibits bacterial eDNA and gDNA,

and promotes the resolution of COPD-induced inflammation. Copied with permis-

sion [141]. Copyright 2024, The American Association for the Advancement of Sci-

ence.

polysaccharides. As the carboxyl groups on the negatively charged

polypeptides are removed, the flexible random coils transition into

positively charged, rigid α-helices capable of disrupting bacterial

membranes, and CAZ is released from the silica mesopores. The

combined action of the rigid α-helix and CAZ not only eradicates

goblet bacteria but also effectively inhibits bacterial eDNA and

gDNA, which suppresses immune cell infiltration and activation,

avoid excessive activation of Toll-like receptor 9 (TLR9) in vari-

ous types of immune cells, thereby promoting the resolution of

inflammation caused by COPD.

4.6. Lung infections therapy

Due to the unique physiological structure of the lungs, air en-

ters the lungs through the nasal or oral cavity [142]. When an

infected person coughs or sneezes, pathogens can be transmit-

ted through droplets into the air, potentially causing the spread

of lung diseases. During lung infections, the immune system may

fail to promptly recognize and attack the pathogens, increasing the

risk of infectious diseases. In response to such infectious diseases,

timely measures must be taken, such as isolating infected individ-

uals from non-infected ones to reduce the risk of pathogen trans-

mission. It is also crucial to avoid gathering in crowded and poorly

ventilated environments, where pathogens spread more rapidly

and infect a broader range of people. COVID-19, as a significant

global public health event in recent years, has had widespread

and highly destructive impacts worldwide [143]. The application of

biomedical polymer materials to combat such diseases has played

a critical role in mitigating the effects of COVID-19. For exam-

ple, the mRNA vaccine BNT162b2 developed by Pfizer/BioNTech

uses lipid nanoparticles as carriers for mRNA, successfully deliv-

ering mRNA into human cells and contributing significantly to

stabilizing the pandemic [144]. Lower respiratory tract infections

caused by bacteria often require antibiotic treatment. However,

traditional systemic administration of antibiotics suffers from low

drug utilization rates and may cause damage to other parts of the

body. Han et al. successfully designed an inhalable drug delivery

nanosystem, STQ12, by leveraging the electrostatic interactions be-

tween the positively charged antimicrobial polymer quaternized

polyethyleneimine (QPEI-C6) and the negatively charged sodium al-

ginate and loading the antibiotic azithromycin (AZT) (Fig. 13) [145].

The nanosystem is capable of pH-responsive disassembly in the

slightly acidic environment of the infection site, releasing AZT and

QPEI-C6. This approach effectively reduces drug loss during deliv-

ery, achieving a synergistic effect in eradicating multidrug-resistant

bacteria and treating lower respiratory tract infections.

5. Limitations and future directions

Biomedical polymer materials still face many challenges if they

want to be truly applied in clinical practice. Since the lungs are

a dynamic biological environment, they are constantly affected by

factors such as airflow, humidity, and temperature. The implant or

delivery system needs to be able to maintain stability in this en-

vironment, preventing displacement or damage due to physiolog-

ical changes or respiratory dynamics. It is also necessary to pre-

vent possible mucus adhesion, blockage, or interference with drug

release. For drug delivery systems, drug stability is an important

consideration. In the lung environment, the drug can be affected

by factors such as oxidation, humidity and temperature, and it is

necessary to ensure that the drug can remain effective over a long

period of time.

In the clinical application of biomedical polymer materials in

the treatment of lung diseases, standardization is a key factor in

ensuring safety, efficacy and reproducibility. The process of man-

ufacturing biomedical polymer materials needs to follow a series

of standards to ensure the quality and consistency of the product,

including the production, processing, disinfection and other stan-

dards of the material. Standardized biocompatibility and toxicity

assessment procedures are important to ensure that materials are

safe for humans, including in vitro and in vivo assessments to

assess the compatibility of materials in the lung environment. If it

involves medical devices, such as artificial airways or stents, it is

necessary to comply with the relevant medical device standards,
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Fig. 13. The synthetic route and mechanism diagram of STQ12. STQ12 can disassemble in a mildly acidic environment, releasing AZT and QPEI-C6. The two compounds work

synergistically to kill drug-resistant bacteria and treat lower respiratory tract infections. Copied with permission [145]. Copyright 2024, John Wiley and Sons.

which involves the design of the equipment, material selection,

performance testing and so on. For biomedical polymer materials

involved in drug delivery, relevant drug delivery system standards

need to be followed, including drug packaging, release rate, sta-

bility and other standards. Clinical trials of biomedical polymer

materials in the treatment of lung diseases need to comply with

international and national clinical trial standards, which ensures

the ethical, scientific and data reliability of the trials. Different

countries and regions may have different regulatory requirements,

including registration, approval, production quality control and

other standards, biomedical polymer materials need to meet these

requirements in order to be legally sold and used in the market.

After a product is put on the market, monitoring and reporting

systems need to be in place to track the performance, safety and

effectiveness of the product, which helps to identify and address

potential problems in a timely manner. Standardization helps to

ensure that the application of biomedical polymer materials in the

treatment of lung diseases is scientific and reliable, and facilitates

the sharing of information and exchange of experience internation-

ally. This can improve the overall level of the industry and ensure

that patients benefit from the most advanced and safe treatments.

6. Conclusions

Traditional treatment, whether it is surgery or chemoradiother-

apy combined with drug treatment, will cause huge damage to the

body, which is difficult to heal after surgery, and the wound is

easy to cause infection, the immunity is reduced, and the patient’s

mood is difficult to adjust, and the patient will face great pressure

both physically and psychologically. Therefore, the role of biomed-

ical polymer materials in the treatment of lung diseases is increas-

ingly critical, through the screening of materials, reasonable design,

in vivo and in vitro performance characterization, and then gradu-

ally transition to clinical application, the biomedical polymer mate-

rials designed in this process have the advantages of good biocom-

patibility, good targeting, and little damage. Biomedical polymer

materials can be used to replace or repair damaged or missing tis-

sues and organs, such as artificial joints, artificial heart valves and

orthopedic implants. These materials help restore patients’ physi-

ological function and improve their quality of life. The design of

biomedical polymer materials focuses on biocompatibility, that is,

the interaction of the material with biological tissues. Good bio-

compatibility helps to reduce rejection and the immune response

caused by the implant, thereby improving patient acceptance of

the implant and reducing patient discomfort. Biomedical polymer

materials can be used to prepare drug delivery systems that de-

liver drugs directly to the treatment site, improving treatment ef-

fectiveness and reducing the amount of drugs patients need to

receive, thereby mitigating adverse reactions. Biomimetic design

of biomedical polymer materials brings their physical and chem-

ical properties closer to natural tissues, helping to improve the

adaptability and stability of medical devices and implants. Through

these applications, biomedical polymer materials not only improve

the quality of life of patients, but also improve treatment out-

comes, making an important contribution to progress and innova-

tion in the medical field.
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