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a b s t r a c t

In recent years, different drugs therapies for treatment pulmonary fibrosis (PF) have gained much atten-

tion due to development of drug delivery technology and urgent clinical needs. PF treatment existed a

variety of currently clinical problem but PF could be treated with different drugs potentially though drug

delivery technology. This review systematically expounds its basic theory, various drug delivery technolo-

gies, and future development directions. In the introduction, the relationship between the pathological

mechanism of PF and drug delivery, the basic principles of the drug delivery system and the biological

barriers faced by pulmonary drug delivery are analyzed. This review details delivery of small molecule

drug, macromolecular drug and cells, including chemical synthesis and natural small molecule drug de-

livery, as well as RNA and cell-based delivery. Finally, the challenges and perspectives of these drugs to

treat PF delivery technologies are discussed and key aspects in the development of PF drugs are con-

sidered. We hoped that this review can provide comprehensive and in-depth theoretical reference and

technical support for the drug treatment of PF.

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

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Fibrosis is an outcome of the tissue repair process during

chronic inflammatory disorders and various forms of tissue injury

[1–3]. There are some common diseases associated with fibrosis,

including systemic sclerosis, liver cirrhosis, pulmonary fibrosis (PF),

myocardial infarction, renal interstitial fibrosis and arteriosclerosis

[3,4]. In the worldwide, fibrosis is a significant contributor to mor-

bidity and mortality on a global scale and increasingly recognized

as a major health and longevity challenge [5]. Among these fibrotic

conditions, PF especially is a devastating disease with a lethal pro-

gression to respiratory failure and main outcome of most chronic

respiratory diseases [1,2,6]. Numerous studies have identified sev-

eral risk factors associated with PF occurrence [4]. These factors

include the cumulative effects of tissue repair responses triggered

by smoking, viral infections, genetic predispositions, and the in-

halation of environmental and occupational pollutants, as well as

exposure to certain drugs (Fig. 1). PF has a dysregulated repair
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stage, when these specific factors result in damage to pulmonary

tissue. The main characteristics of PF are the formation of scars in

the lungs over time, deposition of extracellular matrix (ECM), and

thickening of the alveolar walls [7,8]. Notably, ECM components

accumulated continuously will lead to tissue architecture disrup-

tion, organ dysfunction and organ failure [9]. As research on PF

advances, the pathogenesis of the disease remains incompletely

understood, for example, abnormal angiogenesis and inflammation

may be related to the formation of fibrosis [10]. Ding et al. identi-

fied that targeting and inhibiting endothelial Rhoj can mitigate col-

lagen deposition, decrease nested angiogenesis, and alleviate fibro-

sis [10]. So that, accelerating the penetration of the collagen barrier

is crucial, as it requires not only effective treatment but also early

detection.

In recent years, the development of PF therapeutic drugs has

also made relatively slow progress, thereby impeding the tar-

geted pharmacological therapies [11]. Most of small molecules or

compounds are currently in clinical trials for PF [12,13]. There

are only two drugs approved by the Food and Drug Adminis-

tration (FDA), pirfenidone and nintedanib for PF therapy. Due to

patients need to oral pirfenidone daily 2403mg. The most com-

https://doi.org/10.1016/j.cclet.2025.111596
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Fig. 1. Schematic illustration of healthy lung and fibrotic lung experienced influenc-

ing factors, drug selection, drug delivery, and administration methods. This figure

was created using Figdraw.

monly reported adverse events included gastrointestinal disorders,

fatigue, skin rash, nausea, and weight loss. Some cases of abnor-

mal liver function have been reported and it is imperative for pa-

tients to undergo regular reevaluation of their liver function [14].

Similarly, patients receive nintedanib at a dose of 150mg twice

daily. Diarrhea was the most common side effect for 66.9 % of pa-

tients [15]. To some up, drug research of PF will face major chal-

lenges for reducing their side effects and improving the thera-

peutic effect. Several important drugs are discovered from natu-

ral products [16,17]. For examples, baicalin is a flavonoid compo-

nent derived from Radix Scutellariae. It is very effective in treat-

ing lung diseases. But baicalin has poor water and lipid solubil-

ity resulting in low bioavailability. Nanodrugs delivery technology

can increase the solubility of drugs [18]. Besides, other techno-

logical drugs are also worth paying more attention. Macromolecu-

lar drug are therapeutic drugs produced using innovative biotech-

nology, such as stem cell technology, cytokines, recombinant pro-

tein drugs, and antibodies [19,20]. Based on extensive literature re-

search, more RNA drugs are developed for treatment various ill-

ness [21]. They have advantages, such as strong targeting, lasting

efficacy, but still in the preclinical research stage due to immuno-

genicity and degradation. In response to this situation, researchers

have implemented a range of strategies in the design of medi-

cation regimens and delivery systems to address the challenges

presented.

With the development of nanotechnology application, the

emergence of nano-drug delivery systems enables to target or-

gans or tissues for clinical treatment [22]. Some nano-drugs have

been used for clinical patients and have achieved better therapeu-

tic effects. These drugs are packaged in nanoscale carriers made of

lipids or polymers, which can deliver different drugs to lung tis-

sues in order to reduce side effects [23]. In other words, chang-

ing the way of drug treatment and improving drug efficacy are

urgent needed through nano-delivery system. Among the related

delivery systems, nanodrug delivery systems are a popular re-

search trend for enhancing efficacy, enabling sustained, and con-

trolled drug release [24]. Nano delivery systems effectively ad-

dress the shortcomings of current PF treatments obviously. Cur-

rently, the drugs for PF are mainly systemic therapies such as

oral and injection. On the contrary, nanodrug can meet multi-

ple delivery methods [25]. In this review, we provide recent re-

search on the drugs delivery technology of PF. There are classi-

fied drugs for treating PF based on their sources and properties

(Fig. 2). Then, delivery systems of PF treatment drugs are reviewed

respectively. Finally, the future outlook of PF treatments was

discussed.

Fig. 2. Example of various small molecule drugs used in drug delivery for PF ther-

apy.

2. Delivery of small molecule drugs

Most of new drugs and their products are small molecules in

the pharmaceutical industry [26]. However, the majority of small

molecule drugs exhibit a lack of specificity and are susceptible

to interacting with multiple targets due to their relatively small

structure. That’s why small molecule drugs can easily induce more

toxic side effects [27]. Small molecule drugs exhibit relatively short

half-life in vivo and require one or three large doses of medica-

tion per day. Therefore, drug delivery systems for small molecule

drugs have become increasingly urgent in order to meet the treat-

ment needs of patients [28]. Pirfenidone and nintedanib have ap-

proved small molecule drugs by FDA for the treatment of PF. Dif-

ferent methods for delivering small molecule drugs are analyzed

and discussed in this part (Fig. 2).

2.1. Delivery of synthesized small molecules drugs

2.1.1. Pirfenidone

Pirfenidone is a small molecule drug derived from pyridine.

The molecular weight of pirfenidone is 185.22 g/mol, which is easy

to distribute good crystal stability. Due to pirfenidone has pyri-

done ring as key functional groups, it has poor aqueous solubil-

ity and higher solubility in organic solvents, which make it oral

capsule formulations necessarily [29]. But phenyl and pyridone of

pirfenidone molecular structure make it have photosensitivity side-

effect and may have the potential to cause skin cancer [30]. More

and more research on formulation of pirfenidone encounters chal-

lenges in minimizing dosage and side effects. As shown Fig. 2,

pirfenidone’s molecular structure regulates multiple targets syner-

gistically because of its pyridone ring, methyl group, and phenyl

group [29]. Thereby, pirfenidone exhibits anti-inflammatory, an-

tioxidant, and anti-fibrotic properties [14]. Liposomes are nanoscale

spherical structures characterized by phospholipid bilayers that en-

capsulate an aqueous core. They can encapsulate diverse small

molecules drugs coupled with their biocompatibility [31]. Several

studies have confirmed that liposomes are more suitable for pul-

monary drug delivery systems, based on the extremely similar

performances between liposomes and pulmonary surfactants [32].

A prominent characteristic of PF is the persistent accumulation

of aberrant collagen, creating a formidable obstacle to drug per-

meation. Liposome targeting modification and inhalation delivery

are crucial to improve the therapeutic efficacy [33]. Nuclear fac-

tor erythroid 2 related factor 2 (Nrf2) is a key molecule regulat-

ing reactive oxygen species (ROS) and transforming growth factor-

β (TGF-β) expression. A ROS-responsive liposome loaded dimethyl

2



Y. Yu, C. Gan, K. Shi et al. Chinese Chemical Letters 37 (2026) 111596

fumarate (Nrf2 agonist) were synthesized by Wang’s team. The

study found that these ROS-responsive liposomes exhibited pro-

longed accumulation in the lung, indicating that the nano-delivery

system has very good biocompatibility and improves the efficacy

in the treatment of PF [34].

Albumin as protein drug carrier with binding sites for metabolic

substrates and therapeutic agents, is biodegradable and non-

immunogenic [35]. It is widely studied in anti-tumor drug delivery

systems but has seen less research in PF drug delivery [36]. Albu-

min is considered a more suitable carrier for drug delivery due to

its cost-effectiveness, biodegradable, nontoxic, low immunogenic-

ity, and uptake in inflamed tissues [37]. Gong et al. established

a nanoplatforms for multi-targeting delivery [38]. They used Fn-

BAP5 peptide for facilitating targeted interaction with fibroblas-

tic foci, thereby enhancing the ability of bovine serum albumin

(BSA) nanoparticles to recognize and accumulate at fibrotic sites.

This method represents an effective strategy for enhancing the

lung microenvironment and its functional capacity. Youn et al. fab-

ricated inhalable albumin nanoparticles and drugs were released

gradually for 24h. The inhaled nanoparticles demonstrated supe-

rior anti-fibrotic efficacy compared to that achieved through in-

traperitoneal administration [39]. In the future, increased attention

could be paid on chemical modifications, which may potentially

expanding the applications of albumin nanoparticles [37]. Albumin

nanoparticles will be served as a promising drug delivery system

in the clinical development of therapeutic PF.

With DNA nanotechnology developing, it has been utilized in

the treatment of a range of clinical conditions [40]. Tetrahedral

framework nucleic acid (tFNA) has emerged as a central focus in

the research area of DNA nanotechnology [41]. tFNA were initially

introduced by Turberfield and his team in 2004 [42]. tFNAs show

some excellent advantages, including easy design, structural stabil-

ity, biodegradability, and functional diversity [43]. It is very suit-

able for drug carrier research in the biomedical field due to mech-

anisms such as embedding, electrostatic interactions and chemi-

cal cross-linking [44]. Our team synthesized a loading pirfenidone

complex using tFNA as the delivery vehicle and achieved quantita-

tive nebulized drug delivery to the lungs through a micronebulizer

for treatment PF [45]. tFNA has been demonstrated as a drug de-

livery system with exceptional delivery capabilities [46]. It is an-

ticipated as a prominent nucleic acid nanocarrier for respiratory

diseases [47]. In short, there are many studies on drug delivery

for pirfenidone, and we look forward to them entering the clini-

cal market as soon as possible.

2.1.2. Nintedanib

Nintedanib is a triple vascular kinase inhibitor that inhibits

growth factor receptors in the pathological mechanism of PF,

thereby slowing down the progression of idiopathic PF [15]. The

molecular weight of nintedanib is 539.64 g/mol, classifying it as

a small molecule drug. Due to its limited water solubility and

significant protein binding properties, high-dose administration as

oral medication is necessary but nintedanib is known for its se-

vere dose-limiting side effects [48]. There is a need to develop

sustained-release formulations to improve its bioavailability. These

factors prompted Brenner et al. to devise solid lipid nanopar-

ticles containing nintedanib. The presented data indicates that

nintedanib-loaded liposomes maintain their structural integrity

and do not aggregate following extended exposure to the alve-

olar cavity in vivo. In comparison to oral medications, inhaled

nintedanib-loaded liposomes exhibit order of magnitude increase

in lung area under the curve (AUC) showing better bioavailability

[24]. This phenomenon can be attributed to the effective drug re-

lease capabilities of liposome delivery platforms. The study find-

ings also indicate that the inhaled liposomes may be harmonious

with pulmonary surfactant, thereby indicating the potential suit-

ability of the liposome delivery system for clinical use in PF. At

the same time, Sistla et al. also designed a liposome formulation

loaded with nintedanib because of the low bioavailability and ad-

verse therapeutic side effects of nintedanib. They found that the

relative oral bioavailability in liposome formulation was 2.87 times

that of free nintedanib. Furthermore, respiratory mechanics analy-

sis showed good anti PF effects [49]. It is evident that drug deliv-

ery system has the potential to substantially enhance bioavailabil-

ity and extend the duration of action.

2.1.3. Collaborative treatment with two small molecule drugs

The distinct mechanisms of pirfenidone and nintedanib of-

fer a physiological basis for their combined use in efforts to

further mitigate the decline lung function in PF. Clinical trials

have assessed the safety profile of the combined therapy of pir-

fenidone/nintedanib and other small molecule drugs for the treat-

ment of PF [50].

Jiang et al. has constructed nanoparticles loaded with dual

drugs (verteporfin and pirfenidone, Lip@VP) [51]. They adminis-

tered Lip@VP to the lungs via nebulized inhalation. Verteporfin

is widely accumulated in lung tissue and released to inhibit air-

way epithelial fluidization and the formation of honeycomb cysts.

Pirfenidone inhibits excessive activation of fibroblasts, reduces cy-

tokine secretion, and promotes airway epithelial fluidization. The

liposome loaded dual-drug demonstrates greater efficacy compared

to single drug delivery. The collagen barrier in PF has always been

of great concern. Jiang et al. employed self-assembly and Michael

addition reactions in the construction of pathological collagen tar-

geting and penetrating liposomes. Through the utilization of colla-

gen binding peptides with a high affinity for collagen, the identi-

fication of the pathological collagen environment can be achieved,

followed by the application of collagenase to penetrate the colla-

gen barrier. The antifibrotic drugs of pirfenidone and dexametha-

sone were injected into the injured lungs [52]. The release of two-

drug demonstrated a synergistic anti-fibrotic impact by facilitating

the repair of impaired epithelial cells and inhibiting the activation

of myofibroblasts. Drawing inspiration from the physiological char-

acteristics of pulmonary surfactant, Zhang et al. have developed a

nano biomimetic liposome drug delivery system, which is loaded

with astaxanthin (AST) and pirfenidone administered through neb-

ulized lung inhalation. This nano-system is administered through

nebulized lung inhalation, allowing AST and pirfenidone to be fur-

ther transported to penetrate lung tissue and exerting therapeutic

effects. Liposomes delivery system has the advantage of prolong-

ing retention time in the lungs, with nebulization every other day,

which is more convenient than injection and multiple oral medi-

cations, and has a better therapeutic effect on PF [53].

Inorganic nanoparticles are frequently investigated for their po-

tential applications in theranostics [54,55]. Qian et al. has inves-

tigated and developed a greater number of inorganic nanopar-

ticles for the diagnosis and treatment of diseases, including tu-

mors and fibrosis [54–58]. The inorganic nanoparticles most fre-

quently used in biomedical applications include the following, no-

ble metals nanoparticles such as Au, Pt, and Ag [59,60], metal ox-

ides/ metal sulfide (e.g., solid or mesoporous SiO2, Ag2S) [61,62],

semiconductor materials (quantum dots) [63]. Inorganic nanopar-

ticles are attracting substantial attention due to their high bio-

compatibility, chemical stability, high electrical conductivity and

potential for bioconjugation [57,63]. Zhang et al. demonstrated

the successful synthesis of Janus Au core-mesoporous silica shell

nanoparticles. Mesoporous silica loaded with pirfenidone not only

increases the drug loading capacity, but also achieves responsive

release of pirfenidone due to the modification of ROS respon-

sive groups and 1,2-distearoyl-sn–glycero–3-phosphoethanolamine

(DSPE) by mesoporous silica, while reducing the number of drug

administration. This study demonstrates the collaborative effect of

3
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Fig. 3. Schematic representation of various modified nanoparticles delivery systems

utilizing for the therapeutic of PF. This figure was created using Figdraw.

pirfenidone and stem cells utilizing nano drug delivery systems

and creates a favorable microenvironment and enhance the treat-

ment of PF [64]. However, the utilization of inorganic nanoparti-

cles has also raised concerns regarding their potential long-term

impact due to immunogenicity and cytotoxicity [65]. Although in-

organic nanoparticles have the capability to deliver drugs, due to

the non-degradability, the safety issues of inorganic nanoparticles

remain a significant obstacle [66]. In this field of drug delivery, in-

organic nanoparticles could possess some difficulty and potential

to be incorporated as an effective nanoscale platform for PF.

These studies suggest outstanding potential of employing

nanocarriers to improve the delivery and efficacy of chemically

synthesized small molecules drugs. Most studies use clinical con-

ventional drugs pirfenidone, nintedanib and other candidate drugs

used to treat PF. From the perspectives of animal models, cell mod-

els, and mechanisms of PF, it has been confirmed that they greatly

reduce their toxic side effects, avoid high-dose and frequent med-

ication. This review is beneficial for promoting the adjustment of

clinical drug dosage forms of nintedanib and pirfenidone, and pro-

moting the application research of nanocarrier systems in transla-

tion and clinical practice (Fig. 3). In short, there is a huge demand

for nanocarrier platforms during the process of clinical application.

2.2. Delivery of natural small molecules drugs

As previously discussed, chemical synthetic small molecules

drugs have low bioavailability, insufficient targeting, and easy drug

resistance or side effects when used for a long time. Emerging

more increasing evidence have revealed the efficacy of natural

products in PF treatment [71,72]. We focus on to widen potential

clinical applications of natural products in PF treatment. In fact,

there are many natural small molecule drugs derived from nat-

ural products have used in clinical practice, such as artemisinin,

taxol, curcumin and silymarin. Natural small-molecule drugs have

emerged as a crucial resource in multiple diseases drug devel-

opment, attributed to their structural diversity, multi-target ef-

fects, and low toxicity [73,74]. Natural products, originating from

plants, animals, and microorganisms, play a crucial role in main-

taining human health, such as tanshinone ⅡA [67,75], flavonoids

[76], asiatic acid [77,78], triptolide [79] and others more small

molecules drugs [80,81]. An increasing number of approved phar-

maceuticals are derived from natural compounds or their deriva-

tives, a trend attributable to their diverse chemical components

and high biocompatibility. For instance, the anti-fibrotic proper-

ties of artemisinin compounds have been investigated using both

in vivo and in vitro models of PF [82].

2.2.1. Quercetin

Quercetin is the main representative of flavonoids, widely

present in fruits, vegetables, and grains. The molecular weight of

quercetin is 302.23 g/mol, and its molecular structure comprises

hydroxyl groups, benzene rings, and pyran ring (Fig. 2). The hy-

droxyl group and pyran ring structure are the key to its antiox-

idant activity [83]. Nevertheless, the limited water solubility, low

bioavailability, and rapid metabolism of quercetin constrain its ef-

ficacy in clinical applications. Yao et al. developed chitosan-coated

quercetin nanoparticles (Qu/CS-NPs) for the treatment of silica in-

duced occupational PF. Following administration via the pulmonary

route, Qu/CS-NPs exhibit an enhanced therapeutic effect, leading to

a significant reduction in oxidative stress, mitigation of lung struc-

tural damage, suppression of α-smooth muscle actin (α-SAM) ex-

pression, and decreased ECM deposition. The delivery of Qu/CS-NPs

through CS NPs not only enhances its hydrophilicity, antioxidant,

and anti-inflammatory properties, but also improves bioavailabil-

ity and anti-fibrotic characteristics of quercetin [84]. In the case

of quercetin, the bioavailability of the substance in the body af-

ter oral administration is as low as 1%, due to its poor solubil-

ity in water (2.84mg/mL). Furthermore, the limited oral absorption

(<50%) of the insoluble flavonoid silybin restricts its characteristic,

resulting in diminished clinical efficacy [85]. We were pleasantly

surprised to find Phytosome R© technology as a delivery system to

enhance absorption of certain compounds [86]. This study aimed

to assess and compare the solubility of a novel quercetin formula-

tion (Quercetin Phytosome R©) with that of unformulated quercetin

in simulated gastrointestinal fluids, as well as its oral absorption.

These pharmacokinetic findings indicate that the new formulation

significantly increased plasma levels of quercetin, achieving con-

centrations up to 20 times greater than those typically observed

following the administration of standard quercetin doses.

2.2.2. Cryptotanshinone (CTS)

CTS is the predominant fat-soluble compound extracted from

Salvia miltiorrhiza, characterized by its diterpene quinone struc-

ture featuring a distinctive ternary or quaternary ring o-quinone

or p-quinone configuration (Fig. 2). These structures make it with

multiple biological activities, such as antitumor, antioxidant, anti-

inflammatory, and antibacterial properties. More and more stud-

ies have demonstrated promising potential in the treatment of car-

diovascular diseases, antibacterial applications, anti-tumor effects,

anti-inflammatory properties, metabolic disorders, and neurode-

generative diseases. Liu et al. developed and evaluated two drug

delivery systems about CTS-loaded modified liposomes [68]. CTS-

loaded modified liposomes exhibit targeted delivery to pulmonary

myofibroblasts through the specific interaction of the CREKA pep-

tide with fibronectin and the inherent homing capability of exo-

somes to progenitor cells, respectively. This mechanism enhances

the efficient transport of CTS to pulmonary fibrotic lesions. Notably,

the inhaled administration of CTS-loaded liposomes every two days

achieved comparable efficacy to the control drug pirfenidone and

conventional microspheres administered daily.

2.2.3. AST

AST is a keto-carotenoid characterized by its distinctive conju-

gated double bond and ketone structure (Fig. 2), which confer po-

tent antioxidant and anti-inflammatory properties. It is abundantly

found in marine organisms such as fish, shrimp, and crabs, and

is called the super antioxidant in nature [87]. AST exhibits lim-

ited solubility in aqueous environments, necessitating the devel-

opment of advanced drug delivery systems to enhance its bioavail-

ability and broaden its potential applications. Huang’s team has de-

signed a nano-pharmaceuticals that co-delivers AST and siTGF-β1

through ionizable liposome nanoparticles for improving PF treat-

ment [69]. This study offers a unique and pioneering approach in

4
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co-delivering siRNA and AST for the treatment of PF. Liposomes

are fabricated through the utilization of microfluidic technology

in order to facilitate efficient drug delivery. The inclusion of AST

within these liposomes serves to mitigate excessive levels of ROS

within cells, thereby diminishing aberrant damage to alveolar ep-

ithelial type 2 cells. Additionally, the incorporation of siTGF-β1

within the liposomes functions to suppress the expression of the

TGF-β1 gene, consequently impeding the accumulation of ECM by

inhibiting the differentiation and migration of fibroblasts. Com-

pared with monotherapy, this combination therapy significantly

suppressed the worsening of PF. This study combines natural prod-

ucts with gene therapy, with a therapeutic effect of 1+1>2, pro-

viding a promising strategy for the clinical treatment of PF.

2.2.4. Baicalin

Baicalin, as a flavonoid derived from Scutellaria baicalensis, pos-

sesses several phenolic hydroxyl groups in molecular structure (Fig.

2), enabling it to interact with various free radicals. This inter-

action underlies its antioxidant and anti-inflammatory properties

[88]. More research has been shown in prior research to possess

various pharmacological properties that are beneficial in the treat-

ment of respiratory illnesses, demonstrating favorable therapeutic

outcomes [89,90]. Wang et al. reviewed the protective effects of

baicalin on respiratory diseases in recent years and summarized

the therapeutic effects of baicalin nanocarrier systems in respira-

tory diseases [91]. Baicalin has demonstrated protective effects on

the lungs across various animal models, including lung injury, PF,

pulmonary embolism, and lung remodeling. Baicalin exhibits poor

water solubility, necessitating enhancement via nanomedicine de-

livery systems to improve its therapeutic efficacy.

2.2.5. Hydroxysafflor yellow A (HSYA)

HSYA is a compound characterized by a monochalcone glyco-

side structure. As a bioactive constituent of the natural product

safflower. HSYA distinguishes it from other natural small molecule

drugs due to its disaccharide and polyhydroxy groups, which con-

fer high water solubility and low membrane permeability. How-

ever, it exhibits low oral bioavailability [92]. The chalcone structure

imparts antioxidant properties through the scavenging of free rad-

icals. So that HSYA exhibits pharmacological effects including anti-

inflammatory, antioxidant, and anti-apoptotic effects [93]. Zhang

et al. designed a phospholipid complex based on the van der

Waals forces/hydrogen bonding between phospholipids and HSYA

molecules, which not only improved the encapsulation efficiency

of water-soluble HSYA, but also enhanced the lipid solubility of

free HSYA and increased its bioavailability. They further evalu-

ated the administration of HSYA via intervaginal space injection

(ISI) as an anti-PF treatment [94]. Findings have demonstrated that

HSYA effectively decreases the secretion of inflammatory factors

and inhibits collagen deposition in the lungs of mice, suggesting

a promising anti-fibrotic potential for HSYA. A notable and innova-

tive aspect of this study is the utilization of an alternative route of

administration-ISI [95]. It is demonstrating favorable biosafety and

efficacy and elicits a targeted response in the lungs. ISI could be a

promising lung-targeted delivery system.

2.2.6. Curcumin

Curcumin, a compound frequently utilized in culinary appli-

cations, possesses both medicinal and nutritional properties. It

is characterized by a diketone structure and phenolic hydroxyl

groups, which enable it to effectively scavenge free radicals and

downregulate the expression of inflammatory mediators. Conse-

quently, curcumin exhibits significant antioxidant, anti-tumor, and

anti-inflammatory activities [96]. Curcumin is a well-documented

natural compound with anti-inflammatory properties and has been

demonstrated to exert beneficial effects in PF [97–99]. Capsule

Longvida R© technology (solid lipid curcumin particles) have opti-

mized role of curcumin and alleviated pain in knee osteoarthri-

tis [100]. A highly bioavailable curcumin preparation (Longvida R©)

have improved working memory and reduced fatigue and stress

reactivity [101]. After literature research, we are gratified that

some companies are developing nanoliposomes for natural prod-

ucts preparations to improve the stability and bioavailability of

drugs, such as Yunnan Baiyao Group Company. While the cur-

rent domestic market features a limited number of natural small

molecules drugs preparations and health products utilizing nano-

delivery technology, with the development of technology, this field

is expected to foster in more innovations and products. Jiang et al.

have developed a Lipomicelles loaded curcumin for enhancing ECM

penetration and exhibiting excellent therapeutic effect in PF [70].

Jiang et al. not only made breakthroughs in basic research, but also

actively promoted the transformation of these research results into

practical applications, providing new strategies and methods for

the treatment of related fibrosis diseases.

3. Macromolecular drug delivery

With the development of biotherapy, macromolecular drugs

have been large-scale produced, including DNA, RNA, peptides and

proteins [102]. They have gained more attention in lung disease,

especially in PF field. Due to their sophisticated functions, several

drug delivery strategies have been developed for overcoming diffi-

culties, such as the instability and easily restricted by physiologic

barriers [103].

3.1. RNA drugs

RNA is a multifunctional macromolecule characterized by its

ability to adopt a diverse array of structural conformations [104].

Since the approval of the first RNA-based drug named fomivirsen

for the market in 1998, there has been significant progress in the

field of RNA therapeutics [105]. In the field of pharmaceutical re-

search, RNA drug therapy can accurately regulate the expression

of target genes compared to small molecule drugs [106]. Currently,

more and more clinical data supports the potential of overcom-

ing the major limitation of existing medicines and treating vari-

ety of diseases. Meanwhile, RNA-based therapies demonstrate high

specificity and efficacy for the treatment of lung diseases [107–

109]. However, RNA drug delivery is a valuable medical approach

known for its specificity and facile production, but it suffers from

poor stability and rapid degradation [110,111]. In the treatment of

PF, siRNAs are usually designed to target genes that play a key

role in the fibrosis process, such as cytokines, growth factors and

key molecules in signaling pathways, to inhibit the development

of fibrosis [112,113]. Currently, the mainstream gene delivery car-

riers are non-viral vectors, such as liposomes [114,115], polymer

nanoparticles [116,117], and inorganic nanoparticles [118,119]. At

the international conference on novel formulations and process

technologies, K. Raemdonck of Ghent University presented his re-

search accomplishments and shared several studies on gene ther-

apy for lung disorders. In order to maximize the efficacy of RNA

drugs, it is essential to utilize safe and efficient nano-formulations

for targeted delivery into target cells [120].

Surfactant protein B (SP-B) plays a crucial role in lung sur-

factants, facilitating the potential for inhalation delivery of siRNA

and mRNA through the use of cationic amphipathic drugs (CAD)

and SP-B [121,122]. Oupický et al. developed perfluorocarbon nano-

emulsions can deliver siRNA to the lungs, achieving gene silenc-

ing treatment of PF safely and effectively [123]. Considering the

strong correlation between the expression of protein and the

epithelial-mesenchymal transition process, Lee et al. hypothesized

that the silencing of G2 and S phase-expressed protein 1 (GTSE1)
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Fig. 4. Inhalable siRNA targeting lipid nanoparticles or polymeric nanoparticles for

PF treatment. This figure was created using Figdraw.

might represent a promising therapeutic strategy for addressing PF.

To this end, they developed a mannose-incorporated engineered

lipid nanoparticle for efficient delivery of GTSE1 siRNA to the

lungs. These findings support the notion that targeting GTSE1 may

hold potential for the treatment of PF by modulating pulmonary

epithelial-mesenchymal transition [124].

In addition, researchers are making many attempts in other

non-viral vector directions presently. Ahn et al. has developed

a complex as a lung-targeted gene delivery system. The un-

derlying mechanism is formed a self-assembled nanoparticles

(pASO/DhBD23) through charge interactions. These nanoparti-

cles facilitate systemic delivery through tail-vein administration,

achieving lung-specific targeting of TGF-β mRNA to effectively

treat PF [125]. Mannosylated albumin nanoparticles encapsulat-

ing TGFβ1-siRNA selectively targeted the profibrotic subpopulation

of CD206+ macrophages, effectively inhibiting the progression of

PF [126]. Zhang et al. developed a mucus-penetrative nanoparti-

cles, which were formulated through self-assembly of a biodegrad-

able copolymer and cationic lipid for delivery of siIL11. The high-

light of their work is cationic lipid-like molecule G0-C14 for that

penetrates mucus [127]. Yang et al. also constructed stable carrier

polymer nanoparticles and it may effectively encapsulate siIL-11

through hydrophobic, hydrogen bonding, and electrostatic interac-

tions. Fig. 4 demonstrates a marked mitigation of disease progres-

sion in PF model [128].

In addition to single gene delivery, some studies have also dis-

covered multi gene targeted delivery systems, which have better

therapeutic effects due to their synergistic therapeutic effects. The

protein tyrosine phosphatase-N13 (PTPN13) is a key protein that

inhibits apoptosis of myofibroblasts, and NADPH oxidase-4 (NOX4)

is a key transcription factor that promotes activation of myofi-

broblasts. Han et al. first innovatively synthesized siRNA deliv-

ery nanomaterials with myofibroblast targeting effects. After self-

assembly, they synthesized targeted polymer micelles to jointly de-

liver siPTPN13 and siNOX4 for the treatment of PF. In compari-

son to single-gene targeted therapies, the concurrent targeting of

PTPN13 and NOX4 demonstrated substantial antifibrotic effects in

the treatment of PF [129]. The progress in nano-delivery technol-

ogy has substantially enhanced the efficacy of mRNA-based thera-

peutics and has partially mitigated the challenges related to their

clinical implementation. Gene therapies have shown considerable

potential and application value in the treatment of PF [130].

As a result, in the development of RNA drugs, lipid nanopar-

ticles is the main carrier for RNA drugs widely. Nevertheless, lipid

nanoparticles as carriers face poor targeting to the lungs, as well as

some toxicity and immunogenicity issues [131,132]. At present, the

scientific community is making many attempts to improve these

shortcomings. Especially, the methods of modifying liposomes be-

come necessary, which mainly include inserting targeted ligands or

peptide and adding modified substances or surfactants as shown

in Fig. 3. These modified vectors can achieve enhanced capability

for site-specific targeting [133,134]. Moreover, the delivery strategy

of virus particles and exosomes undoubtedly adds choices [135]. It

has broad application prospects for treatment PF in the future.

3.2. Protein drugs

Protein therapy involves the modulation of cellular biological

functions and the treatment of diseases through the application of

biological molecules, such as exogenous proteins or polypeptides

[136,137]. Compared with gene therapy and chemotherapy, protein

therapy has unique advantages. Protein therapy does not induce

permanent genetic alterations or result in significant adverse reac-

tions [136,138]. It can be employed in the treatment of various dis-

eases, including diabetes. At present, the primary method for the

clinical administration of protein and peptide pharmaceuticals is

via injection [139]. Oral delivery of peptide and protein drugs faces

great challenges [140]. Cellular communication network factor 2

(CCN2) gene as connective tissue growth factor, encodes a protein

that plays a role in cell growth, differentiation, adhesion, and ECM

remodeling. Pavlidou et al. presented the preclinical profile of the

inhaled anti-CCN2 Anticalin R© protein PRS-220 [141]. A biothera-

peutic protein drug targeting CCN2 is administered via inhalation

directly to the lungs for the treatment of PF. Owing to its generally

advantageous biophysical characteristics, it is highly suitable for in-

halation delivery and has superior anti-fibrotic activity. Their work

also has highlighted the advantage of inhaled protein drug delivery

for treatment of respiratory disease in the future. The delivery of

proteins and peptides represents an emerging frontier in delivery

research. Several protein drugs are currently in used to treat can-

cer, inflammatory bowel disease and brain disease [137,140,142].

We hope protein drugs with the potential to significantly expand

the range of PF drug therapy.

4. Cell therapy

Cell therapies represent an innovative therapeutic strategy, at-

tributed to their intrinsic anti-inflammatory and anti-fibrotic char-

acteristics [143,144]. Many preclinical studies have demonstrated

that stem cells therapy exhibits significant therapeutic efficacy

across a variety of pulmonary diseases [145]. Stem cells therapy

is among the most extensively researched cellular products in the

field of regenerative medicine. Currently, mesenchymal stem cells

(MSCs) as new biotech drugs have received much attention due to

their substantial efficacy in regulating epithelial permeability, re-

ducing inflammation, and promoting tissue regeneration [146,147].

More researchers have found that it can be beneficial for the repair

and reconstruction of fibrotic lung. Stem cell drugs are typically la-

beled and delivered to the target site using specific carriers includ-

ing nanoparticles and exosomes [148]. Zhang et al. have used the

pH-sensitive Au nanotracers transplanted MSCs for the first time.

This innovative approach enables monitoring through computed

tomography (CT) imaging for 35 days and contributes to the miti-

gation of PF [149]. Chen et al. have developed a novel self-assembly

multifunctional nanoagent labeling MSCs. They found that labeled

MSCs enhanced pulmonary function and mitigated symptoms of fi-

brosis [150]. Li et al. have fabricated AuPtCoPS nanozyme as carrier

for tracking MSCs and eradicating ROS [151]. Based the harmful

interaction between myofibroblasts and vascular endothelial cells

leads to a significant loss of pulmonary capillaries in worsening fi-

brosis. Jiang et al. developed a modifying the surface of MSC with

ROS-responsive lipid polymeric hybrid nanoparticles encapsulating
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Fig. 5. Illustration of lung-targeting nanoengineered MSCs for reversing PF in mice.

This figure was created using Figdraw.

the metformin and macitentan. Owing to the intrinsic homing ca-

pability of MSCs and the influence of growth factors secreted by

MSCs, this approach not only efficiently targets pulmonary tissue

but also facilitates the reconstruction of normal vascular architec-

ture within the fibroblast region, thereby reversing PF [146]. The

treatment of PF with MSCs demonstrates significant efficacy. In

short, Fig. 5 shows that cell drug combined with small molecule

drugs for realizing better [148–150], such as 1+1≥2. Neverthe-

less, further research is necessary to validate these preliminary

and promising findings. Jiang et al. constructed a MSC nanoengi-

neered platform through the bioconjugation of MSCs and type I

collagenase-modified liposomes encapsulating with nintedanib for

the treatment of advanced fibrosis. This MSC nanoengineered plat-

form not only facilitates the repair of alveolar structures but also

significantly enhances the regeneration of damaged lung in aged

mice [148]. MCS-derived exosomes has capability of targeting and

penetrating efficiently [152]. Researchers think it is a good strat-

egy for integration of treatment methods for PF. For instance,

macrophage-based delivery of anti-fibrotic proteins and achieving

successful application of chimeric antigen receptor T cells (CAR-

T) therapy in the reversal of PF according to the latest study

[153,154].

5. Perspective and future outlook

It is worth noting that clinical medication for PF has in-

deed encountered certain difficulties, including the development

of nanomedicine [8160–162]. Nanomedicines have demonstrated

substantial benefits in the realms of healthcare, disease diagno-

sis, and therapeutic interventions. The integration of PF treat-

ment with nanomedicine is anticipated to foster a broader spec-

trum of possibilities and innovations [163,164]. Nanomedicine has

the potential to significantly enhance the bioavailability, minimize

adverse effects, and optimize the delivery mechanisms of small

molecule pharmaceuticals, active constituents of natural products,

and gene therapies (Table 1). Currently, the discussion is limited

to FDA-approved small molecule drugs, specifically pirfenidone

and nintedanib, with no mention of those still under develop-

ment. Numerous studies have demonstrated that the formulation

of nanomedicine significantly enhances drug bioavailability and

therapeutic efficacy. Consequently, the promotion of nanomedicine

represents a critical and urgent strategy in the realms of drug de-

velopment and clinical validation. The treatment of PF using natu-

ral products involves complex components and diverse pharmaco-

logical effects. Consequently, it is essential to precisely select active

ingredients from natural products for formulation as natural small

molecule drugs nanomedicines [72,165,166]. Comprehensive and

systematic in-depth research on these nanomedicines is required

to further elucidate their regulatory mechanisms and safety pro-

files in vivo. Chinese medicine nanomedicines have the potential

to offer new impetus and direction for the prevention and treat-

ment of PF. Gene delivery constitutes a fundamental aspect of gene

therapy, particularly for the treatment of PF. The utilization of de-

livery vectors, such as viral vectors or liposomes, can elicit robust

immune responses in the host, potentially diminishing therapeu-

tic efficacy and inducing adverse effects. Achieving sustained and

stable gene expression in pulmonary tissues presents a significant

challenge, with particular emphasis on mitigating side effects asso-

ciated with gene overexpression. Concurrently, ensuring the long-

term safety of the therapeutic intervention remains paramount.

Therefore, it is imperative for researchers in the field of gene ther-

apy to closely integrate technological innovations across multiple

disciplines, including biology, clinical medicine, materials science,

and drug delivery, to enhance the efficacy of treatments for PF. As

technological advancements continue and research deepens, gene

therapy holds the potential to offer new hope for the treatment of

diseases such as PF.

Protein delivery is also a direct and simple drug delivery

method for treating PF, such as macrophage-based delivery of anti-

fibrotic proteins can also alleviate bleomycin-induced PF in mice

[153]. Stem cell therapy is being explored as a potential treat-

Table 1

Different drug delivery systems in PF.

Type Drug Delivery system Design targeting Delivery route Ref.

Small molecule

drugs

Pirfenidone BSA nanoparticles FnBAP5 peptide modified PEGylated BSA Vein injection [38]

HSYA Phytosomes HSYA phytosome ISI [94]

Nintedanib/colchicine Lipid NPs liposomes modified E5 peptide Vein injection [155]

Grape seed extract N-Succinyl

chitosan-coated

liposomes

Liposomes loaded GSE and N-succinyl

chitosan was used as a coating layer to

protect the formulation

Oral

administration

[156]

Astragaloside IV

(AS-IV) and

ligustrazine (LIG)

Polylactic-co-glycolic

acid (PLGA) particles

The fundamental theory of traditional Chinese

medicine (TCM) of “tonifying qi and activating

blood”

Intratracheally

injected

[157]

Salvianolic acid B Dry power inhaler Sal B-DPI was successfully prepared by spray

drying method with l-leucine as excipient

Oral

administration

[158]

Macromolecular

drugs

siRNA (Drp1) Exosome Delivery of ExoMMP19 for degraded excessive

ECM and then delivery of ExoTx for siRNA

Intratracheally

inhaled

[135]

siRNA (STAT3) Perfluorocarbon

nanoemulsions

Core-shell structure of nanoemulsions

providing the positive surface charge

necessary for siRNA binding

Intratracheal

instillation

[123]

IL-10 Hydrogel hydrogels loaded with IL-10

(heparin-immobilized protein drug IL-10)

Intranasal

instillation

[159]

Cell drugs IL-10, sTGFR-Fc and

CD147

Macrophage-based

delivery

engineered macrophages to continuously

secrete interleukin-10, TGFRcFc, and CD147

Intranasal

infusions

[153]

MSC and nintedanib Liposomes MSCs and type I collagenase–modified

liposomes loaded with nintedanib

Vein injection [148]
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ment for idiopathic PF (IPF). However, several limitations must

be addressed, including immunological compatibility, cell survival

and high costs [167]. Future strategies for drug delivery in the

treatment of PF are likely to advance towards the use of multi-

drug combination therapies. These may encompass small molecule

drugs, components of natural products, nucleic acids, peptide and

stem cells, while also addressing challenges related to stability and

safety. Additionally, with advancements in artificial intelligence, its

role in drug delivery is expected to gain increasing attention. Arti-

ficial intelligence (AI) technology may be utilized in the design of

drugs, optimization of delivery systems, and the personalized de-

velopment of treatment plan.

In summary, PF drug delivery systems encounter numerous

challenges. These challenges primarily arise from the unclear

pathogenesis of PF and the intricate pathological environment

associated with the condition. The most notable and distinctive

features is pathological environment with excessive accumulation

of ECM components, including collagen, plastids, and fibronectin,

which can significantly increase the rigidity of lung tissue [168].

This hard lung parenchyma is called collagen barrier, forming a

"barrier" that hinders the normal exchange of oxygen and carbon

dioxide, thereby affecting respiration. Furthermore, it is imperative

to select suitable drug delivery systems for small molecule drugs,

antibodies, proteins, and gene. The future challenge is to improve

drug delivery performance while enabling more convenient admin-

istration with fewer doses. Many studies are mostly based on re-

sults from mouse, rat and cell culture experiment. Animal models

may be a significant limitation of research [23]. There may also

be more suitable research methods to accelerate the overcoming

of collagen barriers and improve drug delivery performance with

development of organoid structures, lung chips, 3D printing tech-

nology and immunotherapies. Despite notable advancements in the

development of sophisticated drug delivery systems for the treat-

ment of PF, further research is imperative to elucidate the underly-

ing mechanisms, assess drug safety and efficacy, and explore com-

bination therapies to enhance treatment specificity [25]. Future PF

treatments will rely on the deep intersection of materials science,

gene, cell engineering, and immunology, could be customized to

each patient and their disease stage, necessitating early diagno-

sis and effective drug delivery. Through these ongoing investigative

efforts, we remain optimistic that the field will develop effective

treatment responses for patients with PF.

6. Conclusions

Drug delivery technologies have shown significant potential in

the treatment of PF. The pulmonary administration of drug ther-

apies presents significant challenges due to the intricate anatomy

and pathophysiological characteristics of lung. This review provides

a detailed overview and framework for delivery of small-molecule

drugs, macromolecular therapeutics, and cellular drugs treatment

PF. Drugs need to overcome the specific barriers through designed

delivery carriers. So safe and efficient pulmonary delivery system

are constructed of critical importance for PF. Drug delivery appli-

cation shown great effectiveness in PF treatment through numer-

ous preclinical studies. Multidrug delivery therapy with a range

of capabilities may be a promising treatment of PF in the near

future.
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