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Abstract: Idiopathic pulmonary fibrosis is a progressive, fatal lung disease with poor survival. 

The advances made in deciphering this disease have led to the approval of different antifibrotic 

molecules, such as pirfenidone and nintedanib. An increasing number of studies with particles 

(liposomes, nanoparticles [NPs], microspheres, nanopolymersomes, and nanoliposomes) modi-

fied with different functional groups have demonstrated improvement in lung-targeted drug 

delivery. In the present study, we prepared, characterized, and evaluated spermidine (Spd)-

modified poly(lactic-co-glycolic acid) (PLGA) NPs as carriers for fluorofenidone (AKF) to 

improve the antifibrotic efficacy of this drug in the lung. Spd-AKF-PLGA NPs were prepared 

and functionalized by modified solvent evaporation with Spd and polyethylene glycol (PEG)-

PLGA groups. The size of Spd-AKF-PLGA NPs was 172.5±4.3 nm. AKF release from NPs was 

shown to fit the Higuchi model. A549 cellular uptake of an Spd–coumarin (Cou)-6-PLGA NP 

group was found to be almost twice as high as that of the Cou-6-PLGA NP group. Free Spd and 

difluoromethylornithine (DFMO) were preincubated in A549 cells to prove uptake of Spd-Cou-

6-PLGA NPs via a polyamine-transport system. As a result, the uptake of Spd-Cou-6-PLGA 

NPs significantly decreased with increased Spd concentrations in incubation. At higher Spd 

concentrations of 50 and 500 µM, uptake of Spd-Cou-6-PLGA NPs reduced 0.34- and 0.49-

fold from that without Spd pretreatment. After pretreatment with DFMO for 36 hours, cellular 

uptake of Spd-Cou-6-PLGA NPs reached 1.26-fold compared to the untreated DFMO group. 

In a biodistribution study, the drug-targeting index of Spd-AKF-PLGA NPs in the lung was 

3.62- and 4.66-fold that of AKF-PLGA NPs and AKF solution, respectively. This suggested that 

Spd-AKF-PLGA NPs accumulated effectively in the lung. Lung-histopathology changes and 

collagen deposition were observed by H&E staining and Masson staining in an efficacy study. 

In the Spd-AKF-PLGA NP group, damage was further improved compared to the AKF-PLGA 

NP group and AKF-solution group. The results indicated that Spd-AKF-PLGA NPs are able 

to be effective nanocarriers for anti–pulmonary fibrosis therapy.

Keywords: idiopathic pulmonary fibrosis, fluorofenidone, spermidine, polyamine transport 

system, nanoparticles

Introduction
Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, irreversible, and fatal 

lung disease, with a median survival time of 3–5 years from diagnosis.1,2 The disease 

occurs primarily in older adults, predominantly males.3 IPF is characterized by usual 

interstitial pneumonitis and progressive interstitial fibrosis caused by excessive extra-

cellular matrix deposition.4,5 The course of IPF is highly unpredictable, but risk factors 

associated with IPF may include smoking, environmental exposures, gastroesophageal 
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reflux disease, commonly prescribed drugs, diabetes mellitus, 

infectious agents, and genetic factors.1,6,7 Despite IPF being 

classified as a rare disease, its health-care costs and social 

burden are significant.8

Over the last few decades, many conventional thera-

peutic concepts on IPF have proved to be unsuccessful. 

Corticosteroids and immunosuppressants are usually the 

main treatment for IPF, but the therapeutic benefits of these 

agents are limited, with poor final outcome.9 Immunomodu-

lation by azathioprine and cyclophosphamide did not show 

sufficient benefit.8 Lung transplantation may be the final 

choice of medical therapy for refractory patients with IPF.10 

Despite the majority of therapies so far having disappointing 

results, there is a new antifibrotic drug, pirfenidone (PD), 

which has shown positive effects on reducing mortality in 

IPF patients.3,11 PD (5-methyl-1-phenyl-2-[1H]-pyridone) 

was the first antifibrotic drug tested specifically for use in 

IPF, starting in 1999.12 It has been approved in multiple 

countries and regions (including Europe, Japan, Canada, and 

the US).13 It is presumed that pyridone agents are effective 

drugs for IPF.14,15

Fluorofenidone (AKF; 5-methyl-1-[3-fluorophenyl]-2-

[1H]-pyridone) which has been synthesized by the Depart-

ment of Pharmacochemistry, School of Pharmaceutical 

Sciences, Central South University (Changsha, China), has a 

similar chemical structure to PD.16,17 It can reduce fibroblast 

growth and collagen synthesis of different organs.18–21 

Furthermore, AKF is able to attenuate bleomycin-induced 

experimental IPF by reducing inflammation, accelerating 

the production of caveolin 1, inhibiting the phosphorylated 

MAPK-signaling pathway, and limiting the fibrosis cytokine 

TGF-β.22 However, the curative power of AKF in the lung 

has been limited by its unsatisfactory pharmacokinetic 

properties, which include a short half-life (2 hours), as well 

as rapid absorption and extensive distribution.17 Therefore, 

improvement of AKF lung concentration is a high-priority 

requirement in treating IPF. One of the ideal approaches is 

to use nanoscale vehicles to improve the pharmacokinetic 

properties of AKF, and then antifibrotic capability could 

be extended.

At present, lung-targeted drug-delivery systems include 

microparticles23,24 (microspheres and microcapsules) and 

liposomes,25,26 and intravenous injection and pulmonary 

inhalation are the main administration routes.27 Encapsulating 

antifibrotic drugs within biodegradable polymers to form 

microspherical particles has been reported in a lung-targeting 

drug-delivery system.28 Great attention has been paid to the 

use of polymeric nanoparticles (NPs) as delivery vehicles 

for lung-disease drugs, and some studies have suggested 

that nanocarriers can significantly enhance antifibrotic drug 

efficacy.29–32 Local delivery of biodegradable PD NPs has 

exhibited high dispersibility and suitable distribution for 

inhalation therapy, with sustained lung delivery and enhanced 

antifibrotic efficacy.29 Nevertheless, to succeed pulmonary 

drug-delivery must overcome several critical and unique 

challenges, including toxicological evaluation of materials 

and mucociliary clearance.30–32 Compared with inhalation, 

the intravenous route is valid and efficient, which ensures 

the accuracy of individual doses. The nanoscale dimensions 

of drug-delivery systems allow entry into blood circulation 

directly, avoiding degradation by enzymes on the alveolar 

membrane.25 Enhancement of drug accumulation in lung 

tissue by active targeting could improve local therapeutic 

efficacy and reduce systemic adverse reactions.24,33–35

Among the various kinds of polymer-based NPs, 

poly(lactic-co-glycolic acid) (PLGA)-based formulations 

are considered ideal and safe vehicles for different drugs.36,37 

In this regard, NPs based on amphiphilic copolymers of 

polyethylene glycol (PEG; as a hydrophilic) and PLGA have 

already been approved by the US Food and Drug Admin-

istration (FDA), and PEG-PLGA copolymers are safe and 

nontoxic after hydrolysis in vivo.38 In former work at our 

laboratory, we found that AKF-loaded PLGA microspheres 

improved the curative effect of AKF in treating acute lung 

injury via intravenous administration.39 It can be concluded 

that the extent of drug accumulation in the lung is closely 

related to therapeutic efficacy, while it is worth noting that 

large particles might cause pulmonary capillary embolization, 

which induces severe side effects.30,40 Therefore, intravenous 

injection of NPs is an ideal strategy to realize lung-targeted 

delivery of a drug and strengthen its efficacy.41–44 Based on 

this evidence, PLGA-NPs releasing AKF are proposed as a 

potential therapeutic measure for IPF. Furthermore, through 

the conjugation of a targeting agent, such as truncated bFGF 

peptide28 or aptamer45 to an NP surface, an active-targeting 

effect could be established to modify the pharmacokinetics 

of drugs and further enhance therapeutic efficiency.

As targeting ligands, polyamines (PAs), such as 

putrescine, spermine, and spermidine (Spd), which bind to 

different compounds, have been investigated on account of 

their therapeutic potential.46,47 PA transport is an important 

regulatory mechanism of intracellular PA content by cells.48 

A large study showed that the lung has high capability in 

transporting PAs, and PAs were selectively accumulated 

into type II pneumocytes in reverse concentration via the 

polyamine-transport system (PTS).49 Owing to the unique 
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characteristics of PAs and preferential properties of PTS as a 

receptor, Spd is an ideal candidate for PA-mediated targeting 

for NPs into type II pneumocytes in treating lung disease.50,51 

Until now, PA-mediated nanocarriers for lung targeting have 

not been reported.

To test our hypothesis, we explored the feasibility of 

using Spd-modified PEG-PLGA NPs as a lung-targeted 

delivery system for AKF. Targeting NPs were comprehen-

sively characterized in terms of particle size, ζ-potential, 

particle morphology, drug-encapsulation efficiency (EE), 

drug-loading capacity (LC), and in vitro drug release. 

Targeting ability in vitro was characterized by cellular uptake 

on A549 lung cancer cells. Biodistribution and antifibrotic 

efficacy in vivo were identified by comparing AKF solution 

and AKF-PLGA NPs.

Materials and methods
Materials
PLGA (average molecular weight [MW] 41,000 Da, lactic 

acid:glycolic acid 50:50) was obtained from Shandong Medical 

Instrument Research Institute (Shandong, China). NH
2
-PEG- 

COOH (MW 3,400 Da) was obtained from Seebio Biotech 

(Shanghai, China). The 1-(3-dimethylaminopropyl)-3-ethyl-

carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide 

(NHS) were obtained from Qiyun Biotech (Guangzhou, 

China). Spd, polyvinyl alcohol (87%–90% hydrolyzed, MW 

30,000–70,000 Da), 2-iminothiolane hydrochloride (ITL), 

4-dimethylaminopyridine, 2-(N-morpholino) ethanesulfonic 

acid (MES), and MTT were obtained from Sigma-Aldrich (St 

Louis, MO, USA). A bicinchoninic acid (BCA) protein-assay 

kit was obtained from Dingguo Changsheng Biotech (Beijing, 

China). Dithiothreitol (DTT) and coumarin (Cou)-6 were 

obtained from Aladdin Biological Technology (Xi’an, China). 

l+-Cysteine was obtained from Xiya Reagent Chemical 

(Chengdu, China). AKF (MW 203.22 Da, purity .99%, lot 

160704) was synthesized by the School of Pharmaceutical 

Sciences, Central South University (Changsha, China). PD 

was obtained from Meilun Biotech (Dalian, China). Paraquat 

(PQ) was obtained from Syngenta (Basel, Switzerland). 

1,1′-dioctadecyl-3,3,3′,3′-tetramethyl indotricarbocyanine 

iodide (DiR) was obtained from AAT Bioquest (Sunnyvale, 

CA, USA). DMEM and fetal bovine serum (FBS) were 

obtained from Thermo Fisher Scientific (Waltham, MA, 

USA). Trypsin–EDTA, penicillin–streptomycin solution, 

and 4′, 6-diamidino-2-phenylindole (DAPI) were obtained 

from Solarbio Biotech (Beijing, China). Chloral hydrate 

was obtained from Hecang Chemical (Shanghai, China). All 

other reagents of analytical and chromatographic pure grade 

were obtained from Sinopharm Chemical Reagent (Shanghai, 

China). Double-deionized water was purified using a Millipore 

simplicity system (EMD Millipore, Billerica, MA, USA).

Cell cultures and animals
A549 cells were provided by Xiangya Central Experiment 

Laboratory (Changsha, China). Cells were maintained in 

DMEM supplemented with 10% (v:v) heat-inactivated FBS 

at 37°C in a humidified atmosphere (95%) containing 5% 

CO
2
. Cell-experiment protocols were approved by the Faculty 

Committee, Xiangya School of Pharmaceutical Sciences, 

Central South University.

Male Sprague Dawley rats (body weight 180–220 g) and 

male athymic nude mice (nu/nu, BALB/c, 4–6 weeks old, 

body weight 18–22 g) were provided by SJA Laboratory 

Animals (Changsha, China). Sprague Dawley rats were kept 

in a pathogen-free environment and fed ad libitum. All animal 

experiments were approved by and carried out in accordance 

with the protocols of Central South University Animal Care 

and Use Committee.

Preparation of spermidine-modified NPs
Synthesis of PLGA-PEG block copolymer
Carboxylate-functionalized copolymer PLGA-PEG-COOH 

was synthesized by conjugating COOH-PEG-NH
2
 to PLGA-

COOH. Briefly, PLGA–COOH (5 g, 0.12 mmol) dissolved 

in chloroform (10 mL) was converted to PLGA-NHS 

with excess NHS (135 mg, 1.1 mmol) and EDC (230 mg, 

1.2 mmol). Then, PLGA-NHS was precipitated and washed 

repeatedly with ice-cold methanol to remove residual NHS. 

After vacuum-drying, PLGA-NHS (1 g, 0.024 mmol) was 

dissolved in chloroform (4 mL), followed by addition of 

N,N-diisopropylethylamine (28 mg, 0.22 mmol) and NH
2
-

PEG-COOH (250 mg, 0.074 mmol). This polymer was 

stirred for 12 hours, precipitated, and washed with ice-cold 

methanol to remove unreacted PEG. After vacuum-drying, 

the copolymer was dissolved in CDCl
3
 and characterized by 

1H nuclear magnetic resonance (NMR; Mercury Plus 400; 

Varian, Palo Alto, CA, USA) for confirming the conjugation 

percentage of PEG to PLGA.

Preparation of PLGA NPs
Emulsification-solvent evaporation was employed for the 

preparation of AKF NPs. Briefly, PLGA-PEG copolymer (20 

mg) and AKF (5 mg) were dissolved in 1 mL dichloromethane 

and added to 2% polyvinyl alcohol aqueous solution (4 mL). 

The mixture was sonicated by a microtip-probe sonicator for 2 

minutes at 80 W energy output over an ice bath. The emulsion 
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was stirred at 30°C for 3 hours to evaporate the organic solvent 

(Figure 1A). Blank NPs were prepared without the addition 

of AKF. Cou6- or DiR-labeled NPs were prepared in the 

same way by adding Cou6 (0.05% w:w) or DiR (0.4% w:w) 

for encapsulation. Next, a centrifuge (23,000× g, 4°C for 20 

minutes) separated the NPs from the solvent, before they were 

washed three times with double-deionized water and dried.

Binding of Spd to PLGA NPs
Spd was modified on the surface of PLGA NPs using an 

EDC/NHS technique. PLGA NPs were suspended in MES 

(0.1 M, pH 6, 2 mL), then added with excess NHS (100 mM) 

and EDC (250 mM) at 25°C for 30 minutes under magnetic 

stirring (Figure 1B). The solution was transferred to a centri-

fuge tube and centrifuged at 20,000× g, 4°C for 20 minutes 

to remove the residual reactants. Activated NPs were then 

dispersed in PBS (0.1 M, pH 8, 10 mL) to react with Spd 

(10 mM, 100 μL) for 1 hour under magnetic stirring. Link-

coupled Spd-PLGA NPs were washed three times with PBS 

(0.01 M, pH 7.4) and freeze-dried.

Characterization of PLGA NPs
Particle size, ζ-potential, and surface morphology
Particle size and ζ-potential of Spd-AKF-PLGA NPs and 

AKF-PLGA NPs were determined by dynamic light-scattering 

analysis using a ζ-potential/particle sizer (Nano ZS; Malvern 

Instruments, Malvern, UK). The shape and surface charac-

teristics of NPs were investigated by transmission electron 

microscopy (TEM; Titan G2 60-300; FEI, Hillsboro, OR, 

USA) after samples had been suspended in water and then 

dropped into Formvar-coated copper grids.

Drug-entrapment efficiency and -loading capacity
In order to determine the EE and LC of NPs, a predeter-

mined amount of NPs were ultrasonicated in methanol for 

20 minutes to degrade and release AKF. AKF level was 

determined with high-performance liquid chromatography 

(HPLC; LC 2010C; Shimadzu, Kyoto, Japan) using a 

reverse-phase C
18

 octadecylsilyl column (200×4.6 mm, 

5 μm; Diamonsil, Beijing, China) with methanol and water 

(60/40, v/v) as the mobile phase at flow rate of 1 mL/min. 

The column temperature was 40°C and sample injection 

volume 20 μL. The detection wavelength was 316 nm. EE 

and LC were calculated using the formula:

EE (%)
Amount of  loaded AKF in the NPs

Amount of  AKF used i
 =

nn the formulation
100%×

LC (%)
Amount of  loaded AKF in the NPs

Weight of  NPs
100% = ×

Figure 1 Construction of Spd-AKF-PLGA NPs.
Abbreviations: Spd, spermidine; AKF, fluorofenidone; PLGA, poly(lactic-co-glycolic acid); NPs, nanoparticles; EDC, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro
chloride; NHS, N-hydroxysuccinimide.
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Determination of Spd conjugated on PLGA NPs
The amount of Spd conjugated on PLGA NP surfaces was 

determined by BCA. Briefly, 2 mL Spd-AKF-PLGA NPs 

(2.5 mg/mL) were pretreated with 400 μL of ITL (20 mM) 

for 1 hour at 37°C. After being washed with DTT (1 mM) and 

PBS (0.1 M, pH 7.4), NPs were resuspended and reacted with 

200 μL BCA for 30 minutes at 37°C, then samples were ana-

lyzed by a microplate reader (Tecan Infinite M200) at 256 nm. 

The same approach without NPs was used for the control.

Drug release of PLGA NPs
The drug-release properties of NPs were studied by the 

dialysis-bag method. Firstly, free AKF solution, AKF-PLGA 

NPs, or Spd-AKF-PLGA NPs (0.5 mL) were put into a 

dialysis bag (MW cutoff 3,400 Da). Then, the dialysis bag 

was hung in a conical flask containing PBS (50 mL, pH 7.4) 

and shaken horizontally (100 rpm, 37°C). Finally, dissolution 

medium (1 mL) was taken out at designated time points (1, 2, 

3, 4, 6, 12, 24, 48, 72, 96, 120, 144, 168, and 192 hours) for 

HPLC analysis and fresh PBS (1 mL) added immediately.

Biocompatibility and cellular uptake of 
PLGA NPs
Cou6 as the fluorescent probe was incorporated into the 

NPs. Intracellular accumulation of Cou6-PLGA NPs in 

A549 cells was quantitatively assayed with flow cytom-

etry (FACSCalibur; BD Biosciences, San Jose, CA, 

USA). The quantitative uptake of Spd-Cou6-PLGA NPs in 

A549 cells was determined by measurement of fluorescence 

on a cell-imaging station (inverted fluorescence microscope; 

Olympus, Tokyo Japan). A549 cells were seeded at a concen-

tration of 5×105 cells per well in a six-well plate and cultured 

for 24 hours. After cells had been rinsed with PBS, Spd-Cou6-

PLGA NPs and Cou6-PLGA NPs were diluted separately 

with culture medium to 400 μg/mL (PLGA content), and 

these NPs (2 mL) were added to each well and coincubated 

with the cells for 1 hour. After that, A549 cells were digested 

by trypsin enzymes and washed with PBS (pH 7.4) twice, 

then fixed with 70% ethanol and counterstained with DAPI. 

Next, centrifugation separated the A549 cells from PBS, 

concentrating them into Eppendorf tubes. Finally, cells were 

resuspended in PBS (pH 7.4, 2 mL) with FBS (2%, v/v), and 

intracellular fluorescence intensity of NPs was measured.

In vivo fluorescence imaging
DiR, a lipophilic near-infrared probe, was encapsulated 

into the NPs for in vivo imaging. The nude mice (aged 

46 weeks, 18–22 g, male) were injected with DiR-PLGA 

NPs or Spd-DiR-PLGA NPs (0.2 mL) separately at a dose 

of DiR 0.1 mg/kg via tail vein, and then anesthetized with 

isoflurane/oxygen (1.5%). Subsequently, the mice under 

anesthesia were put into a chamber of an imaging system 

(FMT 4000 fluorescence tomography system; PerkinElmer, 

Waltham, MA, USA). The fluorescence images were cap-

tured at 1, 3, 6, 24, and 48 hours after injection. Distribution 

information for DiR-PLGA NPs or Spd-DiR-PLGA NPs in 

mice was acquired through analyzing fluorescence inten-

sity, which was processed and analyzed using TrueQuant 

system software.

In vivo biodistribution
Male Sprague Dawley rats were used in the biodistribution 

study of NPs, and received a single intravenous injection of 

Spd-AKF-PLGA NPs, AKF-PLGA NPs, or free AKF solu-

tion at an equivalent AKF dose of 30 mg/kg. After admin-

istration, blood, heart, liver, spleen, lung, and kidney were 

collected from rats scheduled to be killed at 1, 3, 6, 12, 24, and 

48 hours. For determination of AKF in vivo, tissue samples 

(0.5 g) were homogenized in 0.5 mL physiological saline 

and extracted with 1 mL acetonitrile using ultrasonic extrac-

tion for 1 hour. The mixture was centrifuged (12,000 rpm, 

5 minutes) and the supernatant analyzed by HPLC, which 

employed PD as the internal standard.

Drug-efficacy assessment
The anti-pulmonary fibrosis effect of PLGA NPs was 

assessed in the PQ-poisoning rat model, and efficacy veri-

fied with pathological sections. A total of 150 male rats were 

randomly assigned to the control group (normal saline), 

experimental groups, and the positive-control group (PQ). 

Four experimental groups were injected with AKF solution, 

PD solution (FDA-approved therapeutic for treatment of 

IPF), AKF-PLGA NPs and Spd-AKF-PLGA NPs at a dosage 

of 30 mg/kg (AKF or PD every other day) for 28 days after 

30 minutes of intraperitoneal injection of PQ (24 mg/kg). 

During the course of therapy, lung tissue was collected at 0, 7, 

14, 21, and 28 days and washed rapidly with saline. Changes 

in interstitial tissue were observed with H&E and Masson’s 

trichrome staining. Images were obtained on an Olympus 

BX41 microscope at a final magnification of 400×.

Statistical analyses
All statistical analyses were carried out using one-way 

analysis of variance, and P,0.05 was considered statistically 

significant. Results are expressed as means ± SD.
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Results
Characterization of PLGA-PEG block 
copolymer
PLGA-PEG copolymer was synthesized via an EDC/NHS 

technique.52,53 PLGA-COOH was transformed into PLGA-

NHS and then reacted with NH
2
-PEG-COOH to obtain 

PLGA-PEG (Figure 1). The structure and chemical com-

position of PLGA-PEG-COOH copolymer were identified 

by 1H NMR spectra (Figure 2). The characteristic peak at 

3.6 ppm (Figure 2A) belonged to the methene proton of the 

PEG chain, and the peaks at 1.5, 4.8, and 5.2 ppm (Figure 2B) 

belonged to the methyl, methene, and methine protons of 

the PLGA segment, respectively. Through a combination of 

PLGA and PEG, these peaks (Figure 2C) all appeared in the 

PLGA-PEG copolymer NMR spectra. The conjugation effi-

ciency of NH
2
-PEG-COOH to PLGA-COOH was estimated 

to be 25% after calculation of relative MWs of characteristic 

peaks at 5.2 and 3.6 ppm.

Characterization of PLGA NPs
Particle size, ζ-potential, and surface morphology
AKF-PLGA NPs were prepared by solvent evaporation 

and conjugated by Spd. Dynamic light-scattering results 

showed that the average diameter of AKF-PLGA NPs 

was around 171.5 nm, with a polydispersity index (PDI) 

of 0.052 (Table 1). After conjugation by Spd, the diameter 

(172.5 nm) and PDI (0.034) remained broadly stable, 

but the ζ-potential increased from -11 mV to -2.54 mV. 

The results of size and ζ-potential were due to the low MW 

and more positive charges of Spd. TEM images showed 

that AKF-PLGA NPs and Spd-AKF-PLGA NPs were 

spherical with uniform size and relatively smooth surfaces 

(Figure 3).

Drug-encapsulation efficiency and -loading capacity
In our study, AKF-PLGA NPs had EE of 50.1%±3.7% and 

LC of 95±0.4 µg/g (n=3). Due to the existence of Spd on the 

particle surface and repeated washing of NPs, AKF-PLGA 

NP EE and LC for targeted particles decreased slightly: 

48.3%±2.6% and 93±0.6 µg/g (n=3), respectively.

Surface-modification rate of Spd on PLGA NPs
The quantitative analysis method for surfaces modified with 

Spd on NPs was the BCA protein-assay kit.54,55 Briefly, ter-

minal primary amine groups of Spd reacted with ITL reagent 

to generate thiol groups. Next, the sulfhydryl reduced cupric 

Figure 2 (Continued)
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Figure 2 1H NMR spectra of PEG-PLGA copolymer in CDCl3.
Notes: (A) H2N-PEG-COOH; (B) PLGA-COOH; (C) synthesized PEG-PLGA-COOH copolymer.
Abbreviations: NMR, nuclear magnetic resonance; PEG, polyethylene glycol; PLGA, poly(lactic-co-glycolic acid).
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into cuprous in an alkaline environment, which generated 

purple complexes with BCA reagent and had strong absor-

bance at 256 nm. The amount of Spd modified on NPs was 

9.2±0.3 mM/g.

Drug release of PLGA NPs
The drug release of AKF solution was approximately 92% 

of total quantity within 4 hours. AKF released from AKF-

PLGA NPs or Spd-AKF-PLGA NPs presented a burst-release 

stage at the first stage (4 hours) and a sustained-release stage 

in the subsequent 192 hours (Figure 4). The burst-release 

percentage of AKF-PLGA NPs and Spd-AKF-PLGA NPs 

was 39%±4.9% and 31.2%±5.2%, respectively. Various 

mathematical kinetic models are used to describe drug 

release.56,57 As shown in Table 2, the release model of AKF-

PLGA NPs was the same as with free AKF (both fit the first-

order model), which was probably caused by a large amount 

of AKF adsorbed on the surface of NPs. Spd-AKF-PLGA 

NPs fit the Higuchi model, and the initial release reduction 

might have been related to the wash times before conjugation 

of Spd, while the sustained release was due to slow degrada-

tion of polymer-based carriers.58

Cellular uptake of NPs
A549 cells were used for the cellular uptake of NPs’ model, 

due to their similar features and functions to alveolar epithe-

lial cells. Meanwhile, Cou6 was used as a probe encapsulated 

into NPs for the evaluation of cellular uptake of Cou6-PLGA 

NPs and Spd-Cou6-PLGA NPs.59–61 Fluorescence images 

and flow-cytometry analysis were carried out to compare the 

cellular uptake of drug (Figures 5–7). After incubation of the 

A549 cells with Cou6-PLGA NPs or Spd-Cou6-PLGA NPs 

for 1 hour, stronger Cou6 fluorescence intensity in A549 cells 

indicated that the cells internalized more Spd-Cou6-PLGA 

NPs. The cellular uptake of the Spd-Cou6-PLGA NPs was 

found to be almost twice as high as the Cou6-PLGA NPs. 

This suggested that the uptake of Spd-modified NPs may be 

specifically recognized by lung epithelial cells via PTS.

Table 1 Dynamic light-scattering results of AKF-PLGA NPs and 
Spd-AKF-PLGA NPs

Sample Diameter 
(nm)

PDI ζ-potential 
(mV)

AKF-PLGA NPs 171.5±7.5 0.052±0.031 -11±2.54
Spd-AKF-PLGA NPs 172.5±4.3 0.034±0.019 -2.54±1.81

Note: Values are mean ± SD (n=3).
Abbreviations: AKF, fluorofenidone; PLGA, poly(lactic-co-glycolic acid); NPs, 
nanoparticles; Spd, spermidine; PDI, polydispersity index.

Figure 4 Release profiles of AKF solution, AKF-PLGA NPs, and Spd-AKF-PLGA 
NPs (n=3).
Abbreviations: AKF, fluorofenidone; PLGA, poly(lactic-co-glycolic acid); NPs, 
nanoparticles; Spd, spermidine.

Table 2 Release correlation coefficients of AKF solution and NPs

Kinetic 
equation

Correlation 
coefficient

AKF 
solution

AKF-
PLGA NPs

Spd-AKF-
PLGA NPs

Zero order R2 0.4988 0.8502 0.8908
First order R2 0.9903 0.9517 0.9433
Higuchi R2 0.7332 0.9366 0.9604
Hixson–Crowell R2 0.7673 0.9233 0.9333

Abbreviations: AKF, fluorofenidone; PLGA, poly(lactic-co-glycolic acid); NPs, 
nanoparticles; Spd, spermidine.

Figure 3 Transmission electron microscopy of AKF-PLGA NPs (A) and Spd-AKF-
PLGA NPs (B).
Abbreviations: AKF, fluorofenidone; PLGA, poly(lactic-co-glycolic acid); NPs, 
nanoparticles; Spd, spermidine.
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Treatment with Spd or DFMO
The full picture of the PTS is still not clear, and a gene for 

a PA-specific transporter has not yet been isolated. As such, 

it is difficult to directly demonstrate how PA-modified NPs 

enter into PTS-overexpressed cells. Moreover, a specific 

PTS inhibitor is lacking. In this experiment, DFMO, a PA 

biosynthetic enzyme inhibitor, was employed to reduce 

intracellular concentration of PAs. In order to maintain PA 

content, cells need an increase in PA intake. Therefore, 

adding DFMO to A549 cells can indirectly increase PAs, 

including PA-modified NPs.

In order to confirm Spd-functionalized NP transfer was 

mediated mainly by the PTS, DFMO was employed to 

coincubate with NPs to improve the intake of PA conjugates, 

such as Spd-PLGA NPs. In addition, free Spd was employed 

to coincubate with Spd-PLGA NPs to demonstrate there was 

competition between PAs and PA conjugates. The process of 

cell culture was the same as described earlier. After culturing 

for 24 hours, cells were treated with 2 mL free Spd (5, 50, 

500 μmol/mL) for 24 hours or DMFO (5 mM) for 36 hours, 

separately. After being rinsed with PBS, Spd-Cou6-PLGA 

NPs and Cou6-PLGA NPs (400 μg/mL) were added, and 

the incubation continued for another hour. Then, cells were 

analyzed by FACS.

Free Spd and DFMO were preincubated in A549 cells 

further, to prove the uptake of Spd-Cou6-PLGA NPs via the 

PTS.62 This was due to free Spd compete with Spd modified 

NPs for the polyamine binding site on A549 cells. As shown  

Figure 5 Fluorescence images of A549 cells following incubation with NPs at 0.5, 1 and 2 hours (n=6).
Notes: After 0.5, 1 and 2 h incubation with a suspension of Cou6 (green)-containing PLGA NPs (200 μg/mL) at 37°, cellular action of A549 cells were stained with DAPI 
(blue) and examined using a fluorescent inverted microscope (magnification 40×). (A) Cou6-PLGA NPs at 0.5 h, (B) Spd-Cou6-PLGA NPs at 0.5 h, (C) Cou6-PLGA NPs at 
1 h, (D) Spd-Cou6-PLGA NPs at 1 h, (E) Cou6-PLGA NPs at 2 h, and (F) Spd-Cou6-PLGA NPs at 2 hrs.
Abbreviations: NPs, nanoparticles; Cou, coumarin; PLGA, poly(lactic-co-glycolic acid); Spd, spermidine; DAPI, 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride.
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Figure 6 Fluorescence images of A549 cells following incubation with NPs (100, 200, and 400 µg/mL) at 1 hour (n=6).
Notes: After 1 h incubation with a suspension of Cou6 (green)-containing PLGA NPs (100, 200, 400 μg/mL) at 37°, cellular action of A549 cells were staining with DAPI 
(blue) and examined using a fluorescent inverted microscope (magnification 40×). (A) 100 μg/mL Cou6-PLGA NPs, (B) 100 μg/mL Spd-Cou6-PLGA NPs, (C) 200 μg/mL 
Cou6-PLGA NPs, (D) 200 μg/mL Spd-Cou6-PLGA NPs, (E) 400 μg/mL Cou6-PLGA NPs, and (F) 400 μg/mL Spd-Cou6-PLGA NPs.
Abbreviations: NPs, nanoparticles; Cou, coumarin; PLGA, poly(lactic-co-glycolic acid); Spd, spermidine; DAPI, 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride.

Figure 7 Flow-cytometry histograms of A549 cells following coincubation with NPs.
Notes: (A) Blank control; (B) Cou6-PLGA NPs; (C) Spd-Cou6-PLGA NPs.
Abbreviations: NPs, nanoparticles; Cou, coumarin; PLGA, poly(lactic-co-glycolic acid); Spd, spermidine.
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Figure 8 Flow-cytometry histograms of A549 cells following the co-incubation with NPs and Spd.
Notes: (A) Blank NPs; (B) Spd-Cou6-PLGA NPs; (C) 5 µM Spd + Spd-Cou6-PLGA NPs; (D) 50 µM Spd + Spd-Cou6-PLGA NPs; (E) 500 µM Spd + Spd-Cou6-PLGA NPs.
Abbreviations: NPs, nanoparticles; Spd, spermidine; Cou, coumarin; PLGA, poly(lactic-co-glycolic acid); Geo mean, geometrical mean.

Figure 9 Effect of Spd on A549-cell uptake of Spd-Cou6-PLGA NPs (n=6).
Notes: *P,0.05, 50 µM Spd + Spd-Cou6-PLGA NPs vs Spd-Cou6-PLGA NPs; 
**P,0.001, 500 µM Spd + Spd-Cou6-PLGA NPs vs Spd-Cou6-PLGA NPs.
Abbreviations: Spd, spermidine; Cou, coumarin; PLGA, poly(lactic-co-glycolic 
acid); NPs, nanoparticles.

in Figures 8 and 9, the uptake of Spd-Cou6-PLGA NPs signifi-

cantly decreased with increased Spd concentrations in incuba-

tion. At higher Spd concentrations of 50 and 500 μM, the uptake 

of Spd-Cou6-PLGA NPs reduced 0.34- and 0.49-fold more 

than that without Spd pretreatment (P,0.05; P,0.001).

After pretreatment with DFMO for 36 hours, cellular 

uptake of Spd-Cou6-PLGA NPs reached 1.26-fold that of 

the no-DFMO-pretreatment group (P,0.05) (Figures 10  

and 11). However, the uptake of Cou6-PLGA NPs was 

obviously not enhanced after preincubation with DMFO. 

DFMO is a PA biosynthesis inhibitor, which can upregulate 

the PTS to increase the membrane uptake of exogenous 

PA by blocking intracellular PA synthesis.63 Therefore, 

the enhanced activity of the PTS for PA improved the cell 

internalization of Spd-Cou6-PLGA NPs. In contrast, the role 

of DFMO had no significant effect on the uptake of Cou6-

PLGA NPs, where endocytosis was not via the PTS. These 

results of pretreatment with Spd and DFMO indicated that 

Spd-Cou6-PLGA NPs were taken up through the PTS.

In vivo fluorescence imaging
DiR is an indocarbocyanine dye with poor water solubility.64 

It is often used for in vivo distribution studies because its 

emission wavelength is above 700 nm, which effectively 

eliminates emission interference from the animals used.65 
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Figure 10 Flow-cytometry histograms of A549 cells following coincubation with NPs and DFMO.
Notes: (A) Blank NPs; (B) Cou6-PLGA NPs; (C) DFMO + Cou6-PLGA NPs; (D) Spd-Cou6-PLGA NPs; (E) DFMO + Spd-Cou6-PLGA NPs.
Abbreviations: NPs, nanoparticles; DFMO, difluoromethylornithine; Cou, coumarin; PLGA, poly(lactic-co-glycolic acid); Spd, spermidine.

Figure 11 Effect of DFMO on A549-cell uptake of NPs (n=6).
Notes: *P,0.05, Spd-Cou6-PLGA NPs vs Cou6-PLGA NPs; **P,0.05, DFMO + 
Spd-Cou6-PLGA NPs vs Spd-Cou6-PLGA NPs.
Abbreviations: DFMO, difluoromethylornithine; NPs, nanoparticles; Spd, 
spermidine; Cou, coumarin; PLGA, poly(lactic-co-glycolic acid).

It has been reported that the labeling of lipophilic nanocarriers 

using the indocarbocyanine-dye family provides a reliable 

means of near-infrared reflection imaging.66 Figure 12A and 

B show the lung fluorescence images captured at 1, 3, 6, 24, 

and 48 hours after injection of DiR-PLGA NPs and Spd-

DiR-PLGA NPs in nude mice. Fluorescence accumulation 

in the lung zone was observed in both groups, but Spd-

DiR-PLGA NPs displayed more intensive signals at each 

time point. Relative fluorescence intensity, calculated from 

quantitative analysis of the fluorescence distribution, is 

shown in Figure 13. This revealed again that Spd-modified 

DiR-PLGA NPs accumulated more in lung tissue than DiR-

PLGA NPs.

Tissue distribution
Levels of AKF in plasma and tissues were determined by 

HPLC. The initial study in vivo verified the biodistribution 

and lung-target characteristics of the NPs.67,68 As shown in 

Figure 14A, at 1–3 hours after administration of AKF solu-

tion, plasma drug concentration reached maximum. After 

that, the drug concentration was gradually eliminated and 

showed no selective accumulation in any tissue. As to AKF-

PLGA NPs, the distribution of the drug in different tissues 

were significantly different, especially in liver (Figure 14B). 

Spd-AKF-PLGA NPs increased drug concentration in lung 

within 24 hours (Figure 14C). Drug-concentration curves 

in lung of AKF solution, AKF-PLGA NPs, and Spd-AKF-

PLGA NPs are shown in Figure 14D, and clearly indicate 
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Figure 12 In vivo fluorescence imaging of mouse lung after injection of Spd-DiR-PLGA NPs (A) and DiR-PLGA NPs (B) into the tail vein at 1, 3, 6, 24, and 48 hours (n=6).
Abbreviations: Spd, spermidine; PLGA, poly(lactic-co-glycolic acid); NPs, nanoparticles.

that the drug concentrations of Spd-AKF-PLGA NPs in lung 

were significantly higher than those of AKF-PLGA NPs 

and AKF solution at different time points. Meanwhile, the 

drug-targeting index of Spd-AKF-PLGA NPs in lung was 

3.62 and 4.66 times higher than that of AKF-PLGA NPs and 

AKF solution, respectively. It is suggested that the Spd-AKF-

PLGA NPs accumulated effectively in the lung.

Drug-efficacy assessment
Lung-histopathology changes and collagen deposition were 

observed by H&E and Masson staining. Microscopy of the 

lung sections after 28 days’ treatment is shown in Figure 15. 

In the control group, the alveolar walls were complete, with no 

bleeding or neutrophil infiltration. Due to the PQ poisoning, 

the positive-control group displayed significant pulmonary 

interstitial damage, while alveolar walls were thickened with 

pink collagen.69–71 Compared to the positive-control group, 

the PD-solution and AKF-solution groups were characterized 

by a slight improvement of interstitial edema. The alveolar 

space had decreased by 21 days in the AKF-PLGA NP groups. 

Particularly in the Spd-AKF-PLGA NP group, the damage 

was further improved compared to that of the AKF-PLGA 

NP group. The results showed that the degree of fibrosis 

was alleviated and the area of destroyed alveoli decreased 

(red boxes in Figure 15). Based on these results, it could 

Figure 13 Lung fluorescence intensity–time curves for mice after injection of 
DiR-PLGA NPs and Spd-DiR-PLGA NPs into the tail vein (n=6).
Abbreviations: PLGA, poly(lactic-co-glycolic acid); NPs, nanoparticles; Spd, 
spermidine.
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Figure 14 Concentration of AKF in blood, heart, liver, spleen, lung, and kidney.
Notes: At 1, 3, 6, 12, 24, and 48 hours after intravenous administration of (A) AKF solution (30 mg/kg), (B) AKF NPs, and (C) Spd-AKF NPs in rats. (D) Concentration of 
AKF in lung of rats with AKF solution, AKF NPs, and Spd-AKF NPs, at different time points (mean ± SD, n=5).
Abbreviations: AKF, fluorofenidone; PLGA, poly(lactic-co-glycolic acid); NPs, nanoparticles; Spd, spermidine.

be concluded that the Spd-AKF-PLGA NPs were effective 

nanocarriers for anti-IPF therapies.

Discussion
In recent years, targeted drug-delivery systems are urgently 

needed for maximization of drug efficacy and minimization 

of side effects. Biocompatible and biodegradable polymers, 

such as PLGA and PEG, are frequently used to encapsulate 

a variety of therapeutic compounds, drugs, siRNA, DNA, 

and molecular/dye probes inside the matrix shield.24,45,72 

PLGA and PEG have many unique functional features, not 

only encapsulating hydrophilic and hydrophobic drugs but 

also allowing therapeutic targeting. We have previously 

described in detail the application of PLGA microspheres 

for controlled and sustained drug delivery of AKF to con-

trol PQ-induced inflammation in Sprague Dawley rat lungs, 

though these microspheres failed to address active targeting 

of type II pneumocytes and relied on particle size for lung 

targeting.39 PEGylated Spd-AKF-PLGA NPs used in this 

study are an improved viable formulation of PLGA-PEG that 

can not only bypass the elimination by the reticuloendothelial 

system but can also target and selectively deliver antifibrotic 

drug (AKF) to lung epithelial cells for maximum therapeutic 

efficacy.36,73,74

IPF is a progressive disease of excessive accumulation 

of fibrotic tissue in the lungs. Despite years of advances in 

the understanding of its underlying mechanisms, IPF is still 

incurable. PD is one of the antifibrotic agents with proven 

efficacy in mild–moderate IPF. However, the need for new 

therapeutic options remains high. AKF, the analog of PD, 

exerts better anti-inflammatory and anti-fibrotic effects in 

tissues.75,76 Therefore, it may be used as a promising anti-

fibrotic drug in the treatment of IPF. A large number of 

polymer-material vehicles are designed to help delivery of 

drugs to target organs and improve drug delivery into target 

cells. With this in mind, a nanoscale drug carrier has been 

developed in an attempt to deliver AKF to lung cells and 

provide a new therapeutic option for IPF therapy.

In the present study, we designed an Spd-functional-

ized and PTS-based lung-targeted drug-delivery system 

to enhance AKF accumulation in lung. Spd, one of the 

PAs, is a low-MW aliphatic alkylamine essential for cell 

growth whose concentration is controlled by biosynthesis 

and cellular uptake. An extensive body of research has 
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demonstrated that active transport of PAs into cells is 

mediated by a specific transporter – the PTS.77 The lung 

and more specifically alveolar epithelial cells appear to 

be endowed with much higher PTS than any other major 

organ.78 In the lung, the accumulation of natural PAs in the 

epithelium has been studied in various mammalian species, 

including rat, rabbit, hamster, and human.79–82 This sug-

gests that Spd or PA conjugates might be substrates for the 

PTS, although further research is required.

The import of PAs has been demonstrated and character-

ized in cells and tissues, but the full structure of the PTS is not 

clear. DMFO, an irreversible inhibitor of ornithine decarboxy-

lase, inhibits PA synthesis in cells.62 However, cells can escape 

PA-synthesis blockade by importing PAs from the environ-

ment. Based on this, we investigated the uptake of NPs on 

A549 cells alone or in combination with DFMO. Interestingly, 

culture with DFMO for 36 hours inhibited endogenous PA 

synthesis and led to increase in cellular uptake of Spd-NPs.

Figure 15 H&E stains (A) and Masson staining (B) of lung sections at days 7, 14, 21, and 28 following different treatments.
Notes: (A) NS; (B) PQ; (C) PD solution; (D) AKF solution; (E) AKF NPs; (F) Spd-AKF-PLGA NPs.
Abbreviations: NS, normal saline; PQ, paraquat; PD, pirfenidone; AKF, fluorofenidone; PLGA, poly(lactic-co-glycolic acid); NPs, nanoparticles; Spd, spermidine.
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Moreover, Spd-AKF-PLGA NPs presented therapeutic effi-

cacy in PQ-induced rat lung disease, which simulated IPF. The 

PQ-induced IPF rat is a well-established animal model, and can 

be used to evaluate antifibrotic effects.83 PA and PQ compete 

for the same uptake system in the lung, and PAs have better 

affinity for the PTS.84,85 Therefore, PA-functionalized NPs may 

provide further protection against IPF from PQ toxicity.

Conclusion
In this study, we developed novel Spd-AKF-PLGA NPs 

with specific lung targeting for IPF. Our main goal was to 

increase the intracellular concentration of AKF in the lung 

cells via a targeted approach. The NPs were of appropriate 

size, maintained high stability, and showed satisfactory 

loading and release capacity for AKF. Fluorescence analysis 

showed that the Spd-AKF-PLGA NPs had high affinity for 

A549 cells and facilitated endocytosis. After pretreatment 

with Spd or DFMO, results further demonstrated enhanced 

cell uptake for targeted PLGA NPs via PTS and Spd interac-

tion. Both Spd-AKF-PLGA NPs and AKF-PLGA NPs were 

distributed to lung after intravenous injection. However, 

Spd-AKF-PLGA NPs were able to distribute into the lung 

tissue more efficiently than AKF-PLGA NPs, due to long 

circulation in blood and Spd-mediated intracellular uptake. 

On histopathological analysis, fibroplasia, alveolar collapse, 

neutrophil infiltration, and lung-interval damage were signifi-

cantly reduced by Spd-AKF-PLGA NP treatment. Overall, 

Spd-AKF-PLGA NPs could be used as a potential targeted 

drug-delivery system for the treatment of IPF.
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