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Abstract
To improve the therapeutic activity of inhaled glucocorticoids and reduce potential side effects, we designed a formulation 
combining the advantages of nanoparticles, which have an enhanced uptake by alveolar cells, allow targeted delivery and 
sustained drug release, as well as limited drug systemic passage, with those of microparticles, which display good alveolar 
deposition. Herein, a polymer-drug conjugate, poly(malic acid)-budesonide (PMAB), was first synthesized with either 11, 20, 
33, or 43 mol% budesonide (drug:polymer from 1:8 to 3:4), the drug creating hydrophobic domains. The obtained conjugates 
self-assemble into nanoconjugates in water, yielding excellent drug loading of up to 73 wt%, with 80–100 nm diameters. 
In vitro assays showed that budesonide could be steadily released from the nanoconjugates, and the anti-inflammatory activity 
was preserved, as evidenced by reduced cytokine production in LPS-activated RAW 264.7 macrophages. Nanoconjugates 
were then embedded into microparticles through spray-drying with L-leucine, forming nano-embedded microparticles 
(NEMs). NEMs were produced with an aerodynamic diameter close to 1 µm and a density below 0.1 g.cm−3, indicative of a 
high alveolar deposition. NEMs spray-dried with the less hydrophobic nanoconjugates, PMAB 1:4, were readily dissolved 
in simulated lung fluid and were chosen for in vivo experiments to study pharmacokinetics in healthy rats. As it was released 
in vivo from NEMs, sustained distribution of budesonide was obtained for 48 h in lung tissue, cells, and lining fluid. With 
high loading rates, modulable release kinetics, and low cytotoxicity, these nanoconjugates delivered by NEMs are promising 
for the more efficient treatment of pulmonary inflammatory diseases.
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Introduction

Inhaled glucocorticoids (GCs) are widely used as anti-
inflammatory and immunosuppressive drugs in chronic lung 
inflammatory diseases, particularly in chronic obstructive 
pulmonary disease (COPD) [1, 2]. COPD is orchestrated 
by alveolar macrophages activated by continuous atmos-
pheric pollution, eventually associated with tobacco [3]. 
The disease is characterized by chronic inflammation in 
the pulmonary tissue where inflammatory cells produce 
pro-inflammatory cytokines, inducing chronic bronchitis 
and emphysema in more advanced cases of acute exacerba-
tion [4–6]. In this latest case, budesonide is given as a dry 

powder inhaled dosage form associated with long-acting 
muscarinic antagonists and long-acting β2-agonists [7].

Indeed, local administration of GCs is preferred as it 
reduces adverse effects related to systemic exposure, such 
as adrenal suppression, osteoporosis, myopathy, hyperglyce-
mia, dyslipidemia, weight gain, and growth suppression [8]. 
Although inhalation successfully decreases the drug dose 
and systemic exposure [9], the efficacy remains limited 
because of the poor deposition of the drug in deep lungs and 
its rapid elimination by pulmonary clearance and passage to 
the systemic circulation. For that reason, nanoparticles were 
considered for improving pulmonary drug bioavailability 
[10]. Due to their high tropism for inflammatory cells [11], 
their use could allow better delivery at the site of action and 
increase the drug cellular pool [12–14]. However, despite 
their efficacy, nanoparticles are mostly exhaled after inhala-
tion due to their low density [15].

Several formulations of nanoparticles encapsulating 
GCs have been developed during the last decade [16–21]. 
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Unfortunately, most of these formulations suffer from poor 
drug loading and burst release upon contact with biologi-
cal fluids attributed to the physical entrapment of the drug 
that is loosely bound to the nanoparticle matrix [22–24]. 
Drug loading was shown to be improved by formulating 
nanoparticles from prodrugs where the drug is covalently 
bound to a carrier. This "chemical loading" approach signifi-
cantly enhances drug stability and loading and reduces burst 
release [25]. Recently, our group has shown that nanopar-
ticles made of dexamethasone palmitate could be obtained 
in the presence of DSPE-PEG with a drug loading up to 
50 wt% [26]. Still, drug release after hydrolysis of the ester 
bond remained too fast [26].

Polymer conjugates are particularly interesting in slow-
ing down drug release, as they can achieve high drug load-
ing, encapsulate hydrophobic compounds, and progressively 
deliver the drug, ensuring a sustained release [25, 27, 28]. 
We have designed a nanoconjugate by coupling budesonide 
to a hydrophilic polymer, poly(malic acid) (PMA), through 
its numerous carboxylic acid functions. PMA is a biocompat-
ible polymer with hydrolyzable ester bonds within its polymer 
backbone, allowing its degradation into biocompatible metab-
olites [29]. In a preliminary study, the same chemical loading 
strategy was successfully applied to pyrazinoic acid [30].

To deliver nanoconjugates to the deep lung and alveoli, 
they should be included in particles with an aerodynamic 
diameter lower than 5 µm and greater than 1 µm to avoid 
being exhaled [31]. For this purpose, nano-embedded 
microparticles (NEMs) produced by spray-drying have been 
designed to improve aerosolization and deposition properties 
in the respiratory tract [31–36]. NEMs represent an optimal 
solution combining the enhanced deposition of powder in 
the alveolar region and the cellular uptake and sustained 
drug release properties of nanoparticles.

This publication reports on developing NEMs contain-
ing poly(malic acid)-budesonide nanoconjugates. The 
physicochemical characteristics of nanoconjugates were 
evaluated along with in vitro testing to assess their efficacy 
and safety towards macrophages. The study then focused 
on the formulation of NEMs and the characterization of 
physicochemical and aerodynamic properties. Finally, the 
pharmacokinetics and biodistribution of budesonide deliv-
ered by NEMs were investigated.

Materials and methods

Materials

Budesonide, dexamethasone, and dexamethasone palmi-
tate were purchased from Chemos GmbB & Co. KG (Ger-
many). L-(-)-malic acid, N,N'-dicyclohexylcarbodiimide 
(DCC), 4-dimethylaminopyridine (DMAP), L-leucine, 

rhodamine B, bovine serum albumin (BSA), Dulbecco's 
Modified Eagle's Medium (DMEM), penicillin–streptomycin,  
methylthiazolyldiphenyl-tetrazolium bromide (MTT) and 
lipopolysaccharides (LPS) from Escherichia coli were 
obtained from Sigma-Aldrich (France). Fetal bovine serum 
(FBS) was supplied by Thermo Fischer Scientific (USA), 
and the Cytometric Bead Array (CBA) Mouse Inflammation 
kit was acquired from BD Biosciences (USA). Rhodamine B 
piperazine was synthesized using a method already described  
by Nguyen and Francis [37].

Synthesis and characterization of poly (α,β‑malic 
acid) and conjugates

Synthesis of poly(α,β‑malic acid)

The polymerization of malic acid was carried out by a 
polycondensation reaction. 5 g of L-malic acid was added 
in a Schlenk tube and stirred at 110 °C for 72 h under a 
6 mmHg vacuum. The crude polymer was then dissolved 
in tetrahydrofuran (THF) and precipitated in a mixture of 
diethyl ether:petroleum ether (3:1). The purified polymer 
was dissolved in water before freeze-drying for 48 h using 
an Alpha-1–2 LD apparatus (Christ, France), leading to a 
white powder. L-malic acid conversion was 80% (1H NMR 
in DMSO-d6).

Synthesis of poly(α,β ‑malic acid)‑budesonide conjugates

PMA-budesonide conjugates were synthesized by esteri-
fying PMA with budesonide using different molar ratios 
of budesonide:PMA: 1:8, 1:4, 1:2, and 3:4. 0.5 g of PMA 
(4.31 mmol of malic acid units) and different amounts of 
budesonide were purged under argon and then dissolved with 
anhydrous THF before being mixed. DMAP (0.43 mmol) 
and DCC (2 molar equivalents of budesonide) were purged 
together and dissolved by anhydrous THF before being 
added dropwise to the PMA/budesonide mixture at 0 °C for 
15 min [38]. The mixture was allowed to stir at room tem-
perature overnight and was subsequently filtered to remove 
dicyclohexylurea (DCU). The PMA-budesonide conjugate 
(PMAB) was then purified by precipitation in a diethyl 
ether:petroleum ether mixture (1:1), followed by dialysis 
in water (regenerated cellulose membrane with 1000 g/mol 
MWCO from Spectrum) and then freeze-dried to provide 
purified and dried PMAB.

Polymer characterization

1H NMR and 13C NMR spectroscopies were carried out 
on a Bruker Avance-400 MHz spectrometer. Differential 
scanning calorimetry (DSC) was performed using a DSC 
Q1000 from TA Instruments. The molar mass and dispersity 
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of polymers were measured by size-exclusion chromatog-
raphy (SEC). Measurements were performed at 30 °C with 
two columns from Malvern Panalytical (Viscotek LT4000L 
Mixed, Low 300 × 8 mm), a triple detection system (Vis-
cotek 270 Dual Detector and Waters 2414 Refractive Index 
Detector) coupled with a Waters 515 HPLC pump and 
Waters 717 plus Autosampler. THF was used as the eluent 
with a flow rate of 1 mL/min, and data was analyzed using 
OmniSEC 4.0 software.

Preparation of PMAB nanoconjugates

PMAB nanoconjugates were obtained by a nanoprecipitation 
method [39]. 10 mg of PMAB dissolved in 0.5 mL of ace-
tone was slowly injected into 10 mL of milliQ water under 
magnetic stirring. After 5 min of stirring, the solvent was 
removed by rotary evaporation (1 h, 100 mbar). The volume 
was adjusted to 10 mL if necessary to maintain concentra-
tion at 1 mg/mL.

Preparation of rhodamine‑labeled  
PMAB nanoconjugates

First, PMAB-rhodamine conjugates were synthesized by 
the same method as PMAB conjugates. Briefly, 200 mg of 
PMAB 1:4 (with 0.8 mmol of free malic acid units) and 
0.2 molar equivalents of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) were purged by argon and dissolved by 
dimethylformamide (DMF). Then, 0.1 molar equivalents of 
rhodamine B piperazine and DMAP dissolved in DMF were 
added to the PMAB and EDC solution. The reaction was 
left at room temperature overnight. Then, the product was 
dialyzed in water and freeze-dried. Nanoconjugates were 
also obtained by nanoprecipitation but were composed of 
5% PMAB-rhodamine, the rest being unlabeled PMAB. The 
size of these nanoconjugates was 83 nm (PDI = 0.18), and 
their zeta potential was -56 mV.

Physicochemical characterization 
of nanoconjugates

The mean diameter, polydispersity index (PDI), and zeta 
potential of nanoconjugates were measured with a Zeta-
sizer NanoZS (Nanoseries, Malvern Instruments, France) 
at an angle of 173°. Three measurements were carried out 
at 25 °C for each sample, diluted in water for size measure-
ments or NaCl 1 mM for zeta potential at a 1/10 dilution, 
corresponding to a 0.1 mg/mL concentration.

Transmission electron microscopy (TEM) was per-
formed at I2BC (Gif-sur-Yvette, France) using a JEOL 
JEM-1400 operating at 80 kV. 10 µL of purified suspen-
sions of nanoconjugates were deposited for 1 min on a glow-
discharged copper grid. Samples were then stained using 

2% phosphotungstic acid solution for 30 s. The excess solu-
tion was blotted off using filter paper. Images were acquired 
using an Orius camera (Gatan Inc., USA).

The amount of budesonide in nanoconjugates was deter-
mined by 1H NMR spectroscopy from PMAB conjugates 
in  CDCl3.

In vitro release of budesonide from nanoconjugates

The in vitro release rate of budesonide was studied in a 
cell culture medium (DMEM) containing 10% fetal bovine 
serum (FBS). For this purpose, PMAB 1:4 and 3:4 nano-
conjugates at a concentration of 15 µg/mL of budeson-
ide were introduced into different vials to obtain 3 vials 
per predetermined sampling time, each containing 2 mL 
of solution. The vials were then stirred at 100 rpm in an 
incubator at 37 °C. At determined time intervals, 3 vials 
per sample were taken out and frozen at -20 °C until analy-
sis was performed. For HPLC analysis, budesonide was 
extracted using the following method. 100 µL of each 
sample was collected and mixed with 100 µL of internal 
standard (20 µg/mL of dexamethasone in ethanol). 3 mL 
of  CHCl3/MeOH (9/1) was then added to the mixture, 
which was vortexed for 3 min before being centrifuged 
at 1700 G at 4 °C for 15 min. The organic phase was col-
lected and transferred to a vial to be analyzed by HPLC. 
The system consisted of a Water 1525 Binary HPLC 
Pump, a Waters 2707 Autosampler injector, a UV–visible 
Waters 2998 Photodiode Array Detector equipped with 
a reverse-phase Waters Symmetry Shield RP18 column 
(5 µm, 4.6 × 250 mm). The analysis was performed with 
a mobile phase of acetonitrile/water (55/45) at a flow of 
1 mL/min and a temperature of 35°C. Detection was car-
ried out at 244 nm, the maximum determined wavelength 
for budesonide.

Cell culture

The Murine RAW 264.7 macrophage cell line was obtained 
from the American Type Culture Collection (ATCC, USA). 
The cells were cultured in DMEM supplemented by 10% 
heat-inactivated FBS, 50 U/mL of streptomycin, and 50 
U/mL of penicillin. They were maintained at 37 °C in a 
humidified atmosphere of 5%  CO2 and were sub-cultured 
every 3–4 days.

Uptake of nanoconjugates by RAW 264.7 cells

The uptake kinetics of nanoconjugates by RAW 264.7 cells 
were studied by flow cytometry and confocal microscopy.
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Flow cytometry

4 ×  104 cells/mL were seeded in 12-well plates and incubated 
for 24 h at 37 °C in a 5%  CO2-humidified atmosphere. 
Then, the medium was removed, replaced by a new one, 
and incubated for 24 h. Cells were treated by removing 
half of the old medium and replacing it with either a new 
medium for the control wells or by a medium containing 
PMAB 1:4, 1:2, or 3:4 nanoconjugates labeled with 5% of 
PMAB-rhodamine, diluted until reaching a concentration of 
budesonide of 10 µg/mL. The treatment incubated cells for 
48, 24, 8, 5, 3, or 1 h. Control wells were incubated for 24 or 
48 h only. Cells were washed with cold phosphate-buffered 
saline solution (PBS) after removing the medium and 
scraped from the bottom of the wells. After centrifugation at 
300 g at 4 °C for 5 min, cells were washed in cold PBS, and 
flow cytometry was used to quantify the internalization of 
nanoconjugates over time. The mean fluorescence intensity 
(MFI) ratio of treated cells compared with the control MFI 
was calculated for each time point.

Confocal microscopy

RAW 264.7 cells were seeded at a density of 4 ×  104 cells/
mL in 6-well plates containing round glass coverslips and 
incubated at 37 °C in a 5%  CO2 humidified atmosphere for 
24 h before adding treatment. Nanoconjugates composed of 
PMAB 1:4 and 5% of PMAB-rhodamine were prepared as 
described above and diluted in fresh cell culture medium to 
obtain a 10 µg/mL concentration of budesonide.

The cells were treated and incubated for up to 24 h at 
37 °C with the treatment before being observed with a Carl 
Zeiss LSM-510 confocal microscope (Carl Zeiss, Germany) 
using a 63X/1.4 Plan-Apochromat objective lens.

Cell viability assay

RAW 264.7 cells (8 ×  103 cells/well) were cultured in 
96-well plates for 24 h until 80–90% confluence. Then, they 
were treated with free budesonide (previously dissolved in 
ethanol and then diluted in PBS) or by nanoconjugates with 
an equivalent concentration of encapsulated budesonide. 
Free budesonide and nanoconjugates composed of PMAB 
1:4, 1:2, and 3:4 were tested at concentrations of budesonide 
ranging from 0.1 to 100 µg/mL. PMA was tested at higher 
concentrations than nanoconjugates (100 to 750 µg/mL) due 
to its low toxicity toward macrophages [40].

The cell viability was determined after 24 or 48 h of 
incubation with the treatments using a colorimetric MTT 
assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide) dissolved in PBS[41]. 20 µL of MTT solu-
tion was added to each well and incubated at 37 °C for 1 h. 
The medium was then discarded, and 200 µL of DMSO was 

added to each well. The plates were shaken for 30 min and 
protected from light to dissolve crystals. They were then 
submitted to a microplate reader (Multiskan MS, LabSys-
tems, Finland) at a wavelength of 570 nm for absorbance 
measurements. The viability was determined by the ratio 
of treated wells absorbance to the absorbance of the control 
wells. All conditions were reproduced in triplicate and mul-
tiplied three times.

Multiplex bead‑based cytokine assay

The anti-inflammatory activity of nanoconjugates or free 
budesonide was assessed using a multiplex bead-based 
cytokine assay kit. Cells (4 ×  104 cells/well) were seeded 
in 24-well plates and incubated for 48 h. They were then 
exposed to 0.1 µg/mL of LPS for 3 h. After 3 h, the cells 
were treated with 10 µg/mL of free budesonide or nanocon-
jugates containing the same concentration of grafted bude-
sonide by adding 100 µL of treatment with a 100 µg/mL 
concentration to the treated wells. 100 µL of fresh medium 
was added to the control wells. After 24 h, the supernatant 
was collected and frozen at -20 °C until analysis. Untreated 
cells were used as a negative control, and cells incubated 
with LPS only were used as a positive control. Each condi-
tion was done in triplicate.

Cytokines released from RAW 264.7 cells were quantified 
in the cell culture supernatants with a multiplex immunoas-
say method using a Cytometric Bead Array (CBA) mouse 
inflammation kit from BD Biosciences. Results are sum-
marized from three independent experiments and expressed 
with mean ± SD. Statistical analysis was performed by two-
way analysis of variance (ANOVA), and p < 0.05 was con-
sidered to have a significant difference.

NEMs formulation

NEMs were prepared by spray-drying with a B-290 Mini 
Spray Dryer (Büchi, Switzerland) equipped with a fluid noz-
zle with a 0.7 mm diameter. Six g/L of L-leucine dissolved 
in water were mixed with nanoconjugates at a concentration 
of 0.3, 0.6, or 0.9 g/L corresponding to 5, 10 or 15 wt% of 
L-leucine. All samples were prepared using the optimized 
spray-drying conditions. Pre-formulation experiments were 
carried out (data not shown) to optimize spray-drying con-
ditions. Then, all samples were prepared using these opti-
mized conditions: inlet temperature of 190 °C, outlet tem-
perature of 59 ± 2 °C, feed flow rate of 13.1 ± 0.9 ml/min, 
air flow rate of 473 L.h–1 (40% Q flow) and aspirator set-
ting of 100%. After spray-drying, NEMs were stored under 
vacuum at room temperature to avoid moisture uptake. The 
yield was calculated by dividing the powder mass gathered 
in the collector by the initial mass in the solutions before 
spray-drying.
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To quantify the amount of powder in each stage of the 
multistage liquid impinger, NEMs containing rhodamine 
B were prepared. Briefly, 6 mg/L (0.1 wt%) of rhodamine 
was added to the L-leucine solution before mixing with the 
nanoconjugates solution.

Unloaded microparticles were prepared by spray-drying a 
L-leucine solution of 6 g/L in the same conditions as NEMs. 
They were also used to prepare the formulation for the con-
trol group in the in vivo experiments.

Microparticle size distribution

The particle size distribution of NEMs was measured by light 
diffraction using a Mastersizer 2000 equipped with a Scirocco 
2000 dry disperser (Malvern Instruments, France). The particle 
refractive index used was the same as L-leucine's: 1.46. Data 
obtained were expressed in terms of particle diameter at 10%, 
50%, and 90% of the total volume of material in the sample 
 (D10,  D50, and  D90). The span showing the width of the size 
distribution was also measured.

Scanning electron microscopy

Scanning Electron Microscopy (SEM) of NEMs was per-
formed using a Merlin FEG-SEM (Carl Zeiss, Germany) 
operating at 0.4 kV. Powder samples were deposited on a 
carbon conductive double-sided tape (Euromedex, France). 
They were coated with a palladium layer of 4 nm using a 
Cressington sputter-coater 208HR with a rotary planetary-
tilt stage equipped with an MTM-20 thickness controller.

Tap density

The powder tap density of NEMs was measured with a Tap 
Density Tester PT-TD1 (Pharma Test, Germany). A 5 mL 
graduated cylinder was filled with an accurately weighed 
powder sample, and the powder volume was measured after 
1000 taps (adapted from Chapter 2.9.34 Eur. Pharm.) [42].

Aerosolization characterization

Aerodynamic particle size distribution was evaluated using a 
MultiStage Liquid Impinger (MSLI) from Copley Scientific 
(Switzerland) and was conducted following the European 
Pharmacopoeia guidelines (Chapter 2.9.18, Eur. Pharm.) [42]. 
Each stage of the MSLI was filled with 20 mL of a solution 
composed of acetonitrile/water (55/45 v/v), and a 1.0 µm glass 
microfiber filter (70 mm GF/B grade, Whatman, UK) was 
placed in the bottom stage. Five hydroxypropyl methylcellu-
lose capsules (size 3, Laboratoire LGA, France) were loaded 
with an average of 10 mg of powder each. The capsules were 
then placed in a dry powder inhalation device (Aerolizer®, 
Novartis, Switzerland), and the test was carried out at 60 L/

min for 4 s with a pressure P3/P2 < 0.5 ratio. The solutions 
were collected for each of the four stages, and then the stages 
were rinsed with the ACN/water solution. The filter, DPI, 
adapter, and tube were also rinsed with ACN/water. The solu-
tions rinsing the DPI, adapter, and tube were pooled together, 
but the solutions were collected in separate graduated flasks 
for each stage and the filter.

The powder deposition in each part was indirectly deter-
mined by measuring rhodamine B's fluorescence using an 
F-2000 Hitachi spectrofluorometer (Hitachi, Japan) with excita-
tion/emission wavelengths of 553/576 nm. The emitted fraction 
(EF) of powder was calculated as the difference between the 
weight of filled capsules and the weight of emptied capsules 
after the test. The fine particle fraction (FPF) and the alveolar 
fraction (AF), corresponding to the amount of particles with 
an aerodynamic diameter smaller than 5 µm or 3.1 µm, respec-
tively, were determined by interpolation from the cumulative 
amount of each stage from the bottom up. The Mass Median 
Aerodynamic Diameter (MMAD) was also interpolated from 
the cumulative distribution of mass as the diameter at which 
50% of particles by mass are larger and 50% are smaller.

Dispersion of nanoconjugates from microparticles

The ability of nanoconjugates to redisperse from NEMs 
L-leucine matrix was studied by dissolving the powder in a 
simulated lung fluid (SLF) with a composition representa-
tive of the physiological conditions [43]. Briefly, 10 mg of 
powder was mixed with 10 mL of SLF and put in an incu-
bator at 37 °C with a mixing plate for 30 min. Dispersed 
nanoconjugates' mean diameter and size distribution were 
measured with a Zetasizer NanoZS (Nanoseries, Malvern 
Instruments, France) at a 173° angle laser. Each sample had 
a concentration close to 0.1 mg/mL of nanoconjugates after 
dispersion, and each experiment was repeated three times. 
The morphology of nanoconjugates, after dispersion, was 
observed by TEM as described in paragraph 1.5.

Animals

6-weeks male Sprague–Dawley rats (n = 31) with an aver-
age weight of 269 ± 17 g from Janvier Laboratories (Le 
Genest-St-Isle, France) were used in this study. Animals 
were maintained on a 12/12 h light/dark cycle at constant 
temperature and humidity (22 ± 2 °C and 50 ± 15%, respec-
tively) with free access to food and water. Animal experi-
ments were carried out following the Guide for Care and 
Use of Laboratory Animals as recommended by the Euro-
pean Parliament and Council (Directive 2010/63/EU, Sep-
tember 22, 2010). The protocol for the present experiment 
(APAFIS#14993–2018050714402162 v1) was approved by 
the local ethics committee.
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Intratracheal administration of microparticles 
and sample collection

The powder was administered to the rats by intratracheal insuf-
flation with a Dry Powder Insufflator (DP-4 model, Penn-
Century Inc., USA). The amount of powder expelled from 
the dry powder insufflator was evaluated before the in vivo 
experiments to adjust the mass needed to administer 60 µg of 
budesonide. It was determined that 70% of the powder was 
discharged after one or two pulses of 2  cm3 of air. It was estab-
lished that the sample chamber needed to be filled with 2 mg 
of NEMs (composed of 10% of PMAB 1:4 nanoconjugates) to 
deliver 60 ± 13 µg of budesonide in both cases.

Animals were treated with NEMs and were randomly 
formed with six collection time-points, each time-point with 
n = 5 rats. Rats were anesthetized by isoflurane inhalation 
followed by an injection of zoletil (10 mg.kg−1) mixed with 
xylazine (10 mg.kg−1). They were placed in a supine posi-
tion and maintained by the upper incisors on a rodent work 
stand (Hallowell EMC, USA) inclined at a 45° angle. The 
insufflator's tube was inserted into the trachea. The powder 
was administered through the insufflator by rapidly pushing 
a 2  cm3 bolus of air.

Blood from the caudal vein was collected in heparin tubes 
after 15 min, 2 h, 4 h, and 18 h by anesthetizing the rats with 
isoflurane inhalation. Rats were euthanized by the admin-
istration of a high dose of Dolethal (150 mg.kg−1 IP) after 
30 min, 1, 3, 6, 24, and 48 h post-administration of powder, 
after which blood was collected through cardiac puncture and 
bronchoalveolar lavage (BAL) was performed with the follow-
ing procedure. After blood collection, the trachea was exposed, 
and a catheter was inserted through an incision in the upper 
part of the trachea. Rats were then placed in a supine posi-
tion, and 1 mL of phosphate-buffered saline (PBS) solution 
was injected, followed by aspiration of the maximum volume. 
This procedure was repeated 3 times to obtain BAL fluid 
samples. Afterward, the lungs were collected and frozen at 
-80 °C. Shortly after collection, blood samples were centri-
fuged at 2000 g for 10 min to retrieve the plasma fraction, and 
BAL fluid was centrifuged at 489 g for 10 min to separate the 
supernatant from the cells, forming a pellet. All samples were 
frozen and stored at -80 °C until further analysis.

Extraction of budesonide from tissue samples

Plasma samples were thawed at 37 °C to avoid the advent of 
cryoprecipitate, and the other samples were thawed at room 
temperature. Alveolar cell samples were prepared by adding 
1 mL of PBS to each tube and sonicating at 20% (Digital 
Sonifier, Branson, Netherlands) for 1 min to break down the 
cells. Lungs were each weighed, then cut into small pieces 
and transferred to a 15 mL polypropylene tube with 1 mL of 
PBS per gram of lung tissue added. The samples were then 

homogenized with an overhead stirrer (RZR 2021, Heidolph 
Instruments, Germany) equipped with a macro-pestle (Roti-
labo, Carl Roth) for 3 min at 800 rpm.

The extraction of budesonide from samples was per-
formed as follows. In PTFE centrifuge tube, 100 µL of 
plasma, BAL fluid, or PBS containing alveolar cell frag-
ments were mixed with 100 µL of the internal standard and 
then vortexed for 30 s. The internal standard was composed 
of a 50/50 mixture of dexamethasone (DXM)/dexametha-
sone palmitate (DXP) solutions in acetonitrile with a con-
centration of 37.5 ng/mL each.

About 100 mg of lung homogenate was weighed and mixed 
with 100 µL of the internal standard, then vortexed for 30 s. 
On each tube, 3 mL of a  CHCl3/MeOH (9/1 v/v) mixture was 
added, followed by vortexing the tube for 3 min. The samples 
were centrifuged at 1690 g for 30 min (Sorvall ST16R centri-
fuge, TX-400 rotor, Thermo Scientific, France). The organic 
phase was collected, transferred to a glass vial, and evaporated 
under a stream of nitrogen at 35 °C. The residue was then solu-
bilized with 250 µL of acetonitrile.

LC–MS/MS method for budesonide quantification

Determination of budesonide concentration in plasma, 
BAL fluid, alveolar cell lysate, or lungs was performed by 
ultra-performance liquid chromatography-tandem mass 
spectrometry (UPLC-MS/MS). The system consisted of 
an Acquity UPLC-TQD (triple quadrupole detector) from 
Waters piloted by the MassLynx 4.1 software. Chroma-
tography was performed on an Acquity BEH C8 column 
(2.1 × 50 mm, 1.7 µm) from Waters maintained at 40 °C. 
The flow rate was 0.6 mL.min-1, following an increasing 
gradient between a mobile phase of 0.1% (vol/vol) formic 
acid in water and 0.1% (vol/vol) formic acid in acetonitrile. 
The injection volume was 5 µL. The mass spectrometer was 
operated with positive electrospray ionization (ESI +). The 
optimal MS/MS setup parameters were a 3.6 kV capillary 
voltage, 3 V extractor, a 150 °C source temperature, an 800 
L.h−1 and 450 °C desolvation gas  (N2) flow and temperature, 
and a 50 L.h−1 cone gas  (N2) flow. The triple quadrupole 
analyzer was used in multiple-reaction monitoring (MRM) 
mode to analyze the ions according to the parameters in 
Table 1. Argon was used as collision gas at 4.5 ×  10–3 mBar.

Four nine-point calibration standard curves between 0.1 and 
200 ng.mL−1 were prepared by spiking plasma, BAL fluid, 
alveolar cell lysate, and homogenized lung tissue from an 
untreated rat with budesonide and budesonide palmitate. 100 
µL or 100 µg of each type of sample was mixed with 25 µL of 
budesonide (BUD) and 25 µL of budesonide palmitate (BP) 
in acetonitrile for each point of the standard curve. An inter-
nal standards mixture of 50 µL of DXM and DXP was added 
with a concentration of 75 ng.mL−1 each, and extraction was 
done following the same procedure as previously described. 
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Samples and standards were filtered on 0.22 µm PVDF filters 
before analysis by LC/MS.

The limit of quantification (LOQ) was defined as the lowest 
concentration in the calibration curves at which the accuracy 
and precision were within ± 20%. The accuracy and precision 
were within ± 15% at all other concentrations.

Determination of budesonide concentration in ELF 
and alveolar cells

The concentration of budesonide  (CELF) in epithelial lining 
fluid (ELF) was calculated after correcting the concentration 
of budesonide in BAL fluid  (CBAL) with a dilution factor, 
according to the following Eq. 1 [44]:

Quantification of urea in BAL fluid  (UreaBAL) and plasma 
 (Ureaplasma) allowed the determination of this dilution factor 
since the urea concentration in ELF is equal to its concentra-
tion in plasma [45]. Thus, the volume of ELF  (VELF) could 
also be estimated from the volume of BAL  (VBAL) after cor-
rection for dilution, according to Eq. 2:

The concentration of budesonide in alveolar cells  (CAC 
as ng/µg of protein) was calculated as the amount of bude-
sonide per µg of protein in the cell lysate. After quantifying 
the concentration of budesonide  (CBud as ng.mL−1) and the 
concentration of proteins  (Cprot as µg.mL−1) in each sample, 
the concentration of budesonide in alveolar cells  (CAC) was 
determined with the following Eq. 3 :

Quantification of urea in BAL fluid and plasma

Urea concentration in BAL fluid and plasma was deter-
mined using a urea nitrogen colorimetric detection kit 

(1)CELF = CBAL × (Ureaplasma∕UreaBAL)

(2)VELF = VBAL × (UreaBAL∕Ureaplasma)

(3)CAC = CBud∕Cprot

(ThermoFischer Scientific, Courtabœuf, France). Seven-
point calibration curves were prepared by serial dilution 
of the kit's urea nitrogen standard in deionized water at 
concentrations between 1.56 and 100 µg/mL. Samples 
were thawed and centrifuged with a MiniSpin centrifuge 
at 6708 g for 5 min. 20 µL of plasma samples were diluted 
in 180 µL of water (1/10 dilution), and 100 µL of BAL 
fluid samples were diluted in 100 µL of water (1/2 dilu-
tion), then 50 µL of each was added in 96-well plates. 75 
µL of the two-color reagents were added to the samples 
and standards, then incubated for 30 min at room tempera-
ture. The plates were read with a microplate reader at a 
wavelength of 450 nm.

Mean concentrations of urea in BAL fluid and plasma 
were quantified at 4.1 ± 1.8 µg.mL−1 and 131.1 ± 29.1 µg.
mL−1 (n = 31), respectively, corresponding to a dilution fac-
tor of 35.2 ± 10.2. ELF was estimated with an average volume 
of 93 ± 30 µL. The dilution factor corresponds to the plasma 
urea concentration divided by the BAL urea concentration.

Since budesonide in ELF would be diluted in the same 
manner as urea, the dilution factor for each rat allowed 
the determination of budesonide concentration in ELF 
(Eq. 1).

Quantification of protein in alveolar cells

Following the extraction of budesonide from sonicated 
alveolar cell samples, protein concentration was determined 
using the Bio-Rad Protein Assay (Bio-Rad, USA), based 
on the Bradford protein assay [46]. A six-point calibration 
curve from 4 to 60 µg/mL was prepared with bovine serum 
albumin solubilized in PBS. Samples were diluted between 
a factor of 1/2 up to 1/8 for higher concentrations of pro-
teins, and 10 µL of each was pipetted in 96-well plates. Two 
hundred µL of 1/5th diluted Dye Reagent was thoroughly 
mixed with each sample and incubated at room temperature 
for 15 min. The plates were read with a microplate reader 
at a wavelength of 595 nm. Mean protein concentration was 
measured at 90 ± 86 µg.mL−1, with values spanning from 
21 to 354 µg.mL−1.

Pharmacokinetic modeling

Pharmacokinetic parameters of budesonide in plasma and 
epithelial lining fluid were evaluated according to a non-
compartmental model of a dose-normalized concentration-
versus-time profile, conducted with the PK Solver add-on 
for Excel [47].

Table 1  Analyte transition ions and associated mass spectrometric 
parameters

Compound Transition ions 
(m/z)

Cone 
voltage 
(V)

Collision 
energy

Dexamethasone 392.9 > 355.3 13 16
Budesonide 430.8 > 323.2 17 15
Dexamethasone palmitate 631.1 > 373.4 17 16
Budesonide palmitate 669.2 > 323.4 17 17
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Results and discussion

Syntheses and characterization  
of budesonide conjugates

PMA-budesonide conjugates were synthesized using the 
two-step approach depicted in Fig. 1. First, malic acid was 
polycondensed to get PMA, a hydrophilic biodegradable 
polymer, followed by the conjugation of budesonide on the 
carboxyl side groups of PMA, which are readily available to 
form an ester bond with the free OH on C-21 of budesonide. 
Different amounts of budesonide were grafted onto the poly-
mer by modulating the ratios of budesonide per PMA unit 
from 1:8 to 3:4. The successful preparation of conjugates 
was confirmed by NMR (Figs. S1 and S2) and characterized 
by DSC and SEC (Table 2).

As observed in Table 2, the amount of conjugated bude-
sonide could be easily modulated by the initial feed ratio 
of budesonide to malic acid units from 24 to 73 wt%, dem-
onstrating an optimal grafting efficiency. Furthermore, the 
increasing incorporation of budesonide onto PMA induces a 
shift in the molar mass of the conjugates (from 4000 g/mol 
for PMAB 1:8 to 12,100 g/mol for PMAB 3:4) and glass 
transition temperature (from 44 °C for PMAB 1:8 to 102 °C 
for PMAB 3:4) (Table 2), which is consistent with the intro-
duction of a heavy group onto the polymer side chain.

Nanoconjugate formulation

PMAB nanoconjugates were successfully prepared in dem-
ineralized water from all conjugates (PMAB 1:8 to PMAB 
3:4) using a simple nanoprecipitation method without any 
surfactant. The hydrophobic budesonide linked to the poly-
mer triggered the formation of the nanoconjugates to mini-
mize the interfacial energy. Thus, the moieties composed 

of budesonide will form the hydrophobic core of the nano-
conjugates, which is not readily accessible to degradation. 
In contrast, the outer layer would mainly be composed of 
PMA chains with the hydrophilic carboxylic acid functions 
oriented outwards from the nanoconjugate's surface.

The resulting nanoconjugates were characterized by dynamic 
light scattering (DLS) to measure the average hydrodynamic 
size and polydispersity, as summarized in Table 3. The nano-
conjugate sizes were independent of the PMAB ratio, with an 
uniform size distribution around 90 nm regardless of the amount 
of budesonide. This value is higher than the 70 nm limit, allow-
ing nanoconjugates to gain access to the macrophages and not 
be cleared by the capillary blood flow [48, 49].

The surface charges of all nanoconjugates were strongly 
negative due to the ionized carboxylic acid functions of 
PMA, which provides colloidal stability to the nanocon-
jugates by avoiding aggregation. The negative charge also 
gives an advantage to the nanoconjugates for pulmonary 

Fig. 1  Synthesis of Budesonide PMA (PMAB) conjugate

Table 2  Number-average molar mass  (Mn) and glass transition tem-
perature  (Tg) of PMA and PMAB conjugates. Amount of conjugated 
budesonide in molar or weight percentages according to the initial 
amount added

Polymer Mn
(×  103 g/mol)

Tg (°C) Amount of budesonide on 
PMAB conjugate

Theoretical Experimental

PMA 4.7 ± 2.6 46 ± 2 - -
PMAB 1:8 4.0 ± 0.7 44 ± 20 11 mol%

29.2 wt%
8 mol%
24 wt%

PMAB 1:4 5.5 ± 0.8 92 ± 5 20 mol%
48.1 wt%

17 mol%
44 wt%

PMAB 1:2 - 94 ± 7 33 mol%
64.6 wt%

29 mol%
60 wt%

PMAB 3:4 12.1 ± 0.3 102 ± 1 43 mol%
73.7 wt%

42 mol%
73 wt%
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administration since, as reported, they have better retention 
in the lungs compared to positively charged particles [50].

The nanoconjugates were also analyzed by TEM, show-
ing spherical morphologies and sizes in agreement with 
those determined by DLS (Fig. 2). PMAB 1:8 nanoconjugate 
could not be imaged by TEM because of its low stability 
when exposed to the heat generated by the electron beam 
from the microscope due to its much lower  Tg than the other 
conjugates. This nanoconjugate, with its lower drug loading 
and stability, was not considered further in this study.

Compared to conventional drug delivery systems, an essential 
feature of nanoconjugates is their ability to yield high drug load-
ing. Since PMAB forms the nanoconjugates exclusively without 
adding surfactants, the loading is equivalent to the experimental 
results obtained for the grafting rate of budesonide with PMA 
(Table 2). Therefore, the loading of budesonide in the nanocon-
jugates is 24%, 41%, 51%, and 73% by mass, respectively for 
PMAB 1:8, 1:4, 1:2 and 3:4. This is far much higher than what 
was previously described with PLGA nanoparticles encapsulat-
ing only 1 wt% of dexamethasone [22], and more recently also  
with PLGA nanoparticles encapsulating budesonide with a  
loading efficiently of at best 10% [51].

In vitro release of budesonide 
from the nanoconjugates

Sustained drug release from nanoconjugates is a prerequisite 
for local lung therapy to achieve high drug concentration at 
the disease site and avoid early release. Budesonide release 
was, therefore, followed up to 72 h in a cell culture medium 

to mimic biological fluids with the presence of esterase capa-
ble of hydrolyzing the ester bond between budesonide and 
polymer. PMAB 1:4 and 3:4 nanoconjugates were selected 
for their stability and distinct hydrophilic/hydrophobic ratios. 
As shown in Fig. 3, the budesonide release rate from the nano-
conjugates is progressive, up to 24% for PMAB 1:4 and 13% 
for PMAB 3:4 at 72 h. On the other hand, the concentration 
of free budesonide in the same medium was monitored as a 
control, and a 25% decrease in the concentration over time 
was observed, reflecting the poor stability of the drug in the 
medium (Fig. S3). This could be due to various causes such as 
the degradation of the drug by the aqueous medium [52], bind-
ing to plasmatic proteins of FBS, or esterification of budeson-
ide, adding a lipidic chain to the molecule, transforming it into 
a fatty acid ester [53]. Therefore, this raises the question of how 
much budesonide was released from the nanoconjugates since 
budesonide metabolites were hardly quantifiable. Matter et al. 
[52] have shown that dexamethasone released from PLGA 
implants degraded at the same rate as dexamethasone released 
from the implant. Consequently, a plateau was observed where 
only 30% of the drug was released, whereas quantification of 
the various degradation products by LC–MS/MS showed that 
80% was released. It seems clear that the amount of released 
budesonide in our condition is underdosed. Nevertheless, the 
nanoconjugates manage to avoid a burst release where a large 
amount of the loaded drug is released in the first few hours of 
contact with an external medium. Burst release is a common 
problem for nanoformulations [54], especially those where the 
drug is physically entrapped in the carrier. Taking advantage of 
the covalent binding of budesonide to PMA, nanoconjugates 
could release a higher amount of budesonide preferentially 
inside macrophages, thus avoiding undesirable and premature 
extracellular delivery.

Noteworthily, the release of budesonide from PMAB 
3:4 nanoconjugates was slower than from the PMAB 1:4 
nanoconjugates (13% and 24%, respectively). The more 
hydrophobic core of PMAB 3:4, which is densely packed 
with budesonide, significantly slows down the release of 
the drug compared to the less loaded PMAB 1:4, providing 
higher accessibility of the ester bonds between budesonide 
and polymer backbone on the nanoconjugate core.

Table 3  Physicochemical characterization of nanoconjugates formed 
by PMAB 1:8, 1:4, 1:2 or 3:4 and of a PMAB 1:4 nanoconjugate with 
5% of PMAB-rhodamine

Polymer Particle size (nm) PDI Zeta potential (mV)

PMAB 1:8 89 ± 27 0.20 ± 0.06 -66 ± 5
PMAB 1:4 92 ± 23 0.14 ± 0.03 -57 ± 9
PMAB 1:2 97 ± 27 0.13 ± 0.02 -51 ± 11
PMAB 3:4 82 ± 20 0.15 ± 0.02 -51 ± 6

A B C

50 nm

Fig. 2  Transmission electron microscopy (TEM) images of PMAB 1:4 (A), PMAB 1:2 (B) and PMAB 3:4 (C) nanoconjugates
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It is essential to mention that the medium used to 
evaluate the release differs from the one expected inside 
endo-lysosomes of alveolar macrophages [55]. In these 

endo-lysosomes, the esterase concentration and acid-
ity would be much higher and should allow a higher and 
faster PMA degradation, providing a quicker release of 
budesonide.

Cellular internalization and in vitro cytotoxicity

Confocal microscopy and flow cytometry were applied to 
assess the kinetic of nanoconjugate internalization in RAW 
264.7 macrophage cell line. For that purpose, macrophages 
were first activated by LPS to stimulate an inflammatory 
response, then incubated with rhodamine-labeled nanocon-
jugates, and fluorescence was measured by flow cytometry 
at different time points.

All tested nanoconjugates display a rapid cellular uptake, 
as evidenced by flow cytometry experiments (Fig. 4A). After 
only 1 h of incubation, the nanoconjugates were observed in 
cells (Fig. 4A), and the maximum fluorescence was reached 
around 16 h. The gradual uptake of the nanoconjugates for 
up to 24 h could allow the anti-inflammatory treatment to be 
spread throughout the day so that a single dose administra-
tion could be sufficient.
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copy imaging of RAW 264.7 cells incubated for 24 h with PMAB1:4 
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ity rate of RAW 264.7 cells treated with free budesonide or nanocon-
jugates (NC) after 24 h of incubation. D: quantification of cytokines 
released by LPS-activated RAW 264.7 macrophages treated by free 
budesonide or by PMAB 1:4, 1:2, or 3:4 nanoconjugates, compared 
to negative control (C-) (cells without LPS stimulation), or posi-
tive control (C +) (cells stimulated by LPS).**: p < 0.01 and ****: 
p < 0.0001
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The intracellular fate of the nanoconjugates after 
uptake by activated macrophages was visualized by con-
focal microscopy (Fig. 4B). The rhodamine-labeled nano-
conjugates progressively penetrated in incubated cells 
for 16 h. They were localized intracellularly. A z-stack 
visualization (Fig. S4) showed an absence of nanoconju-
gates inside the cellular membrane or the nucleus. They 
appear to be located mainly in the endosomes of the cells, 
which should fuse with lysosomes containing esterases 
that can hydrolyze the bonds between budesonide and 
PMA, allowing the drug to be released into the cytoplasm 
where it could bind to its receptor [56].

The cytotoxicity of budesonide, PMA, and nanoconju-
gates was also studied with RAW 264.7 macrophages as 
the target cells for budesonide (Figs. 4C and S5). First, the 
cellular viability of pure PMA is maintained at over 70% 
after incubating the polymer with the cells for 24 h, even 
at high concentrations (Fig. S5). The polymer is, therefore, 
not cytotoxic, which was expected thanks to its high bio-
degradability with quickly metabolized L-malic acid units 
through the Krebs cycle [57, 58]. The absence of cytotox-
icity was comparable to what was observed on the same 
cell line with poly(DL-lactide-co-glycolide)-polyethylene 
glycol (PLGA-PEG) nanoparticles [59].

Incubation of budesonide and the different nanocon-
jugates showed little effect on the cellular viability of 
RAW264.7 cells, even at the highest concentrations tested 
(Fig. 4C). In all cases, cell viability was consistently above 
70%, demonstrating the safety of the nanoconjugates on 
macrophages regardless of the amount of budesonide 
grafted. Therefore, PMA represents a polymer of choice 
for the design of budesonide nanoconjugates.

Anti‑inflammatory activity of nanoconjugates

The capacity of nanoconjugates and free budesonide to 
modulate the expression of typical pro-inflammatory factors 
such as TNF-α, MCP-1, IL-6, and IL-10 was evaluated on LPS-
activated macrophages RAW 264.7 [60] with free budesonide 
or the different nanoconjugates at a concentration of 10 µg/
mL. Preliminary assays performed without stimulating the 
macrophage with LPS showed no significant amount of 
cytokines released compared to the negative control, confirming 

that free budesonide or nanoconjugates do not induce an 
inflammatory response in the absence of LPS (Fig. S6). For 
the LPS-stimulated macrophages, a significant reduction in 
the release of TNF-α, MCP-1, IL-6, and IL-10 was observed 
with cells treated by free budesonide or nanoconjugates 
compared to the positive control (Fig. 4D). Interestingly, all 
three nanoconjugates exhibited the same anti-inflammatory 
activities to free budesonide after 24 h of treatment, implying 
that the covalent conjugation of budesonide to PMA did not 
compromise the anti-inflammatory efficacy.

Although the release rates of budesonide decreased with 
the drug content of the PMAB nanoconjugates, no statistical 
difference in cytokines released was observed between the 
three nanoconjugates. The absence of difference is explained 
by the fact that budesonide is efficient at relatively low doses 
below 10 µg/mL. It has been noticed that concentrations as 
low as 1 nM was effective enough to inhibit the release of 
TNF-α, or even as low as 10 pM to inhibit IL-6 release [61]. 
These results highlight the potential of PMAB nanoconju-
gates to release intact and active budesonide effectively.

Microparticles formulation

Nanoconjugates PMAB 1:4 were selected to produce nano-
embedded microparticles for their ability to release budesonide 
faster than more hydrophobic nanoconjugates and for their rapid 
cellular uptake. L-leucine was chosen as an excipient because 
it can generate microparticles with good properties of deep 
lung deposition [33, 62–65]. Moreover, as an anti-adherent 
excipient [66], it should also facilitate the disaggregation of 
nanoconjugates after contact with an aqueous solution.

NEMs were obtained by spray-drying an L-leucine solu-
tion mixed with PMAB 1:4 at different concentrations. As 
shown in Table 4, blank microparticles and NEMs were 
successfully spray-dried with a pretty high yield (> 60%). 
These results are consistent with previous studies showing 
the higher anti-adherent power of L-leucine compared to 
other excipients such as chitosan, DPPC, hyaluronic acid, 
lactose, mannitol, or maltodextrin [65, 67–70].

Introducing nanoconjugates at different concentrations 
to the particle formulation does not significantly modify 
the geometric diameter  (D50), with values of around 3 µm 

Table 4  Geometric 
diameter  (D50) and tap 
density (ρ) of blank and 
nanoconjugate-embedded 
microparticles according 
to the initial concentrations 
of nanoconjugates (NC). 
Mean ± SD (n = 3 batches)

Polymer [NC]
(g.L−1)

wt%
(NC/L-
leucine)

Yield (%) D50 (µm) Tap density ρ (g.cm−3)

- - 0 68 ± 4 3.05 ± 0.40 0.096 ± 0.015
PMAB 1:4 0.3 5 60 ± 2 2.98 ± 0.29 0.085 ± 0.005
PMAB 1:4 0.6 10 66 ± 4 2.73 ± 0.16 0.116 ± 0.006
PMAB 1:4 0.9 15 60 ± 5 2.72 ± 0.07 0.085 ± 0.005
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for blank microparticles and NEMs (Table 4). This was 
expected as the nanoconjugates presented similar diameters, 
not modifying drastically the diffusion coefficient. These 
results are in agreement with those of Gómez-Gaete et al. 
[69], where increasing the incorporation of dexamethasone 
nanoparticles into trojan particles did not lead to a noticeable 
change in size (p > 0.05, from 6.7 to 6.4 µm with 0 and 33% 
of nanoparticles, respectively). Similarly, Stocke et al. [71] 
did not observe a size change when spray-drying 5 to 20 wt% 
iron oxide nanoparticles into microparticles.

The morphology of the particles was then observed by 
SEM (Fig. 5). Whatever the formulation, spherical hollow 
microparticles can be observed with or without nanocon-
jugates, consistent with previous findings using L-leucine 
as an excipient [62–64]. More importantly, nanoconjugates 
can be perfectly observed in the NEM shell, showing the 
successful incorporation of nanoconjugates in different 
contents. The sizes of small spherical objects visible on 
the surface of the hollow microparticles are consistent with 
those of the nanoconjugates measured before spray-drying 
(Table 3). The blank microparticles have a rough surface 

but are exempt from small spherical objects such as those 
observed on the NEMs.

Aerodynamic properties

To determine more precisely the aerosolization behavior 
of airborne particles and better predict their deposition in 
lungs [72], the aerodynamic properties were investigated 
using a multistage liquid impinger (MSLI). As shown in 
Table 5, the addition of nanoconjugates in the formulation 
did not significantly modify the aerodynamic properties of 
the microparticles compared to the blank microparticles. 
The MMADs of microparticles were quite similar between 
blank microparticles and NEMs. In addition, no observable 
differences were reported in the NEMs group, regardless 
of the concentration of the nanoconjugates. All presented 
MMADs are close to the 1-—5 µm range; thus, they are in 
the target size range for an optimal deposition in the periph-
eral lung [73–76].

Powder for all the formulations was expelled from 
the capsules with a high EF of around 99% thanks to the 

Fig. 5  Scanning electron 
microscopy (SEM) images 
of blank and nanoconjugate-
embedded hollow microparti-
cles obtained by spray-drying

Bl
an

k
5%

N
C
1:
4

10
%

N
C
1:
4

15
%

N
C
1:
4

2 µm



2074 Drug Delivery and Translational Research (2024) 14:2062–2078

anti-adherent properties of L-leucine (Table 5). Concerning 
the FPF and AF, nanoconjugates do not modify the par-
ticles' distribution in the different stages. They are found 
mainly in the lowest stage of the MSLI (around 83% for FPF 
and 69% for AF), representing the optimum distribution to 
achieve efficient delivery into the deep lungs. These results 
are consistent with previous observations where micropar-
ticles formulated with leucine also exhibited high FPF of up 
to 74% [33, 65]. Therefore, we could expect that after their 
administration through inhalation, most of the powder would 
directly be available in the alveoli to distribute the nanocon-
jugates near the target alveolar macrophages, with reduced 
loss of the microparticles in the higher airways.

Microparticle redispersion behavior

The possibility of redispersing nanoconjugates from 
NEMs was investigated by dynamic light scattering 
after incubation with an aqueous solution simulating the 
lung fluid (SLF). As observed in Table 6, NEMs spray-
dried with nanoconjugates, whatever their concentration, 
showed good redispersion properties, allowing favorable 
deagglomeration of microparticles. Sizes and PDI meas-
ured after redispersion were slightly larger than the origi-
nal measurements (109–117 nm vs. 93 nm), but no visible 
agglomerates were present.

Observation of NC 1:4 NEMs by TEM after SLF incu-
bation clearly shows individual nanoconjugates with a size 

distribution consistent with the measurements of nanocon-
jugates before spray-drying (Fig. S7). Along with the SEM 
images (Fig. 5), this demonstrates that the spray-drying pro-
cess preserves the primary structure of the PMAB 1:4 nano-
conjugates and that they can be restored nearly to their initial 
state after redispersion in an aqueous solution. NEMs have 
an optimal structure for the deposition of nanoconjugates in 
the alveolar region of the lungs while maintaining their ini-
tial characteristics to improve the delivery of corticosteroids 
to alveolar macrophages.

In vivo lung distribution

To assess the in vivo behavior, NEMs formulated with 10% 
NC 1:4 were administered to healthy rats at 60 µg of budeso-
nide. After administration, there were no fatalities, and none 
of the animals showed distress after the treatments. Thus, the 
tested dose of 220 µg.kg−1 is safe even though this dose is 
much higher than the human dose (1.4 to 5.7 µg.kg−1), but 
it remains in the usual range for budesonide tested on rats 
(0.2 to 1 mg.kg−1) [77–80].

As shown in Fig. 6, after inhalation, plasma pharmacoki-
netics obtained showed low and stable budesonide concen-
trations over time with a  Cmax at 6.3 ± 6.2 ng.mL−1 after 
30 min. Compared to free budesonide [81–83], this behav-
ior reflects the low absorption of budenoside contained in 
NEMs to the systemic compartment. During chronic treat-
ment with inhaled corticosteroids, this low systemic uptake 
should limit systemic side effects [8, 84].

In lung tissue, budesonide concentration was high after 
inhalation and then decreased before rising to the maximum 
level at 6 h (Fig. 6). Similar behavior was observed in the 
ELF and in the alveolar cells collected from the BAL fluid, 
but in this latter case, the maximum level was reached after 
3 h (Fig. 6). After 6 h, the concentration decreased in all 
tissues. Once deposited in the lungs, the microparticle struc-
ture should get disrupted and release nanoconjugates, which 
are further internalized by alveolar macrophages. Following 
the uptake of nanoconjugates, budesonide will be released 
through hydrolysis of the ester bond between the drug and 
the polymer due to the presence of esterases in lysosomes 
[85, 86]. As shown in Fig. 6, this behavior is supported by 
the increase in budesonide concentration in alveolar cells up 
to 3 h and then decreases, whereas in lung tissue and ELF the 
peak is reached at 6 h. The first part could correspond to the 
internalization of nanoconjugates by alveolar macrophages 
followed by hydrolysis of PMAB. This will induce a release 
of budesonide into ELF and a distribution in lung tissue, 
explaining the increase of concentration at 6 h in these two 
areas. The decrease after 6 h corresponds to the elimination 
phase of the drug.

Table 5  Fine particle fractions (FPF), alveolar fractions (AF), emitted 
fractions (EF), and the mass median aerodynamic diameter (MMAD) 
of blank and nanoconjugate-embedded hollow microparticles deter-
mined by multistage liquid impinger (MSLI)

Microparticles FPF (%) AF (%) EF (%) MMAD (µm)

Blank 82.0 66.8 100 1.48
5% NC 1:4 85.4 72.6 99 1.01
10% NC 1:4 83.7 68.5 99 1.44
15% NC 1:4 86.7 73.7 99 0.97

Table 6  Size and polydispersity index (PDI) of PMAB 1:4 nanocon-
jugates (NC) before spray-drying and after redispersion of NEMs 
(MP) in simulated lung fluid. Mean ± SD (n = 3)

Spray-drying Sample Size (nm) PDI

before NC 1:4 93 ± 1 0.17 ± 0.26
after MP 5% NC 1:4 117 ± 1 0.37 ± 0.02
after MP 15% NC 1:4 109 ± 1 0.24 ± 0.03
after MP 10% NC 1:4 116 ± 2 0.32 ± 0.02
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Conclusion

In this study, we assessed the potential of a budesonide-
poly(malic acid) polymeric conjugate to self-assemble into 
nanoconjugates capable of being administered through inha-
lation. The present work demonstrates that controllable and 
high drug-loading conjugates could be synthesized. They 
can then form stable nanoconjugates by nanoprecipitation 
in water, modulating the budesonide release rate. In vitro, 
macrophages rapidly internalize nanoconjugates under 24 h 
and do not exhibit cytotoxicity until relatively high concen-
trations. Moreover, they are as efficient as free budesonide 
to reduce pro-inflammatory cytokines.

Nanoconjugate-embedded microparticles with good aer-
osolization efficiency were produced by spray-drying the 
nanoconjugate PMAB 1:4 suspension with a leucine solu-
tion. With a large respirable fraction, NEMs would efficiently 
deposit the drug-bearing nanoconjugates in the peripheral 
lung. They were easily suspendable in simulated lung fluid 
and were used for in vivo experiments on healthy rats. Pul-
monary administration of budesonide showed a sustained 

release as the drug could be detected in the lungs, epithelial 
lining fluid, and alveolar cells up to 48 h after administration. 
Moreover, its systemic levels remained low compared to the 
lungs, suggesting limited side effects.

Our study has several limitations. First, we could only 
investigate the nanoconjugates' internalization by endocytosis. 
However, we have not yet demonstrated that lysosomes effec-
tively take up nanoconjugates and the drug being released. 
Further studies with lysosomal markers will be necessary. In 
addition, in vivo studies were carried out on healthy animals, 
whereas the therapeutic efficacy remains to be explored using 
an LPS-induced acute lung injury model.

Overall, NEMs containing nanoconjugates constitute an 
excellent approach to improving the deposition rate of a drug 
in the alveolar region. They represent a promising formulation 
for pulmonary administration, allowing the administration of 
low doses of the drug with reduced systemic exposure that 
would undoubtedly lead to reducing side effects.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13346- 024- 01571-4.
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Fig. 6  Mean total budesonide concentration in plasma, lung tissue, ELF (epithelial lining fluid) and alveolar cells versus time profiles after 
intratracheal administration of NEMs (10% NC 1:4) containing 60 µg of budesonide. Data represents the mean ± SD (n = 5)
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