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a b s t r a c t 

Objectives: The aim of the project was to develop and characterise powders containing a probiotic ( Lac- 

tiplantibacillus plantarum [ Lpb. plantarum ] , Lacticaseibacillus rhamnosus, or Lactobacillus acidophilus ) to be 

administered to the lung for the containment of pathogen growth in patients with lung infections. 

Methods: The optimised spray drying process for the powder manufacturing was able to preserve viabil- 

ity of the bacteria, which decreased of only one log unit and was maintained up to 30 days. 

Results: Probiotic powders showed a high respirability (42%–50% of particles had a size < 5 μm) suitable 

for lung deposition and were proven safe on A549 and Calu-3 cells up to a concentration of 10 7 colony- 

forming units/mL. The Lpb. plantarum adhesion to both cell lines tested was at least 10%. Surprisingly, Lpb. 

plantarum powder was bactericidal at a concentration of 10 6 colony-forming units/mL on P. aeruginosa , 

whereas the other two strains were bacteriostatic. 

Conclusion: This work represents a promising starting point to consider a probiotic inhalation powder a 

value in keeping the growth of pathogenic microflora in check during the antibiotic inhalation therapy 

suspension in cystic fibrosis treatment regimen. This approach could also be advantageous for interfering 

competitively with pathogenic bacteria and promoting the restoration of the healthy microbiota. 

© 2023 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Although for many years the lung had been considered ster- 

le, in the last decade, the presence of a microbial population 

as demonstrated [1] . The lung microbiota is preserved by a 

alance between the translocation of microorganisms from the 

pper respiratory tract and their elimination by defence [2] . In 

hronic respiratory diseases, this balance is lost as the propaga- 

ion of pathogenic microorganisms exceeds the defence capacity 

f the lung [1] . In cystic fibrosis (CF) patients, the presence of a

ighly viscous mucus on lung epithelium promotes colonisation 
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f Parma, Parco Area delle Scienze, 27/A, 43124 Parma, Italy. 
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nd chronic infections by opportunistic pathogens, which are pri- 

ary responsible for patients’ mortality. The widespread use of 

ystemic and inhaled antibiotics to treat infections led to the de- 

elopment over time of microorganisms (like Pseudomonas ) that 

re resistant to all commonly used antibiotics [3] . 

An innovative therapeutic approach for chronic respiratory dis- 

ases may be to act on the microbial community by administering 

robiotics: live microorganisms which confer a health benefit to 

he host [4] . The most widely used oral probiotics belong to the 

enus Lactobacillus, which demonstrated excellent immunomodu- 

atory effects and potentially the role of modulating respiratory 

icrobial community [5] . Moreover, it was recently demonstrated 

hat both a direct intratracheal and intranasal prophylactic admin- 

stration of Lactobacilli decreased the Pseudonomas aeruginosa ( P. 

eruginosa ) lung burden in the murine model of pneumonia, avoid- 

ng the fatal complications of infection [6 , 7] . 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Table 1 

Matrix of the central composite design of experiments performed to produce Lacti- 

plantibacillus plantarum dry powders investigating three factors (k) at two levels. 

Powder 

# 

Factor 1 

excipient concentration 

(%w/v) 

Factor 2 

inlet temperature 

( °C) 

Factor 3 

feed rate 

(mL/min) 

1 1.00 145 4.0 

2 1.00 125 3.5 

3 1.25 145 3.5 

4 1.00 135 4.0 

5 1.00 135 4.5 

6 1.25 145 4.0 

7 0.75 135 4.5 

8 0.75 125 4.5 

9 1.00 135 3.5 

10 1.25 135 3.5 

11 0.75 125 4.0 

Note: The number of runs were calculated as 2 k + k. 
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Despite these encouraging efficacy data, the development of 

actic acid bacteria (LAB) formulations and their delivery to the 

ung is still unexplored. This approach could allow the LAB adhe- 

ion to the respiratory epithelium, where they could both compet- 

tively interfere with pathogenic bacteria and promote the restora- 

ion of the healthy microbiota. 

The aim of this work was to develop different inhalable pow- 

ers containing Lactiplantibacillus plantarum ( Lpb. plantarum ) , Lacti- 

aseibacillus rhamnosus ( Lcb. rhamnosus ) , or Lactobacillus acidophilus 

 L. acidophilus ) —all previously proven to be effective in vitro in the 

ontainment of P. aeruginosa growth [8 , 9] . Spray drying was the 

rocess chosen to produce the powders, as it allows to obtain mi- 

ronised particles suitable for inhalation and at the same time to 

artially preserve the viability of the probiotics [10] . More aggres- 

ive processes such as jet-milling or high shear mixer are not suit- 

ble owing to the high mechanical stress to which the product un- 

ergoes. 

The LAB powders produced were then tested for their tolera- 

ility and adhesion capacity on lung cell lines. Subsequently, the 

tudy of the antimicrobial activity of the powders against three P. 

eruginosa strains, representative of the intraspecies virulence vari- 

bility, was evaluated. 

. Materials and methods 

.1. Cultivation of the bacterial strains 

Frozen stocks cultures of L. acidophilus LA14 (ATCC SD5212), Lcb. 

hamnosus GG (ATCC 53103), and Lpb. plantarum 4265 belonging 

o University of Parma Culture Collection were recovered in Man, 

ogosa, and Sharpe broth (MRS; Oxoid, Ltd., UK) by two overnight 

ubculturing, as detailed in the Supplementary Material (section 1). 

he cultures were then washed with phosphate buffer saline (PBS; 

xoid, Ltd., UK) to remove the cultural medium. 

.2. Preliminary investigation and optimization of probiotic powders 

Spray-dried powders were produced using a B-290 Mini Spray 

ryer (Buchi, Switzerland) starting from 50 mL of Lpb. plantarum 

uspension in PBS or Ringer’s solution (VWR) at three different 

ell concentrations: 10 9 , 5 × 10 9 , and 10 10 colony-forming units 

CFU)/mL. The parameters set were: inlet temperature of 135 °C, air 

ow rate at 600 L/h, aspiration at 35 m 

3 /h, feed rate at 4 mL/min,

nd nozzle of 0.7 mm. 

Then, the manufacturing process was optimised by applying a 

entral composite Design of Experiments (DoE) with three factors 

nd two levels ( Table 1 ), and the significance of the model was cal-

ulated using the Design-Expert v13 software (Stat-Ease Inc., USA). 
2 
he excipient consisted of lactose (Respitose ML001; DFE pharma, 

ermany) and L-leucine (ACEF Spa, Italy) in a ratio of 70:30 (w/w) 

nd added in such quantities as to reach the concentration indi- 

ated by the DoE for each run. 

By adopting the best conditions emerging from the DoE, two 

ther powders containing Lcb. rhamnosus and L. acidophilus were 

roduced in addition to a new one of Lpb. plantarum . These pow- 

ers were stored in sealed amber glass vials at 25 °C with 60% rela- 

ive humidity, and the viability, cultivability, and vitality were mea- 

ured up to 30 days. 

.3. Cultivability, viability, and vitality of LAB in the spray-dried 

owders 

LAB strain cultivability (CFU/mL) after spray drying was as- 

essed by suspending 150–220 mg of inhalation powder in 5 mL 

f sterile distilled water, ten-fold serially diluting in 0.9% Ringer’s 

olution, and spreading onto MRS agar plate for 48 h. 

The viable cells in the powders were evaluated with the 

IVE/DEAD Baclight Bacterial Viability kit (Molecular Probes, USA) 

nd fluorescence microscopy. One mililiter of each diluted powder 

ample was stained with LIVE/DEAD Baclight, filtered, and visu- 

lised under fluorescence microscope ECLIPSE 80 i (Nikon, Japan) 

o count live and dead cells [11] . Results were expressed as vi- 

ble cells on total cells: the sum of viable and nonviable cells 

cells/mL). 

The vitality was analysed with the BacTrac 4300 Microbiological 

nalyser system (Sylab, Austria). Powders resuspended in distilled 

ater were inoculated (2% v/v) into MRS broth and incubated. The 

%, the relative change in the capacitance at the electrode surface, 

as recorded every 10 min for 20 h [12] . The data were analysed

sing the Excel add-in ‘DMfit version 2.1’ to obtain the growth pa- 

ameters of lag time, rate, and yEnd (maximum value of % change 

n conductivity in the medium) [12] . At the end of the analysis, the 

H value was measured (30 0 0 series; Beckman Instruments, USA). 

.4. In vitro respirability 

The in vitro respirability was evaluated using a fast screening 

mpactor (Copley Scientific Limited, UK) using a RS01 (Plastiape, 

taly) inhaler loaded with 40 mg of Lpb. plantarum powder. Details 

f the aerodynamic performance test are illustrated in the Supple- 

entary Material (section 4). The emitted fraction was calculated 

s the percentage ratio between emitted powder mass and the one 

oaded in the inhaler. The respirable fraction (RF) was calculated as 

he percentage ratio between the powder with an aerodynamic di- 

meter (d ae ) < 5 μm and the emitted powder. 

The aerodynamic distribution of the powders was assessed us- 

ng the next generation impactor (Copley Scientific Limited, UK). 

he 40 mg of aerosolized powder contained LAB in the range of 

0 6 –10 8 CFU/mg, according to the formulation. 

The emitted dose (ED) and powder mass deposited in the im- 

actor led the calculation of the mass median aerodynamic di- 

meter (MMAD), the mass of powder with d ae < 5 μm, and d ae 

 2 μm (i.e., fine particle dose (FPD) and extra-fine particle dose 

EFPD]). The fine particle fraction (FPF) and extra-fine particle frac- 

ion (EFPF) were calculated as the percentage ratio of fine particle 

ose and EFPD with respect to ED. 

The sample quantification in the different portions of the next 

eneration impactor was done both gravimetrically by determining 

he mass of powder deposited and by counting the LAB CFU after 

he powder resuspension in 10 mL of Ringer’s solution and spread- 

ng on MRS agar plate for 48 h. 
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.5. Thermogravimetric analysis and scanning electron microscopy 

The moisture content in the spray-dried powders was measured 

sing thermogravimetric analysis (Mettler Toledo, USA) under a 

ux of dried nitrogen from 25 °C to 160 °C at a rate of 10 °C/min by

ntegrating the weight loss between 25 °C and 130 °C. Morpholog- 

cal analysis of powders was performed by scanning electron mi- 

roscopy (Supra 40 0 0; Carl Zeiss, Germany) on uncoated samples 

ith an electron high tension at 1.00 kV. 

.6. Cell viability assay and adhesion experiment on Calu-3 and 

549 cells 

A549 and Calu-3 (ATCC) cells seeded in 96-well tissue culture–

reated plates were stimulated with probiotic powders suspended 

n medium. The LAB concentrations tested were chosen consider- 

ng that the 40 mg containing 10 6 –10 8 CFU would be dispersed in 

0 mL of pulmonary fluid. Hence, a concentration of 10 6 CFU/mL 

or Lpb. plantarum and Lcb. rhamnosus and 10 5 CFU/mL for L. aci- 

ophilus were selected, and two additional concentrations of 2 log 

igher were tested for the LAB in the hypothesis of an increase in 

he inhaled dosage. Excipients alone as spray-dried powder were 

ested as well (Supplementary Material, section 5). After 2 h of 

ncubation, 100 μL of medium containing penicillin/streptomycin 

% was added to eliminate the interference of LAB with the MTS 

3-[tributylammonium]-propyl methanethiosulfonate bromide so- 

ution) signal. After 1 h, 20 μL of MTS solution was added to each 

ell and absorbance read at 490 nm after 2 h by a Tecan Spark 

late reader (Tecan, Italy). The viability of cells was expressed as a 

ercentage of the absorbance to control (PBS). Viability above 80% 

as considered acceptable (ISO 10993–5). 

For adhesion experiments, 100 μL of bacterial powder suspen- 

ion (10 6 CFU/mL of LAB) was added to the well seeded with 

549 and Calu-3 cells. After 2 h, the cells were washed with PBS, 

nd LAB adhering to the cells were collected by adding 50 μL of 

rypsin/EDTA solution. The enzymatic treatment was left in contact 

or 10 min at 37 °C, followed by the addition of PBS 200 μL. Lacto-

acilli were collected and counted by plating them on solid MRS. 

he LAB adhesion was calculated as the percentage ratio between 

he amount of bacteria adhering to those added to the well. 

.7. Antimicrobial effect of the powders on P. aeruginosa growth 

P. aeruginosa strains ATCC 9027, ATCC 15692, and ATCC BAA-47 

nd LAB powders, resuspended in saline, were diluted to 1 × 10 6 

FU/mL, and 100 μL of both suspensions were used to inoculate 

he 2 mL of MRS/Trypticase Soy Broth (Oxoid, UK) medium. The 

AB concentrations tested were chosen considering that the 40 

g containing 10 6 –10 8 CFU would be dispersed in 20 mL of pul- 

onary fluid. They were then incubated at 37 °C for 24 h. Serial 

en-fold dilution of co-cultures were plated on Gassner medium 

Merck Life Science, Germany) and incubated for 24 h for the P. 

eruginosa cell count. Control with excipients only (lactose:leucine 

0:30 spray-dried) was tested at a concentration of 0.02 mg/mL, 

quivalent to the concentration present when LAB composite pow- 

ers were tested. The pH of the three P. aeruginosa strains without 

ABs and after culturing with the LABs was measured and com- 

ared. 

.8. Statistical analysis 

Statistical analysis was conducted using the analysis of variance 

ANOVA test) with a post hoc test using Prism 9 (GraphPad Soft- 

are, v.9.4.0). Dunnett’s multiple comparison post hoc test was 

sed to compare the means of all experimental groups against a 
3 
ontrol group. Statistical significance between groups was consid- 

red with P ≤ 0.05 ( ∗P ≤ 0.05; ∗∗P ≤ 0.01; ∗∗∗P ≤ 0.001). 

. Results 

The viability of Lpb. plantarum in all six powders produced de- 

reased of only 1 log after spray-drying production ( Fig. 1 ). The 

n vitro respirability was very low in the case of Ringer’s solution 

edium, whereas using PBS it reached values of 70% at the starting 

oncentration of 5 × 10 9 cell/mL. Considering these results, it was 

herefore decided to produce powders by a DoE using this com- 

osition and adding the excipients. Table 2 lists the results of the 

arameters identified of critical effect on the product quality i.e., 

he moisture content affecting the physical stability of the pow- 

er [13] , the viability of the LAB, and respirability. All the powders 

ere efficiently produced, as the yield of the spray-drying process 

as higher than 80%. The moisture content in the powders was 

he lowest when the excipient (lactose-leucine) content was up to 

.25% w/v. The ANOVA analysis showed that none of the factors 

nvestigated had a significant effect on these two critical quality 

ttributes (CQAs). 

The bacteria viability ( Fig. 2 ) varied widely from 2.9%–82%, de- 

ending on the powder batch produced. The ANOVA analysis indi- 

ated that both the feed solution concentration ( P = 0.0 0 04) and 

he inlet temperature ( P = 0.0321) had a significant effect on this 

QA. 

As shown in Fig. 3 A, the viability of Lpb. plantarum was very 

igh with the highest values of both inlet temperature and feed 

olution concentration (i.e., 145 °C and 1.25% w/v). Regarding the 

espirability, all the powders had excellent emitted dose values 

 > 93%), and none of the investigated factors had a statistically 

ignificant effect on this CQA. In contrast, the inlet temperature 

 P = 0.0241) and the feed rate ( P = 0.0442) had a significant ef-

ect on the RF, which was greater than 50% for all the formulations 

ith some values reaching 66%–68%. The highest RF was obtained 

hen the feed rate of the process was at the lowest value (3.5 

L/min) and the inlet temperature was the highest (i.e., 145 °C) 

 Fig. 3 B). 

Lpb. plantarum cells analysed before spray drying showed a rod- 

ike structure with a length of ca. 2–3 μm (Supplementary Fig. 

1). When the LABs were spray-dried starting from a suspension 

n a buffer (PBS), the particles obtained showed a spherical shape 

hose walls were composed of many small structures that could 

e identified as microorganisms ( Fig. 4 A). In the microparticles ob- 

ained by adding the excipients, bacteria were no longer individu- 

lly identifiable, as they were embedded into a matrix of material 

rganized in the form of collapsed particles of ca. 3–4 μm ( Fig. 4 B-

). 

Considering the DoE results, powder #3 was identified as the 

est, and its process parameters were adopted to produce formu- 

ations containing Lcb. rhamnosus and L. acidophilus ( Fig. 4 C,D) . The 

ield of the processes was higher than 80% for both the powders, 

nd their morphology did not differ from the one containing Lpb. 

lantarum, although the original bacteria length size was ca. 5 and 

 10 μm for Lcb. rhamnosus and L. acidophilus, respectively (Sup- 

lementary Fig. S2). After production, the residual moisture was 

bout 2.8%–3.0% for both powders, and the viability of Lcb. rhamno- 

us was of the same order of magnitude as Lpb. plantarum (10 10 )—

nlike that of L. acidophilus, which was lower (4.86 × 10 8 cells/mL) 

 Fig. 5 ). The bacteria viability in the powders tended to decrease 

ompared with time zero during a 15- and 30-day storage to a 

ifferent extent, depending on the strain. Lpb. plantarum was the 

train that better preserved the viability, as no great differences 

ere observed after 15-day storage, and only 1 log reduction was 

bserved at day 30. For this strain, the lag time values remained 

naffected, as the value increased only slightly from 5.07 to 5.61 
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Fig. 1. Viability before and after the spray-drying process (SD) and respirability parameters obtained via fast screening impactor (expressed as emitted fraction % and 

respirable fraction %) of the Lactiplantibacillus plantarum ( Lpb. plantarum ) powders when obtained starting from a Ringer’s solution (left panel) and phosphate buffered saline 

(PBS; right panel ) . The cell concentrations in the starting suspension were 10 9 cells/mL (A), 5 × 10 9 cells/mL (B), and 10 10 cells/mL (C), respectively (n = 3, mean ± standard 

deviation). 

Table 2 

Results of central composite Design of Experiments (n = 3, mean ± standard deviation) on the Lactiplantibacillus plantarum 

powders. 

Powder 

# 

Moisture content 

(%w/w) 

Viability of Lactiplantibacillus 

plantarum (%) 

Emitted fraction 

(%) 

Respirable fraction 

(%) 

1 3.0 ± 0.2 21.6 ±1.3 93.6 ± 1.9 58.9 ± 6.0 

2 3.5 ± 0.1 29.2 ± 2.3 95.8 ± 1.5 58.8 ± 6.7 

3 2.5 ± 0.2 82.0 ± 1.9 97.8 ± 1.2 69.5 ± 1.2 

4 3.1 ± 0.1 14.0 ± 0.4 98.6 ± 0.9 57.0 ± 3.4 

5 3.7 ± 0.2 7.5 ± 0.4 92.9 ± 0.6 55.3 ± 0.5 

6 2.5 ± 0.2 74.0 ± 1.9 96.7 ± 1.7 65.6 ± 1.2 

7 3.6 ± 0.2 5.0 ± 0.1 93.6 ± 2.9 54.3 ± 0.6 

8 4.4 ± 0.3 3.0 ± 0.3 94.6 ± 1.8 51.5 ± 1.0 

9 2.4 ± 0.1 9.5 ± 0.2 96.3 ± 1.1 56.7 ± 3.3 

10 2.4 ± 0.2 77.0 ± 2.3 98.3 ± 2.2 61.1 ± 4.5 

11 3.9 ± 0.3 2.9 ± 0.2 98.2 ± 1.5 54.6 ± 7.4 
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. A similar trend was observed for Lcb. rhamnosus, which had a 

onger lag time at day 30 and therefore a longer time for adapting 

nd to start growing, meaning that the vitality of the cells was less 

reserved. This was not the case of L. acidophilus, which showed a 

eduction in viability of more than 1 log already at 15 days, and 

o vitality detected after 30 days of storage. 

The aerodynamic distribution determined gravimetrically was 

imilar for all three LAB powders ( Fig. 6 A): the ED was greater

han 37 mg, and a high deposition on the stages collecting par- 

icles < 5 μm was observed. Lpb. plantarum and Lcb. rhamnosus had 

 FPD of ca. 19 mg, leading to a FPF of 50% and a MMAD around

.1 μm ( Table 3 ). Even more respirable was the L. acidophilus pow- 

er which, because of an even higher amount of powder on the 

icro-orifice collector, showed a FPD of 21.4 mg and a FPF of 56%. 

Figure 6 B illustrates the deposition of the LAB CFU in the im- 

actor. Lactobacillus acidophilus had a low amount of total collected 
4 
FU due to its already low initial cultivability in spray-dried pow- 

er. In all the cases, the sum of the quantified CFU represented at 

east 80% of the CFU embedded in the 40 mg of aerosolized pow- 

er. Interestingly, the CFU quantification analysis revealed that the 

owder deposited in the last stages was mostly composed of ex- 

ipients, whereas the LABs were primarily deposited in stages 1–

, collecting particles > 1.6 μm. This resulted in a MMAD between 

.5 and 5.1 μm and a FPF between 42% and 50%. Because of this 

ifferent deposition behaviour between LAB powders or LAB CFU, 

ifferent values of EFPD and EFPF were obtained between the two 

et of measurements ( Table 3 ). 

The effect of LAB on A549 and Calu-3 cell viability was gen- 

rally very low ( Fig. 7 ). In particular, Lcb. rhamnosus treatment 

as well tolerated by cells up to 10 8 CFU/mL; similarly, Lpb. plan- 

arum did not impair the viability of the two cell cultures until 

0 7 CFU/mL, showing a slightly negative effect only at 10 8 CFU/mL. 
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Fig. 2. Viability measurement by the live-dead fluorescence count of Lactiplantibacillus plantarum control (fresh culture-CONT) and spray-dried powders #11, #4, and #3 of 

the Design of Experiments. Live cells appear as green, and dead cells appear as red. Magnification × 100. Each pixel corresponds to 0.1 μm. 

Fig. 3. Three-dimensional surface plots illustrating the effect of the inlet temperature and the excipient concentration used on the Lactiplantibacillus plantarum viability (A) 

and the effect of the inlet temperature and feed rate of process on the respirable fraction (B). 

Fig. 4. Scanning electron microscope images of Lactiplantibacillus plantarum ( Lpb. plantarum ) powder without excipients ( × 20 0 0 0) (A), Lpb. plantarum lead powder (B), 

Lacticaseibacillus rhamnosus spray-dried powder (C), and Lactobacillus acidophilus spray-dried powder ( × 10 0 0 0) (D). 
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actobacillus acidophilus was the less-tolerated bacteria and caused 

 strong reduction of cell culture viability at 10 7 CFU/mL. 

The adhesion capacity of L. acidophilus was lower than the one 

f Lpb. plantarum after 2 h, for both cell lines. On the other hand,

he adhesion capacity of Lcb. rhamnosus was statistically lower 

han that of Lpb. plantarum only on Calu-3 cells. In addition, the 

apacity of adhering of the latter was statistically higher on Calu-3 
5 
ells than on A549 cells, with values of 24.4% and 12.8%, respec- 

ively ( Fig. 8 ). 

Three P. aeruginosa strains with different virulence and different 

ntibiotic resistance (see Supplementary Table S1) were included 

n the studies to cover the bacterium intraspecies genetic variabil- 

ty. Lpb. plantarum powder showed bactericidal activity on all three 

trains, as none of them grew when combined with the treatment 
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Fig. 5. Viability (cells/mL) represented as dark grey bars, cultivability (colony-forming units [CFU]/mL) represented as light grey bars, and vitality (lag time) represented as 

black lines of Lactiplantibacillus plantarum ( Lpb. plantarum), Lacticaseibacillus rhamnosus ( Lcb. rhamnosus ), and Lactobacillus acidophilus ( L. acidophilus ) at time 0, 15, and 30 

days after storage at 25 °C of the spray-dried powders (n = 3, mean ± standard deviation). 

Fig. 6. Aerodynamic profile of the three probiotic spray-dried powders expressed as powder mass deposited in induction port (IP), stages (St) 1–7, and micro-orifice col- 

lector (MOC) determined by gravimetric analysis (A) and by quantifying the bacterial cells (colony-forming units [CFU]) in the powder deposited in the next generation 

impactor portions (B) (n = 3 mean ± standard deviation). In brackets are the effective cut-off diameter of stages. L. acidophilus, Lactobacillus acidophilus; Lcb. rhamnosus, 

Lacticaseibacillus rhamnosus; Lpb. plantarum, Lactiplantibacillus plantarum . 

Table 3 

Aerodynamic performance of the three probiotic inhalation powders. 

Gravimetrical quantification of powder 

ED (mg) FPD < 5 μm (mg) FPF < 5 μm (%) EFPD < 2 μm (mg) EFPF < 2 μm (%) MMAD (μm) 

Lpb. plantarum 38.2 ± 0.3 18.8 ± 1.3 49.6 ± 3.2 13.7 ± 1.3 35.8 ± 3.1 3.10 ± 0.15 

Lcb. rhamnosus 38.3 ± 0.4 19.3 ± 1.0 50.3 ± 3.4 13.9 ± 0.3 36.3 ± 1.3 3.08 ± 0.12 

L. acidophilus 37.8 ± 0.1 21.4 ± 0.2 56.0 ± 0.4 20.4 ± 6.2 42.1 ± 1.1 2.38 ± 0.07 

CFU quantification by plate count 

ED (CFU) FPD < 5 μm (CFU) FPF < 5 μm (%) EFPD < 2 μm (CFU) EFPF < 2 μm (%) MMAD (μm) 

Lpb. plantarum 8.9 ± 1.4 × 10 8 3.8 ± 1.1 × 10 8 43.9 ± 4.6 1.9 ± 0.5 × 10 8 22.2 ± 5.7 5.04 ± 0.57 

Lcb. rhamnosus 1.6 ± 2.3 × 10 9 8.5 ± 3.6 × 10 8 49.7 ± 1.6 3.2 ± 0.7 × 10 8 19.4 ± 4.3 4.46 ± 0.16 

L. acidophilus 2.5 ± 0.8 × 10 8 1.1 ± 0.8 × 10 8 42.0 ± 2.3 2.9 ± 0.8 × 10 7 12.0 ± 2.5 5.12 ± 0.21 

Note: Parameters were determined by gravimetric evaluation and quantification of the colony-forming units (CFU) in the different portions 

of the next generation impactor. The mass of powder loaded into the device was 40 mg containing Lactiplantibacillus plantarum 1.10 × 10 9 

CFU, Lactobacillus rhamnosus 1.95 × 10 9 CFU, or Lactobacillus acidophilus 3.36 × 10 8 CFU (n = 3, mean ± SD) 

ED, emitted dose; EFPD, extra-fine particle dose; EFPF, extra-fine particle dose; FPD, fine particle dose; FPF, fine particle fraction; L. aci- 

dophilus, Lactobacillus acidophilus; Lcb. rhamnosus, Lacticaseibacillus rhamnosus; Lpb. plantarum, Lactiplantibacillus plantarum ; MMAD, mass 

median aerodynamic diameter. 
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 Fig. 9 ). Lcb. rhamnosus decreased the growth of the three P. aerug- 

nosa strains, and a bacteriostatic effect was observed against ATCC 

027. Moreover, no P. aeruginosa growth was observed when the 

o-culture was plated without prior dilution (Supplementary Fig. 

5). Lactobacillus acidophilus limited the growth of P. aeruginosa 

TCC 9027 and ATCC 15692, even if at a low extent, whereas it had

o effect on strain ATCC BAA-47. No bactericidal activity against P. 

eruginosa was observed with spray-dried excipients only, suggest- 
6 
ng that lactose and leucine did not contribute to the reduction of 

. aeruginosa growth when the LAB formulations were tested. Co- 

ulture with LABs resulted in a decrease of pH compared with P. 

eruginosa without treatment (ca. 8.1): the pH of Lpb. plantarum 

ith all three P. aeruginosa strains was the lowest (ca. 4.17) as 

ompared with the other two LABs (Supplementary Fig. S6). 

Finally, considering all the impedometric parameters ( Table 4 ), 

. acidophilus showed the worst growing and adaptability char- 
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Fig. 7. Viability of A549 and Calu-3 cell cultures exposed to phosphate-buffered 

saline (PBS) (CTR), Lactiplantibacillus plantarum ( Lpb. plantarum ) and Lacticaseibacil- 

lus rhamnosus ( Lcb. rhamnosus ) powders at concentrations of 10 6 , 10 7 , and 10 8 

colony-forming units (CFU)/mL and Lactobacillus acidophilus ( L. acidophilus ) pow- 

der at concentrations of 10 5 , 10 6 , and 10 7 CFU/mL. The dashed lines represent the 

80% viability limit above which cell viability is considered acceptable. Data are ex- 

pressed as a percentage with respect to CTR (n = 6, mean ± standard deviation). 
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Fig. 8. Adhesion capacity of the Lactiplantibacillus plantarum ( Lpb. plantarum ), Lacti- 

caseibacillus rhamnosus ( Lcb. rhamnosus ), and Lactobacillus acidophilus ( L. acidophilus ) 

spray-dried powders on A549 and Calu-3 cells (n = 3, mean ± standard deviation). 
∗∗P ≤ 0.01 vs. Lpb. plantarum ; ## P ≤ 0.01, vs. Lpb. plantarum on A549. 
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cteristics, with long lag time, low rate and yEnd, and highest 

H, proving to be the most affected by the production process. 

pb. plantarum showed the best growth performance, whereas Lcb. 

hamnosus showed the fastest rate, and therefore the shortest time 

o reach the final pH. 

. Discussion 

Despite the need to consider safety issues, the idea of admin- 

stering living bacterial cells to promote human health is quite 

ntriguing. Thanks to the long history of safe use and the beneficial 

ffects of Lactobacillus species against various infectious diseases, 

heir use for potentially preventing pulmonary infection has been 
ig. 9. Antimicrobial activity of lactic acid bacteria (LAB) spray-dried powders on Pseudon

n = 6, mean ± standard deviation). ∗P ≤ 0.05, ∗∗P ≤ 0.01 vs. P. aeruginosa in the ab

actobacillus acidophilus; Lcb. rhamnosus, Lacticaseibacillus rhamnosus; Lpb. plantarum, Lacti

7 
ecently proposed [14 , 15] . By delivering the probiotics directly 

o the lungs, the primary site of infection, it may be possible 

o achieve beneficial direct outcomes that are not reachable by 

ral administration, and whose effects, to be exerted, require the 

ctivation of the gut-lung axis [16] . 

In this study, probiotics were included by spray drying in an 

nhalable powder to avoid the instability of LAB-free cells in a liq- 

id medium [17] and to offer an easy and convenient way of their 

elivery to the lung [18] . 

Preliminary studies were addressed to investigate the effect of 

he diluting solution used for the suspension of the LABs and their 

oncentration on viability and respirability of the powder. These 

ests were performed on Lpb. plantarum, which is a wild strain 

ith less available information on stress tolerance, unlike the other 

wo commercial strains [19 , 20] . The viability of the Lpb. plantarum 

ecreased 1 log, indicating that neither the suspension diluting so- 

ution nor the cells concentration in the stock suspension had a 

ignificant effect on this feature. The decrease of 1 log is negligi- 

le, considering the very high content of viable cells, and litera- 

ure reports that ca. 1 log is lost using both spray drying and other 

anufacturing processes [10] . On the other hand, the respirabil- 

ty of the powders produced was strongly affected by the use of 

inger’s solution, and the powders were characterised by visible 

articles aggregates. In this regard, the calcium chloride present in 

his solution, being a strong desiccant, could have absorbed mois- 

ure, making the particles more cohesive and therefore with poor 

erosolization properties. 

The product optimization was carried out adding to the LAB 

uspension two excipients, lactose and L-leucine, to maximize the 
omas aeruginosa ( P. aeruginosa ) growth and, as control, of the spray-dried excipients 

sence of treatment (LAB or excipients). CFU, colony-forming units; L. acidophilus, 

plantibacillus plantarum . 
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Table 4 

Microbial evolution with time after re-suspension of spray-dried inhalation powders 

in water: lag time, rate, yEnd, and pH values for Lpb. plantarum, Lcb. rhamnosus, and 

L. acidophilus (n = 3, mean ± SD). 

Strains Lag time (h) Rate yEnd (%) pH 

Lpb. plantarum 5.07 ± 0.16 9.11 ± 0.35 50.74 ± 0.15 3.70 ± 0.01 

Lcb. rhamnosus 5.22 ± 0.45 12.66 ± 0.64 52.55 ± 1.63 3.75 ± 0.03 

L. acidophilus 11.70 ± 1.19 6.31 ± 0.07 14.22 ± 1.71 4.27 ± 0.04 

L. acidophilus, Lactobacillus acidophilus; Lcb. rhamnosus, Lacticaseibacillus rhamno- 

sus; Lpb. plantarum, Lactiplantibacillus plantarum; yEnd, maximum value of change 

in conductivity in the medium. 
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AB viability and to improve the in vitro respirability. Lactose is 

sually used for the formulation of spray-dried biologic powders 

ecause it forms a glassy matrix that provides protection during 

echnological processes and storage [21] . Leucine precipitates on 

he surface of the dried particle, thereby protecting the powder 

rom water adsorption and improving the flowability and stabil- 

ty. In the powder composition, leucine content of 30% was se- 

ected, as it allows to obtain the surface coating sufficient to im- 

rove aerosolisation of dried particles [22] . 

In addition to the contribution of the excipients, the effect of 

pray-drying inlet temperature was investigated as a critical factor. 

emperature must be high enough to ensure water evaporation but 

ot excessive to damage the cells [23] . Our data suggest that an 

ncrease of the inlet temperature together with the maximization 

f excipients content leads to improved cell viability. This result 

an be justified considering that a large part of the heat is used 

or the evaporation of the solvent, and that the range of temper- 

tures investigated was not particularly high. Rather, the effect of 

esidual water in the powder, not efficiently removed when oper- 

ting at 125 °C, could be responsible for this correlation, as a low 

evel of moisture content and water activity has been shown to be 

ore effective in maintaining probiotic cells in a partially inacti- 

ated state, thus preserving their viability [24] . 

Overall, the viability of Lpb. plantarum dropped off 1 log com- 

ared with the starting stock suspensions, and this result was also 

bserved with the other two strains. These data are in accordance 

ith those reported by Su et al. regarding the production of spray- 

ried powders containing Lcb. rhamnosus GG for food implementa- 

ion, which showed a drop in cell viability of 1 log [25] . 

The respirable fraction is the characteristic that most affects the 

fficacy of an inhaled product, as it represents the fraction of the 

nhaled particles capable of reaching the lower airways. For this 

urpose, the RS01 device was chosen as being capable to deliver 

igh-powder doses (up to 60 mg) [26] , and thanks to its pecu- 

iar capsule spinning movement, it is highly efficient in the powder 

erosolisation [27] . 

Although the bacteria themselves had dimensions in length 

anging from 2–10 μm depending on the strain, all were incorpo- 

ated in similar microparticles with maximum dimensions around 

–5 μm. Therefore, the strain with the longest structure ( L. aci- 

ophilus ) also evidently underwent a folding inside the particle. 

The extra-fine fraction of powders ( < 0.9 μm) was largely com- 

osed of excipients, as few CFUs were found in this size range. 

his subpopulation could already be present in the powders as 

uch (see spherical submicron structure in scanning electron mi- 

roscopy) or generated by large particle collision during aerosoli- 

ation. Indeed, probiotics were found only in the population of 

arger particles deposited in the first stages of the impactor (size 

ange 1.6–8 μm) after aerosolisation. The aerodynamic LAB pa- 

ameters indicate that our formulation would allow their depo- 

ition in the endobronchial space of airways, where in CF pa- 

ients’ P. aeruginosa colonise the highly viscous mucus [28] and 

here probiotics could have a fruitful interaction with the lung 
icrobiota. c

8 
Even if Lactobacilli are recognized as safe considering their oral 

dministration, by modifying the route of administration, preclin- 

cal tests are needed. Their toxicity was evaluated in vitro on the 

mmortalized cell of both the bronchial and alveolar epithelium. 

he safety of Lpb. plantarum and Lcb. rhamnosus powders up to a 

oncentration of 10 7 cells/mL are consistent with previously pub- 

ished data on the toxicity of LAB suspension [29] . The higher tox- 

city of L. acidophilus than the other strains was due to the large 

mount of powder applied to the cells to reach the selected con- 

entrations of CFU to be tested. The same concentration of excipi- 

nts (40 mg/mL) applied alone damaged the cells (Supplementary 

ig. S3), probably because of the hypertonic environment created 

ollowing their dissolution. 

The LAB’s capacity to adhere to lung cells and the powder’s an- 

imicrobial effect are the main mechanisms that the host can ben- 

fit from, representing the discriminants for the choice of probiotic 

trains. The adhesion of the probiotics to the host epithelium rep- 

esents a benefit, as this not only increases the residence time of 

he substrate and therefore its colonization, but it also involves the 

elease of molecules with immunomodulatory and antimicrobial 

ffect [30] . The adhesion normally involves interactions of exter- 

al strain-specific portions of the bacterium (adhesins, polysaccha- 

ides, and proteins) with collagen, fibronectin, or mucus of the host 

30] . Despite the presence of key adhesive pili on the L. rhamnosus 

G surface, in our study its capacity of adhesion was even lower 

han that of the Lpb. plantarum. Because it has been demonstrated 

hat pili are shear-sensitive structures that can easily be sheared 

ff [31] , they could be damaged during the drying. As pili are also 

nown to provide an essential mechanism for colony formation 

n bacteria [32] , this hypothesis would be also supported by the 

ow cultivability observed in Lcb. rhamnosus after spray drying, de- 

pite the high viability count. On the other hand, Lpb. plantarum 

howed the greatest ability to adhere to host cell surface on both 

ell lines, indicating its higher resistance to the spray-drying pro- 

ess, allowing the retention of extracellular protein involved in the 

dherence. This hypothesis appears be supported by the survival- 

ate results after the spray drying, where Lpb. plantarum formu- 

ation showed higher viability, cultivability, and vitality compared 

ith the other two strain powders. Moreover, glycoproteins with 

 high proportion of sulphates are known to be the cell mem- 

rane structures involved in the adhesion of bacteria to model 

ung cells [33] . The higher adhesion of Lpb. plantarum to Calu-3 

an be explained considering that these cells express higher lev- 

ls of MUC5 mucins than A549. In addition, Calu-3 MUC5 mucins 

ere shown to be sulphated, in contrast to those secreted by A549 

ells [34] . 

After the Lactobacilli have adhered to the mucus layer, they can 

onsume the nutrients necessary for the survival of the pathogenic 

acteria, and they produce molecules and peptides with antimi- 

robial properties, like bacteriocins [8] . Although it is reported in 

iterature that all LABs can potentially produce those substances 

35] , their ability to interact with the growth of pathogenic bacte- 

ia could be impaired by the powder manufacturing thermal pro- 
ess. 
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In our study, Lpb. plantarum had a bactericidal effect on P. 

eruginosa; Lcb. rhamnosus showed a bacteriostatic effect by signif- 

cantly limiting the bacterial growth; and L. acidophilus was bacte- 

iostatic as well, although in a lower manner. These findings agree 

ith the study by Dubourg et al., which analysed the antimicrobial 

ctivity of eight lactobacilli strains, tested as such without under- 

oing any formulation, and demonstrated that Lpb. plantarum and 

cb. rhamnosus were active towards P. aeruginosa, whereas L. aci- 

ophilus was not effective [36] . Interestingly, the favourable antimi- 

robial results, demonstrated in our study, were provided by Lpb. 

lantarum formulated as dry powder, indicating that the process 

id not compromise its metabolic activity. Comparing the powder 

ntimicrobial efficacy with that of the native LAB suspensions, it 

s possible once again to observe that Lpb. plantarum maintained 

ts full activity, whereas for the other two strains the bacterici- 

al activity was lost (see Supplementary Fig. S4). The fact that Lcb. 

hamnosus in our study was found to have a marked bacteriostatic 

ffect against P. aeruginosa ATCC 9027 when undiluted could indi- 

ate that the synthesized antimicrobials were effective only at high 

oncentrations. 

Another major factor that affects the P. aeruginosa growth is the 

nvironmental pH, as the growth of the pathogen was reported to 

e hindered at pH below 3.9 [9] . This aspect can further strengthen 

ur results, supporting the high efficacy of Lpb. plantarum against 

. aeruginosa being the strain that allowed us to obtain the lower 

o-culture pH (4.1) compared with Lcb. rhamnosus (4.2) or L. aci- 

ophilus (4.5) as well as the lowest values when tested alone (pH: 

.7). 

. Conclusions 

This work highlights for the first time how, by applying a mul- 

idisciplinary approach, it was possible to produce inhalation pow- 

ers including beneficial lactic acid bacteria. Thanks to the opti- 

isation of the drying process, powders were characterised by a 

igh viability and cultivability of Lactobacilli. Probiotics, providing 

 FPF in the range of 42%–50% and a MMAD of ca. 4.5–5.0 μm, 

emonstrated to be suitable for their deposition on the conductive 

irways. 

Among the tested strains, the inhalation powder including Lpb. 

lantarum showed the best performance in terms of bacterial vi- 

bility, tolerability, adhesion, and bactericidal properties against P. 

eruginosa. 

The work represents a promising starting point to drive the sci- 

ntific community to explore the modulation of the pulmonary mi- 

robiota and management of lung infection following the admin- 

stration of a probiotic directly in contact with microflora. In the 

pecific field of CF, the proposed inhalation product containing Lpb. 

lantarum might be useful in keeping the growth of pathogenic 

icroflora in check during the antibiotic inhalation therapy sus- 

ension in treatment regimen. 
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