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Abstract 

Low respiratory tract bacterial infections are currently amongst the leading causes of 
mortality worldwide. Current treatments consist of oral or intravenous administration of 
antibiotics. Today´s treatments of pulmonary bacterial infections are often not sufficiently 
effective due to the difficulty of drugs reaching the infection deep in the lungs, the 
insufficient drug doses at the site of infection, the development of multi-drug resistance, and 
the side effects caused by some of the currently used and effective antibiotics. Lung-targeted 
delivery of antibiotics by using injectable drug-loaded microspheres is a promising 
alternative to the traditional antibiotic solutions as they achieve local therapeutic 
concentrations of antibiotics and minimise unwanted off-target effects. This delivery 
strategy offers potential, especially in the case of patients with compromised lung function 
or obstruction of the respiratory tract, due to inflammation, infection or significant mucus 
production, while they still have normal lung perfusion.  

The aim of this project was to explore the use of polymeric microspheres as carriers for lung 
delivery of antibiotics to increase the efficacy of these drugs against bacterial respiratory 
infections, specifically by selectively targeting the lung capillaries after intravenous 
administration.  

Biodegradable poly(lactic-co-glycolic) acid (PLGA) microspheres encapsulating 
levofloxacin were prepared with a flow-focusing microfluidic chip and  
their physico-chemical properties, and their in vitro and in vivo performance. The PLGA 
microspheres      with a mean diameter of ~12 μm and 
coefficient of variation <5.2%. The microspheres slowly released the encapsulated 
levofloxacin in a controlled fashion over five days and slightly reduced its antibacterial 
activity against Pseudomonas aeruginosa, Escherichia coli and Staphylococcus aureus. The 
microspheres degradation studies showed changes in the internal structure and in the surface 
morphology, and a faster degradation kinetic in vivo than in vitro. The microspheres showed 
low toxicity for endothelial and alveolar epithelial cell lines, and did not cause lysis of red 
blood cells. The biodistribution and pharmacokinetics study showed that 111Indium-labeled 
microspheres distributed almost exclusively and homogenously in the lungs after 
intravenous administration. Overall, intravenous administration of 12 μm PLGA 
microspheres is suitable for passive lung targeting and is promising for pulmonary therapy. 
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Resumé  

Infektioner, som skyldes bakterier i de nedre luftveje, er blandt de hyppigste dødsårsager på 
verdensplan. De mest almindelige behandlinger af denne type infektioner består af 
antibiotika administreret enten oralt eller intravenøst. Nuværende behandlinger af 
bakterielle infektioner i lungerne er ofte ikke tilstrækkeligt effektive grundet begrænset 
levering af lægemidlet dybt ned i lungerne, for lav koncentration af lægemiddelstoffet i 
infektionsområdet, udvikling af multiresistens hos bakterierne samt bivirkninger ved 
lægemidlet. Levering af antibiotika direkte til lungerne ved hjælp af mikrosfærer doseret 
som et injicerbart lægemiddel er et lovende alternativ til de traditionelle formuleringer af 
antibiotika, da det herved er muligt at opnå terapeutiske koncentrationer af antibiotika lokalt 
og samtidig minimere uønskede bivirkninger i andre dele af kroppen. Denne strategi har 
lovende potentiale især for patienter med normal lungeperfusion, men med nedsat 
lungefunktion eller patienter med kronisk obstruktion af luftvejene på grund af 
inflammation, infektion eller høj produktion af mucus. 

Formålet med dette projekt var at undersøge polymer mikrosfærer til målrettet levering af 
antibiotika til blodkapillærer ved alveolerne i lungerne efter intravenøs administration med 
henblik på at øge virkningen af disse lægemidler mod bakterielle luftvejsinfektioner. 

Bionedbrydelige poly(lactic-co-glycolic) acid (PLGA) mikrosfærer med levofloxacin blev 
fremstillet ved hjælp af en flow-fokuseret mikrofluid chip og karakteriseret for deres fysisk-
kemiske egenskaber og deres virkning in vitro og in vivo. PLGA-mikrosfærerne udviste en 
homogen størrelsesfordeling med en gennemsnitlig diameter på ~12 μm og en 
variationskoefficient <5,2%. Levofloxacin blev frigivet langsomt fra mikrosfærerne på 
kontrolleret vis over fem dage, og den antibakterielle aktivitet var let reduceret overfor 
Pseudomonas aeruginosa, Escherichia coli og Staphylococcus aureus i forthold til det ikke 
indkapslede stof. Nedbrydning af mikrosfærerne blev evalueret og viste ændringer i deres 
indre struktur og overflademorfologi samt en hurtigere nedbrydningskinetik in vivo end in 
vitro. Mikrosfærerne udviste lav toksicitet for endotel- og alveolære epitelcellelinjer og 
forårsagede ikke lysering af røde blodlegemer. En undersøgelse af biodistribusions og 
farmakokinetik viste, at 111Indium-mærkede mikrosfærer udviste en homogen distribution 
næsten udelukkende til lungerne efter intravenøs administration. Samlet set, er intravenøs 
administration af 12 μm PLGA mikrosfærer velegnet til passiv lungemålretning og er 
lovende for lungeterapi. 
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Lay Summary 

Bacterial infections in the respiratory tract are currently one of the leading causes of 
mortality worldwide. Today´s treatments are often not sufficiently effective due to the 
difficulty of drugs reaching the infection deep in the lungs, the insufficient drug doses at the 
site of infection, the development of multi-drug resistance, and the side effects caused by 
some of the currently used and effective antibiotics.  

The aim of this project was to investigate the use of polymeric microspheres as carriers for 
lung delivery of antibiotics after intravenous administration. The antibiotic-loaded 
micr with a wide range of methods and assays to 
gain a comprehensive understanding of their in vitro and in vivo performance.  

The findings of this work showed that injectable drug-loaded microspheres are a promising 
alternative to the traditional therapies and are expected to improve the treatments of bacterial 
lung infections and, potentially, other lung diseases.  
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1 Setting the Scene 

Lung infections, such as pneumonia, tuberculosis, bacterial infections associated with cystic 
fibrosis or non-cystic fibrosis bronchiectasis, are amongst the top ten causes of death 
worldwide 1,2. Of the responsible pathogens that populate the respiratory tract (e.g., viruses, 
bacteria, fungi), bacteria, such as Pseudomonas aeruginosa, Staphylococcus aureus, 
Streptococcus pneumoniae, have attracted special attention since they are responsible for 
most of the hospital-acquired infections and are associated with high morbidity and 
mortality 3,4. The recommended treatment for bacterial infections includes oral or 
intravenous administration of antibiotics 5. Only in the case of P. aeruginosa infections 
associated with cystic fibrosis, inhalable antibiotics are applied 6. However, the success of 
the antibiotic treatment is dependent on the right amount of the drug reaching the target site 
and is further highly challenged currently by the increasing appearance of pathogens 
resistant to the traditional antibiotics. Specifically, in the case of systemic administration, 
distribution to non-infected sites occurs, thus the antibiotics do not always reach 
therapeutically active concentrations in the lungs and side effects in non-targeted organs 
may appear.  

To overcome the challenges associated with the use of antibiotics, different approaches can 
be used, including drug delivery systems to selectively target the lungs. Several lipid- and 
polymer-based nano- and micro-particles are currently investigated to 
infection sites in the periphery of the lungs after inhalation 7. Other aims include obtaining 
maximum targeting and thus therapeutic efficacy, while maintaining low drug levels at non-
target sites. However, in patients with respiratory tract obstruction (e.g., due to inflammation 
or mucus plugs) or compromised lung function (e.g., due to bronchial narrowing), the 
delivery of antibiotics by inhalation is challenging and often not sufficiently effective to 
eliminate all the pathogens present in the lungs. In these cases, the deposition of inhaled 
drugs in the lung periphery is in fact limited and heterogeneous.  

Therefore, targeted drug delivery to infected lungs tissue from the vascular side by using 
drug delivery systems is a promising approach that could be a valid alternative to 
conventional administration routes or a complementary therapy to inhaled antibiotics. After 
intravenous injection, drug delivery systems with diameters slightly larger than the diameter 
of lung capillaries (i.e., 7.5 ± 2.3 μm for healthy adults 8,9, 6.6 ± 1.6 μm, and 7.5 ± 1.7 μm 
in rats and dogs, respectively 10) will be trapped in the lung capillaries. While the matrix of 
the drug delivery system degrades, the encapsulated antibiotic is released and can freely 
diffuse into the alveolar space. Amongst the few formulations investigated, polymeric 
microspheres are of particular interest, specifically those composed of biodegradable and 
biocompatible polymers. 
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1.1 Hypothesis and Aims 

The overall hypothesis leading to this project is that it is possible to design a suitable drug 
delivery system for lung targeting of antibiotics through embo pulmonary 
capillaries in the form of drug-loaded microspheres to improve the treatment of bacterial 
infections in the respiratory tract. In comparison to intravenously administered solutions of 
antibiotics, the use of particles will hypothetically result in higher drug concentration in the 

, i.e., at the site of infection, thus lowering administered doses of antibiotic, 
and reducing risk of systemic toxicity. This drug delivery approach could therefore improve 
the treatment of low respiratory tract infections (e.g., pneumonia) and/or complement 
inhaled therapy in patients with pulmonary disease with compromised lung function or 
respiratory tract obstruction (e.g., cystic fibrosis). 

To support the hypothesis, the specific aims in this project were: 

Aim I: To develop monodisperse poly(lactic-co-glycolic acid) (PLGA) microspheres 
loaded with levofloxacin, with properties suitable for passive lung targeting and with 
sufficient antibacterial activity. 

Aim II: To evaluate the pharmacokinetics and biodistribution of the radiolabeled PLGA 
microspheres to the lungs and other organs by single-photon emission computed 
tomography (SPECT/CT) imaging. 
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2 Background 

2.1 The Respiratory System 

 between 
the respiratory tract and the vasculature. Anatomically, it can be divided into upper and 
lower respiratory tract. The upper respiratory tract includes the nasal cavity, the pharynx 
and the larynx. The lower respiratory tract comprises the trachea, which bifurcates into the 
bronchi. The primary bronchi continue to branch into smaller bronchioles, which end with 
the alveolar sacs 11,12 (Figure 1). Functionally, the respiratory system can be divided into a 

is mainly responsible for 
carrying, filtering, humidifying and warming the incoming air. It includes larynx, trachea, 
bronchi, bronchioles, and terminal bronchioles. consists of respiratory 
bronchioles, alveolar ducts, alveolar sacs, and is directly responsible for gas exchange 11,12 
(Figure 1).  

Figure 1. Anatomical and functional division of the respiratory system. Figure created with 
BioRender.com. 

2.1.1 The Respiratory Zone  

The key function of the respiratory system is gas exchange, which takes place in the alveoli. 
There, the respiratory tract and the pulmonary vasculature are in very close proximity over 
a large surface area allowing carbon dioxide waste to be removed from the blood and to be 
replaced by inhaled oxygen. 
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Structurally, the alveolar sacs are clusters of many individual alveoli, with each alveolus 
representing a functional unit of the respiratory tract. The alveolar wall consists of a thin 
monolayer of type I alveolar epithelial cells (also known as pneumocytes), interspersed with 
few type II pneumocytes (Figure 2) 9,12–16. Type I pneumocytes are directly involved in gas 
exchange, while type II pneumocytes secrete phospholipids and proteins, 
which constitute the alveolar lining fluid. This alveolar lining fluid is a thin (from 0.2 
on flat alveolar walls to 0.9 in the alveolar corners 17,18) continuous liquid layer that 
covers the apical surface of the epithelium (Figure 2), prevents alveolar collapse during 
breathing by decreasing the surface tension, and contains alveolar macrophages and various 
complement proteins and antimicrobial proteins, such as defensins 13,15,16. 

The alveoli have an epithelial surface area of ~140 m2 in humans and ~125 cm2 in mice,  
~ 90% of which is occupied by pulmonary capillaries dense network 9,19. The 
pulmonary capillaries originate from branches of the pulmonary arteries (also called axial 
arteries), that run along the side of the bronchi, and from supernumerary arteries, that branch 
out of axial arteries and enter the lung parenchyma 19,20. The pulmonary capillaries 
subsequently merge into pulmonary veins, which drain into the left atrium (Figure 2). 
Structurally, the lung capillaries have an average diameter of 5-8 
healthy adults 8,9, 6.6 ± 1.6 μm, and 7.5 ± 1.7 , respectively 10) and have 
the basal side of the epithelium surrounded by a thin endothelial cell monolayer (Figure 2). 
 
Taken together, the alveolar epithelium, the monolayer of endothelial cells, and the very 
thin interstitial compartment inbetween form the alveolar-capillary barrier 19 (Figure 2), 
which is ~300 nm thick in mice, ~400 nm in rats, ~500 μm in dogs, and  ~600 nm in humans 
21. This thin barrier provides the structural basis for exchange of gas, ions and small 
molecules by simple diffusion. 

Figure 2.  and the structures responsible for in the gas exchange. Figure 
created with BioRender.com. 
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2.1.2 Protective Mechanisms of the Respiratory System 

The respiratory tract has developed protective mechanisms against microorganisms, 
particulate materials, and toxic gases to which it is exposed with the inhaled air.  

oropharyngeal area entraps particles larger than 10 μm. Further 
down the respiratory tract, an important anatomical barrier is represented by the geometry 
of the respiratory tract, which bifurcates ~16 times and gradually narrow down in diameter 
before reaching the alveoli. This tree-like structure facilitates the deposition of particles of 
~5-10 μm by impaction , which can then be removed either by 
absorption into the systemic circulation or by the mucociliary clearance 22,23. Insoluble 
particles are removed by the mucociliary escalator that consists of mucus and cilia that are 
present on the apical surface of the epithelial cells. The epithelium of the respiratory tract is 
in fact ciliated from the trachea to the terminal bronchioles and is covered by the epithelial 
lining fluid (Figure 3) 14,24,25. This protective layer is composed of two sublayers: a low-
viscosity fluid layer (known as periciliar layer) and a more viscous mucus layer on top 24. 
The periciliar layer is ~7 μm thick throughout all the conductive respiratory tract 14, while 
the mucus layer varies in from 10-30 μm to 70 μm 
in the trachea, and 2-5 μm in the bronchioles 14,18,24,26,27 (Figure 3). The mucus layer is 
produced by secretory cells in the epithelium (i.e., goblet cells and Clara cells) and serous 
cells of the submucosal glands (Figure 3) 14. The mucus traps the inhaled substances and 
the upward cilia movements carry them out of the lungs before being expelled by coughing 
or being swallowed and eliminated by the gastrointestinal tract 12,23,28.  

Figure 3. The mucosa and the epithelium with the structures contributing to the protection of the 
respiratory tract. Figure created with BioRender.com with inspiration from 29 with permission. 

 

In the respiratory  protection is provided by the alveolar macrophages (12-14 per 
alveolus in healthy non-smokers 30), which phagocytose small (< 5 μm) insoluble particles 
and pathogens deposited in the alveoli 12,23,28. Macrophages can also initiate an 
inflammatory response by secreting inflammatory factors and recruiting neutrophils.  
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In contrast to particulate matter, solub  molecules may be absorbed from both the 
into the systemic circulation or the lymphatic system 

through the epithelium by passive diffusion or by active transport mechanisms 12,22,23,28. The 
rate and mechanism of absorption depends on the physico-chemical properties of the 
molecule in relation to the absorption site.  

2.2 Bacterial Infections in the Respiratory Zone   

The defense mechanisms that protect the respiratory tract can fail, e.g., as a consequence of 
diseases, of a large invasion of pathogens, of a highly virulent microorganism, or of medical 
treatments that damage the tissue and/or the immune system. A failure results in respiratory 
diseases, which can be classified based on the anatomical division of the respiratory system 
or based on the etiology. In the first case diseases are described as being related to the upper 
respiratory tract (e.g., acute and chronic infections, nasopharyngeal carcinoma, laryngeal 
tumors) and of the lower respiratory tract, such as the bronchi (e.g., bronchitis, 
bronchiectasis), the smaller bronchi and bronchioles (e.g., bronchiolitis), the alveolar ducts 
and alveoli (e.g., pneumonia) 31. The etiologic classification distinguishes viral infections 
(e.g., viral pneumonia, in ), bacterial infections (e.g., bacterial pneumonia, 
tuberculosis), allergic diseases (e.g., asthma, hay fever), acute diseases of the bronchi (e.g., 
bronchitis, bronchiolitis, bronchiectasis), airflow obstruction diseases or chronic obstructive 
pulmonary disease (COPD, e.g., chronic bronchitis, pulmonary emphysema), and lung 
cancer 31.  

Of the pulmonary diseases (Table 1), the lower respiratory tract infections are one of the 
major clinical challenges, as they represent among the primary causes of mortality 
worldwide for all ages and the leading cause of death among children under 5 years of age 
1,2. Many lung infections are frequently acute self-limiting viral infections and not lethal 
unless a secondary bacterial infection develops. These co-infections frequently worsen the 
clinical outcome and increase the severity of the infection 32. In a hospital setting, respiratory 
bacterial infections are more numerous than viral infections and are usually associated to 
significant morbidity and mortality in sick patients 33. 

These bacterial infections are located in the respiratory or conductive  the 
lung parenchyma (e.g., in pneumonia) 34 or in 

the alveolar macrophages (e.g., in tuberculosis) 35,36. In both cases, their proximity to the 
thin alveolar barrier makes the two conditions dangerous since the pathogens may cross the 
barrier and distribute systemically. Bacterial infections (e.g., caused by Pseudomonas spp) 
can also  e.g., bronchi, bronchioles), and 
co-occur with or be a consequence of chronic lung disorders with impaired respiratory tract 
clearance (e.g., cystic fibrosis, bronchiectasis, COPD) or immune compromising conditions 
(e.g., human immunodeficiency virus, diabetes mellitus). Regarding cystic fibrosis, for 
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example, the genetic mutation of the cystic fibrosis transmembrane conductance regulator 
gene results in deficiencies in the pulmonary physiology, including alteration of the 
osmolarity of the respiratory tract surface liquid layer and hypersecretion of thick mucus 
that cannot be cleared sufficiently by the mucociliary escalator 37. Overall, this environment 
together with inflammation responses promotes the development of recurring viral and 
chronic bacterial infections that are difficult to eradicate and can lead to host tissue damage, 
respiratory failure, or, eventually, death 37. The major responsible bacteria of these 
secondary infections in cystic fibrosis are S. aureus, P. aeruginosa, Haemophilius influenza, 
Achromobacter xylosoxidans and Burkholderi cepacia complex. They are particularly 
dangerous, especially if resistant to antibiotics (e.g., multidrug-resistant P. aeruginosa, 
methicillin-resistant S. aureus (MRSA)) and if able to switch to a biofilm mode of growth 
(i.e., mucoid phenotype) 6,38. The mucoid phenotype populates not only , 

6. 
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2.2.1 Treatment of Bacteria Lung Infections 

Treating the bacterial infections is important to reduce the mortality of respiratory tract 
infections, and it is currently done with antibiotics. Antibiotics are molecules that via one 
or more targets on the bacteria cause inhibition of growth (if bacteriostatic) or preferably 
cell death (if bactericidal). Antibiotics target the cellular membrane (e.g., -lactams, 
glycopeptides), intracellular components that are essential for the synthesis of protein (e.g., 
macrolides, amphenicols, tetracycline, aminoglycosides) or nucleic acids (e.g., quinolones), 
or metabolic pathways (e.g., sulfonamides) (Figure 4) 40–42. 

 

 

Figure 4. Antibiotics targets and resistance mechanisms in bacteria cell. Figure created with 
BioRender.com with inspiration from 43 with permission. 
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For treatment of bacterial respiratory infections, different classes of antibiotics are used 
alone or in combination. The selection of the treatment regimen is based on several factors, 
including the severity of the disease (e.g., 
biofilm, re-occurring infection), whether treatment will be done in the community or 
hospital setting, patient-specific factors (e.g., age, antibiotic allergies), the local 
epidemiology (e.g., national/local antimicrobial resistance), and the presence of risk factors 
for infection with drug-resistant organisms.  

In general, the guidelines from the European Society of Clinical Microbiology and 
Infectious Diseases and the European Respiratory Society recommend treatments by oral or 
intravenous administration of antibiotics, depending on the severity of the disease. 
Amoxicillin and tetracyclines are first-choice antibiotics, while newer macrolides (e.g., 

, clarithromicin) and some fluoroquinolones (e.g., levofloxacin, moxifloxacin) 
are good alternatives when clinically relevant bacterial resistance against all first-choice 
agents is observed. In case of pseudomonal infections, co-administration of 
antipseudomonal fluoroquinolones (e.g., levofloxacin, ciprofloxacin) with an 

-lactam antibiotic (e.g., , cefepime, , imipenem, 
meropenem) is recommended 5 (Table 2).  

The treatment of infections with cystic fibrosis, particularly by P. aeruginosa, includes 
systemic and inhaled antibiotics (i.e.,  6,38,44,45), 
either alone or combined, in order to reach high concentrations both in the lung lining fluid 

via via oral or intravenous 
administration) 6.  
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2.2.2 Challenges with Antibiotic Treatments 

Today´s treatments of bacterial infections, including pulmonary infections, are often not 
sufficiently effective. The above mentioned treatments are all mainly based on intravenous 
or oral administration of antibiotics dissolved in aqueous medium or formulated in oral 
dosage forms (e.g., capsules, tablets), respectively. Even though these routes of 
administration are , this does not ensure high 
enough concentrations of the antibiotic at the actual target site as required to efficiently treat 
the infections 33,44.  

If the antibiotic concentration is not sufficient to kill the bacteria at the site(s) of infection, 
the pathogens may instead be able to develop mechanisms to resist the effect of the specific 
antibiotic. These mechanisms include: (i) antibiotic efflux (e.g., expression of efflux pumps, 
such as the ATP-binding cassette transporters or the major facilitator superfamily 
transporters that transport tetracyclines, glycopeptides, and macrolides out of cells), (ii) 
inhibition of drug entry in the cell (e.g., decrease in the expression of outer membrane porins 
of Gram-negative bacteria that usually facilitate the entry of hydrophilic antibiotics such as 

-lactams), (iii) e.g., -
lactamases that - -lactams, aminoglycoside modifying 

acetylate, phosphorylate or adenylate aminoglycosides) and (iv) modification 
of the target site (e.g., mutations of penicillin-binding proteins that are responsible for 
bacterial cell wall synthesis and are usually bound and inactivated by -lactams, production 
of modified peptidoglycan precursor with lower affinity for glycopeptides, rRNA 
methylation at sites that usually bind macrolides, lincosamides, streptogamins and 
aminoglycosides) (Figure 4) 41–43,57,58. These genetic resistance modifications can also be 
transferred from a resistant to a susceptible bacterium, resulting in  the distribution between 
genera and species 57,58. As a consequence, many pathogens responsible for serious diseases 
have become resistant to various classes of antibiotics, and some evolving into multidrug-
resistant (MDR), extensively drug-resistant (XDR), or even pandrug-resistant (PDR) types, 
in which cases they are resistant to more than one, almost all, or all approved antibiotics, 
respectively 59. 

Clinically, high doses (250-750 mg) of antibiotics are administered orally or intravenously 
to obtain the local drug concentrations to effectively treat the infection. As a consequence 
of the systemic levels of antibiotics, part of the dose may reach non-infected tissues, alter 
the growth of harmless and useful organisms (e.g., bacteria in the intestine) 33,44, and/or be 
responsible for toxicity at not-targeted site(s) 33,44. For example, prolonged administration 
of high doses of the aminoglycoside tobramycin can cause acute and chronic nephrotoxicity, 
by decreasing glomerular filtration rate and altering excretion of electrolytes 60,61. 

Overall, this leads to inefficiency of existing approaches to treat infection. Antimicrobial 
resistance has now become a global public health concern and has directed the focus of 

CDC) and the 
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 to identify the bacteria responsible for serious 
infections and prone to develop resistance, in order to focus the attention and develop 
strategies to treat these pathogens. These bacteria are classified as urgent, serious and 
concerning threats by the CDC 62 and, similarly, as pathogens with critical, high, medium 
priority by the WHO 63. Urgent threats include carbapenem-resistant Acinetobacter, 
carbapenem-resistant Enterobacteriaceae, and Clostridioides difficile. Serious threats 
include extended-spectrum beta-lactamase-producing Enterobacteriaceae, MDR P. 
aeruginosa, MRSA, drug-resistant S. pneumoniae, MDR and XDR Mycobacterium 
tuberculosis, vancomycin-resistant Enterococci  62. 

2.2.3 New Strategies to Treat Bacterial Infections 

The challenges and obstacles that are associated with antibiotic treatments have directed the 
attention to new strategies to treat bacterial infections in the future, such as the discovery of 
new classes of antibiotics, and the improvement of the therapeutic effect of existing 
compounds 33,44.  

Discovery and development of new compounds that are potent and effective especially 
against MDR bacteria is expected to likely be one of the best options to fight infections 
worldwide, according to the Global Action Plan against antimicrobial resistance proposed 
by WHO in 2015 64. Since 2000, 29 new antibiotic drugs (including three multidrug 
combinations) have been approved by United States Food and Drug Administration (US 
FDA) and European Medicines Agency (EMA) 65 (Table 3) and 42 are currently in clinical 
trials or under regulatory evaluation for treating bacterial infections (as of September 2019) 
66. Unfortunately, even though the total number of antibiotics has increased, the majority 
are analogues of currently marketed drugs and have shown to be susceptible to similar 
mechanisms of resistance, already seen for the known classes of antibiotics. Moreover, of 
the antibiotics currently in the development pipeline only 11 have the potential activity to 
act against at least one of the pathogens that are resistant to carbapenems classified as urgent 
threats according to the CDC 67. Only ~ one in five drugs in the pipeline has an innovative 
component, such as being a novel class (new scaffold, new pharmacophore) and/or hitting 
a novel target (new binding site, and, therefore, novel mechanism of action).  
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Among the compounds in the clinical development with a certain degree of novelty  
(Table 4), antimicrobial peptides (AMPs) are promising alternatives to traditional 
antibiotics. They have different mechanisms of action (e.g., disruption of the cell membrane, 
immunomodulation, intracellular penetration and damage to intracellular biomolecules 71) 
and often a broad spectrum of antimicrobial activity, not only against bacteria, but also 
against viruses, fungi and parasites 72,73. For bacterial infections, they have been studied as 
monotherapies, giving their effective bacterial growth killing 72,74–77, but also as adjuvants 
to traditional antibiotics to provide a synergistic effect 72,74,76. To date, only one (i.e., 
daptomycin) AMP has been approved clinically as antibiotic for monotherapy 73.  

The antibiotics currently used in the clinic have different mechanisms of action against vital 
processes or structures of the bacteria. However, as mentioned above, their action against a 
single target frequently causes the development of resistance in bacteria. Using them in 
combination therapy instead would result in hitting different targets at the same time, and 
overcome the antibiotic tolerance that often result in therapeutic failure 78. Not only the 
combination of antibiotics from different classes (e.g., colistin and tigecycline, rifampin, 
meropenem79) or antibiotics and inhibitors (e.g., amoxicillin and clavulanate) has already 
showed synergistic effect, but also their combination with new classes of anti-infectives 
(e.g., AMPs, quorum sensing inhibitors) 44,76. For example, the synergistic effect of 
antibiotics and AMPs has recently shown to be effective against infections caused by critical 
and high-priority pathogens 80 (e.g., -37 for MDR P. aeruginosa and 
MDR Acinetobacter baumannii 81, ampicillin and nisin for Salmonella enterica 82, 
chloramphenicol and brevinin-2 CE for MRSA 83, and ampicillin and cryprdin-2 for S. 
enterica 84). Despite the promising results, currently there are not combinations of classes 
planned to be introduced in the market in the near future, a part from one (i.e., 
imipenem/cilastatin + relebactam (MK-7655A))66. 

Another more recently applied strategy is interfering with the growth of bacteria through 
targeting the bacterial communication systems (i.e., quorum sensing), used by the bacteria 
to communicate with each other, to develop biofilm, and to produce secondary metabolites 
and virulence factors 85,86. Quorum sensing is mediated by species-specific and strain-
specific signalling molecules, which are produced and released by the bacteria 85. These are 
also known as autoinducers, such as acyl-homoserine lactones (used by Pseudomonas spp., 
Acinobacter spp.), fatty acids (used by Xanthomonas spp., Burkholderia spp.), ketones (used 
by Legionella spp.) or quinolones (used by P. aeruginosa) 85. By interfering with the 
production, by scavenging or by degrading the autoinducers, quorum sensing inhibitors 
(e.g., 5-fluorouracil, eugenol, farnesol), quorum quenching antibodies (e.g., Fab RS2-1G9) 
and macromolecules (e.g., -cyclodextrin)  (e.g., acylase 
Pvdq, lactonase AiiA), respectively, disrupt this molecular communication system making 
the bacteria more sensitive to antibiotics and decrease biofilms 85. These molecules are 
promising anti-infective agents that could be used to complement antibiotic therapy, 
especially in the case of biofilm-related infections 85,86. However, to date, no quorum sensing 
inhibitors have been applied clinically.  
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Another strategy currently under investigation is represented by damaging the bacterial 
membrane and/or by altering bacteria metabolic pathways (e.g., the respiration system), as 
a consequence of intracellular oxidative stress 87–89. Normally, in the bacterial cell the 
production and clearance of reactive oxygen species are in equilibrium, ensuring 
physiological conditions for survival. However,  excessive oxidative stress can be induced 
by nanoparticles of various metals (e.g., ulting in 
inhibition of bacterial growth or death 87–89. The research of this class of non-traditional 
antibiotics is still at the preclinical phase. 

While new compounds, new combinations, and new targets are heavily investigated, another 
approach that can contribute to increasing the therapeutic efficacy of antibiotic treatments 

e.g., re-formulation of 
existing or new antibiotics into novel drug delivery systems, e.g., nano- 
particles. Re-formulation of existing and/or new antibiotics in more advanced drug delivery 
systems can increase the efficacy of the treatment 44,90 by selective delivery of the antibiotic 
to the infection site and exposure of the bacteria to a higher dose of the antibiotic, resulting 
in more effective and rapid bacteria killing, lowered risk of development antibacterial 
resistance, and decreased risk of systemic off-target effects 33. In addition to site-specific 
delivery, drug delivery systems are also able to protect the drug from chemical and/or 

degradation as well as from the interaction with other molecules, to locally 
release a sufficient dose of drug in a controlled manner, and to improve drug transport across 
biological barriers 33,44; all contributing enhanced drug bioavailability. Thus, for efficient 
pulmonary delivery of antibiotics to treat lung infections it is important that the carrier of 
the drug delivery systems is biocompatible and biodegradable, so that toxicity from its 
accumulation is prevented and repeated dose administration is possible. High doses of 
antibiotics are usually required, thus, delivery systems with high drug loading capacity are 
preferred 44.  
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2.3 Lung Targeting  

Several drug delivery systems have been developed and investigated to specifically target 
Such drug delivery systems can target the 

lungs directly via inhalation or indirectly via intravenous administration.  

2.3.1 Direct Lung Targeting via Inhalation  

Compared to the traditional approaches with oral and intravenous administration, inhalation 
has some advantages, including being non-invasive and needle-free, avoiding ‘first-pass’ 
metabolism and antibiotic exposure to the gastrointestinal microflora 33, and, most 
importantly, being able to deliver relatively high drug doses directly to the target site, e.g. 
the infected lung tissue 91. Thus, antibiotics encapsulated, entrapped, or adsorbed on the 
surface of drug delivery systems can be delivered directly to the pulmonary site of infection 
by inhalation. As shown in Figure 5, after inhalation the particulate drug delivery system 
enter the respiratory tract and deposit deep in the respiratory tree (e.g., in the alveoli) with 
subsequent release of the active component(s). 

 

Figure 5. Lung targeting via inhalation of drug delivery systems. Figure created with 
BioRender.com 

 

Antibiotic drug delivery to the lungs by inhalation, however, present some disadvantages, 
such as the possibility of systemic antibiotic absorption and the difficulty to control the
antibiotic dose at the infection site 33,38. Other challenges are related to the complexity of 
the pulmonary anatomy and physiology, and to the mechanisms of deposition of 
particulates. To be effective for the treatment of pulmonary infections, the inhaled drug 
delivery systems have to first reach the respi  then be able to avoid the 
macrophages, penetrate any bacterial biofilm, release the drug into the low volume of lung 
fluid so that it can exert its effect on the target bacteria 92. Achieving this will depend on the 
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characteristics of the inhaled formulation (e.g., mass median aerodynamic 
particle  distribution, surface and particle morphology, density, surface charge and 
hygroscopicity 12), physico-chemical properties of the antibiotic, inhalant device, patient 
(e.g., inspiratory flow velocity and flow regime, patient´s lung volume, respiratory tract 
geometry) and disease state 23,93,94. For example,  the particles or nebulised droplets carrying 
the antibiotic sh -5 μm to be deposited deep in the lower 
respiratory tract and in the alveoli by gravitational sedimentation or by Brownian diffusion, 
respectively, without impacting in the larger airways or being exhaled 33.  
below 500 nm may also deposit, although to a limited extent as they have a high risk of 
being exhaled resulting in reduced deposition 33. If deposited in the respiratory tract and if 
they have a neutral surface charge, smaller nano- articulate carriers may, to some 
extent, permeate the mucus in the upper respiratory tract and any associated bacterial biofilm 
by diffusing through the network formed by its components (cut-off of 500 nm in healthy 
people, 300-100 nm in patients with cystic fibrosis) 45.  

The formulations applied for pulmonary delivery are either liquid (solutions or suspensions) 
or dry powders, and require inhalation devices for administration, dry powder 
inhalers, respectively 95. Many dry powders  of drug delivery 
systems are currently investigated at preclinical and clinical stages for local delivery of drug 
to treat different pulmonary diseases, including asthma, cystic fibrosis, COPD, lung 
infections, lung hypertension, and lung cancer 7. Among these, there are micelles, 
liposomes, polymeric nanoparticles, microparticles and nano-embedded microparticles, as 
shown in Table 5.  

To date, only one inhaled formulation of an antibiotic in drug delivery systems has been 
approved and has entered the market. It is a liposomal suspension of amikacin designed for 

US FDA for the treatment of Mycobacterium avium 
complex lung disease. Two other formulations are undergoing clinical trials. Ciprofloxacin, 
formulated in liposomes (Lipoquin) and in a mixture of non-encapsulated ciprofloxacin with 
ciprofloxacin-encapsulated liposomes (Pulmaquin), has been tested in phase III clinical 
trials for the treatment of non-cystic fibrosis bronchiectasis patients with chronic P. 
aeruginosa pulmonary infections. However, US FDA and EMA recently denied the market 

 96. A liposomal formulation of tobramycin (Tobramycin Fluidosomes™) 
received the orphan drug designation for use in respiratory tract infections associated to 
cystic fibrosis, and entered the clinical trials. Interestingly, all these formulations have been 
designed for P. aeruginosa treatment in cystic fibrosis. 

This lack of success for inhaled nanomedicines with antibiotics compared to inhaled 
antibiotics that have been approved for the treatment of lung infections (i.e., tobramycin (as 
solution for inhalation, TOBI®, Bramitob® 97 or dry powder, TOBI® Podhaler® 98), 
levofloxacin (as solution for inhalation, Quinsair® 99 as solution for inhalation, 
Cayston® 100), and colistimethate sodium (as dry powder, ColoBeathe® 101), is related to the 
higher complexity of these novel drug delivery systems for inhalation compared to the 
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current formulations. This means that efficient scale-up of production ensuring good 
manufacturing practice can be challenging and expensive. Other obstacles to develop such 
systems are associated with the unique lung microenvironment and its defence mechanisms 
and to the high doses usually required for anti-infective treatments, as mentioned above 
33,44,102. 

Table 5. Examples of lipid and polymeric inhaled formulations for the treatment of lung infections 
approved and under development. 

CF: cystic fibrosis, MP: microparticles, NDA: new drug application, NP: nanoparticles, PLA: poly(lactic acid), 
PLGA: poly(lactic-co-glycolic) acid, TB: tuberculosis. 

Drug delivery system Therapeutic 
indication 

Status Ref 
Carrier Drug 

Liposomes Amikacin 
Lung disease caused 

by M. avium complex 
Approved, 2018 

(ALIS/Arikayce®) 
103,104 

Liposomes Tobramycin 
Respiratory 

infections in CF 

Phase II (2016) 
(Tobramycin 

Fluidosomes™) 
105 

Liposomes Ciprofloxacin 
Non-CF 

bronchiectasis 

Phase III (2018), 
 NDA denied (2019) 96 

(Lipoquin®, 
Pulmaquin®) 

91 

Liposomes Clarithromycin 
P. aeruginosa 

infections in CF 
Preclinical 106 

PLA MP Rifampicin Pulmonary infections Preclinical 107 

PLGA MP Curcumin CF Preclinical 108 

PLGA MP Levofloxacin CF Preclinical 109 

PLGA MP Rifampicin TB Preclinical 110 

PLGA NP/MP Tobramycin CF Preclinical 111 

PLGA NP Levofloxacin 
P. aeruginosa biofilm 

infections 
Preclinical 112 

PLGA NP Ciprofloxacin CF Preclinical 113 

PLA MP 
Rifampicin 

 
TB Preclinical 114 

PLA MP Rifampicin TB Preclinical 115 

Chitosan Rifampicin TB Preclinical 115 

Chitosan-coated 
PLGA MP 

Rifampicin TB Preclinical 115 

Chitosan Moxifloxacin 
Respiratory 
infections 

Preclinical 116 

Chitosan Levofloxacin 
P. aeruginosa 

infections in CF 
Preclinical 117 
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2.3.2 Passive Lung Targeting via Intravenous Administration  

An alternative approach to target the lungs is from the vasculature around the thin alveolar 
epithelium taking advantage of the mechanical filter properties of the lung capillaries. After 
intravenous administration, antibiotic-loaded particulate carrier systems are pumped 
through the heart into the pulmonary blood circulation. The restricted capillary diameter of 
the pulmonary capillary bed (i.e., 7.5 ± 2.3 μm for healthy adults 8,9, 6.6 ± 1.6 μm and 7.5 ± 
1.7 μm in rats and dogs, respectively 10) (Figure 6) will lead to entrapment of particles with 
a slightly higher diameter in the capillaries surrounding the alveolar epithelium. This is 
known as passive lung targeting. As the matrix of the drug delivery system degrade, the 
antibiotic is released and can freely diffuse through the thin alveolar-capillary barrier into 
the alveolar space, and exert the bacteriostatic or bactericidal effect. 

 

 

Figure 6. Lung targeting via intravenous administration of drug delivery systems. 

 

The passive lung targeting is particularly interesting and a valid approach in case of 
seriously ill patients with compromised lung function or respiratory tract obstruction (e.g., 
due to inflammation and mucus plugs), such as in patients with pneumonia or cystic fibrosis. 
Here, in fact, respiratory tract narrowing may result in compromised ventilation and 
inhomogeneous distribution of the inhaled drug delivery systems in the lungs, and thus in 
inefficient treatment 118–120. Moreover, in these cases, lung perfusion is rarely compromised 
to a high degree compared to ventilation 121. To date, the passive lung targeting strategy is 
approved and used only in a diagnostic nuclear medicine procedure to determine the lung 
perfusion in humans with 99mTc-labeled albumin macroaggregates, 
Pulmolite® or DraxImage® albumin macroaggregates (Montreal, Canada). 

This approach is naturally challenged by the safety concern of ing lung capillaries. 
However, this may be tailored as it is directly related to the  of 
the particulate delivery systems, the administered dose, the compatibility, and the carrier 
biodegradation. It is thus highly relevant 
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distribution around an average value within the 10-15 μm range. In this way, only capillaries 
and not larger vessels (e.g., arterioles with a diameter of ~20 μm 122

thus, the microvascular hemodynamics of the pulmonary circulation is maintained normal 
and an acute massive embolism as a consequence of vascular occlusion is avoided. The 
administered dose of the particulate carrier system should be low enough to only  
a small percentage (< 1%) of the 280 billion capillaries in humans122,123, so that the 
remaining non-  capillaries allow the lungs to continue to work normally. As with 
inhaled drug delivery systems, the passively targeted carrier has to be biocompatible as well 
as biodegradable, so that toxicity from carrier accumulation is 
prevented and repeated dosing is possible. As for other routes of administration it is 
important that the drug-related properties of the formulations should be tuned and selected 
according to their use. The properties (e.g., solubility and hydrophobicity) of both the drug 
and the carrier are thus important. Further, the preparation method for the drug delivery 
system constitutes a key factor to develop high-content drug carriers. The carrier must 
release the loaded drug within the time range suitable for the specific application ensuring 
appropriate pharmacokinetics. In the case of pulmonary infections, it is optimal to have a 
sufficiently high and sustained drug release during a few (i.e., three-six) days so that it is 

the drug has to be able to diffuse and permeate the alveolar-capillary barrier.  

Due to the severity of many pulmonary diseases, e.g., cancer and infections, and the 
the design of 

drug-loaded particulate carrier systems to treat lung diseases after intravenous 
administration has attracted attention. Different biodegradable polymers (e.g., PLGA, poly 
(lactic acid) (PLA), albumin, gelatin) have been recently tested as carrier systems for 
cisplatin 124, rifampicin 125, erythromycin 126 127, ofloxacin 128 and cefquinome 
129 for the treatment of lung tumors and pulmonary infections (Table 6). Many of these 
previous works have tested in vitro performance as well as in vivo release and biodistribution 
of the loaded drugs. However, in the majority of the studies the drug did not accumulate 
exclusively in the lungs, but distributed to non-targeted organs, such as the liver, kidneys 
and spleen 126–129 -
50 μm) and/or to the non-optimal release profile. Up to now, the drug-loaded delivery 
systems have been investigated at the preclinical stage without testing the real-time kinetics 
or efficacy of the delivery system in terms of treatment of in vivo models.  
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Table 6. Examples of injectable diagnostic and therapeutic drug delivery systems for passive lung 
targeting approved or under development.  

MP: microparticles, MS: microspheres, PLA: poly (lactic acid), PLGA: poly (lactic-co-glycolic acid) 
* % lung targeting intended as distribution of the carrier or the drug (released by the carrier) in the lungs 
compared to other organs at different times post injection (indicated in brackets). 

 Drug delivery system Particle size  
and % lung targeting * Status Ref 

 Carrier Drug 
D

ia
gn

os
tic

 lu
ng

 p
er

fu
si

on
 

Albumin macro-
aggregates 

(MAA) 
- 

- 10-90 um (90%), all < 150  
- MAA in lungs ~99.4% (10 

min) 

Approved 
(1976) 

130 

Polystyrene MP - 
- 10-12 μm 
- MP in lungs 97.7% (1 h)  

~95% (48 h) 
Preclinical 131 

PLA MS - - 9.0  ± 0.4 μm, 
- MS in lungs 99.4% (15 min) Preclinical 132 

PLGA-PEG MS - - 10-50 μm (~80%) 
- MS in lungs 25% (15 min) Preclinical 133 

PLGA MS 
- 
 

- 10-50 μm (~93%) 
- MS in lungs 30% (15 min) Preclinical 133 

R
es

pi
ra

to
ry

 in
fe

ct
io

ns
 

Albumin MS (AZI) 

- 3.9-19.8 μm 
- AZI in lungs ~70% (30 min), 

~90% (12 h) 
Preclinical 127 

PLGA MS Cefquinome 
(CEQ) 

- 5-50 μm 
- CEQ in lungs ~55% (15 

min), ~90% (12 h) 
Preclinical 134 

Gelatin MS Cefquinome 
(CEQ) 

- 5-30 μm 
- CEQ in lungs ~50% (15 

min), ~90% (12 h) 
Preclinical 129 

Albumin MS Ofloxacin 
(OFX) 

- 5-25 μm 
- OFX in lungs ~75% (10 

min), ~90% @ 12 h 
Preclinical 128 

C
an

ce
r 

PLGA MS Cisplatin 
(CisPt) 

- 5-30 μm 
- CisPt in lungs ~95% (15 

min), ~95% @ 24 h 
Preclinical 124 

Gelatin MS Carboplatin 
(CPt) 

- 5.0-28.6 μm 
- CPt in lungs 47% (15 min),  

64% (12 h) 
Preclinical 135 

Gelatin MS 5-fluorouracil 
(5FU) 

- 5-15 μm 
- 5FU in lungs 60% (10 min),  

85% (12 h) 
Preclinical 136 
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3 Scientific Outcome 

3.1 Research Manuscript 

Title 

Pharmacokinetics after Intravenous Administration  

(Appendix) 

 

Aim  

The aim of this study was to prepare biodegradable microspheres suitable 
for targeted delivery of antibiotics to the lungs after intravenous administration. 

 

Outcome  

PLGA microspheres encapsulating levofloxacin were prepared with a flow-focusing 
microfluidic chip. They showed a suitable 
physico-chemical properties for passive lung targeting. The microspheres encapsulated 
levofloxacin and preserved its antibacterial activity against P. aeruginosa, E.coli and S. 
aureus. The PLGA microspheres degraded within three weeks in vitro and within one week 
in vivo, while slowly releasing ~85% of the encapsulated levofloxacin over five days. The 
PLGA microspheres showed low toxicity towards endothelial, alveolar epithelial and red 
blood cells. The microspheres were radiolabeled with the gamma emitter 111Indium and 
intravenously administered in mice to assess their pharmacokinetics and tissue distribution. 
Immediately after tail vein injection, the 111In-labeled PLGA microspheres distributed 
homogenously throughout the lungs, from where they cleared within one week.  

Overall, monodisperse PLGA microspheres with a diameter of 12 μm demonstrated to be a 
promising targeted delivery system to transport and release antibiotics for the treatment of 
pulmonary infections.  
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4 Discussion 

4.1 Levofloxacin-Loaded PLGA Microspheres as Drug 
Delivery Systems 

Different drug delivery systems can be used to target the lungs. Among these, biodegradable 
polymeric micro- and nanoparticles are particularly interesting due to their controlled drug 
delivery properties. Of the biodegradable polymers (e.g., polyesters, hyaluronan, chitosan), 
PLGA is widely used for the preparation of nano- and 
microparticles. PLGA is a copolymer of PLA and poly(glycolic acid) (PGA), and it degrades 
in vivo by hydrolysis producing the two non-toxic monomers (Figure 7), which are further 

i.e., 
tricarboxylic acid cycle) as water and carbon dioxide 137,138. The PLGA polymer is 
biodegradable and biocompatible and US FDA and EMA approved for use in different drug 
delivery systems in humans and for a range of administration routes (including intravenous 
administration) to treat various diseases (e.g., cancer, diabetes mellitus, bipolar disorders) 
137,138. Drug delivery systems composed of PLGA and approved by US FDA have been well 

et al.139, Pandey et al. 140, and Zhong et al. 141. Additionally, they have 
shown to encapsulate different classes of drugs (e.g., small molecules, proteins, nucleic 
acids) with different solubilities (i.e., hydrophilic, hydrophobic) 138,142, and release them in 
a controlled manner. Particles composed of PLGA can also be easily surface-
or modified (e.g., with polyethylene glycol (PEG) to increase their blood circulation half-
life) 137,138. Moreover PLGA’s degradation and release kinetics can be tuned according to 
the application by choosing one of the commercially available PLGAs with specific 
copolymer composition (i.e., PLA:PGA molar ratio), molecular weight and end group 
137,138,143.  
 

 

Figure 7. Chemical structures of PLGA and levofloxacin. 
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In this project, the drug of choice for the PLGA microspheres was levofloxacin (Figure 7), 
a third generation fluoroquinolone antibiotic that inhibits the bacterial DNA gyrase and the 
topoisomerase IV, two  responsible for the DNA synthesis and replication 144. 
Levofloxacin is a broad spectrum antibiotic active against Gram-positive, Gram-negative 
and atypical bacteria 144. Due to its exceptional activity against pathogens responsible for 
respiratory infections (e.g., S. pneumoniae, H. influenza, S. aureus) 145, it is colloquially 
called the “respiratory quinolone” together with the other molecules of its class (e.g., 
moxifloxacin, gemifloxacin). Clinically, it is currently indicated for the treatment of 
respiratory infections (e.g., acute bacterial exacerbations of chronic bronchitis, community-
acquired and nosocomial pneumonia) 144,146, skin and skin structure infections144,147, 
genitourinary infections 144,148. In solid form, levofloxacin is a light yellowish crystalline 
powder with a molecular weight of 370.38 g/mol. At physiological pH, it exists mainly 
(~75% of the total amount of levofloxacin) as a  due to the 
ionisable groups (i.e., the 3-carboxyl proton with pKa1 = 5.7
with pKa2 = 8.0 149). It is sparingly soluble in water at physiological pH and soluble in 
common solvents such as dichloromethane, chloroform, dimethyl sulphoxide. The 
distribution coefficient in octanol/buffer system (logDoct/buffer) at pH 7.4 is 0.51, showing its 
affinity for both the lipophilic phase and the hydrophilic phase 149. According to the 
Biopharmaceutics Classification System, it belongs to class I, i.e., drugs with high 
solubility, high permeability and rapid dissolution. Regarding the pharmacokinetics, the oral 
and intravenous formulations are considered bioequivalent, as the bioavailability after oral 
administration is 99%. It has a plasma half-life of 6-8 h after oral, intravenous and 
pulmonary administration 99,150,151. It is mainly eliminated (>85%) through the kidneys in 
the urine 99,150,151. After systemic administration, its intrapulmonary concentration (i.e., in 
the epithelial lining fluid and in the alveolar macrophages) is 1.5-6 times higher than in the 
plasma compartment 152–154, confirming the desired distribution for the treatment of 
pulmonary infections. Levofloxacin is generally considered safe and one of the most 
tolerable fluoroquinolones 155,156. Very few adverse events on the gastrointestinal tract and 
skin includes photosensitivity reactions, nausea or vomiting, diarrhoea, pseudomembranous 
colitis 155,156. However, levofloxacin and other fluoroquinolones have recently showed long-
lasting and potentially permanent adverse reactions associated to the musculoskeletal and 
nervous systems (e.g., tendon inflammation and rupture, depression, problems with memory 
and sleeping), and their use has been restricted in patients with underlying conditions, that 
predispose them to side effects 157,158. Current delivery routes of levofloxacin include oral, 
intravenous and inhalation. At the preclinical phase, levofloxacin has been encapsulated in 
various drug delivery systems intended for intravenous and pulmonary administration, such 
as PLGA nanoparticles 90,112, chitosan nanoparticles 117,159,160, liposomes 90, hybrid lipid-
polymer nanoparticles 161,162, niosomes (i.e., non-ionic surfactant vesicles) 163, conjugated 
gold nanoparticles 164, hybrid polymer-calcium carbonate microparticles 165,166, and 
polymeric microparticles 109. 
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4.2 Preparation of Microspheres  

PLGA microspheres can be prepared by various bulk methods, such as conventional single 
or double emulsification, membrane emulsification, spray drying, but also with microfluidic 
techniques 137,142,167–171. , the microspheres 
were in this project prepared and loaded with levofloxacin using a microfluidic 
emulsification technique in a glass chip with a flow-focusing geometry  
(Figure 8). To make the microspheres, an aqueous solution (i.e., continuous phase (CP)) 
containing an emulsifier (i.e., polyvinyl alcohol) was introduced in the outer inlet channels. 
At the same time, an organic solution (i.e., dispersed phase (DP)) of dichloromethane 
containing both PLGA and levofloxacin was introduced in the central inlet at lower (~30 ×) 
flow rate. The DP was hydrodynamically focused into the orifice (i.e., the junction point of 
the inlet channels) and, because of the shear force exerted by the CP, broken into oil/water 
(O/W) emulsion droplets containing polymer and drug 172. Subsequently, each of the 
droplets shrunk and turned into solid polymeric microspheres as the result of extraction of 
the organic solvent in the external water phase. 

 

Figure 8. Preparation of microspheres on a flow-focusing microfluidic chip. aLVX: anhydrous 
LVX, hLVX: hemihydrate LVX, PVA: polyvinyl alcohol, *F0i contains 50% (w/w) PLGA-PEG-
NH2 for radioactive imaging. Inset of the microfluidic chip is the snapshot during the production of 
droplets taken with optical microscope. Scale bar: 150 μm.  

 

The microfluidics technique was chosen over the conventional bulk emulsification for its 
high reproducibility and superior control of the emulsification process 173–176. Because each 
droplet was formed individually and sequentially under constant and identical forces, more 
homogenous emulsions were produced, making it a very good platform for the continuous 
synthesis of microparticles with high monodispersity and low batch-to-batch variation 174–

177. Various parameters are important for the droplet formation, with channel geometry
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(particularly the orifice width), flow rates, and fluid viscosity showing the largest impact 
175. By controlling the fluid dynamics through the experimental and formulation parameters 
(e.g., flow rates, viscosity of the DP and CP, and polymer concentration) in the microfluidic 
system, it is in fact possible to control the entire production process and tune the physico-
chemical properties of the resulting microspheres 175.  

A  was carried out to select the best conditions to obtain the 
microspheres with the desired characteristics for targeted delivery of antibiotics to the lungs 
after intravenous administration, i.e., monodisperse microspheres with  ~10-20 
μm, with high antibiotic content and the ability to slowly release the loaded drug. The 
variables that were first tested were the flow rates of the DP (QDP) and CP (QCP), followed 
by the composition of the DP, and lastly the flow control system. 

Different flow rates and flow ratios were investigated for their effect on the droplet break-
off In general, there are four regimes of droplet formation: 

 178. Several combinations of QDP (0.5-5 
μL/min) and QCP (30-150 μL/min) were screened. At low flow rate ratios (QCP /QDP  < 20), 
the DP fully blocked the orifice, until break-off. This droplet 
generation regime is known as , and produces droplets larger than the orifice 
width. Here  by the dimension of 
the orifice and the viscosity of the fluids in lieu of the flow rate ratio 178. By gradually 
increasing the QCP (30-150 μL/min), and thus the flow ratio (QDP /QCP = 20-120), the particle 

dripping (in which the droplets 
form near the orifice) or to jetting (in which the droplets form further downstream from the 
orifice at a distance < 20× the orifice width). This happens because the shear force imposed 
by the CP to the DP increases with increasing QCP for a fixed QDP. Above a certain value of 
flow ratio (QDP /QCP > 150), the shear force on the thread of the DP by the CP caused 
instability in the system, transition of the break-up pattern to an elongated thread yielding a 
jet of small (few micron) and polydisperse droplets. The best conditions for the production 
of monodisperse microspheres of 10-15 μm were found to be QDP = 3 μL/min, QCP = 90 
μL/min, associated to the dripping regime. 

By keeping the flow rates constant, other formulation-related parameters, specifically the 
organic solvent, the PLGA concentration in the DP, the PLGA lactide/glycolide ratio 
composition, and different PLGA molecular weights were tested and/or carefully chosen 
based on literature to  distribution, and at the same time 
allow for the highest levofloxacin loading possible.  

For the droplet generation in a flow focusing chip, the organic solvent chosen as DP needs 
to be volatile and able to dissolve the polymer and the drug. Moreover, it has to be 
immiscible in the aqueous CP, yet still be able to diffuse to the external water phase resulting 
in the formation of solid particles. Three types of organic solvents (i.e., chloroform, 
dichloromethane and dimethyl carbonate) with different water solubility values and 
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toxicities were tested as DP. By keeping the flow rates constant at QDP = 3 μL/min, QCP = 
90 μL/min, monodisperse particles were obtained with both chloroform and 
dichloromethane as the DP, while higher polydispersity was observed with dimethyl 
carbonate. This may be related to the much higher water solubility of dimethyl carbonate 
(13.9% for dimethyl carbonate 179, compared to 0.8% for chloroform, 1.75% for 
dichloromethane) and lower interfacial tension between the DP and CP (due to its partial 
solubility in water), resulting in an unstable emulsion being formed 180. Between chloroform 
and dichloromethane, the latter was chosen as it shows lower toxicity 180, lower boiling point 
(dichloromethane 39.6 °C and chloroform 61.2 °C, meaning that it can more easily be 
removed in the washing step), and diffuses faster in the aqueous phase (~20 sec 181) leading 
to faster solidification of the particles.  

Higher solidification rates are also desirable when amphiphilic or hydrophilic drugs are 
encapsulated in hydrophobic polymers 172. Amphiphilic drugs, such as levofloxacin, but also 
hydrophilic drugs have intermediate/low logD values, which means that in a biphasic 
organic/aqueous system they distribute in both the aqueous and organic phases or at the 
interfase between the two phases (if amphiphilic) or preferably in the water phase (if 
hydrophilic). In the single O/W emulsion system, the distribution of the drug into the excess 
of the external aqueous phase is associated with low encapsulation efficiency 172. Therefore 
to  in the PLGA microspheres the drug partitioning (or diffusion) 
from the organic (i.e., DP) to the aqueous phase (i.e., CP) should be reduced as much as 
possible during the preparation. Experimentally, it can be achieved by accelerating the 
solvent extraction (and thus, droplet solidification), strengthening the drug-PLGA 
interaction, increasing the viscosity of the DP by using a higher PLGA concentration or a 
higher molecular weight PLGA, or by reducing the drug solubility in the aqueous phase 172. 
For all these reasons, the optimal DP composition was found to be a 5% (w/v) PLGA (7-17 
kDa, 50:50 PLA:PGA ratio, carboxylic-terminated end group) solution in dichloromethane.  

The choice of the flow control system plays an important role for the use of microfluidic 
tools, and here it has shown to be a critical aspect especially for the preparation of 
homogenous microspheres, where the flow rates used were very low (in the order of μL/min) 
and had to be stable during the entire collection of microspheres in order to form uniform 
and reproducible results. This resulted in a very sensitive setup. It was especially critical for 
the DP, since that flow is responsible for the formation of the uniform monodisperse 
droplets, while small fluctuation in the CP flow did not represent a high enough percentage 
of the total flow rate to matter. Three different systems were tested: basic syringe pumps, 
high-precision syringe pumps (neMESYS, Cetoni) and pressure-controlled pumps (Flow 
EZ pressure pumps, Fluigent). The syringe pumps are one of the most established flow 
control systems in microfluidics. However, in the case of the basic version with a rather 
simple drive motors built in, flow fluctuations occurred because of the increments of the 
stepper motor, resulting in rather polydisperse microspheres and low day-to-day 
reproducibility. Almost negligible oscillations and, thus, better performance were obtained 
with the high-precision syringe pumps. Pressure pumps showed, however, the best 
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performance by precisely controlling the pulseless and stable flow of both the DP and CP 
with sub-second response time and fast equilibration time.  

4.3 Physico-Chemical Characterization  

-loaded (i.e., formulation 
F0) and three levofloxacin-loaded (i.e., formulations F1, F2, F3) PLGA microspheres were 
prepared by varying the theoretical drug content in the DP and the composition of the CP, 

 

All the resulting microspheres had an average diameter of 12 μm and a narro
distribution with coefficient of variation < 5.2% (Table 7).  The formation of homogenous 
microspheres with a smooth surface was confirmed by scanning electron microscopy (SEM) 
(Appendix, Figure S1). These properties of the microspheres are highly desirable, as 
spherical and monodisperse -distributed particles are expected to limit the variation in 
the rate of microparticle degradation and reduce burst drug release, compared to particles 
prepared with conventional emulsification methods 170

perfectly matched the optimal ded for passive lung targeting. 

 
Table 7. -dried non-
loaded and levofloxacin-loaded PLGA microspheres.  

Formulation      
(#, form) 

Particle size 
( ) 

CV 
(%) 

Theoretical 
LVX loading 

(% w/w) 

LVX loading  
(% w/w) 

EE  
(% w/w) 

F0, fresh 12.3 ± 0.4 ns 3.5 - - 

-dried 12.5 ± 0.6 ns 4.6 - - 

F0i, fresh 11.4 ± 0.5 ns 4.5 - - 

DTPA-F0i, fresh 12.0 ± 0.6 ns 4.7 - - 

F1, fresh 12.2 ± 0.4 ns 3.5 15 2.2 ± 0.1 

-dried 11.5 ± 0.4 ns 3.3 15 

F2, fresh 12.7 ± 0.5 ns 3.9 15 

-dried 12.1 ± 0.5 ns 4.7 15 

F3, fresh 12.5 ± 0.5 ns 3.3 30 

-dried 12.1 ± 0.6 ns 5.2 30 

CV: coefficient of variation (calculated based on 500 MS), EE: encapsulation efficiency, LVX: levofloxacin, 
*p 
statistical multiple comparison between all formulations were done. For LVX loading and EE, multiple 

-dried formulations as well as the different loaded formulations were 
done. The statistical analysis of the EE followed the analysis of the loading 

*

*

ns 

ns 

ns 

*
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The drug content was measured with ultraviolet-visible spectroscopy after microsphere 
disintegration. The levofloxacin-loaded PLGA microspheres had a levofloxacin content of 
~2-5.5% (Table 7). The drug loading (i.e., drug-to-polymer ratio) and the encapsulation 
efficiency (i.e., encapsulated drug-to-initially included drug) doubled by saturating the CP 
with anhydrous levofloxacin (Table 7, F1 vs F2). This confirms that limiting the drug 
diffusion from the organic to the aqueous phase is a good strategy to increase the 
encapsulation of highly water soluble drugs in hydrophobic particles, as previously shown 
109. Doubling the theoretical drug loading along with replacing the anhydrous form with the 
hemihydrate form of levofloxacin further improved the final drug loading but lowered the 
encapsulation efficiency (Table 7, F1 vs F2). These results indicated a saturation of the 
loading capacity under the used preparation conditions. The hemihydrate form of the drug 
was used because its solubility in dichloromethane was higher and more drug molecules 
were loaded as a result hereof.  

The drug loading, although low, was satisfactory when considering the nature of the 
polymer and the drug together with the single O/W emulsification preparation method. 
Previous work showed that ~2 μm PLGA microspheres could be loaded with levofloxacin 
with up to 10.5% drug loading when prepared with a double emulsion water/oil/water 
(W/O/W) by saturating the external water phase, and that the further addition of lauric acid 
to the organic phase resulted in further increase of levofloxacin loading (18.4%) and 
encapsulation efficiency (44.4%), possibly due to complexation between the molecules 
through electrostatic interactions between the la inyl group of 
levofloxacin 109,159. Other studies showed that gentamicin loading in PLGA microspheres 
increased from 2.7% to 6.2% when the PLGA concentration in the organic phase was 
doubled from 10% to 20% 182. Overall, these results show that the encapsulation of small 
hydrophilic and amphiphilic drugs in PLGA microspheres is challenging and requires 

and formulation-related parameters to obtain 
efficient loading 172. 

4.4 In Vitro Characterization 

The performance of the prepared PLGA microspheres were assessed in vitro. Specifically, 
the levofloxacin release from the microspheres and the associated degradation of the 
polymeric matrix was assessed. The antimicrobial activity upon encapsulation in the 
microspheres was also determined. Finally, the compatibility on endothelial, epithelial and 
red blood cells was tested.  
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4.4.1 Levofloxacin Release and Microspheres Degradation 

The release of levofloxacin from the PLGA microspheres is an important aspect of the drug 
delivery system, being the precondition for drug diffusion through the alveolar-capillary 
barrier and for its antibacterial effect. 

All the PLGA microspheres slowly released the encapsulated levofloxacin over a period of 
five days following a biphasic diffusion-driven mechanism 183. A fast release corresponding 
to ~10-20% of the encapsulated levofloxacin associated to the diffusion of the levofloxacin 
close to the particle surface was followed by a slow and gradual release of the loaded 
levofloxacin that diffused out through water-filled pores of the polymeric matrix. After five 
days, up to 85% of the loaded levofloxacin was released (Figure 9). No burst effect was 
observed, probably due to the fact that most of the levofloxacin was encapsulated in the 
polymeric matrix, instead of being bound or adsorbed on the surface.  

 

Figure 9. In vitro cumulative release profiles of levofloxacin from PLGA microspheres. F1 fresh  
( ) and -dried ( ); F2, fresh ( -dried ( ), F3, fresh  
( -dried ( )) in phosphate buffered saline (PBS) and 37 °C, fitted by the Peppas-
Sahlin model. Results are expressed as mean ± SD (N = 3, n = 1).  

 

Five mathematical models (i.e., Zero order, First order, Higuchi, Korsmeyer-Peppas, 
Peppas-Sahlin 184) were tested to fit the experimental data and describe the drug release from 
PLGA microspheres. Of the 5, the Peppas-Sahlin model best fitted the drug release profiles, 
as it showed the highest correlation coefficient values (R2 = 0.9847 – 0.9964) and the lowest 
root mean squared error (RMSE = 2.04 – 4.83) (Appendix, Table S2, Figure S2). 
According to this model, the drug release happens as a consequence of two events, i.e., the 
drug diffusion (first term of Peppas-Sahlin Eq., Appendix, Table S2) and the relaxation of 
the polymeric chains with transition from a semi-rigid to a flexible state (second term of 
Peppas-Sahlin Eq., Appendix, Table S2) 184,185. However, in this case the diffusion of the 
drug was the main mechanism with a small, but not negligible, contribution of the chain
relaxation, as shown by the much higher Fickian diffusion constant compared to the 
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relaxation constant in the Eq. (k1 = 65.1–76.8 >> k2 = -11.7 – -16.5, Appendix, Table S2) 
184,185. 

As mentioned above, the levofloxacin release profile is important in relation to the 
antibacterial activity, since it controls the drug concentrations available at the target tissue. 
The PLGA microspheres showed a favourable slow and controlled release profile, which 
would ideally contribute to levofloxacin diffusing through the alveolar-capillary barrier and 
reaching the bacteria in the alveolar space over a longer time period, 
of systemic side effects. Moreover, prolonged release profiles may improve patience 
compliance given the reduced frequency of administration needed to have therapeutic 
concentration at the infected site. However, a critical point is related to the fact that the 
released levofloxacin at the infected site has to be at concentrations the above-minimum 
inhibitory concentration (MIC) for the specific bacteria at all time points in order to have a 
pharmacological effect and reduce the risk of development of antibiotic resistance. Based 
on the release experiments performed, the concentration of levofloxacin in the epithelial 
lining fluid of mice upon release from the PLGA microspheres can be predicted to almost 
instantly be higher than the MIC for P. aeruginosa and S. aureus (4 μg/mL) and for E. coli 
(0.03 μg/mL, see section 4.4.2). 

For PLGA microspheres, drug release occurs together with and as a consequence of 
microsphere degradation. Therefore, by choosing a PLGA with a convenient degradation 
behaviour, the release profile (mono-, bi-, tri-phasic), rate and the duration could be tuned. 
Specifically, the degradation rate is faster for PLGA with a low molecular weight 183, 
amorphous nature, with more hydrophilic end groups (e.g., carboxylic acid 186), and with 
higher content of the glycolic acid, as shorter polymer chains require less time to degrade 
and as hydrophilicity of the matrix increases water absorption, and thus degradation and 
release rates 137,142. Based on these considerations, PLGA with PLA:PGA molar ratio of 
50:50, molecular weight of 7-17 kDa and carboxylic end groups was chosen. Importantly, 
the polymer composition (i.e., molar ratio of PLA to PGA), molecular mass, end 
functionalities and polymer crystallinity are only some of the factors that control the release 
profile. Others are associated to the encapsulated drug (e.g., nature of the drug 187, the initial 
drug loading 188, the location of the drug in the microspheres), to the physico-chemical 
properties of the microspheres (e.g., porosity of the microspheres) and 
to in vitro conditions (e.g., temperature, stirring, pH of the release medium, composition of 
the release medium) 185. In an in vivo environment, the ymes, lipids and immune 
system should also be considered 185. 

PLGA degradation mechanism is well-known and occurs via hydrolysis: Water molecules 
first penetrate into the polymeric matrix causing some swelling, then break the ester bonds 
in the PLGA backbone. This results in the formation of oligomers (i.e., PLA, PGA) and 
monomers (i.e., LA, GA), which gradually dissolve in the release medium in a process 
known as erosion (i.e., mass loss 143,185) of the polymer matrix until complete polymer 
degradation. This creates internal water-filled pores available for drug diffusion out of the 
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particles. Importantly, the degradation products contain acidic groups, which themselves 
catalyse the hydrolysis, and thus, increase the formation of pores 142,143,185. 

To confirm and validate the diffusion-based release and the associated microsphere 
degradation pattern, changes in the surface morphology and internal structure of the 
polymeric matrix were investigated over time by using a focused ion beam (FIB)-SEM. 
During the first days (Figure 10, day 1-2), the microspheres showed a partially collapsed 
spherical shape (appearing as “deflated balls”) with small pores on the surface and in the 
internal matrix. 
pores and opening channels towards the surface (Figure 10, day 5 vs day 1-2), while more 
prominent wrinkles appeared on the surface (Appendix, Figure S3, up to day 21). In 
agreement with previous work on PLGA films 189,190 and the above mentioned PLGA 
degradation mechanism, the polymer chains hydrolysis caused the formation of degradation 
products that contributed to the process via autocatalysis. Faster autocatalysis is expected in 
the matrix compared to the surface, as the molecules formed are kept locally in the bulk and 
were and removed by the buffer solution (as it may have happened for the 
monomers produced on the microspheres surface) 143.  

 

Figure 10. SEM images of F2 PLGA microspheres and their cross section during degradation.  
Scale bars: 5 μm. 
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4.4.2 Antibacterial Activity 

The antibacterial activity of the levofloxacin-loaded microspheres was evaluated using the 
broth microdilution method, which is a standard assay for determination of MIC. The assay 
was performed on S. aureus, a Gram-positive, as well as E. coli, P. aeruginosa, which are 
Gram-negative bacteria. The chosen pathogens are relevant for the tested indications as they 
frequently are associated to nosocomial infections in e.g., the respiratory tract. The non-
loaded PLGA microspheres did not display any antibacterial activity against the tested 
bacteria, in agreement with previous studies where no bacterial growth inhibition was 
observed at concentration below 1 mg/mL 191. The MICs of non-formulated levofloxacin 
were 0.03 μg/mL, 1 μg/mL, and 0.5 μg/mL for E. coli, P. aeruginosa, S. aureus, respectively 
(Appendix, Table 2), in good agreement with previous studies for E.coli 192 and P. 
aeruginosa 193, and in the middle of the quoted MICs (0.15 to 4 μg/mL) for S. aureus 193,194. 
The three PLGA microspheres containing levofloxacin showed MIC values of 0.25-1 
μg/mL for E. coli, 4 μg/mL for P. aeruginosa, and 2-4 μg/mL for S. aureus. This shows that 
encapsulating LVX in PLGA microspheres reduces the antimicrobial activity of 
levofloxacin by a factor of two to five. This decrease may be due to the slow and controlled 
drug release profile for the PLGA microspheres, which results in progressively release of 
levofloxacin from the microspheres, as previously shown for PLGA nanoparticles loaded 
with netilmicin 195 and ciprofloxacin 196. 

Despite the decrease of antibacterial activity of levofloxacin upon encapsulation in the 
microspheres, the dose of levofloxacin delivered is expected to have a bactericidal effect in 
mice. Levofloxacin, in fact, has shown bactericidal effect against P. aeruginosa and S. 
pneumoniae at concentrations 1-4× the respective MICs 197–200. As alveolar lining volumes 
of mice are not available in literature, based on body weight-dependant calculation from a 
70 kg human who has ~36 mL of alveolar lining fluid 15, a 25 g mouse may have a volume 
of ~13 μL of alveolar lining fluid. The levofloxacin delivered and released already after 1 h 
from the 3 mg dose of PLGA microspheres (i.e., ~22 μg) is ~400× higher than the amount 
needed to reach the MIC values in the alveolar lining fluid in mice (i.e., 0.051 μg). In 
humans, however, the amount of levofloxacin needed to have a concentration higher than 
MIC in the alveolar lining fluid (i.e., 145 μg) is theoretically only reached after four days, 

or higher doses are needed to have a 
pharmacological effect.  

4.4.3 Cytotoxicity and Hemocompatibility 

A desired characteristic of a drug delivery system is low toxicity of not only the carrier but 
also the drug-loaded delivery system against host eukaryotic cells. The PLGA microspheres 
were tested for cytotoxicity to endothelial (HUVEC), epithelial (alveolar lung epithelial 
A549 and human lung epithelial H1299), and red blood cells, as they were designed for 
intravenous administration and  in the lung capillaries. Cell toxicity was 
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evaluated by assessing the function of metabolic activity in mitochondria by measuring the 
potential of living cells to reduce the colorless 3-(4,5- -2-yl)-2,5-

MTT) into a an. 

The non-loaded and levofloxacin-loaded PLGA microspheres showed similar reduction in 
cell viability of the tested endothelial and epithelial cell lines (Figure 11A-C). This could 
be related to the relatively low levofloxacin loading shown for all the formulations, and thus 
no additional effect on the cytotoxicity, as previously shown for levofloxacin -loaded PLGA 
nanoparticles on bronchial Calu-3 cells 109. The PLGA microspheres showed IC50 values of 
1.4–2 mg/mL for HUVEC, 2.5–3.5 mg/mL for A549 and 0.7–1.5 mg/mL for H1299. These 
values correspond to concentrations of levofloxacin of 0.03–0.08 mg/mL for HUVEC, 0.06–
0.09 mg/mL for A549, and 0.01–0.04 mg/mL for H1299. The observed decrease in cell 
viability was concluded to be associated to the high concentration of PLGA microspheres 
used in the experiments and not to the initial fast release of levofloxacin, as the levofloxacin-
loaded PLGA microspheres showed higher reduction in cell viability compared to non-
encapsulated levofloxacin at the corresponding levofloxacin concentrations (Appendix, 
Figure S5).  

Figure 11. Cytotoxicity and hemocompatibility of PLGA microspheres. (A,B,C) Cell viability (%) 
of A549, H1299 and HUVEC cells incubated for 24 h with F0 ( ),F0i ( ), DTPA-F0i ( ), 
F1 ( ), F2 ( ), F3 ( ) and hemihydrate ( ). The dotted line represents 50% viability. 
Data are presented as mean ± SD, N = 3, except for F0i and DTPA-F0i where N = 1.  
(D) Representative phase contrast images of HUVEC cells taken using the IncuCyte® Live-Cell 
Analysis System at 0, 12, 24 h after treatment with media (control, top) or F0 at 0.63 mg/mL PLGA 
concentration (concentration indicated with the pink arrow in Figure C) (bottom). Scale bars: 100 
μm. (E) Hemolysis (%) of human red blood cells caused by free LVX, non-loaded PLGA MS and 
LVX-loaded PLGA MS were assessed after 1 h incubation at different concentrations. Data are 
presented as mean ± SD (N = 1, n = 3). 
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Despite the cytotoxicity shown at high PLGA concentrations, 3 mg was chosen as the dose 
for in vivo experiments to control if the minimum PLGA dose needed to reach a therapeutic 
level of levofloxacin in the alveolar lining fluid, i.e., above MIC in humans (i.e., > 2.8 mg 
of PLGA MS) could still be tolerated in an in vivo setting using mice. This might be expected 
as PLGA is a biocompatible polymer, US FDA approved for clinical administration at 
concentrations up to 30 mg/mL for intramuscular injection. Also, differences between in 
vitro and in vivo cytotoxicity results are in fact attributed to the higher susceptibility of cells 
in the well-controlled and confined, but also more simplistic in vitro environment.  

Inverted phase microscopy images confirmed decreased cell viability upon exposure to 
PLGA microspheres and non-encapsulated levofloxacin. The representative images showed 
morphological changes of HUVEC cells exposed to PLGA microspheres for 24 h, when the 
cells appeared more round and smaller than the control. As expected, cells exposed to PLGA 
microspheres at a concentration of 0.6 mg/mL, showed normal cell morphology  
(Figure 11D).  

The hemocompatibility (i.e., blood compatibility), is another important evaluation that has 
to be done with drug delivery systems intended for intravenous administration, as interaction 
and destruction of blood components result in cellular and humoral reactions that can lead 
to unwanted inflammation, formation of thrombus 201, and/or clearance of the drug delivery 
system from the bloodstream and consequent reduction of drug delivery to the target site, 
and, thus, reduction of the efficacy of the treatment 202,203. Determination of 
hemocompatibility includes the assessment of hemolysis,  protein adsorption on the surface 
of the particulates, thrombogenicity and complement activation 201. The ideal intravenous 
carrier should be non-hemolytic, non-thrombogenic, non-complement activating and 
invisible to the immune system. 

The hemolysis (i.e., red blood cells lysis), and subsequent leakage of free haemoglobin was 
assessed to estimate the toxicity of the PLGA microspheres to human red blood cells. The 
non-loaded and LVX-loaded PLGA microspheres were non-hemolytic, meaning that all the 
PLGA microsphere concentrations lysed less than 2% of the red blood cells, the permitted 
level in hemolysis assessment 201. In fact, after 1 h incubation with erythrocytes, minimal 
hemolysis (i.e., under 0.4%) was induced for all formulations at concentrations up to 6 
mg/mL corresponding to 3× the dose chosen for the in vivo experiments (Figure 11E). This 
is in agreement with previous studies on PLGA nanoparticles, where no hemolysis was 
observed at PLGA concentrations up to 3 mg/mL 204 or 10 mg/mL 205. 

Overall, the PLGA microspheres could be safely administered in vivo at a dose of 3 
mg/mouse, corresponding to ~300,000 PLGA microspheres, without concerns on animal 
toxicity.  
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4.5 In Vivo Characterization  

4.5.1 Microspheres Degradation  

The microsphere degradation kinetics was assessed in vivo by visual investigation of their 
presence in the lungs capillaries of mice at different time points, after imaging 30-μm thick 
coronal sections. The microspheres were entrapped in the lung capillaries immediately after 
intravenous injection (Figure 12) and stayed in the lungs for one more week (Figure 12C). 
Overall, the degradation kinetic was faster in in vivo than in vitro (where it took 3 weeks for 
the microspheres to completely disintegrate (Appendix, Figure S3)). This was in agreement 
with the literature, as PLGA microspheres were shown to degrade 1.7-2.6 times faster in 
vivo than in vitro, independently of the polymer end group or molecular weight, probably 
due to the of lipids and biological compounds in vivo, resulting in higher 
water uptake 206. However, it was not possible to show the microstructure of the 
microspheres (e.g., surface wrinkling) in the lung tissue. This may be due to the relatively 
low resolution of optical microscopy (compared to the electron microscopy) and probably 
also influenced by interference with surrounding tissue.   

Figure 12. Representative histology images over time of lungs exposed to PLGA microspheres (F0) 
after IV injection. H&E stained histological 30-μm coronal lungs sections after different treatments 
(1st-3rd rows), and processed images after hematoxylin extraction (4th row, see Appendix, Figure S4 
for full- (A) Healthy and untreated lungs. (B,C,D) Healthy lungs after 1 h, 1 week and 
2 weeks of injection of 3 mg/mouse PLGA MS (corresponding to ~300,000 PLGA MS/mouse). 
Scale bars: 1st row: 5 mm, 2nd row: 200 μm, 3rd and 4th row: 50 μm. 



  Discussion  

42 
 

4.5.2 Lung Targeting after Intravenous Administration 

The PLGA microspheres were further investigated for lung targeting, after being 
radiolabelled with 111Indium (111In).  

Microspheres with a radioactive tag were prepared in order to track them after systemic 
administration using the nuclear imaging technique SPECT/CT. To radiolabel the 
microspheres, PEGylated PLGA microspheres were firstly prepared by adding PLGA-PEG-
NH2 to the PLGA in the DP to  the resulting particles with amino 
groups (1, i.e., F0i PLGA MS, Figure 13A). The PEGylated PLGA microspheres were then 
reacted with S-2-(4- -diethylenetriamine pentaacetic acid (p-SCN-Bn-
DTPA), resulting in DTPA-F0i PLGA MS (2, Figure 13A), and finally radiolabelled with 
111In, yielding the final product 111In-DTPA-F0i PLGA MS (3, Figure 13A). 111In was 
chosen amongst the gamma emitter radioisotopes due to its relatively long half-life of 2.8 
days, which allows imaging for up to 10 days, and due to its ability of forming very 
thermodynamically stable bonds with DTPA 207. 

 

Figure 13. Synthesis of radiolabeled PLGA microspheres. (A) Synthesis of 111In-DTPA-F0i PLGA 
MS. (B) Radiolabeling efficiency and stability over 24 h by using ITLC.  

 

The final polymeric composition (i.e., PLGA-PEG-NH2:PLGA at 50:50 weight ratio) used 
to prepare the F0i PLGA microspheres was based on the  process, in which 
microspheres were prepared at different weight ratios between PLGA-PEG-NH2 and PLGA 



  Discussion  

43 
 

(i.e., 5:95, 10:90, 25:75, 50:50, 100:0 (i.e., 100% PLGA-PEG-NH2)) in the DP, and 
 in terms of radiolabelling efficiency and radiochemical purity. The 

radiolabelling efficiency (i.e., the ratio between the activity measured on the 111In-DTPA-
F0i PLGA MS and the initial activity) gradually increased from ~2% to ~8% proportionally 
to the PEGylated content in the DP mixture. These relatively low values of labelling 
efficiency could be associated to the presence of only few amino groups on the microspheres 
surface decreasing their overall reactivity with DTPA, and thus the chelation of 111In. Since 
PLGA-PEG-NH2 was added to the reaction mixture during the formation of microspheres, 
and not 
between the bulk and the surface of the microspheres 208,209. This would align with the low 
radiolabeling efficiency shown by the microspheres made of 100% PLGA-PEG-NH2. 
However, due to the emulsion-based preparation method, the preferred orientation of the 
PEG moieties in theory remains towards the aqueous phase with the more hydrophobic part 
of the copolymer PLGA in the PLGA matrix, resulting in the formation of PEG enriched 
surfaces and less PEG inside the polymeric matrix 208,209. The resulting 111In labelling was 
found sufficient for the planned in vivo studies, but further investigations on this matter 
could be supplemented by studying the 
DTPA by FT-IR and NMR with peaks and absorbance bands of the introduced chemical 
groups (e.g., introduction of new ether functions from the PEG fragments PEG-NH2, DTPA, 
PLGA-COOH), as previously shown 210. The radiochemical purity was tested using instant 
thin-layer chromatography (ITLC) after incubation of the 111In-DTPA-PLGA MS with a 
strong chelator for 111In (i.e., ethylenediaminetetraacetic acid (EDTA)). From the 
integration of the ITLC peaks, all the F0i microspheres prepared showed high radiochemical 
purity, as only a small (<5%) percentage of 111In migrated to the solvent front as 111In-EDTA 
complex (retention factor, Rf = 1), while the 111In-DTPA-PLGA MS remained at the origin 
(Rf = 0). Despite the low radiolabelling efficiency, the high radiochemical purity proved 
that111In was strongly chelated by DTPA, making the formulations ready for the in vivo 
studies. The best in vitro performance was observed for 111In-DTPA-PLGA MS made of 
polymeric blend containing 50% PEGylated PLGA, as they showed the highest labelling 
efficiency (i.e, ~5%), and thus highest activity linked to the microspheres, as well as 
excellent radiochemical purity (i.e., 97%) and 24 h stability after EDTA challenge (Figure 
13B). Moreover, the modification in terms of partly exchanging PLGA with PEGylated 
PLGA did not drastically change the composition of matter of the microspheres.  

Importantly, the radiolabelling reaction did not alter the physicochemical properties of the 

(Table 7), the shape and surface morphology (Appendix, Figure S1) and the cytotoxicity 
(Figure 11C,E) did not differ significantly from F0 PLGA microspheres. This is critical for 
the in vivo performance as the microspheres biodistribution can be affected by their 
shape. However, F0i PLGA microspheres showed a faster degradation (complete 
degradation within ten days, compared to the F0 PLGA ones (Appendix, Figure S3). This 



  Discussion  

44 
 

was not surprising as it may be explained by the increased hydrophilicity due to PEG chains 
and, thus, their faster hydrolysis.  

With the intent of performing dual-radioisotope imaging to assess the passive lung targeting 
of the microspheres, their ability to deliver and release levofloxacin with resulting 
appropriate pharmacokinetics, a cold (i.e., not radioactive) copper (II) (Cu) complex with 
LVX and the N-donor heterocyclic ligand phenanthroline was synthesised (Figure 14A), as 
previously described 211. The mass spectrum showed the parent ion of 
[Cu(levofloxacin)(phenanthroline)]+ ternary complex (m/z = 605)  together with the 
mono(levofloxacin)Cu(II) complex ([Cu(levofloxacin)]+, m/z = 425) (Figure 14B). 
However, since the ternary complex had a very low solubility (< ng/mL) in organic solvents 
such as dichloromethane or chloroform, due to its positive charge, it was not possible to 
load it into the PLGA microspheres with the microfluidic O/W single emulsion method and 
use it in the in vivo evaluation. 

 

Figure 14. The Cu(II) levofloxacin complex. (A) Chemical structure of the cationic ternary complex 
[Cu(levofloxacin)(phenanthroline)(H20)]+. (B) ESI+ MS spectrum. 

The pharmacokinetics and biodistribution of the non-loaded 111In-DTPA-F0i PLGA MS
were assessed by SPECT/CT imaging in healthy mice. Following intravenous 
administration, ~85% of the injected PLGA microspheres ended up in the lungs (Figure 
15), as a consequence of  the pulmonary capillaries with particles larger 
than the diameter of the lung capillaries (i.e., ~8 um). The microspheres distributed 
homogenously throughout the left and right lobes (Appendix, Figure 5B) confirming the 
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hypothesis that a more homogenous lung distribution can be achieved by intravenous 
administration of microspheres via passive lung targeting, compared to that obtained by 
inhalation 119,212,213. T
determines the clinical efficacy of the treatment. 

 

Figure 15. Pharmacokinetics and biodistribution of radiolabeled PLGA microspheres. 
Representative maximum intensity projections SPECT/CT overlay images (dorsal view) of healthy 
C57BL/6 mice showing the in vivo distribution of 111In-DTPA-F0i PLGA microspheres after 
intravenous tail injection over time. The radioactivity is shown in blue. ID: injected dose. 

However, ~ 4% of the injected radioactivity was immediately excreted via the urinary 
pathway (Figure 15, day 0). This could be due to the detachment and elimination of the 
111In-DTPA complex alone or linked to the PEG chains in lieu of the release of non-
complexed 111In. The high values of the in vitro radiochemical purity and stability of 111In-
DTPA after EDTA challenge (Figure 13B) favour this hypothesis. The activity in the 
bladder at day 0 is not likely related to un-chelated 111In, as intravenously administered 
111InCl3 distributed mainly in the kidneys (~ 20% of the injected activity) and, in less extent, 
in the bladder (~2%) (Appendix, Figure S7).  

The pharmacokinetics of the PLGA microspheres showed that they were slowly cleared 
from the lungs with only ~ 5% of the injected dose three days after administration, and 0.1% 
of the initial dose after seven days (Appendix, Figure 5C). After ten days, 0.02% of the 
injected activity still present in the mice was distributed to the lungs and the excretory 
organs, such as liver and kidneys, and to the spleen (Appendix, Figure 5D,E). Over time, 
in fact, the microspheres degrade via hydrolysis . When they 

can traverse the pulmonary arteriolar capillary bed, be 
transported away and accumulate in the liver and spleen, as shown for macroaggregate 
albumin particles and polystyrene microparticles 131,214. The detachment of groups present 
on the surface, including PLGA and/or PLGA-PEG-NH2 fragments conjugated to 111In-
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DTPA is also possible. At the same time, the 111In-DTPA complex undergoes strong 
competition in vivo by the serum proteins (e.g., transferrin), which frequently causes 
demetalation or transchelation of 111In  over prolonged exposure 215–218. This could explain 
some of the isotope activity found in the kidneys, liver, spleen, and bones 2-3 days post 
injection, as it follows the same distribution profile of intravenously administered 111InCl3 

(Appendix, Figure S6A), as previously shown 219.  

From these findings, the F0i PLGA MS seemed to be cleared to a larger extent from the 
lungs, i.e., ~three days post injection (Figure 15, and Appendix, Figure 5C) following a 
faster kinetic rate compared to the degradation rate shown in vitro (Appendix, Figure S3). 
This behaviour is in line with previous studies showing 1.7-2.6 times faster degradation 
kinetics of PLGA microspheres in vivo compared to the one in vitro,  which was 

in vivo  of lipids and other biological 
compounds, resulting in higher water uptake in the polymer 206. However, further 
investigation is needed to confirm that the decline of radioactivity in the lungs after three 
days is indeed related to complete degradation of the microspheres, and not to the 
detachment of surface radiolabelled functionalities, giving a false-positive result. 

Assuming microspheres clearance from the lungs happens within three days, prediction on 
the possibility of repeated administration can be made. The safety of repeated administration 
potentially necessary during serious lung infection therapy depends on several factors, 
including the total microspheres dose (i.e., the number of microspheres injected, which 
relates to the numbers of capillaries clogged) and the degradation time (based on the 
polymer used  (with longer degradation time for larger particles, as 
previously seen for albumin macroaggregates 214). Importantly, the tested dose of 3 mg 
PLGA microspheres did not cause measurable alteration of pulmonary function, as the mice 
respiratory rate monitored during the entire in vivo experiments showed normal values. As 
mentioned above, a healthy adult has 280 billion pulmonary capillaries 122,123, and occluding 
a few million of them (e.g., 3,000,000, corresponding to 10 repeated doses of 300,000 
particles each) will thus only influence <0.1% of the capillaries. The repetition interval 
depends on the degradation rate and the dose, which in turn depends on its antibacterial 
efficacy. Ideally, the second and subsequent doses should be administered to maintain the 
antibiotic concentration at the site of infection above the MIC, i.e., administered at a time 
point when the previous injected microspheres have almost completely been cleared from 
the lungs. With the results shown in this work, we assume that 3 mg PLGA microspheres 
are enough to deliver a therapeutic dose of levofloxacin for the desired pharmacological 
effect for three days (see section 4.4.3). Thus, it is expected that several administrations in 
series would be possible, as it likely would be needed for the treatment of lung infections 
and chronic pathologies (e.g., cystic fibrosis) where periodic administrations of antibiotics 
are currently prescribed.  
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5 Conclusions and Future Perspectives  
 
In this work, a wide range of methods was combined to develop in vitro 
and in vivo, and gain a comprehensive understanding of levofloxacin-loaded PLGA 
microspheres to selectively target the alveolar capillaries of infected lungs after intravenous 
administration.  

The PLGA microspheres  with a mean diameter of 12 
μm. They degraded in vitro in three weeks while showing surface and internal 
morphological changes, and released the encapsulated levofloxacin in a controlled manner 
over five days. While the levofloxacin loading of the PLGA microspheres was relatively 
low, it still had antimicrobial activity against selected Gram-positive and Gram-negative 
bacteria. The microspheres showed compatibility with endothelial, alveolar epithelial and 
red blood cells. After tail vein injection in mice, the 111In-radiolabeled PLGA microspheres 
distributed preferentially and homogenously throughout the lung capillaries. The 
microspheres were retained in the lungs for up to one week while slowly degrading and the 
degradation products being eliminated through the urinary pathway.  

Overall, the results support the safe use of mono -distributed polymeric 
microspheres to target the lungs from the vascular side, and potentially deliver drugs to treat 
lung diseases via passive lung targeting. It should be noted that the levofloxacin-loaded 
PLGA microspheres are not directly translatable to human, and, thus, have to be further 

provide  

The flow-focusing microfluidic chip was shown to be a very good platform to prepare 
for 

this strategy to be truly useful, some limitation and drawbacks should be solved/improved 
to have its application in larger scales, including clinical translation. The clogging of the 

the materials in the fluid, as well as wettability and hydrophobicity of the channels, due to 
prolonged exposure and flow of organic solvent should be taken in consideration. To limit 
the number of interruptions in the continuous process, these problems should be solved, for 
example by using chips made of cheaper materials that could be discarded as soon as the 
issues arise.  Importantly, the material has to be compatible with the organic solvents used 
for the droplet formation. The glass chip has shown to be resistant to many harsh solvents, 
but is associated to high fabrication costs, and thus, ideally not replaceable in case of orifice 
clogging or reduction of channel hydrophilicity. Cheaper materials such as polymers (e.g., 
polydimthylsiloxane, thiol-ene) and milder solvents could be therefore considered to make 
the process more flexible. Another limitation of droplet-based microfluidics is the relatively 
limited/low productivity of a single chip (~10 mg/h, with the used conditions), which makes 
the production and collection of suitable amounts of microspheres tedious and lasts for many 
hours (in some cases). As a consequence, the DP and CP reservoirs (usually of ~2 mL and 
10 mL, respectively) in this case had to be refilled halfway or during the experiment, 
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interrupting the continuous and stable flow, and requiring its re-equilibration, which may 
introduce variability in the sample. Several microfluidic chips can be connected in parallel 
to scale up the productivity, while larger syringe pumps (for the syringe pumps) or reservoirs 
(for the pressure-driven pumps) should be used in order to limit the refilling.  

Drug content is one of the most important factors to confirm the success of a drug delivery 
system. Especially in the case of antibiotics treatments, the microspheres need to have 
sufficiently high drug content and preferably also high encapsulation efficiency. Here, the 
PLGA microspheres showed many good properties (e.g., biocompatibility, sustained release 
without a significant burst effect, and slow degradation within one week), but also poor 
loading with amphiphilic drugs. This disadvantage may indeed limit their use in clinical 
trials. -loaded PLGA microspheres is thus needed 
to increase the drug loading and obtain improved in vivo performance in the treatment of 
lung infections. The aim should be to have a high drug concentration at the site of infection 
and reduced dose of microspheres administered, as well as  the drug waste during 
the preparation process. Several strategies should be considered, including the modification 
of the preparation method (from O/W emulsification to non-aqueous emulsification 
methods, such as W/O/O or solid (S)/O/O), modification of the polymer to a less 
hydrophobic material ing the entire surface with PEG molecules), or 
replacement of the amphiphilic drug with a more hydrophobic, preferably more potent 
molecule. However, these steps should take the microfluidic approach into 
account as it is important to have microspheres with uniform and appropriate 
distribution for a safe passive lung targeting strategy. 

To confirm the sustained release of the drug observed in vitro and to prove the ability of the 
drug to diffuse through the alveolar-
biodistribution and pharmacokinetics studies for the drug should be performed with the 
PLGA microspheres encapsulating levofloxacin, preferably in both healthy and infected 
animals in which efficacy study could also be performed. Dual SPECT/CT imaging could 
for example be done after labeling the polymer and the drug with two different gamma-
emitter radioisotopes (e.g., 111In, 67Ga, 67Cu) so that both the drug and the carrier could be 
followed over time in the same animal. To solve the solubility problems experienced with 
the ternary complex of levofloxacin during the radiolabeling procedure, monoanionic ligand 
(e.g., maltol, a natural FDA approval molecule) could be used.  

Possible toxic effects should also be further evaluated. In vivo pulmonary toxicity studies 
should be performed in addition to the microscopic examination of lung tissue already 
performed to prove the absence of pathologic changes. Determining the minimum toxic dose 
and the minimum lethal dose not only in healthy, but also in infected animals is important 
to fully define the biocompatibility. Additionally, the effect of repeated administration 
should be investigated to define the possible treatment regime and maximum possible doses 
without toxicity. Repeated administrations can be for example tested with microspheres 
radiolabeled with different radioisotopes, which allows for observation of possible 
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differences in microspheres distribution in the lungs as well as in degradation rates between 
the different injections. 

Finally, to provide the evidence of the therapeutic benefit of the drug delivery system for 
the treatment of pulmonary infections, efficacy studies in established S. pneumoniae, P. 
aeruginosa and/or S. aureus infected in vivo models should be performed. Ideally, 
susceptible and resistant strains (e.g., penicillin-susceptible S. pneumoniae and penicillin-
resistant S. pneumoniae) should be used to investigate its applications in case of antibiotic-
resistance pathogens. Further proof of the drug delivery efficacy via passive lung targeting 
could be obtained by comparing it with current treatments (i.e., oral, intravenous and 
pulmonary administration of levofloxacin) as well as by combining it with inhaled 
microparticles encapsulating levofloxacin. 
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ABSTRACT: Local as well as systemic therapy is often used to
treat bacterial lung infections. Delivery of antibiotics to the
vascular side of infected lung tissue using lung-targeting
microspheres (MS) is a good alternative to conventional
administration routes, allowing for localized high levels of
antibiotics. This delivery route can also complement inhaled
antibiotic therapy, especially in the case of compromised lung
function. We prepared and characterized monodisperse poly-
(lactic-co-glycolic acid) (PLGA) MS loaded with levofloxacin
using a flow-focusing glass microfluidic chip. In vitro character-
ization showed that the encapsulated LVX displayed a biphasic
controlled release during 5 days and preserved its antibacterial
activity. The MS degradation was investigated in vitro by cross-
sectioning the MS using a focused ion beam scanning electron microscope and in vivo by histological examination of lung
tissue from mice intravenously administered with the MS. The MS showed changes in the surface morphology and internal
matrix, whereas the degradation in vivo was 3 times faster than that in vitro. No effect on the viability of endothelial and lung
epithelial cells or hemolytic activity was observed. To evaluate the pharmacokinetics and biodistribution of the MS, complete
quantitative imaging of the 111indium-labeled PLGA MS was performed in vivo with single-photon emission computed
tomography imaging over 10 days. The PLGA MS distributed homogeneously in the lung capillaries. Overall, intravenous
administration of 12 μm PLGA MS is suitable for passive lung targeting and pulmonary therapy.
KEYWORDS: microfluidics, levofloxacin, PLGA, microspheres, passive lung targeting, FIB-SEM, SPECT/CT

Lower respiratory tract infections, such as pneumonia or
bronchiolitis, are some of the leading causes of mortality
and morbidity worldwide. In 2016, 2.4 million deaths

were caused by such infections, making them the sixth leading
cause of mortality for all ages and the leading cause of death
among children under 5 years of age.1 The recommended
treatment for bacterial infections in the lungs includes oral or
intravenous (IV) administration of amoxicillin, tetracyclines,
macrolides, respiratory fluoroquinolones, such as levofloxacin
and moxifloxacin, or, in the case of pseudomonal infections,
administration of antipseudomonal fluoroquinolones, such as
levofloxacin or ciprofloxacin, in combination with an anti-
pseudomonal β-lactam antibiotic.2,3 Although fluoroquinolones
have been used extensively in the last decades, their use has
recently been associated with long-lasting, disabling, and

potentially permanent side effects, such as tendon inflammation
and rupture, depression, as well as problems with memory and
sleeping.4,5 This brought the European Medicines Agency and
the United States Food andDrug Administration to restrict their
use in patients with underlying conditions, which predispose
them to the occurrence of side effects.4,5 Additionally, the
uncontrolled use of antibiotics, including fluoroquinolones, in
the last decades has dramatically increased the amount of
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antibiotic-resistant pathogens.6 In the clinic, this translates to the
need for larger doses of antibiotics in order to obtain effective
drug concentrations in the lungs. Such high doses are associated
with an increase in undesirable side effects.
The obstacles encountered during antibiotic treatment have

directed the attention of researchers toward development of
formulations that allow targeted delivery of sufficiently high
antibiotic doses directly to the infection site. This is particularly
interesting when considering the treatment of pulmonary
infections as delivering the antibiotic selectively to the lungs
will not only reduce the dose needed to achieve a therapeutic
effect and reduce systemic side effects caused by the antibiotic,
but also diminish the risk of development of multi-drug-resistant
bacteria. Although guidelines for treating lung infections
currently recommend oral and IV administration routes, many
lung-targeted inhalation drug delivery systems have been
developed and investigated during the last decades. Several dry
powder and nebulized suspensions, emulsions, and solutions are
approved (e.g., tobramycin (TOBI Podhaler)7,8 and colistime-
thate sodium (Colobreathe)9,10 for Pseudomonas aeruginosa
infections) or investigated at preclinical and clinical stages.11,12

However, for patients with compromised lung function or
respiratory tract obstruction (e.g., due to inflammation and
mucus plugs), the delivery of antibiotics by inhalation is difficult
and often not sufficiently effective to eliminate all of the
pathogens. For this reason, targeted delivery of drugs to the lungs
from the vasculature around the thin alveolar epithelium is
considered to be the most relevant, and using biocompatible
drug carriers with sustained drug release willminimize the dosing
frequency. To entrap the IV-injected particulate carrier system in
the alveolar capillaries, the particles must be sized slightly larger
than the capillary diameter (i.e., 7.5± 2.3 μm in healthy adults,13

6.6 ± 1.6 and 7.5 ± 1.7 μm in rats and dogs14), leading to the
complete entrapment in the lungs after being pumped through
the heart and into the pulmonary blood circulation. This passive
lung targeting strategy is currently approved in nuclear medicine
for determining lung perfusion in humans with 99mTc-labeled
macroaggregated albumin (MAA) (Pulmolite, Pharmalucence,
MA,USA;DraxImage, Draxis Health,Montreal, Canada), where
only 0.5−0.7% of healthy lung capillaries are embolized after IV
injection of a standard dose of MAA (i.e., 200,000−700,000
MAA particles).15−17 Passive lung targeting was also recently
investigated in preclinical work for the treatment of lung tumors
(with cisplatin),18 tuberculosis (with rifampicin),19 and
pulmonary infections (with erythromycin,20 azithromycin,21

ofloxacin,22 and cefquinome23,24). However, previous works that
evaluated particles for IV treatment of pulmonary infection
displayed a particle size distribution in the range of 3−50 μm.
Such large particle size distributions are associated with a high
risk of local vascular resistance alterations as not only capillaries
but also arterioles could be clogged. This may result in
incomplete dose delivery to the lungs and distribution in
nontargeted organs, such as liver and kidneys.20−22,24

With the hypothesis that a narrow particle size distribution is
essential for optimal passive lung targeting, we prepared
microspheres (MS) loaded with the antibiotic levofloxacin
(LVX) using a flow-focusing microfluidic chip. We combined a
wide range of methods to optimize, characterize, and gain a
comprehensive understanding of the physicochemical properties
of the delivery system. The monodisperse, LVX-loaded poly-
(lactic-co-glycolic acid) (PLGA) MS were investigated for in
vitro drug release, and the associated MS degradation was
examined by assessing changes in the surface morphology and in

the particle internal structure using the focused ion beam
scanning electron microscopy (FIB-SEM) technique. The
antibacterial activity, cytotoxicity, and hemocompatibility were
evaluated, and the PLGA MS were radiolabeled with 111indium
(111In) to quantitatively determine lung uptake in mice by
imaging the MS in vivo with single-photon emission computed
tomography (SPECT/CT) over 10 days and to determine if
systemically administered drug delivery systems can target the
lungs and potentially treat pulmonary infections.

RESULTS AND DISCUSSION
PLGA Microspheres Displayed a Mean Diameter of 12

μm and a Uniform Size Distribution. Monodisperse PLGA
MS with a mean diameter of 12 μm and a coefficient of variation
<5.2% were successfully prepared (Table 1 and Figure S1A−D).

No significant differences in physicochemical properties were
observed between the fresh and freeze-dried formulations
(Table 1). The high uniformity of particle size was achieved
using flow focusing in the microfluidic chip, producing uniform
droplets (Movie S1), which each turned into a solid and also
uniform microsphere after solvent extraction and evaporation.
This exquisite control was made possible by controlling many
experimental parameters, including flow rates, polymer concen-
tration, and composition of the dispersed phase (DP) and the
continuous phase (CP). More specifically, only few combina-
tions of the DP and CP flow rates resulted in the production of
monodisperse MS, whereas others resulted in polydisperse MS.
In general, in the range of tested flow rates Q (QDP = 0.5−5 μL/
min and QCP = 30−150 μL/min), we found that particle size
decreased by increasing the flow rate of the CP and thus by
increasing the flow rate ratio, as previously shown.25 Moreover,
polydispersity decreased by increasing the concentration of
PLGA in theDP (0.5−5%w/w), due to the increased viscosity of
the DP. From the systematic optimization, the optimal

Table 1. Particle Size, Drug Content and Encapsulation
Efficiency of Fresh and Freeze-Dried Nonloaded and
Levofloxacin-Loaded PLGA Microspheresa

aCV, coefficient of variation (calculated based on 500 microspheres);
EE, encapsulation efficiency; LVX, levofloxacin, *p < 0.05, calculated
based on three independent batches (N = 3); ns, not significantly
different. For particle size, statistical multiple comparisons between all
formulations were done. For LVX loading and EE, multiple
comparisons between fresh and freeze-dried formulations as well as
the different loaded formulations were done. The statistical analysis of
the EE followed the analysis of the loading.
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Figure 1.Degradation of PLGAmicrospheres and associated release of the drug levofloxacin. (A) In vitro cumulative release profiles of LVX from
PLGA MS (F1, fresh and freeze-dried (dark green); F2, fresh and freeze-dried (light green); F3, fresh and freeze-dried (teal)) in phosphate
buffered saline (PBS) and 37 °C, fitted by the Peppas−Sahlin model. Results are expressed as mean± SD (N = 3, n = 1). (B) SEM images of F2
PLGAMS and their cross section during degradation. Red arrowheads point to some of the surface pores. Orange arrowheads point to some of
the internal cavities. Scale bars: 5 μm.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.9b09773
ACS Nano 2020, 14, 6693−6706

6695



conditions were found to beQDP = 3 μL/min,QCP = 90 μL/min,
and 5% (w/v) PLGA concentration in the DP.
Controlled particle size and uniform size distribution are

critical for safe passive lung targeting. According to the United
States Pharmacopeia, “>90% of albumin aggregated particles
must have a size between 10 and 90 μm and no microparticles
may be larger than 150 μm”.26 With a more monodisperse
particle size distribution, higher selectivity in lung targeting is
achieved as measured by the amount of particles reaching the
capillaries, without embolizing larger arterioles or accumulating
in other organs (e.g., liver, kidneys). According to the
literature,18−24 all previous preclinical work was done with
particles with size distributions between 3 and 50 μm that
resulted in high lung uptake and relatively high levels of particle
biodistribution to other organs.
All of the LVX-loaded PLGA MS had a spherical shape and

smooth surface, with evidence of small surface cavities (Figure
1B, day 0). The nonloaded PLGA MS presented a smooth and
uniform surface morphology, as shown in Figure S1E−H. A
difference in surfacemorphology between nonloaded and loaded
PLGA particles was also reported by Bragagni et al.,27 where
prilocaine-loaded PLGA MS showed large surface cavities (or a
partially collapsed spherical shape). This effect was concluded to
be attributed to the plasticizing effect of the loaded prilocaine.
The LVX-loaded PLGAMS formulations F1, F2, and F3 had a

LVX content of approximately 2, 4, and 5.5%, respectively
(Table 1). Saturating the CP with LVX doubled both the LVX
content and the encapsulation efficiency (EE) (F1 vs F2),
indicating that by reducing the diffusion of the drug from the
organic (i.e., DP) to the water phase (i.e., CP) the drug content of
highly water-soluble drugs in hydrophobic polymeric particles
can be significantly increased, in agreement with previous
work.28 The LVX content (drug-to-polymer ratio), but not the
EE, further significantly increased when the anhydrous form of
LVXwas replaced with the hemihydrate form (F2 vs F3), and the
theoretical drug loading was increased from 15 to 30%. The
higher drug loading together with an unchanged EEmay indicate
superior loading of the hemihydrate form but also saturation of
the loading capacity. The LVX loading in F3 PLGA MS was
satisfactory considering the high water solubility of LVX and the
hydrophobic nature of PLGA combined with the oil/water (O/
W) single emulsion method of preparation.
These findings support previous reports on the importance of

the method of preparation of polymeric MS and formulation
parameters (e.g., polymerMw, composition and concentration of
the polymer, type and concentration of the emulsifier, water
miscibility of the organic solvent or cosolvents used) for an
efficient encapsulation of small hydrophilic and amphiphilic
drugs.29 In line with these reports, increasing the PLGA
concentration from 10 to 20% resulted in an increase in
gentamicin loading from 2.7 to 6.2% in PLGAMS prepared with
the water/oil/water (W/O/W) double emulsion method.30

Previous work on 2−3 μmPLGA particles loaded with LVX and
prepared using W/O/W double emulsion showed a maximum
LVX content of 10%.28,31

The residual amount of poly(vinyl alcohol) (PVA) present in
the suspension of PLGA MS after three washing steps
corresponded to 3.3% of the total amount of PVA added per
batch (Table S1).
Encapsulated LevofloxacinWas Slowly Releasedwith-

in 5 Days during PLGADegradation.All LVX-loaded PLGA
MS formulations showed similar release profiles, with a fast
release of 10−20% of the encapsulated dose within the first 5 h,

followed by a gradual slow release up to maximum 85% within 5
days (Figure 1A). This illustrates a typical biphasic diffusion-
driven release curve32 of the LVX-loaded PLGA MS, where the
initial fast release is likely due to surface-bound LVX detaching
from the MS or to LVX molecules encapsulated close to the
periphery of the particles that are easily accessible by hydration
and can thus diffuse out through the polymeric matrix. The slow
release phase is due to the diffusion of LVX molecules through
the pores formed by polymer hydration and degradation. The
kinetic profiles of LVX release fromall of the PLGAMSwere best
fitted by the Peppas−Sahlin model, having the highest
correlation coefficient values (R2 = 0.9847−0.9964) and the
lowest root mean squared error (RMSE = 2.04−4.83) (Table S2
and Figure S2). According to the Peppas−Sahlinmodel, the drug
release from the polymeric matrix occurs as a result of the
combination of two independent mechanisms: the diffusion of
the drug (first term of Peppas−Sahlin equation, Table S2) and
the transition of the polymer from a semirigid to a flexible state,
generating a relaxation of the polymer chains (second term of
Peppas−Sahlin equation, Table S2).33,34 The contribution of the
Fickian diffusion was much greater than the polymer relaxation
(k1 = 65.1−76.8 vs k2 =−11.7 to−16.5), indicating that the drug
release of LVX from all PLGA MS is mainly controlled by the
Fickian diffusion. However, the relaxation mechanism is not
negligible as the purely Fickian diffusion exponent m (Peppas−
Sahlin equation, Table S2) is not equal to n in the Korsmeyers−
Peppas equation (Table S2).33,34

Similar release profiles have previously been reported for 3−5
μmLVX-loaded PLGAMS with a higher and faster burst release
of 40%within the first 30 min followed by a slow release phase of
72 h.28 Larger PLGA MS of 17 μm prepared using the double
emulsion W/O/W method also showed to have a biphasic
release curve with a dominant burst phase corresponding to 70%
of the encapsulated LVX within 30 min.28 PLGA (Resomer RG
502H, lactide/glycolide ratio 50:50, Mw 7−17 kDa, acid
terminated) MS loaded with rifampicin showed to have similar
biphasic release profile with 50−80% of rifampicin released after
12 h and release rates directly proportional to the polymer
concentrations (3−30%).35 On the other hand, a completely
different release profile was observed for gentamicin-loaded
PLGA (lactide/glycolide ratio 60:40) MS where the drug was
released over 60 days with a triphasic profile with rates indirectly
proportional to the PLGA concentration used.30 A shift from a
bi- to a triphasic release profile was shown byMylonaki et al. over
30 days for atorvastatin-loaded PLGA MS of 16−18 μm
prepared with PLGA of increasing Mw.

32 Different release
profiles of LVX and ofloxacin were observed in the case of more
hydrophilic delivery systems: an almost complete and immediate
release of LVX (90% within 30 min) from cross-linked chitosan
MSwas presented by Gaspar et al., confirming that water-soluble
polymers are more suitable for fast release systems of LVX.36 A
different release profile was observed for albumin MS
encapsulating ofloxacin, which was completely released within
6 h, showing a fast release of 42% in the first hour.22 Overall, this
shows how release kinetics depend on different factors, including
the polymer type (copolymer ratio, crystallinity, Mw), particle
diameter, polymer−drug interaction, and diffusion coefficient of
the drug.30,32,37

To gain a better understanding of particle degradation and its
relation to the release mechanism, the MS surface morphology
and internal polymeric structure were investigated. Polymer
degradation was evident upon exposure to the release medium as
both LVX-loaded and nonloaded MS assumed a partially
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collapsed spherical shape, whereas the surface became rough and
porous (Figures 1B and S3). Small pores were visible on the
surface of the LVX-loaded PLGAMS and cavities in the internal
matrix already after 1 day (cross section images in Figure 1B),
whereas no pores were observed on the surface of the nonloaded
PLGA MS (Figure S3). The pores and cavities increased in size
over time (cross section images in Figure 1B, days 2−5 vs day 1).
On day 5, substantial degradation of the MS was observed, with
the appearance of large cavities close to the surface of the MS.
The presence of wrinkles on the surface of MS could not be
attributed to the vacuum used during the scanning electron
microscopy (SEM) investigation, as optical microscopy images
of theMS showed the same behavior (Figure S3). This formation
of wrinkles and partially collapsed surface morphology has
previously been described38,39 as the initial event of heteroge-
neous degradation of PLGA films. The wrinkles occur on the soft
surface layer as a consequence of water diffusion in the bulk
matrix and the consequent decrease in the polymer glass
transition temperature. The hydrolysis of PLGA results in the
formation of glycolic acid and lactic acid, which locally decrease

the microenvironment pH and catalyze further degradation of
the polymer. Although this process takes place in the entire
polymermatrix, neutralization of the degradation product on the
particle surface by the release media results in reduced
autocatalytic activity at the surface.38,39 Further wrinkling of
the particle surface was observed until complete dissolution of
the polymer matrix on day 21, similarly to previous reports for
16−18 μm PLGA MS.32 The nonloaded PLGA MS showed the
same degradation mechanism, though without visible surface
pores on day 0 (Figure S3).
To evaluate whether the degradation of the MS occurred in a

similar manner in vivo after IV administration, the MS were
administered tomice and their appearance in situ in the lungswas
assessed. The PLGAMS seemed to degrade faster in vivo than in
vitro, with all MS seemingly dissolved after 1 week (Figure 2C),
whereas in vitro, the MS took 3 weeks to completely disintegrate
(Figure S3). Similarly, Tracy et al. showed that the degradation of
PLGA MS in vivo was 1.7−2.6 times faster than in vitro,
independently of the polymer end group or molecular weight.40

They hypothesized that this could be attributed to the presence

Figure 2. Representative histology images over time of lungs exposed to PLGA microspheres (F0) after intravenous injection. Representative
images of H&E stained histological 30 μm coronal lungs sections at 0×, 10×, and 40× magnification after different treatments (first−third
rows), and processed images after hematoxylin extraction (fourth row; see Figure S4 for full-sized images). For more details, see the Materials
and Methods section. (A) Healthy and untreated lungs. (B−D) Healthy lungs after 1 h, 1 week, and 2 weeks of injection of 3 mg/mouse PLGA
MS (corresponding to approximately 300,000 PLGAMS/mouse). Orange arrows point to some of theMS. Scale bars: (first row) 5mm, (second
row) 200 μm, (third and fourth row) 50 μm.
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of lipids and biological compounds in vivo acting as plasticizers
and resulting in increasing the uptake of water into the
polymer.40 This results in faster degradation and may explain
why particles are only visible in the lungs during the first week.
No major surface wrinkling was observed for the MS in the lung
tissue. This may be due to relatively low resolution of optical
microscopy and the visual interference from the surrounding
tissue.
Levofloxacin Antimicrobial Activity Decreased upon

Encapsulation in PLGA Microspheres. Both anhydrous and
hemihydrate LVX presented the same minimum inhibitory
concentration (MIC) against the tested pathogens. However,
upon encapsulation of LVX in PLGA particles, a decrease in
antimicrobial activity was observed. All three formulations
showed an increase in MIC to 4 μg/mL, from 0.5 and 1 μg/mL

active compound against Staphylococcus aureus and P. aeruginosa,
respectively. A larger increase in MIC as compared to the
nonformulated drug was observed for the formulations when
tested against Escherichia coli, with an increase from 0.03 to 0.5−
1 μg/mL (Table 2). Similarly, a small increase in MIC toward S.
aureus and P. aeruginosa for ciprofloxacin after formulation into
PLGA nanoparticles has previously been reported by Dillen et
al.41 A 3-fold increase in MIC toward P. aeruginosa was also
reported for netilmicin after encapsulation in PLGA nano-
particles, and this increase in MIC was attributed to the
progressive release of netilmicin from the particles.42 A small
difference inMIC was observed for some of the fresh and freeze-
dried formulations, in particular, formulation F1 against E. coli
and formulation F3 against E. coli and S. aureus. However, the
difference between theMICs for these formulations corresponds

Table 2. Minimum Inhibitory Concentration Values of Levofloxacin-Loaded PLGA Microspheres against E. coli, P. aeruginosa,
and S. aureusa

MIC rangeb (μg/mL)

F0 F1 F2 F3

bacteria strain aLVX hLVX freshc freshc freeze-dried freshc freeze-dried freshc freeze-dried

E. coli ATCC 25922 0.03 0.03 >30 0.5 1 1 1 0.25 0.5
P. aeruginosa PA01 1 1 >30 4 4 4 4 4 4
S. aureus 15981 0.5 0.5 >30 4 4 4 4 2 4

aMIC, minimum inhibitory concentration; aLVX, anhydrous levofloxacin; hLVX, hemihydrate levofloxacin; N = 1, n = 3. bMIC values for F1, F2,
and F3 were corrected for the LVX amount released from the PLGA MS during the experimental time (20 h). cThe fresh MS were stored at 4 °C
for 48 h prior to MIC experiments, whereas the freeze-dried MS were dried immediately after preparation. Drug loading of those batches was not
significantly different from fresh or freeze-dried MS.

Figure 3. Cytotoxicity and hemocompatibility of PLGAmicrospheres. (A−C) Cell viability (%) of A549, H1299m and HUVEC cells incubated
for 24 h with F0 (light purple), F0i (light blue), DTPA-F0i (blue), F1 (dark green), F2 (light green), F3 (teal) microspheres (MS). The dotted
line represents 50% viability. Data are presented as mean ± SD, N = 3, except for F0i and DTPA-F0i, where N = 1. (D) Representative phase
contrast images of HUVEC cells taken using the IncuCyte live-cell analysis system at 0, 12, and 24 h after treatment withmedia (control, top) or
F0 at 0.63mg/mL PLGA concentration (concentration indicated with the pink arrow in C) (bottom). Scale bars: 100 μm. (E) Hemolysis (%) of
human red blood cells caused by free LVX, nonloaded PLGA MS, and LVX-loaded PLGA MS were assessed after 1 h incubation at different
concentrations. Data are presented as mean ± SD (N = 1, n = 3).
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to a 2-fold dilution and is not considered significant, as the
precision of the broth dilutionmethod is generally regarded to be
within a 2-fold concentration range.43 Moreover, the dose of
LVX delivered and released from the 3 mg dose of PLGA MS is
expected to have a bactericidal effect in mice already at 1 h after
delivery. In fact, its concentration in the murine alveolar lining
fluid is calculated to be much greater (∼400×) than the
concentration needed for LVX to display a bacteriostatic effect
against P. aeruginosa and S. pneumoniae. No growth inhibition
was observed upon exposure to the nonloaded F0 PLGA MS in
the tested concentration range (30−0.234 μg/mL, correspond-
ing to the amount of PLGA in LVX-loaded MS) (Table 2). This
is in accordance with literature, as PLGA nanoparticles show no
inhibition of bacterial growth at concentrations below 1 mg/
mL.44

PLGA Microspheres Showed Low Toxicity for Endo-
thelial, Lung Epithelial, andRed BloodCells at the In Vivo
Dose. As the particles are intended for IV administration and
passive targeting to the lungs, the cytotoxicity of PLGA MS was
evaluated on endothelial (HUVEC), alveolar lung epithelial
(A549), and human lung epithelial (H1299) cell lines.
Nonloaded PLGA MS presented IC50 values of 1.5, 5, and 1.4
mg/mL for HUVEC, A549, and H1299, respectively (Figure
3A−C), in line with previous reports.45,46 The LVX-loaded
PLGAMS presented similar toxicity for the three tested cell lines
with IC50 values of 1.4−2 mg/mL for HUVEC (corresponding
to 0.03−0.08mg/mL of loaded LVX), 2.5−3.5 mg/mL for A549
(corresponding to 0.06−0.09 mg/mL of loaded LVX), and 0.7−
1.5 mg/mL for H1299 (i.e., 0.01−0.04 mg/mL of loaded LVX)
(Figure 3A−C). The cytotoxicity of LVX-loaded PLGAMS (i.e.,
F1, F2, F3) was not related to the initial fast release of the loaded
LVX, as no cytotoxicity was observed at the corresponding
concentrations of free LVX (Figure S5A−C). These results
indicate that loading the PLGA MS with LVX does not
substantially affect the cytotoxicity, similar to the report by
Gaspar et al. applying bronchial Calu-3 cells for testing.28 F0i and
DTPA-F0i PLGA MS slightly reduced cell viability of HUVEC
cells at PLGAMS concentrations above 0.5mg/mL compared to
F0 PLGA MS (Figure 3C). This may be due to the presence of
the amino group added to the PLGA to allow chelator
conjugation, as nonloaded PLGA MS showed an IC50 of 1.4
mg/mL when tested on HUVEC cells. The cytotoxicity of the
F0i PLGA MS was not affected by conjugation of DTPA to the
amino groups on the PLGA (Figure 3C). The integrity of all cell
lines exposed to formulations was confirmed by microscopic
observation using the IncuCyte live-cell imaging system.
Representative images of HUVEC cells exposed to 0.63 mg/
mL of F0 PLGA MS are presented in Figure 3D.
The hemolytic effect of a drug delivery system is an important

factor to consider before IV administration. Nonloaded (i.e., F0,
F0i, DTPA-F0i) and LVX-loaded PLGAMS (i.e., F3, loadedMS
with the highest LVX content) as well as free LVX did not lyse
human erythrocytes in the tested concentration range. Addi-
tionally, none of the tested formulations inducedmore than 0.4%
hemolysis, even at concentrations corresponding to 3× the dose
administered in vivo for the components, namely, 6 and 0.3 mg/
mL, respectively, for PLGAMS and free LVX, as shown in Figure
3E. The results indicate that the PLGAMS are hemocompatible
and approved for safe administration in vivo. Previous reports
indicate no hemolysis caused by PLGAwas observed up to 3mg/
mL of PLGA nanoparticles;47 however, to the authors’
knowledge, no higher concentrations have been reported.

111In-Labeled PLGA Microspheres Distributed Homo-
geneously in the Lung Capillaries Immediately after
Intravenous Injection. The PLGAMS were radiolabeled first
by functionalizing the surface with amino groups by adding
PLGA-block-poly(ethylene glycol)-amine (PLGA-PEG-NH2)
to the DP (i.e., formulation F0i PLGA MS, 1, Figure 4A). The

Figure 4. Synthesis of radiolabeled PLGA microspheres. (A)
Synthesis of 111In-DTPA-F0i PLGAMS. (B)Radiolabeling efficiency
and stability over 24 h using ITLC.
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amino functionality was then used to attach the p-SCN-Bn-
DTPA (resulting in DTPA-F0i PLGA MS, 2, Figure 4A) and
finally radiolabeling with the gamma emitter 111In (3, Figure 4A).
The labeling efficiency was approximately 5%, whereas the
radiochemical purity measured using instant thin-layer chroma-
tography (ITLC) was approximately 97% (Figure 4B). The
111In-DTPA-PLGAMS remained at the origin (retention factor,
Rf = 0) after incubation with 10 mM EDTA for 10 min at room
temperature (RT), whereas the free 111In3+ migrated with the
solvent front (Rf = 1). The

111In labeling presented high stability
after 24 h incubation in 10 mM EDTA, a strong chelator,
indicating very strong binding between DTPA and 111In (Figure
4B).
To study the in vivo pharmacokinetics and biodistribution of

the MS, healthy mice were IV injected with 111In-DTPA-F0i
PLGA MS and SPECT/CT images taken at different time
points. Following IV administration, the 111In-DTPA-F0i PLGA
MS immediately accumulated in the lungs (Figure 5A, Movie
S2). This is expected as particles present in IV fluids will pass
through the heart and into the pulmonary circulation. This
represents the first stage of filtration in which any material with a
particle size larger than∼5 μm is trapped in the small pulmonary
capillaries. The pulmonary distribution of the MS within both

lobes is homogeneous (Figure 5B), which supports the
hypothesis that passive lung targeting after IV administration
of drug-releasing delivery systems with a monodisperse
distribution could lead to more homogeneous localization in
lung tissue compared to conventional pulmonary inhalation of
aerosols of MS.
SPECT/CT images of maximum intensity projections are

represented in Figure 5A. Assessment of the organ-specific time
activity curves for 111In-DTPA-F0i PLGA MS showed a rapid
deposition in the lungs within the first 15 min (Figure 5A, day 0)
and a slow elimination over 3 days (Figure 5A,C,D). To be able
to visualize the uptake in other organs that presented less uptake,
the intensity of each scan was adjusted individually to visualize
small amounts of radioactivity in other organs (Figure S6A).
This figure clearly showed that after 2−3 days postinjection,
some radioactivity accumulated and stayed in the kidneys for
days, following the same trend as free 111In3+ (Figure S7A, 0−48
h). This activity might come from the degradation of MS and is
characteristic for free 111In3+ (Figures S7A−C). From our
degradation studies (in vitro, Figures 1 and S3, and histology-
based in vivo, Figure 2), we concluded that in vivo degradation of
PLGAMS seemed to happen at a faster kinetic rate. Here, we can
conclude that the F0i PLGA MS seem to disappear to a large

Figure 5. Pharmacokinetics and biodistribution of radiolabeled PLGA microspheres. (A) Representative maximum intensity projection
SPECT/CT overlay images (dorsal view) of healthy C57BL/6 mice showing the in vivo distribution of 111In-DTPA-F0i PLGA MS after IV tail
injection over time. The radioactivity is shown in blue. (B) Left and right lung distribution of 111In-DTPA-F0i PLGAMS immediately after IV
injection, calculated from the SPECT images (N = 3), in standardized uptake value (SUV) (g/mL) (mean± SD). (C) Lung tissue retention of
PLGAMS. (D,E) Organ SUV in g/mL (mean± SD) of the 111In-DTPA-F0i PLGAMS over 10 days, calculated from the SPECT images (N = 3).
(F) Biodistribution (mean± SD,N = 3) of 111In-DTPA-F0i PLGAMS on day 10 after injection. Tissue uptake is expressed as % of injected dose
(ID)/g of tissue.
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extent from the lungs in approximately 3 days after injection
(Figure 5A,C,D). After the last SPECT/CT scan on day 10, a
biodistribution revealed that overall only 0.02% of the injected
activity remained in the animals, with no radioactivity present in
organs other than the lungs and the excretory organs liver,
kidneys, and spleen (Figures 5F and S6I).
However, it should be noted that a small amount of

radioactivity (up to 4%) was excreted immediately upon
injection through the urinary tract into the bladder as seen by
the high activity in the bladder during the first imaging time point
(Figures 5A and 5D, day 0, and Movie S2). This is potentially
due to immediate release of primarily the 111In-DTPA complex
associated with the PEG linker and partially hydrolyzed PLGA
polymer rather than free noncomplexed 111In3+. This is
supported by the high labeling purity of 111In-DTPA-PLGA
MS; by the absence of detection of 111In3+ in the MS batch
observed even after 10mMEDTA challenge (Figure 4B); and by
the distribution and elimination of radioactivity after IV injection
of free 111In3+, which showed 25-fold higher levels of activity in
the kidneys (∼20% of the injected radioactivity) compared to
that in the bladder (∼2% of the injected radioactivity) (Figure
S7A)clearly something we did not see after the embolization
with 111In-DTPA-F0i PLGA MS. Additionally, the 111In-DTPA
linked to short peptides was previously reported not to be
excreted through the urinary pathway but accumulated in the
cortex and medulla of the kidneys,48,49 similarly to 99mTc-DTPA
commonly used in clinical routine for the evaluation of
glomerular filtration rate.50

CONCLUSION

In summary, we have successfully prepared antibiotic-loaded
biodegradable MS as a passive lung-targeting drug delivery
system. The prepared PLGAMS displayed highly homogeneous
size distributions with a mean diameter of 12 μm suitable for
alveolar capillary targeting. Almost exclusive distribution to the
lungs after IV injection was seen, and the MS remained there for
at least a week. Biodistribution and pharmacokinetics illustrated
that the particles immediately and homogeneously localized to
the lung capillaries with up to 85% of the dose and confirmed
continuous degradation and elimination from the target site via
the urinary excretion pathway without any observed side effects.
The particles were feasibly prepared by an optimized flow-
focused microfluidics system, encapsulated a selected antibiotic
of which up to approximately 80% was released as an active drug
in a sustained manner over a period of 5 days in vitro. Other
potent drug molecules can be encapsulated alone or in
combination for the preparation of therapeutically effective

dosage forms. Thus, the present work demonstrates an approach
to explore lung-targeting MS further.

MATERIALS AND METHODS
Materials. Resomer RG 502H (PLGA 50:50, Mw 7−17 kDa, acid

terminated), levofloxacin hemihydrate (Pharmaceutical Secondary
Standard), levofloxacin anhydrous, and poly(vinyl alcohol) (Mw 30−
70 kDa, 87−90% hydrolyzed) were all purchased from Sigma-Aldrich
(St. Louis, MO, USA). PLGA-PEG-NH2 (Mw PLGA 10 kDa,Mw PEG:
1 kDa) was bought from Nanosoft Polymers (Winston-Salem, NC,
USA). (S)-2-(4-Isothiocyanatobenzyl)diethylenetriamine pentaacetic
acid (p-SCN-Bn-DTPA) was purchased fromMacrocyclics (Plano, TX,
USA). 111Indium (111InCl3) in 0.1 M HCl was supplied by BWXT
(Vancouver, BC, Canada). Dichloromethane (DCM) and PBS at pH
7.4 were obtained from VWR (Radnor, PA, USA). 3-(4,5-Dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) were pur-
chased from Sigma-Aldrich. Ultrapure water for sample preparation was
obtained from a PURELAB flex machine (ELGA LabWater, High
Wycombe, UK).

P. aeruginosa PA01 (reference strain, wild-type), S. aureus 15981
(clinical isolate strain), and E. coli ATCC 25922 (reference strain) were
kindly provided by the Institute of Immunology and Microbiology,
University of Copenhagen. Mueller Hinton broth (MHB) was
purchased from Sigma-Aldrich. Human lung adenocarcinoma cells
(A549) and human non-small cell lung cancer (H1299) cells were
purchased from American Type Cell Cultures (ATCC, Manassas, VA,
USA). RPMI-1640 medium, Eagle’s minimum essential medium
(EMEM), fetal bovine serum (FBS), penicillin−streptomycin (10,000
U/mL), 0.25% (w/v) trypsin-ethylenediaminetetraacetic (EDTA)
(1×), and UltraPure sucrose were purchased from Thermo Fisher
(Waltham, MA, USA). Human umbilical vein endothelial cells
(HUVEC), endothelial basal medium-2 (EBM-2), and endothelial
growth medium-2 (EGM-2) single quots supplements were purchased
from Lonza (Walkersville, MD, USA). A 4% (w/v) paraformaldehyde
solution in PBS was purchased from Boster Biological Technology
(Pleasanton, CA, USA).

Microfluidic Preparation of PLGA Microspheres. PLGA MS
were prepared using a previously described flow-focusing microfluidic
glass chip design.51 The geometries were 150 and 240 μmwide channels
for the DP and the CP channels, respectively, and with a 100 μm wide
and 90 μm long orifice. All channels were 45 μm deep. The chip was
connected through a 4 linear connector 4-way system (Mitos Edge
Connector, Dolomite, Roystone, UK) and Teflon microtubing to the
reservoirs of the DP and the CP. They, in turn, were connected to Flow
EZ pressure pumps and flow sensors (Fluigent, France) that injected the
solutions in the central and outer channels, ensuring superior control of
the flow rates, compared to traditional syringe pumps (Figure 6).

The MS preparations were optimized by varying the composition of
both the DP and CP, as shown in Figure 6, and keeping the flow rates
constant at QDP = 3 μL/min and QCP = 90 μL/min. The organic DP
consisted of a 5% (w/v) PLGA inDCMand for the loaded particles (i.e.,

Figure 6. Preparation of microspheres on a flow-focusing microfluidic chip. aLVX, anhydrous LVX; hLVX, hemihydrate LVX; PVA, poly(vinyl
alcohol); *F0i contains 50% (w/w) PLGA-PEG-NH2 for radioactive imaging. Inset of the microfluidic chip is the snapshot during the
production of droplets taken with optical microscope. Scale bar: 150 μm. Full video available in the Supporting Information (Movie S1).
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F1, F2, F3), 0.8−2.2% (w/v) of LVX, corresponding to 15% (for F1 and
F2), and 30% (for F3) of theoretical drug loading. Anhydrous (F1, F2)
as well as hemihydrate (F3) forms of the LVX were added to DP and
also to theCP for F2 and F3 to increase the loading. TheCPwas 2% (w/
v) PVA in ultrapure water, 0.22 μm filtered (Q-max PES syringe filters,
Frisenette, Knebel, Denmark) prior to use, saturated with LVX for F2
(0.1% w/v) and F3 (2% w/v). To radiolabel MS (F0i) for the in vivo
imaging studies, the DP was a 5% (w/v) solution of polymer in DCM.
The polymer consisted of PLGA and PLGA-PEG-NH2 at a weight ratio
of 50:50. All solutions were prepared immediately prior to injection in
the chip. After collection over 20−80 min depending on the desired
batch size, the MS were washed three times with cycles of resuspension
in purified water and centrifugation at 500g for 5min at 4 °C and freeze-
dried without any cryo- and lyo-protectants.
Radiolabeling of PLGA Microspheres. The F0i PLGA MS (9

mg) were prepared for radiolabeling. In order to avoid precipitation of
the MS during radiolabeling, the whole amount was divided into six
batches of 1.5 mg. Each batch was resuspended in 150 μL of NaHCO3
(0.1 M, pH 8.0) and sonicated for 5 s. Then, 3.5 μL of 142 mg/mL p-
SCN-Bn-DTPA in DMSO was added and shaken in an Eppendorf
Thermomixer R (Brinkmann Instruments, Westbury, NY, USA) at 850
rpm and 20 °C overnight. Unreacted DTPA was removed by
centrifugation (500g, 5 min, 4 °C), and the MS were washed with
ultrapure water and resuspended in 200 μL ofHEPES buffer (0.1M, pH
7.0) for radiolabeling. 111InCl3 (49.95 MBq, 3 μL in 0.1 M HCl) was
added to the MS, and the mixture was incubated for 1 h 45 min on an
Eppendorf shaker at 850 rpm at 20 °C. Noncomplexed 111In3+ was
removed by centrifugation (500g, 5min, 4 °C), and theMSwerewashed
with ultrapure water. The activity of the MS was measured with a dose
calibrator (CRC-55tR; Capintec, Florham Park, NJ, USA). The six
batches were pooled together to achieve samples with uniform MS
labeling for in vivo administration.
The labeling efficiency was determined for the pooled radiolabeled

MS and calculated from the ratio between the activity on the 111In-
DTPA-F0i PLGA MS and the activity initially added. The radio-
chemical purity and stability of 111In-DTPA-F0i PLGA MS were
assessed with ITLC using green Tec-Control strips as the stationary
phase (Biodex Medical Systems, Shirley, NY, USA) and 10 mM EDTA
in ultrapure water (pH 4.0) as the mobile phase after incubating theMS
with 10mMEDTA for 10min and 24 h at RT. ITLCs were exposed to a
photosensitive phosphor sheet (Packard, Mississauga, ON, Canada) for
5 min. The phosphor sheet was then developed using a cyclone
phosphor imager (Packard) to determine the location of radioactivity
on the ITLCs from which γ-rays were being emitted. The 111In-DTPA-
F0i PLGA MS remain at the origin (Rf = 0), whereas the free 111In3+

migrated with the mobile phase to the solvent front (Rf = 1). Activity
peaks were then integrated using Optiquant software to determine the
radiochemical purity and stability.
Residual PVA Quantification. The residual amount of PVA

present on the MS in suspension was quantified indirectly, by
quantifying the residual amount of PVA in the suspension of 3 mg of
PLGA MS using a colorimetric method based on the formation of a
colored complex between the two adjacent hydroxyl groups of PVA and
an iodine molecule.52 Briefly, the supernatants obtained during the MS
washing process were collected, and 0.4 mL of the solution was mixed
with 1.5mLof boric acid solution (0.65M) and 0.3mLof I2/KI solution
(0.05/0.15 M). The samples were incubated for 20 min, and the
absorbance was measured at 630 nm with the SPECTROstar Nano
UV−vis spectrophotometer (BMG LABTECH, Ortenberg, Germany).
Particle Size Distribution and Morphology. The particle size

distribution of fresh and freeze-dried MS was determined using light
microscopy. The MS were suspended in water and imaged with an
Olympus IX71 inverted microscope (Olympus, Tokyo, Japan). Images
were analyzed with ImageJ, and the diameters of at least 500 MS were
measured in six fields from three different images (N = 3). Gaussian fit
for obtaining the histogram of distribution was performed using
GraphPad Prism 8 (GraphPad Software, La Jolla, CA, USA). The
morphology of the fresh MS was analyzed by SEM after sputter-coating
with a 6 nm layer of gold using a Leica EM ACE200 coater (Leica
Mikrosysteme, Vienna, Austria). The images were acquired with a FEI

Quanta 3D FEG microscope (FEI, Hillsboro, OR, USA) at an
acceleration voltage of 2.0 kV.

Levofloxacin Content. LVX content in PLGA MS was assessed
spectroscopically. The LVX-loaded PLGA MS were dissolved in
acetonitrile for 4 h under magnetic stirring and analyzed with a
SPECTROstar Nano UV−vis spectrophotometer (BMG LABTECH).
Absorbance was detected at 298 nm where the interference with PLGA
was negligible. The LVX loading was determined from the mass ratio of
the encapsulated LVX to the total MS produced (eq 1), whereas the EE
was defined as the mass ratio of the encapsulated LVX to the LVX
initially added (eq 2).

=
+

×LVX loading (%)
LVX encapsulated in the MS

PLGA LVX encapsulated in the MS
100

(1)

= ×EE (%)
LVX encapsulated in the MS

LVX initially added
100

(2)

Studies were conducted in triplicates on independent batches of MS (N
= 3).

In Vitro Levofloxacin Release. The in vitro release studies were
carried out in PBS under sink conditions. The LVX-loaded PLGA-MS
(3 mg) were dispersed in 2 mL of the release medium in an Eppendorf
microcentrifuge tube (Sigma-Aldrich) and incubated at 37 °C under
constant rotation. At predetermined time points, the test tube was
centrifuged at 500g for 5 min at RT, and a 150 μL sample of the
supernatant was collected and analyzed by UV−vis spectroscopy at 288
nm using a calibration curve (3−30 μg/mL LVX in PBS). The
withdrawn sample was replaced with 150 μL of 37 °C release medium,
the MS redispersed, and the test tube placed back in the incubator.

The cumulative release of LVX (%) was calculated according to eq 3:
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where LVXreleasedt is the amount of LVX released at time t, LVXenc is
the amount of LVX loaded in theMS, Vtot and Vs are the total volume of
the release reservoir and the volume of the sample withdrawn at each
time point, respectively, and Ct is the concentration of LVX released at
time point t.

The cumulative LVX release (%) versus time curves were fitted by five
different mathematical models of drug release (i.e., zero order, first
order, Higuchi, Korsmeyer−Peppas, Peppas−Sahlin)33 using MAT-
LAB software (Mathworks, Natick, MA, USA, version R2019a). The R2

and the RMSE were obtained and used to evaluate the goodness of the
fitting and to choose the model that best described the experimental
data.

The release study was performed on three separate days
(corresponding to biological triplicates, N = 3), each in one technical
replicate (n = 1) from an independent batch of each type of MS.

In Vitro PLGAMicrospheres Degradation: Imaging and Cross
Section. The degradation of the MS matrix during the drug release
study was investigated by analyzing both the surface modification and
the internal matrix organization after cross sectioning of the MS. At
predetermined time points (i.e., 0, 1, 2, 5, 10, 14, 21 days), the MS were
collected, resuspended in water, concentrated, and a drop was mounted
on an aluminum stub and dried overnight at RT.Once completely dried,
the MS were sputter coated with a 20 nm layer of iridium (Leica EM
MED020, Leica Microsystems Canada, Concord, ON, Canada) on a
rotate-tilt stage for improved uniform coating. Cross sections of the MS
from each time point were prepared using a FIB and imaged with an
SEM (Helios NanoLab 650, FEI, Hillsboro, OR, USA). The cross
sections were prepared by tilting the sample to 52° and then applying a
platinum protection layer on the surface of the particles of interest. This
protection layer was used to prevent any surface damage by the ion
beam and applied by gradually increasing the beam current from 7.7 pA
to 2.5 nA in a stepwise manner until the ideal coating conditions were
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achieved. Then, a regular cross section of approximately 8−12 MS was
selected for milling. The cross section face was gradually polished by
decreasing the ion beam current from 2.5 to 0.79 nA, and selected
particle surfaces were then further polished using an 80 pA ion beam
current. SEM images were acquired at low keV for true surface imaging
in the secondary electron mode (1 keV, 50 μA) and in backscattered
electron mode (2 keV, 0.2 nA) for imaging cross sections. All images
were corrected for tilt in the imaging setup (−38°) and acquired with
1536 × 1024 pixels at 30 μs/pixel dwell time and saved as 16-bit TIF
files. Figure S8 summarizes the steps of the FIB-SEM procedure.
In Vivo PLGA Microsphere Degradation. Twelve female mice

C57BL/6 were tail vein injected with 100 μL of 30 mg/mL F0 PLGA
MS (corresponding to approximately 300,000 PLGAMS from the same
preparation per mouse). The exact number of MS was determined with
flow cytometry (CytoFLEX Flow Cytometer, Beckman Coulter,
Mississauga, ON, Canada). At each time point (i.e., 0, 1, 2 weeks),
three mice were sacrificed by CO2 asphyxiation under isoflurane
anesthesia. The lungs were harvested, rinsed in ice cold PBS, and fixed
via submersion overnight in 4% (w/v) paraformaldehyde in PBS. The
lungs were then moved to a 15% (w/v) sucrose solution in PBS for 10 h
at 4 °C, after which they were placed in a 30% (w/v) sucrose solution in
PBS at 4 °C until analysis, that is, for maximum of 3 weeks, with weekly
replacements of fresh sucrose solution. The tissue samples were cut in
30 μm thick coronal sections, stained with hematoxylin and eosin
(H&E) using a standard protocol, film coverslipped using TissueTek-
Prisma and Coverslipper (Sakura Finetek, Torrance, CA, USA), and
mounted onto microscope slides for imaging (Histowiz, Brooklyn, NY,
USA). Whole-slide images were taken at 40× magnification and
digitized with the Aperio AT2 slide scanner (Leica Biosystems Canada,
Concord, ON, Canada). Each group contained three mice correspond-
ing to three biological replicates (N = 3). To make the embolized MS
imprint clearly visible from the 30 μm thick histology sections, image
analysis was performed using Image Pro Plus (Media Cybernetics,
Rockville, MD, USA, version 6.0), taking advantage of the fact that MS
lodged in the capillaries or arterioles stretching the endothelial cells in a
circular fashion around the MS. To make this clearly visible, the “blue”
information from the histology pictures in RGB space, which highlights
the nuclei, as they were stained blue from the hematoxylin dye in the
H&E stain, was first extracted. To further highlight the cells, local
equalization was applied, thus enhancing the differences between nuclei
and the surrounding areas. MS could thus be shown very clearly as
circular endothelial cell rings.
Antibacterial Activity of Levofloxacin-Loaded PLGA Micro-

spheres. The MIC of LVX and PLGA MS containing LVX was
determined using the broth microdilution method according to the
Clinical and Laboratory Standards Institute guidelines.53 Bacterial
growth inhibition of the LVX-loaded PLGAMS was assessed against E.
coli ATCC 25922, P. aeruginosa PA01, and S. aureus 15981. The LVX
solutions (both anhydrous LVX and hemihydrate LVX) and the LVX-
loaded PLGA MS suspensions (F1, F2, F3, both fresh and freeze-dried
MS) were prepared in 2-fold dilutions in MHB in amounts
corresponding to a concentration range of 8−0.007 μg/mL of LVX in
solution and encapsulated LVX in a 96-well flat-bottomed plates
(Costar Corning 3596 cell culture plates, Corning, NY, USA). The
nonloaded PLGAMSwere tested in PLGA concentrations correspond-
ing to the amount of PLGA in the LVX-loadedMS (30−0.029 μg/mL).
The samples were then inoculated with bacteria in log phase to achieve a
final concentration of (2−5) × 105 colony forming units/mL and
incubated for 20 h at 37 °C in an INCUCELL incubator (MMM
Medcenter Einrichtungen, Munich, Germany) before visual inspection
of growth. The MIC values were determined as the lowest
concentration showing no visible bacteria growth. The experiment
was performed once in triplicate (N = 1, n = 3).
In Vitro Compatibility Assessment. Cell Culturing.TheHUVEC

cell culture was maintained in EBM-2 supplemented with (EGM-2)
SingleQuots kit, whereas the H1299 and A549 cell cultures were
maintained in RPMI1640 or FK-12 media, respectively, supplemented
with 10% (v/v) FBS, penicillin (100 U/mL), and streptomycin (100
μg/mL). All cells were cultured in T-75 flasks (Corning, Corning, NY,
USA) at standard culture conditions of 37 °C, 5% CO2, and 95%

humidity. Once the cells reached approximately 80% confluence, they
were detached from the culture flasks using 0.25% (w/v) trypsin−
EDTA solution (isotonic solution containing 2.5 and 0.3 mg/mL of
trypsin and EDTA, respectively). During culturing growth, mediumwas
replaced every 2 days.

Cytotoxicity. Cytotoxicity of nonloaded and LVX-loaded PLGAMS
on HUVEC, H1299, and A549 cells was determined using the MTT
assay. Briefly, the cells were seeded in flat-bottomed and transparent 96-
well plates at densities of 10,000 cells/well (HUVEC) or 5000 cells/well
(A549, H1299) and incubated at 37 °C for 24 h until approximately
80% confluency was achieved. The cells were washed with 37 °C PBS
and exposed to 200 μL of culture medium containing MS in nine
concentrations over a 2-fold serial dilution series (5−0.012 mg/mL).
Cells incubated in culture medium (untreated cells) were used as the
negative control. After the cells were incubated with the different
formulations for 24 h, 5μLof 5mg/mLMTT reagentwas added and the
cells were subsequently incubated for 3.5 h (HUVEC) or 3 h (H1299
and A549) at 37 °C until the formation of formazan crystals. The
medium was then removed, and 150 μL of DMSO was added to each
well to dissolve the formazan crystals and lyse the cells. After complete
dissolution, the absorbancewasmeasured at 540 and 650 nm to subtract
the background of the cells using a Synergy MX plate reader (BioTek,
Winooski, VT, USA). Cell viability was calculated according to eq 4:

=
−
−

×
A A

A A
cell viability (%) 100treated cells @ 540 nm treated cells @ 650 nm

untreated cells @ 540 nm untreated cells @ 650 nm

(4)

where Atreated cells @ 540 nm and Auntreated cells @ 540 nm are the absorbances at
540 nm of the wells incubated with either the MS or LVX and culture
media, respectively, whereas Atreated cells @ 650 nm and Auntreated cells @ 650 nm
are the respective background absorbances at 650 nm.

IC50 values representing 50% dehydrogenase inhibition in the cells as
a result of the treatment were determined by fitting the data with a
nonlinear regression function with variable slope with GraphPad Prism
8. The cell viability (%) versus concentration curves were fitted using eq
5:

=
+

cell viability (%)
100
X1

IC

Hill slope

50
Hill slope (5)

whereX is the concentration of the formulation,Hill slope is a factor that
describes the steepness of the linear part of the curve, and IC50 is the
concentration of the formulations that inhibits 50% of cell dehydrogen-
ase activity. The cytotoxicity assay was performed in biological (N = 3)
and technical (n = 3) triplicates.

Cell Morphology Changes. The effects of the MS on HUVEC,
H1299, and A549 cell morphology were investigated with a live cell
imaging system. Cells were grown on a 96-well microplate tray and
exposed to MS and LVX, as described in the previous section, and
placed in an IncuCyte ZOOM live-cell analysis system (Essen
Biosciences, Ann Arbor, MI, USA), equipped with a 10× objective in
a 5% CO2 incubator at 37 °C. Real-time images of each well were taken
every 3 h for a period of 48 h.

Hemocompatibility.Hemocompatibility of theMS was investigated
with the hemolysis assay, following a method described by Evans et al.54

Briefly, blood from a healthy human donor was collected in K2-EDTA-
coated Vacutainer and centrifuged at 700g for 5 min at RT to obtain
human red blood cells (hRBC). After the plasma was discarded, the
hRBC were washed twice with 150 mM NaCl in ultrapure water and
twice with PBS with cycles consisting of gently mixing, centrifuging at
700g for 5 min at RT, and gently removing the supernatant. The hRBCs
were diluted to 3% (v/v) in PBS, and 100 μL of this dispersion was
added to 100 μL of F0, F0i, DTPA-F0i, F3, and LVX in PBS at 4 and 12
mg/mL concentrations, corresponding to final 1× (2 mg/mL) and 3×
(6 mg/mL) of the in vivo dose (used in the histology and imaging
studies) when related to blood volume of themouse (1.5mL). TritonX-
100 at a concentration of 2% (v/v) and PBS were used as positive and
negative controls, respectively. The Eppendorf tubes were incubated for
1 h at 37 °C on an orbital shaker, and the hRBCs were pelleted by
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centrifugation at 700g for 5 min at RT. The supernatant was transferred
to a round-bottom 96-well plate (Falcon, Corning, NY, USA), and the
absorbance of hemoglobinwasmeasured at 450 nmusing a SynergyMX
plate reader (BioTek). The hemolysis (%) was calculated according to
eq 6:

=
−
−

×
A A

A A
hemolysis (%) 100

sample negative control

positive control negative control (6)

whereAsample is the absorbance of supernatant from the hRBC incubated
with the different concentrations of the formulations, whereas
Anegative control and Apositive control are the absorbances of the supernatants
from the hRBC incubated with PBS and Triton X-100, respectively, that
correspond to 0 and 100% hemolysis. The hemolysis assay was
performed once in technical triplicates (N = 1, n = 3).
In Vivo Pharmacokinetics and Biodistribution of PLGA

Microspheres. SPECT/CT Imaging. The in vivo studies were
conducted in accordance with the Canadian Council on Animal Care
(CCAC) and protocol A16-0150 approved by the Animal Care
Committee (ACC) of the University of British Columbia. Five-month-
old healthy female C57BL/6 mice were purchased from Charles River
and allowed free access to food and water. The mice were allocated into
two groups of three individuals (corresponding to three biological
replicates, N = 3). Each animal was anesthetized using isoflurane on a
precision vaporizer (5% in oxygen for induction, and between 1.5 and
2% in oxygen for maintenance) and received a subcutaneous dorsal
injection of lactated Ringer’s solution (0.5 mL) for hydration prior to
each imaging scan. After the induction of anesthesia, an injection of 100
μL of 30 mg/mL 111In-DTPA F0i PLGAMS in saline was administered
via the tail vein. The administered dose corresponded to approximately
300,000 MS weighing 3 mg, resulting in 2 mg/mL target concentration
of PLGAMS in the 1.5 mL average blood volume of a mouse. Similarly,
the control group was administered an injection of 100 μL 111InCl3 in
saline via the tail vein. The average injected activities were 2.04 and 9.25
MBq for the 111In-DTPA-F0i PLGA MS and the control group,
respectively. Immediately after injection, whole-body images were
acquired at different time points: 0, 1, 2, 3, 7, and 10 days for PLGAMS
and 0, 4, 24, and 48 h for 111InCl3. A multimodal SPECT/CT scanner
(VECTor/CT, MILabs, The Netherlands) equipped with a XUHS-2
mm mouse pinhole collimator was used for the study. The first
measurements (corresponding to day 0) were performed within 15 min
after injection. Throughout the entire scanning procedure, the
respiratory rate and body temperature of the mice were monitored
and isoflurane dose and animal bed temperature adjusted accordingly.
Following each SPECT acquisition, a whole-body CT scan (55 kV, 615
μA)was obtained to gain anatomical information, and both images were
registered. The 111In photopeak window was centered at 171 keV with a
20% energywindowwidth (backgroundweight 2.5), 0.4mm3 voxel, 128
subsets, and 5 iterations using the SROSEM image reconstruction
algorithm. The images were decay corrected and after CT registration,
and attenuation correction was applied. For visual representation, the
reconstructed volumes of SPECT scans were postfiltered with a 3D
Gaussian filter. Volumes of interest were manually defined using
AMIDE55 (UCLA, USA, version 1.0.4) to determine the time−activity
pattern per target organ. The presented regions were heart, lungs, liver,
kidneys, bladder, and bone. The average organ activity per volume was
obtained from the SPECT images, and the standardized uptake value
(SUV) was extracted from each organ using eq 7:

× = ×

×

−
−

SUV (g mL )
organ activity concentration (MBq mL )

injected dose (MBq)

body weight (g)

1
1

(7)

To relate the scanner units (counts/voxel) to radioactivity concen-
tration, a calibration factor was determined by scanning a source with a
known concentration of 111In3+.
Biodistribution. Following the last scan at day 2 for 111InCl3 and at

day 10 for 111In-DTPA-F0i PLGA MS, mice were euthanized by CO2
asphyxiation under isoflurane anesthesia. Cardiac puncture was
promptly performed to recover blood, and the organs of interest were

harvested (brain, skull, muscle, femur, bladder, spleen, pancreas,
stomach, kidneys, small intestine, large intestine, liver, heart, right and
left lungs, shoulder, and tail), rinsed with PBS, and blotted dry. Each
organ was weighed, and the radioactivity was quantified using a
calibrated gamma counter (Packard Cobra II Autogamma counter,
PerkinElmer, Waltham, MA, USA) followed by calculating the amount
relative to the injected dose per gram of tissue (%ID/g) and per organ
(%ID/organ), respectively.

Statistical Analysis. All of the in vitro and in vivo experiments and
measurements were conducted in triplicate, unless otherwise specified.
Results are presented as mean ± SD. Statistical analyses of data from in
vitro and in vivo experiments were performed with GraphPad Prism 8
(GraphPad Software). Probability values of p < 0.05 were considered
statistically significant.
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Figure S1. Morphology and size distribution of PLGA microspheres. (A-D) Size distribution of F0, 

F0i, DTPA-F0i and F3 PLGA MS. (E-G) Representative SEM images of F3, F0i and DTPA-F0i LVX-

PLGA MS. Scale bars: 10 µm (H) Representative optical image of F3 LVX-loaded PLGA MS. Scale 

bar: 10 µm.  
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Table S1. Polyvinyl alcohol quantification during washing. PVA concentration present in the 

supernatant of the microsphere (MS) suspension, amount of PVA in the supernatant of the MS 

suspension and cumulative amount removed by the washing during up to three cycles of washing. 

Results are in triplicates (N = 3). 

† indicated as % of the amount of PVA measured in the dispersing medium after preparation and before washing 

 

 

 

 

 

 

 

 

  

 PVA concentration 

(%, w/v) in the 

 supernatant of the 

MS suspension 

Amount PVA (mg) in 

the supernatant of the 

MS suspension 

Cumulative amount of 

PVA (%) removed 

during the different 

washing cycles † 

Before washing 2.015 ± 0.080 96.77 ± 3.81 - 

After the 1st 

washing 
0.016 ± 0.003 8.29 ± 1.60 88.7 

After the 2nd 

washing 
0.0001 ± 0.0005 0.05 ± 0.06 96.7 

After the 3rd 

washing 
0.0001 ± 0.0001 0.05 ± 0.06 96.7 
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Table S2. Mathematical models of the in vitro release profiles. Estimated parameters, coefficient of 

determination, root mean squared error obtained from fitting experimental data to the main release 

kinetic mathematical models in MATLAB® software. 

FD: freeze-dried, k0: zero-order release constant; k1º: first-order release constant; kH: Higuchi release constant; 

kKP: release constant incorporating structural and geometric characteristics of the drug-dosage form; n: 

diffusional exponent indicating the drug-release mechanism; k1: constant related to the Fickian kinetics; k2: 

constant related to relaxation kinetics; m: diffusional exponent, R2: correlation coefficient values, RMSE: root 

mean squared error. 

 

Mathematical model 
Fitting 

parameters 

Formulation 

F1, fresh F1, FD F2, fresh F2, FD F3, fresh F3, FD 

Zero order 

𝐹 = 𝑘0 × 𝑡 

R2 0.6328 0.6476 0.5522 0.6144 0.6485 0.4411 

RMSE 20.69 20.12 26.10 23.88 21.15 24.90 

Parameters k0: 23.6 k0: 23.6 k0: 25.2 k0: 24.8 k0: 24.4 k0: 24.7 

First order 

𝐹 = 100 × (1 − 𝑒−𝑘1º×𝑡) 

R2 0.9689 0.9685 0.9735 0.9762 0.9789 0.9328 

RMSE 6.02 6.01 6.34 5.93 5.1 8.63 

Parameters k1º: 0.69 k1º: 0.67 k1º: 0.94 k1º: 0.82 k1º: 0.74 k1º: 0.87 

Higuchi 

𝐹 = 𝑘𝐻 × 𝑡½ 

R2 0.9560 0.9620 0.8863 0.9066 0.9538 0.9131 

RMSE 7.16 6.61 13.16 11.75 7.66 9.82 

Parameters kH: 45.3 kH: 45.2 kH: 48.9 kH: 47.3 kH: 46.8 kH: 48.1 

Korsmeyer-Peppas 
𝐹 = 𝑘𝐾𝑃 × 𝑡𝑛 

R2 0.9648 0.9699 0.8882 0.9025 0.9584 0.9660 

RMSE 6.40 5.88 13.03 12.05 7.28 6.14 

Parameters 
kKP: 49.2 

n: 0.420 

kKP: 

48.8 

n: 0.424 

kKP: 53.4 

n: 0.415 

kKP: 50.7 

n: 0.440 

kKP: 

50.3 

n: 0.431 

kKP: 

55.8 

n: 0.351 

Peppas-Sahlin 

𝐹 = 𝑘1 × 𝑡𝑚 + 𝑘2 × 𝑡2𝑚 

R2 0.9964 0.9948 0.9847 0.9927 0.9936 0.9888 

RMSE 2.04 2.44 4.83 3.29 2.86 3.52 

Parameters 

k1: 65.1 

m: 0.69 

k2:-12.2 

k1: 63.7 

m: 0.68 

k2:-11.7 

k1: 73.9 

m: 0.81 

k2:-14.1 

k1: 67.5 

m: 0.86 

k2:-11.9 

k1: 65.9 

m: 0.73 

k2:-12.0 

k1: 76.8 

m: 0.58 

k2:-16.5 
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Figure S2. Representative drug release fitting models. Different kinetic models (Higuchi (red), First 

order (turquoise), Zero order (pink), Korsmeyer-Peppas (light green), Peppas-Sahlin (blue)) were fitted 

to the experimental release data of fresh F1 PLGA microspheres (blue dots).  
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Figure S3. Degradation of F0 vs F0i PLGA microspheres. Optical microscope and SEM images of 

microspheres incubated in PBS at pH 7.4 and 37 °C. Scale bars: 5 µm. 
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Figure S4. Representative full-size histology images of lungs exposed to PLGA microspheres (F0) 

after intravenous injection over time. Representative full-size processed images of the H&E stained 

histological 30-µm coronal lungs sections at 40× magnification after different treatments. (A) Healthy 

and untreated lungs. (B,C,D) Healthy lungs after 1 h, 1 week and 2 weeks of injection of 3 mg/mouse 

PLGA microspheres (corresponding to approximately 300,000 PLGA MS/mouse). Red arrows point to 

some of the microspheres. Scale bars: 50 µm.  
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Figure S5. Cell toxicity of PLGA microspheres, normalized for levofloxacin content. Cell viability 

(%) of (A) A549, (B) H1299 and (C) HUVEC cells incubated for 24 h with F1 (dark green),  

F2 (light green), F3 (teal) PLGA microspheres and hemihydrate levofloxacin (yellow). The dotted line 

represents 50% viability. Data are presented as mean ± SD, N = 3, n = 3. 
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Figure S6. Pharmacokinetics and biodistribution of radiolabeled PLGA microspheres.  

(A) SPECT/CT images of 111In-DTPA-PLGA MS at time points of 1 to 10 days are shown with 

intensity individually adjusted to visualize the small activity in other organs. Radioactivities shown are 

thus not to scale. (B-F) Organ SUV in g/mL (mean ± SD) of the 111In-DTPA-F0i PLGA MS over 10 

days, calculated from the SPECT images (N = 3) (G) Biodistribution (mean ± SD, N = 3) of 111In-

DTPA-PLGA MS on day 10 after injection. Tissue uptake is expressed as % of injected dose/organ. 
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Figure S7. Pharmacokinetics and biodistribution of 111InCl3 after intravenous administration. (A) 

Representative maximum intensity projections (MIPs) SPECT/CT overlay images (dorsal view) of 

healthy C57BL/6 mice showing the in vivo distribution of 111InCl3 after intravenous tail injection over 

time. The radioactivity is shown in red. (B-C) Organ SUV in g/mL (mean ± SD) of the free 111InCl 

over 48 h, calculated from the SPECT images (N = 3). (D) Biodistribution (mean ± SD, 

N = 3) of 111InCl3 at 48 h after injection as % of injected dose (ID)/g of tissue and % of ID/organ.  
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Figure S8. Steps to obtain cross-sections of PLGA microspheres with FIB-SEM.  

Scale bars: 10 µm. 

 

 

 

Movie S1. Production of microspheres by flow focusing. 

 

Movie S2. SPECT/CT animated image 15 min after intravenous administration of 111In-DTPA-

PLGA microspheres. 

 




